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PREFACE

Welcome to the Fourth International Conference on Mechanical Models in Structural Engineering (CM-
MoST2017), celebrated at the School of Civil Engineering of the Polytechnic University of Madrid (Ma-
drid, Spain), from 29th November to 1st December, 2017.

CMMoST2017 is a scientific event organized by the Polytechnic University of Madrid in conjunction
with the University of Seville and the University of Granada, Spain. The CMMoST conference series are
devoted to fostering the continued involvement of the research community in all the areas of Structu-
ral Engineering, from identifying innovative applications and novel solution techniques to developing
new mathematical procedures or addressing educational issues in technical degrees. Previous successful
conferences were held in Granada (2011 and 2013) and Seville (2015), Spain .

The present volume is a collection of edited papers that were accepted for oral presentation at CM-
MoST2017 after peer-review. We warmly thank all the contributors, authors, plenary speakers and spon-
sors of the event and wish this conference will offer you fruitful scientific discussions and a pleasant time
in the historic city of Madrid.

The conference organizers would also like to express their gratitude to the International Scientific Advi-
sory Board for their assistance in supporting and promoting the objectives of the meeting, as well as for

their assistance in the form of reviews of the submitted papers.

Madrid, November 2017
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Some experiences on reliability based aeroelastic analysis and optimization of
long span bridges

Baldomir, Aitorl; Kusano, Ibukiz; Jurado, José A.3; Hernandez, Santiago“

ABSTRACT

Flutter instability in suspension bridges is a critical design constraint. It has been demonstrated over
the years that wind tunnel tests produce the more reliable results although there is uncertainty in
their values. Thus a probabilistic analysis approach is more appropriate when dealing with this kind of
structures. In this research the probability of failure against flutter is obtained considering the wind
velocity at the bridge location as well as the points that define the flutter derivatives as random
variables. A reliability-based design optimization (RBDO) is also formulated to obtain the minimum
deck and cable weight that guaranties a target safety level against flutter. Three RBDO methods are
implemented in this research (Reliability Index Approach, Performance Measure Approach and
Sequential Optimization and Reliability Assessment) and they are applied to the case of the Messina
Bridge Project.

Keywords: RBDO, Flutter derivatives, Optimization, Reliability, Suspension bridges.

1. INTRODUCCION

El disefio de puentes de gran vano soportados por cables ha experimentado un creciente incremento
en la longitud de vano llegando a luces de casi 2 km, lo que hace que estas estructuras sean cada vez
mas flexibles y por tanto mas sensibles a las acciones de viento. Entre los distintos tipos de
inestabilidad estructural que pueden surgir en esta tipologia de puentes, destaca la inestabilidad de
flameo, por ser uno de los estados limite Gltimo que condicionan el disefio de estos puentes. Esto se
debe a que dicha inestabilidad puede desencadenar el colapso parcial o total de la estructura, como
asi lo demuestran varios ejemplos en la historia.

Por tanto es necesario que el ingeniero tenga las herramientas necesarias para poder calcular la
velocidad de viento a partir de la cual este fendmeno puede producirse. Las primeras investigaciones
en el dmbito de la aeroelasticidad de puentes se realizaron en 1940 para el puente de Tacoma
Narrows antes de su colapso. F.B. Farquharson de la Universidad de Washington construyé un modelo
del puente y un modelo seccional del tablero que se ensayaron en un tunel de viento obteniendo las

" Structural Mechanics Group, School of Civil Engineering, Universidade da Corufia (SPAIN). abaldomir@udc.es
(Corresponding author)

2 Structural Mechanics Group, School of Civil Engineering, Universidade da Corufia (SPAIN). ikusano@udc.es

3 Structural Mechanics Group, School of Civil Engineering, Universidade da Corufia (SPAIN). jjurado@udc.es

# Structural Mechanics Group, School of Civil Engineering, Universidade da Corufia (SPAIN). hernandez@udc.es

CMMoST 207 15



Some experiences on reliability based aeroelastic analysis and optimization of long span bridges
Fourth International Conference on Mechanical Models in Structural Engineering
Madrid (Spain). 29 nov-01 dec 2017.

primeras conclusiones y estableciendo las primeras recomendaciones para mejorar el
comportamiento frente a esta inestabilidad. Estos estudios eran puramente experimentales y en ese
mismo afio se publican los primeros desarrollos tedricos sobre la inestabilidad por flameo para el caso
de la placa plana Theodorsen T. [1,2]. Habrd que esperar hasta 1971 para contar con la primera
formulacién del flameo para puentes propuesta por Scanlan y Tomko [3]. En esta formulacién las
fuerzas aeroelasticas que actlan sobre el tablero dependen de las denominadas funciones de flameo
(flutter derivatives, en inglés) que multiplican a los grados de libertad de arrastre, elevacion y
momento, asi como a sus derivadas respecto al tiempo. Estas “flutter derivatives” dependen de las
caracteristicas del tablero y su obtencidn se realiza experimentalmente en tunel de viento. Aunque
existen métodos numéricos para estimar estas funciones, es aceptado por la comunidad cientifica que
los métodos proporcionados por la Mecanica de Fluidos Computacional (CFD) no son lo
suficientemente precisos para ser utilizados de forma exclusiva para este propdsito.

Los ensayos que se realizan en tunel de viento estan sujetos a diversas fuentes de incertidumbre que
deben tenerse en cuenta a la hora de proporcionar los resultados obtenidos en ellos. En particular las
funciones de flameo experimentan variaciones significativas en funcién del laboratorio en el que se
obtengan, tal y como se explica en el trabajo de Sarkar et al. [4]. En este trabajo se concluye que las
diferencias dependen numerosos factores como las condiciones de operatividad del laboratorio, las
técnicas usadas para extraer resultados de turbulencia, el tiempo de ensayo, etc... Por tanto, es
necesario cuantificar la incertidumbre existente en los resultados experimentales para poder utilizar
dicha informacién en las distintas fases de analisis y disefio de estos puentes.

Ostenfeld-Rosental et al. [5] plantearon por primera vez obtener la probabilidad fallo frente a flameo
considerando 7 variables aleatorias que incluian la velocidad de flameo, propiedades estructurales y la
velocidad de viento entre otras. Ge et al. [6] calcula la probabilidad de fallo debido a flameo usando el
método FORM (First Order Reliability Method) y utilizando una féormula empirica para obtener la
velocidad de flameo. Baldomir et al. [7] propone considerar cada uno de los puntos que definen las
funciones de flameo como una variable aleatoria y obtener mediante métodos de fiabilidad la
probabilidad de fallo frente al estado limite de flameo. También se considera la velocidad de viento en
el emplazamiento del puente y el amortiguamiento como variables aleatorias. De esta manera es
posible cuantificar el impacto que tiene sobre la seguridad frente a flameo el hecho de tener mayor o
menor incertidumbre en los datos obtenidos en tunel de viento.

Los estudios anteriores proporcionan informacién sobre la probabilidad de fallo frente a flameo
cuando se tienen en cuenta incertidumbre en diferentes parametros que afectan a la verificacion de
este estado limite. Sin embargo, es posible tener en cuenta este tipo de restricciones probabilistas en
la etapa de disefio. Concretamente los métodos de optimizacion probabilista [8-14] permiten mejorar
el disefio limitando el valor maximo de la probabilidad de fallo frente a un estado limite. En este
sentido Kusano et al. [15] plantean por primera vez la optimizacidn de tableros de puentes colgantes y
los cables principales considerando restricciones de tipo probabilista cuando se tiene en cuenta la
incertidumbre presente en los ensayos experimentales que proporcionan las funciones de flameo.
Durante mas de 15 afios en el tunel de viento del Grupo de Mecdnica de Estructuras de la
Universidade da Coruia se han realizado numerosos ensayos para determinar la velocidad de flameo
de puentes y pasarelas muy diversas. Durante esta experiencia se ha constatado que los resultados
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A. Baldomir’, I. Kusano?, J.A. Jurado® and S. Hernandez”

obtenidos estan sujetos siempre a una cierta dispersion y como consecuencia se ha realizado un
estudio para conocer el efecto de esta dispersion en los resultados de probabilidades de fallo y en el
disefio 6ptimo probabilista.

En este documento se expone el método hibrido que permite obtener la velocidad de flameo de un
puente, la formulacidon de analisis de fiabilidad para conocer la probabilidad de fallo por flameo asi
como el planteamiento para introducir dicha informacidn aleatoria en el disefio éptimo del tablero y
cables de un puente colgante.

2. CALCULO DE LA VELOCIDAD DE FLAMEO MEDIANTE METODOS HiBRIDOS.
2.1. Etapa experimental

Esta primera etapa se lleva a cabo en un tunel de viento y sirve para determinar las fuerzas
aeroeldsticas f, por unidad de longitud de tablero. Dichas fuerzas son las que ejerce el viento sobre el
tablero (Fig. 1) y se descomponen en tres acciones por unidad de longitud, que son: una fuerza de
arrastre (drag), que produce una flexion lateral del tablero, una fuerza de elevacion (lift), que produce
una flexion vertical del tablero y un momento (momento), alrededor del eje longitudinal del tablero
que produce torsién a lo largo del mismo. Las fuerzas aeroelasticas por unidad de longitud, resultan:

D, :EszB(KPl ;—sz 7—1(2133 o, +K’P, E—KPS ;—KZPG Ej

L, :EpVZB[KHl 7+KH2 - +1<2H3¢x+K21L14§—K1L15;—KzH6 E] (1)
1 2 2 *W *B¢ 2 * 2 *W *‘) 2 *V
M,==pV’B’| KA —+ KA, —*+K*Ap +K* A, —— KA; —— K’ 4, —
a 2:0 ( Ly 27y 3P, ) K4; % ‘g

donde ¥ es la velocidad media del viento, B el ancho de la seccidn, p es la densidad del aire, K =
WAV es la frecuencia reducida, con W=2TTf y la frecuencia en rad/s. Los valores P/, H; y A;, con i =
1...6, son las funciones de flameo, que varian con la velocidad reducida.

V —»

Figura 1. Fuerzas aeroeldsticas que actuan sobre un tablero
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2.2. Etapa computacional

Se utiliza el anadlisis multimodal de flameo para resolver este problema, tal y como han descrito
investigadores como Kastuchi et al. [16] y Chen et al. [17]. El sistema de ecuaciones que gobierna el
comportamiento dindmico de un tablero sometido a unas fuerzas de origen aeroelastico f, es

Mii+(C-C,)u+(K-K )u=0 (2)

siendo M, C y K las matrices de masa, amortiguamiento vy rigidez del tablero, y K, y C, las matrices
aeroelasticas de rigidez y amortiguamiento, que se obtienen de forma experimental en el tunel de
viento. Aplicando analisis modal a la Eq. 2, la soluciéon es una combinacién de los m modos mas
significativos. El desarrollo de esta formulacién lleva a tener que resolver finalmente el siguiente
problema de autovalores [18]:

ut_
(A—pd)w " =0 (3)
donde en la formacidn de la matriz A, que no es simétrica, intervienen las matrices K, K,, Cy C,.

Para resolver este problema se necesitan los modos de vibracidn del puente completo asi como las
frecuencias naturales, que se obtienen mediante un modelo de elementos finitos. La resolucidn del
problema de valores propios se puede realizar de forma iterativa obteniendo asi las m parejas de
valores propios complejos conjugados correspondientes a cada uno de los modos de vibracién
considerados. Se alcanza la velocidad critica de flameo cuando para velocidades crecientes de viento
alguno de los autovalores presenta un amortiguamiento nulo por vez primera, lo que es sintoma del
umbral de la inestabilidad. En este estudio se ha utilizado el cddigo FLAS [19] desarrollado en la
Universidade da Corufia para resolver el problema de autovalores proporcionando la velocidad de
flameo.

3. FIABILIDAD ESTRUCTURAL EN EL FENOMENO DE FLAMEO DE PUENTES
3.1. Variables aleatorias

La primera variable aleatoria que se considera es la velocidad de viento en el emplazamiento del
puente, siendo una de las fuentes de incertidumbre mas claras por la propia naturaleza aleatoria del
fendmeno. Generalmente esta informacion se conoce a través de las estaciones meteorolégicas de la
zona asi como a través de la instalacion de anemdmetros especificos para la construccion de este tipo
de puentes. Esta variable se suele caracterizar a través de funciones de distribuciéon extremales tipo
Gumbel, Weibull o Frechet.

Otra variable aleatoria que se tiene en cuenta es el amortiguamiento estructural cuya variaciéon puede
ser hasta del 40% de su valor medio en puentes de gran vano como describe Davenport [20]. En este
trabajo se define esta variable con una distribucion log-normal con un coeficiente de variacion de 0.2.

Por ultimo, como se comentd anteriormente, en el tunel de viento se produce una cierta dispersion a
la hora de obtener las funciones de flameo y por tanto un primer planteamiento es considerar los
puntos que definen las funciones de flameo como variables aleatorias. En definitiva, por cada una de
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las 18 funciones de flameo, se tendran tantas variables aleatorias como puntos la definen. En la Fig. 2
se muestra un ejemplo de una funcién de flameo y los puntos que se deberdn considerar como
variables aleatorias.

As,

Vv

Figura 2. Ejemplo de una funcion de flameo. Se define una variable aleatoria de distribucion normal por cada
punto obtenido en laboratorio.

3.2. Funcion de estado limite

La expresion de la funcidén de estado limite es muy simple, puesto que se desea que la velocidad de
flameo del puente sea superior a la velocidad de viento extremal alcanzada en la ubicacién del
puente. Su forma normalizada es la siguiente:

V5.8

w

G(X)= 1 i=1..,n (4)

donde V; es la velocidad de flameo, que depende de las variables aleatorias asociadas a las funciones
de flameo x; y del amortiguamiento estructural ¢ , y x, es la variable aleatoria de velocidad de

viento que incide sobre el tablero del puente. Asi el nimero total de variables aleatorias del
problema es de n+2.

3.3. Método FORM modificado

El método FORM se debe a Hasofer-Lind [21], que establece el valor del indice de fiabilidad como la
minima distancia entre el origen del espacio normalizado U a la superficie de fallo definida como
g(U)=0. El problema de fiabilidad se puede plantear como el siguiente problema de optimizacién:

fminU U s)

sujeto a

g(U)=0 (6)
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donde 8 es el indice de fiabilidad y la solucion del problema (U*) se denomina punto maximo probable
de fallo (MPP). El proceso iterativo propuesto por Hasofer-Lind requiere linealizar la funcidn de estado
limite en el entorno del punto de estudio y se obtiene B como la distancia desde ese punto al
hyperplano resultante de dicha linealizacion. La expression de esta distancia es:

1

p=, / L (7)
ag(U )Y
i=1 ou,

El algoritmo de Hasofer-Lind considera como punto inicial (MPP) el valor medio de las variables

aleatorias, esto es Uy=0. Tras obtener el nuevo MPP se calcula como:
U, =U,-vp (8)

donde v es el vector unitario del gradiente de la funcién aproximada en el punto MPP. Se repiten los
mismos pasos hasta llegar a convergencia en 8. Otro criterio de convergencia es que la funcién de
estado limite en el MPP (U*) sea nulo. Este algoritmo presenta algunas veces dificultades de
convergencia, que pueden solucionarse disminuyendo el paso de avance mediante un factor de la
siguiente forma:

Uk+1 _ Uk
C

I~Jk+1 = Uk + (9)

donde c es el factor de reduccién. Se han obtenido buenos resultados para valores de este factor
entre 2y 5.

3.4. Aplicacion al proyecto del puente sobre el estrecho de Messina

En la Fig. 3. se muestra el modelo seccional de este puente a escala 1/100 instalado en el tunel de
viento de la Universidade da Corufia. Las funciones de flameo fueron obtenidas por A. Ledn [22] y los
resultados se muestran en la Fig. 4.

Figura 3. Ensayo en tunel de viento del modelo seccional del proyecto del puente sobre el estrecho de Messina.
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Figura 4. Funciones de flameo del tablero del puente sobre el estrecho de Messina

Como se comentd anteriormente para resolver la ecuacién de equilibrio dindmico es necesario
obtener los modos y frecuencias naturales de vibracién del puente completo. En este caso se ha
definido un modelo de elementos finitos en el software comercial Abaqus [23] (Fig. 5) con 12528
grados de libertad. Los modos de vibracion se obtienen en dos pasos: en primer lugar se realiza un
analisis estatico con no linealidad geométrica Unicamente a peso propio y en un segundo paso y
considerando las tensiones iniciales en la estructura debidas a peso propio se realiza el analisis modal.

Se ha resuelto el problema de fiabilidad frente a flameo para diferentes situaciones en funcién del
numero de variables aleatorias que se tienen en cuenta simultdneamente, que son:

CMMoST 207 21



Some experiences on reliability based aeroelastic analysis and optimization of long span bridges
Fourth International Conference on Mechanical Models in Structural Engineering
Madrid (Spain). 29 nov-01 dec 2017.

l. Unicamente la velocidad de viento (x,,) se considera variable aleatoria
1. Se consideran variables aleatorias x,), el amortiguamiento estructural y las 6 funciones de

flameo correspondientes a una componente de las fuerzas aeroelasticas.
Il. Se consideran a la vez tanto la velocidad de viento, el amortiguamiento estructural como

todas las funciones de flameo.

OB \un Praoney HIBTHET Tiant  MespenfFuasion BADE Tor 12100 B4R 7] Haia de wrng amamer BL

¥
B s mepr
ek Vekes 3IRTERL o = 1 ORSIESL (syskatie)

Figura 5. Vista del modelo de elementos finitos del puente sobre el estrecho de Messina

En el primer caso Unicamente hay una variable aleatoria y el indice de fiabilidad que se obtiene es
$=16.534. Dicho valor se reduce a f=16.472 cuando se afiade ademas el amortiguamiento estructural
como variable aleatoria. Los resultados para los casos Il y Ill se muestran en las Tablas 1y 2.

Tabla 1. indice de fiabilidad y probabilidad de fallo considerando x,, ¢ vy las 6 funciones de flameo

del mismo tipo como variables aleatorias

. . NP° de variables 0=5% 0=15%
Variables aleatorias
) B Py B Py
X & o A Ay Ay, A AL A, 34 15528  1.12E-54 12.004 1.69E-33
X, & H Hi Hi H, H. H, 30 16.154  532E-59 14.651 6.64E-49
x. ¢, BB ,B P PP 27 16267  8.46E-60 15445 4.08E-54

Tabla 2. indice de fiabilidad y probabilidad de fallo considerando x,,, £ y las 18 funciones de flameo

como variables aleatorias

N° de 0':5% 0':15%
Variables aleatorias bl
variables (N) B Py B Py
Xon & Ay A H s HLL B P 90 15217 1.36E-52 12.163 2.45E-34

Se puede observar que los valores de probabilidad de fallo son exageradamente bajos. Esto es asi
debido a que el dimensionamiento de este puente se hizo para una velocidad de disefio de 75 m/s,
muy superior a la velocidad méxima registrada en el emplazamiento del puente.
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Otra ventaja de este estudio es que permite determinar la influencia que tiene sobre la probabilidad
de fallo el hecho de tener mas incertidumbre en una u otra funcién de flameo.

En la Fig. 6 se muestra la evolucion del algoritmo iterativo de Hasofer-Lind modificado por Baldomir
mediante el factor de reduccién c. Se puede ver que para c=4 la convergencia se alcanza tanto en el
indice de fiabilidad como en el valor de la funcién de estado limite.

14

12

10-

B_

8 | _

@ f =)

4 ) ]

2,

O.
o o4

_27 =1

“ 5 10 15 20 25 30 35 0% 5 10 15 20 25 30 3
Iteration Iteration

Figura 6. Evolucion del indice de fiabilidad y de la funcion de estado limite para c=1y c=4.

4. OPTIMIZACION DE PUENTES COLGANTES EN REGIMEN PROBABILISTA CON CONDICIONES DE
FLAMEO
4.1. Formulacién del problema de optimizacién probabilista y métodos para su resolucion

El problema general de optimizacidon probabilista se puede formular del siguiente modo:

min F (d, x) (10)
sujeto a:

P[G(d,x)<0]<P,” i=12,..m (11)
h(d)<0  j=m+l, ..M (12)

donde d es el vector que contiene a las variables de disefio del problema, x es el vector de variables
aleatorias, P es el operador de probabilidad fo_Tes el valor maximo de la probabilidad de fallo

admitido para un estado limite concreto. h; es el conjunto de restricciones deterministas del
problema.

Existen numerosos métodos que permiten resolver el problema anterior. Un resumen exhaustivo de
estos métodos puede encontrarse en el trabajo publicado por Aoues [9] donde se hace una
clasificacién en métodos de dos niveles, métodos de un nivel y métodos desacoplados. La formulacién
original da lugar a métodos de dos niveles en el sentido de que existen dos bucles de optimizacién
anidados, el bucle externo que modifica el disefio y bucle interno que realiza el andlisis de fiabilidad.
Entre estos métodos destacan el método RIA (Reliability Index Reliability Index Approach)
desarrollado por Enevoldsen and Sorensen [24] o el método PMA (Performance Measure Approach)
publicado por Tu et al. [25]. Estos métodos resuelven directamente el problema anterior pero son
computacionalmente costosos. Entre los métodos mas utilizados estan los métodos desacoplados
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pues como su nombre indica separan el bucle de optimizaciéon del bucle de analisis de fiabilidad.
Destaca el denominado SORA (Sequential Optimization and Reliability Assessment) publicado por Du
and Chen [12] pues proporciona resultados muy precisos con un coste computacional muy reducido.

Design ﬂptimizaﬁonj
- SR L R . O S . L R L. . ), . PO O W< P S P W = = L
i | Reliability routine | &
k. Initial design, dg %

Matlab: Calculate girder
mech. properties, I, I, J, A
& main cable area

¥
Matlab, Abaqus
| Caleulate initial cable
geometry+stress

¢

Abaqus: modal analysis
of the entire bridge

frequencies,
mode shapes

Abagus: static analysis
| under traffic overload

Check constraints

Optimal design’ Final design

e e e e e e e e e
s o e e e e e e e e e e e e e e e e e R e e e e e e o e e T

-
g
-

Figura 7. Diagrama de flujo de los métodos RIA y PMA aplicados a optimizacion de puentes con condiciones de
flameo.
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Figura 8. Diagrama de flujo del método SORA aplicado a optimizacion de puentes con condiciones de flameo.

En las figuras 7 y 8 se presenta la implementacion de los métodos RIA, PMA y SORA para resolver el
problema planteado en las ecuaciones 10-12. La programacién de estos métodos se ha realizado en
MATLAB [26] utilizando como algoritmo de optimizacion el método SQP (Sequential Quadratic
Programming) implementado en la funcion ‘fmincon’. El algoritmo ejecuta Abaqus para obtener los
modos y frequencias de vibracidén en cada iteracion y FLAS para obtener la velocidad de flameo. Estos
codigos se lanzan intensivamente para obtener los gradientes de las condiciones de disefio respecto a
las variables de disefio d y los gradientes de la funcidon de estado limite respecto a las variables
aleatorias x.
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4.2. Aplicacion al proyecto del puente sobre el estrecho de Messina

El problema de optimizacién descrito se ha resuelto para el mismo ejemplo que en el apartado 3. En

este caso se trata de optimizar los espesores de las chapas que forman los 3 cajones del puente (Fig.
9) y el area de los cables principales. Las variables aleatorias consideradas son la velocidad de viento y

los puntos que definen las funciones de flameo.

appENpICE ~—_\PROFILO CON CONTROLLO

17,44 17,50 17,44

BARRIERA METALLICA
" CLASSE H4

| |

+

2B

DELLA VENA FLUIDA ‘L +

+

Figura 9. Seccion transversal del tablero del puente sobre el estrecho de Messina.

> (cable area) Y

d; (side plate) r d, (top plate) ds (side plate) l_ dq (top plate)

=

R A b LTI T ] ‘I J U
R =38
i e

Figura 10. Variables de disefio consideradas.

El problema de optimizacién es este caso se formula como:

min /'(d)

sujeto a

g :P[Vf(xi)—xw SO]SPf

g, Smm<d, <30mm i=1,2,..,6
2,,:1.0m’ <d, <3.0m’

g,:0, <800 MPa

26

d, (bottom plate) ds (bottom plate)

(12)

(13)

(14)

(15)

(16)
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mec

g L —1<0 (zm :%;L:%oo m) (17)

Los espesores en milimetros de las chapas que forman los cajones definidos en proyecto son
do=[14,14,14,16,12,14], y el area del cable principal, d7=2.0165 m?, dando lugar a un volumen de
acero de cable y tablero de 5,983.75 m®y 21,092.59 m?, respectivamente. El indice de fiabilidad fijado
para el problema de optimizacién fue arbitrariamente escogido con valor de B=12. El objetivo del
estudio es minimizar el volumen total de acero (cable y tablero) manteniendo un nivel de seguridad
de B=12 frente al fendmeno de flameo.

Los resultados obtenidos mediante los tres métodos descritos se muestran en la Fig. 11. El resultado
numérico de la variable d7 (area del cable) se ha representado multiplicado por 10 para poder incluirla
en el mismo gréfico que los espesores de chapa.

30 PMA RIA
25
25 &~ d1 - d3 — d5 -+ d7 5~ d1 == d3 —+d5 -+ d7
-4 d2 - d4 & d6 o -&-d2 - d4 -©- d6
204

o

plate thickness (mm), cable area (m2)

plate thickness (mm), cable area (mz}

0 5 10 15 0 2 4 6 8 10 12
lteration Iteration
10°
SORA 2.8%
25 |

-8-d1 -+ d3 +d5 =+ d7
~4-d2 -6~ d4 -©-d6

Total volume (m3}

plate thickness (mm), cable area (mz}

0 1 2 3 4 5 0 5 10 15
Iteration Iteration

Figura 11. Resultado de la optimizacion probabilista.

Como se puede observar la funcién objetivo converge al mismo valor mediante los tres métodos
implementados. No obstante existe alguna diferencia entre los espesores éptimos de las chapas, pero
las diferencias mas significativas se dan entre d3 y d5 que contribuyen muy poco al peso total de los
cajones. En el resultado final tanto la condicién de flameo como la condicién de tension en el cable
son activas.
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Tabla 3. Resultados numéricos de las variables de disefio y funcién objetivo.

B=12 d; d, ds d, ds ds d, Func. objetivo % cambio
Disefio original 14.000 14.000 14.000 16.000 12.000 14.000 2.000 26903.75
RIA 12.260 12.830 21.430 5.180 8.600 5.330 1.680 22797.16 -15.26
PMA 11.700 13.620 15.250 6.310 6.240 6.060 1.680 22760.56 -15.40
SORA 12.530 13.630 9.990 5.000 8.160 5.000 1.670 22671.32 -15.73

En cuanto al coste computacional destacar que el método desacoplado SORA llegd a convergencia en
aproximadamente la mitad de tiempo que los métodos RIA y PMA.

5. CONCLUSIONES

En esta investigacion se muestra la importancia que tiene obtener con fiabilidad la velocidad de
flameo de un puente. En dicho cédlculo es determinante el trabajo realizado en el tunel de viento para
obtener las funciones de flameo que determinardn las fuerzas aeroelasticas que actuan sobre un
tablero de puente. Mediante analisis probabilista es posible obtener la probabilidad de fallo cuando
existe incertidumbre tanto en las acciones (viento) como en la resistencia del puente (velocidad de
flameo, amortiguamiento). En este caso se ha considerado que los puntos que definen las funciones
de flameo son variables aleatorias y se ha calculado el impacto que tiene sobre la probabilidad de fallo
frente a flameo. Como se puede observar un incremento en la dispersién de los datos obtenidos
experimentalmente lleva a un descenso de la seguridad y por tanto a un dimensionamiento mayor.
Con las técnicas de optimizacion probabilista ambos conceptos se pueden conjugar de forma que es
posible obtener el disefio de menor peso que garantice un nivel de seguridad prefijado, teniendo en
cuenta la informacion aleatoria tanto del viento incidente como de los resultados en el tunel de
viento. En esta investigacidn se aplican dichos conceptos al proyecto del puente sobre el estrecho de
Messina, obteniendo tanto la probabilidad de fallo frente a este estado limite como el
dimensionamiento dptimo de las chapas que forman los cajones y el drea de los cables principales o
catenarias.
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ABSTRACT

This paper shows the use of a simplified structural model for lightweight and lively footbridges for the
design of vibration damping systems. The lumped-mass model of the footbridge under study was
obtained experimentally by in-situ testing using the mid-span acceleration response to a single person
load and a method consisting on fitting that response to the initial part of the resonant build-up of a
lumped-mass model subjected to the same force. Passive and semi-active mass dampers were
designed based on different control strategies such as H.. optimization techniques or on-off
displacement based Ground-Hook control. The response of the footbridge model with and without
vibration damping systems was simulated using some of the pedestrian loading models proposed in
codes and footbridges design guidelines.

In all the cases, the use of these control systems improved noticeably the response of the footbridge
model subjected to pedestrian loading models. This study showed both, the usefulness of the build-up
technique as an affordable and fast method to obtain simple footbridges models, and the suitability of
vibration damping systems based on mass dampers to improve the dynamic behaviour of footbridges
subjected to pedestrian-induced vibrations.

Keywords: Footbridges, model identification, vibration, control, mass dampers.

1. INTRODUCTION AND OBIJECTIVES

To assess human-induced response of footbridges and to design vibration damping systems such as
mass dampers, a reliable estimation of the structure modal parameters (frequency, damping, and
mass) is vital. Contrary to modal frequencies and damping, an accurate modal mass estimation
requires expensive and sometimes heavy equipment which makes to be often overlooked [1].

This paper shows the use of a simplified structural model for lightweight and lively footbridges for the
design of vibration damping systems. The SDOF lumped-mass model is obtained experimentally by in-
situ testing using the mid-span acceleration response to a single person dynamic load and a method
consisting on fitting that response to the initial part of the resonant build-up of a lumped-mass model
to that experimented by the footbridge.
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The method makes use of a data-base of laboratory-recorded time series of various people bouncing
and jumping on a force plate to different frequencies. A reasonable assumption that the fundamental
characteristics of human induced forces change little between laboratory and field testing is assumed
taking into account that the early resonant build-up is relatively insensitive to the imperfect timing of
human jumping or bouncing [1]. To overcome this uncertainty an improved method based on the use
of wireless inertial measurement units for force and response measurements was recently presented
[2] with good results.

The recorded forces are used as excitation inputs of the SDOF lumped-mass model. The frequency,
damping and mass values of the model are changed so that the initial part of the resonant build-up of
the model fits to that experimented by the footbridge when the same force is applied.

Indisputably this is not the most accurate mass estimation method compared with traditional ones
like Modal Testing where in-situ measurement of excitation forces applied via an instrument hammer,
drop-weight or a shaker is required. However these devices have practical limitations as careful
adjustment of signal to noise ratio (Hammer), portability (drop-weight and shakers) or great
investment (shakers) [2].

Using this Build-up method in collaboration with the damping estimation by logarithm decrement
method or fitting to an exponential decay curve, a good estimation of the modal parameters
(frequency, damping and mass) of the studied mode is obtained. These values are enough to assess
and quantify the serviceability of a structure with or without vibration damping system.

Once the SDOF model was estimated, passive and semi-active mass dampers were designed based on
different control strategies such as H.. optimization techniques or on-off displacement based Ground-
Hook control. The response of the footbridge model with and without vibration damping systems was
simulated using some of the pedestrian loading models proposed in codes and footbridges design
guidelines.

Figure 1. “Isla dos aguas” Footbridge in Palencia (Spain).
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The identification model method was employed in a real structure. The footbridge under study is sited
in Palencia (Spain) and is known both as “Isla dos aguas” Footbridge, as well as “San Miguel”
Footbridge, named after its vicinity to the San Miguel Church. This underslung truss footbridge is
composed of only one 52 meter steel span with a wooden deck and two steel handrails (Figure 1).
The structure develops noticeable vibrations when a single or a group of runners are crossing the
footbridge.

2. FOOTBRIDGE MODEL IDENTIFICATION

Preliminary time domain and spectral analysis showed a linear behaviour of the studied footbridge
with well separated modes. The first vertical bending modes of the structure were identified around
2.6 Hz, 6.9 Hz and 11.8 Hz respectively. In the Figure 2, the FFTs of the footbridge for 156 and 207
strides per minute running tests at mid span and quarter span respectively are shown. The spectres
showed how the two first vertical modes were in resonance when running at those frequencies or its

multiples.
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Figure 2. FFTs of the footbridge mid span and quarter span acceleration records when running at 156 and 207
strides per minute respectively.

Commonly, the adopted mean value for running and jumping is 2.5 Hz, being the normal running
frequencies in the [2.2 — 2.7] Hz interval [3]. Therefore, the 1% vertical bending mode (2.6 Hz) is
without doubt the easiest mode to be excited and the identified SDOF lumped-mass model of the
footbridge was reduced to this one.

Previously to the field tests, the input forces were recorded at the laboratory by means of a force
plate and a metronome. Two groups of force recordings performed by an 85 Kg person and a 100 Kg
person were done at different rates including 2.6 Hz. From now on these people are named Tester A
and Tester B respectively.

In the field tests, a 4 channel data logger, a laptop, a metronome and a 1V/g piezoelectric
accelerometer were used to register the mid-span acceleration response of the structure subjected to
bouncing and jumping human loads.
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Figure 3. Field tests: Experiment set-up and footbridge excitation by human bouncing (Tester B).

In Figure 4, the acceleration records at mid-span when both testers performed bouncing tests at 2.6
Hz are shown. The signal parts in magenta corresponding to the free decaying oscillations of the
acceleration signal were used to identify the damping values of the excited mode.
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Figure 4. Portions of the acceleration signals used for damping estimation.

Damping values were identified by curve fitting. The general equation for an exponentially damped
sinusoid with damper ratio lower than one may be represented by:

y = Axe M (sin(wy * t + ¢)) (1)

Where A is the initial amplitude of the envelope, A is the decay constant, myq the angular frequency
and ¢ the phase angle at t=0.

The decay rate A and damping ratio § are related with the next expression:
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= w (2)
In order to identify the damping ratios, exponential decay curves were adjusted to the acceleration

positive peaks. In Figure 5, one of the portions of acceleration signals depicted in the Figure 4 beside
the fitted exponential curve are shown.
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Figure 5. Damping identification by fitting to an exponential decay curve.

Aiming to see how the damping and frequency values depend on the magnitude of the acceleration,
moving signal portions of 15 consecutive positive peaks were used to characterize the trend of
damping and frequency values. In Figure 6 the results obtained with the signal depicted in the
previous figure are shown.
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Figure 6. Identified damping and frequency values using a moving calculation with data sets of 15 positive peaks
of the acceleration records.

The pictures shows a decreasing trend of the damping value as the magnitude of the acceleration
decreases, being the opposite trend for the frequency where the values increase slightly as

acceleration decreases. This behavior has been presented in all tests and agrees with results obtained
in the bibliography [4].
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The numerical values obtained after processing the 8 highlighted decreasing parts of the signals in the
Figure 4 (5 performed by the Tester A and 3 by the Tester B) are shown in the Table 1. In the table
the values of the frequency and damping obtained after processing the whole signal, beside the

interval of values after processing 15 consecutive positive peaks and the level of acceleration in these
intervals are shown.

Table 1. Damping and frequency values

. Tester A (100kg) Tester B (85kg)
Magnitude

Test 1 Test 2 Test 3 Test 4 Test 5 Test 1 Test 2 Test 3

Damping (%) 0.476 0.521 0.410 0.491 0.444 0.459 0.482 0.504
Damping Interval [0.347, [0.480, [0.341, [0.435, [0.346, [0.343, [0.417, [0.412,
(%) 0.551] 0.556] 0.460] 0.564] 0.495] 0.495] 0.521] 0.589]
Frequency (Hz) 2.613 2.607 2.618 2.665 2.656 2.618 2.615 2.623
Frequency Interval [2.604, [2.604, [2.609, [2.604, [2.613, [2.607, [2.609, [2.595,
(Hz) 2.622] 2.613] 2.622] 2.622] 2.627] 2.622] 2.622] 2.646]
Acceleration (m/sz) [0.127, [0.755, [0.118, [0.372, [0.245, [0.111, [0.486, [0.161,
2.313] 2.317] 0.823] 2.274] 2.136] 1.942] 2.845] 3.547]

Taking into account the table values, the damping value of the footbridge when oscillating at around
2.6 Hz is in the [0.4 - 0.5]% interval.

In Figure 7, the portions of the acceleration signal used for the build-up identification method are
highlighted in magenta. Three of these portions were performed by the Tester A and three more by
the Tester B. How the Tester A performs more homogeneous loads is observed in the figures. This

emphasizes the necessity of perform several tests by experienced testers so that reliable results are
obtained.
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Figure 7. Portions of the acceleration signals used in the build up method.

Figure 8 shows the results obtained with the curve fitting process for one of the acceleration signal
portions. The upper-left graph shows in red the portion of the recorded force signal used in the
identification process. The footbridge acceleration record and the selected peaks used in the fitting
process are depicted in the upper-right graph. Finally, the lower graph shows, both, real acceleration
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and simulated one once the SDOD lumped-mass model is fitted. Mathematics related to this method
was presented by Brownjhon[1].

Force record Acceleration record

Force(N)

Recorded accel.
2 H fitted accel.
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Figure 8. Example of fitting process using the build-up method.

The identification results after processing the six signals are collected in Table 2 .

Table 2. Fitted modal parameters using the Build-up method.

Magnitude Tester A (100 Kg) Tester B (85kg)
Test 1 Test 2 Test 3 Test 1 Test 2 Test 3
Mass (Kg) 18200 15700 16900 13700 16600 14700
Damping (%) 0.45 0.50 0.50 0.40 0.4 0.4
Frequency (Hz) 2.6 2.605 2.605 2.645 2.6 2.6

The table show how the estimated parameters are around 17000+1000 Kg, 0.45% and 2.605 Hz

attending to the tests performed by the Tester A, and 15000+1000 Kg, 0.4% and 2.6 Hz by the Tester
B.

There is an important grade of uncertainty of the footbridge modal mass value (13700 to 18200Kg),
nevertheless an average value is enough to evaluate how heavy the mass dampers should be in order
to fulfil the maximum acceleration levels proposed in the standards.

From now on, the parameters of the SDOF lumped mass model of the footbridge for the main mode
are set to 16000 kg, 0.45% and 2.61 Hz. These values were used to design passive and semi-active
mass dampers.

Before showing the process to optimize the mass dampers and the simulation results obtained with
these ones, a review of some regulations and footbridge design guides is shown.
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3. REGULATIONS AND FOOTBRIDGE DESIGN GUIDES

In order to evaluate the comfortability of the footbridge after attaching both passive and semi-active
mass dampers, the simulated acceleration response is assessed according to different standards and
footbridge design guidelines. In general, the standards (1) recommend that the structures avoid
ranges of natural frequencies matching normal walking paces and (2) set acceleration comfort limits
which depend on the vibration frequency.

A summary of both, frequencies ranges to be avoided and acceleration limits proposed in the codes
are summarized in footbridge design guidelines like Fib [3] or Setra [5], and vibration serviceability
studies of footbridges like [6].

In the case of the “Isla dos aguas” footbridge, the vertical bending mode of 2.6 Hz is considered to be
under study for resonance risk by the Eurocode 5 (ENV 1995-2) [7].

Once a footbridge is considered to be under study, next step consists on assessing if the response of
the footbridge under human loads is under the serviceability acceleration limits. Most codes do not
propose any type of load models, suggesting that is up to the designer and structure owner the
definition of these loads. Fortunately, there are load models proposed in footbridge design guidelines
like Setra and Fib and standards like 1ISO 10137 [8].

Setra guideline [5] proposes that the vertical component of the load can be approached by a simple
sequence of semi-sinusoids, represented using the following expression:

F(t) = Go+;Gi sin 2mify,t ifG—-DT,<t< U_l/z)Tm

0 if G=1/)Tm <t <jTy,

Where Gy is the pedestrian weight, G; = 1.6G,, G, = 0.7G, G5 = 0.2Gy, f,, the stride rate, Ty, the
period (T, = 1/f,,) and j the step number (j = 1,2, etc.).

In the case of the ISO 10137 [8], the vertical load model proposed for one pedestrian is defined by:

K
FE®)=W|1+ Z an sin(27rnfpt + (pn) (4)

n=1

where W is the pedestrian weight, a,, is a numerical coefficient corresponding to the nth harmonic,
@p is the phase angle of the nth harmonic, f, is the frequency component of repetitive loading and k
is the number of harmonics that characterize the forcing function in the frequency range of interest.
For a running pedestrian the a, coefficientsare a; = 1.4, a, = 0.4y a3 = 0.1.
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The load models for a 100 kg person using ISO 10137 and Setra guideline are shown in blue in Figure
9. In both load models, the force oscillates between two maximum values while the pedestrian is
walking/running across the footbridge. Taking into account the results in [4] where the overestimation
of the acceleration responses obtained with these load models compared to the real ones was
proved, the load models applied in the simulations of the next sections were weighted taking into
account the current position of the pedestrian along the footbridge and the excited mode. Therefore
the force loads were weighted by the modal shape of the excited mode (2.6Hz). Because no modal
analysis of the “Isla dos aguas” footbridge was done and the modal shapes were not identified, a
parabola was used as the modal shape keeping in mind that is very similar to the modal shape of the
first vertical bending mode of a hinged-hinged beam. The figure shows in red the weighted force
models. The excitation time around 15 seconds, corresponds to the time taken for a person running at
2.6 strides per second to cross over the 52 meter footbridge.

1SO10137: 1 pedestrian load model SETRA: 1 pedestrian load model
3000 - I . Not weighted || 3000 -~ AR R Not weighted ||
| | —— Weighted l H —— Weighted
[ ] [ ‘ ]
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Figure 9. 100kg pedestrian load models using 1ISO137 and SETRA.

In Figure 10 the relation between the velocity of the runner and its stride frequency is shown
attending the fib guideline [3] and the study performed by Nummela [9] after analysing the data of 25
endurance athletes with eight different speeds. The figure shows noticeable differences in the range
from 3.5 to 5 Hz between the two curves, but not in the range between 2 to 3 Hz which is the range in
what we are interested.
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Stride frequency (steps/s)
Figure 10. Runner speed and stride frequency relation.

The relations obtained from fib and Nummela data by curve fitting were respectively:

s =0.582%f*—7.578% f3 + 353 % f2 — 66.82 % f + 45.12 (5)
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s=—0875*f2+9.16* f — 14.23 (6)

Where s is the runner stride frequency in steps/s and s the runner speed in m/s second. The velocities
obtained for a frequency of 2.6 strides per seconds were 3.43 m/s (Fib) and 3.67 m/s (Nummela).

4. MASS DAMPERS CALCULATION

In this section both passive and semi-active mass damper calculation and the simulation results using
the 1ISO 10137 weighted load model depicted in Figure 9 are shown.

4.1. Passive Mass Dampers

A passive mass damper, commonly known as tuned mass damper (TMD) is a well proven mechanism
to increase the damping of structures prone to vibrations. A TMD is basically a secondary mass
attached to the structure by means of springs and oil dampers. Once the TMD is optimal tuned to a
specific mode of the structure, usually the main one, the damping in that mode is noticeably
increased. These devices have been widely studied in the last century since Frahm proposed this
concept in 1909 to reduce rolling motions of ships. The first analytical tuned methods, unlike the most
numerical methods, do not take into account the damping of the structure.

Some of these analytical methods like Den Hartog [10], Warburton[11] and Connor[12], numerical
methods like Tsai and Lin [13] and Poncela et al. [14] based on curve fitting and H-infinity controllers
respectively and others shown in SAMCO Guideline [15] have been used to calculate the TMD
parameters for the “Isla dos aguas” footbridge.
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Figure 11. Examples of the FRFs of the footbridge with and without TMD.

-85
2

The use of H-infinity methods in the TMD tuning should be more robust to disturbances and
uncertainties in the model, anyway the TMD parameters obtained with all these tuning methods are
very similar as it can be concluded from the right hand of Figure 11, where the frequency response
functions (FRF) of the SDOF lumped-mass model of the “Isla dos aguas” footbridge without and with a
500 kg TMD tuned by the mentioned methods are shown. In the left hand of the figure, the
improvement of the damping obtained in the mode as the TMD mass is increased from 200 kg to 500
kg is depicted.
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In Table 3, the parameters of TMDs from 200 to 300 kg using Den Hartog and Poncela tuning methods
are shown.

Table 3. TMD parameters using Den Hartog and Poncela tuning methods.

TMD Mass (Kg)

Magnitude 200 220 240 260 280 300
Stiffness (N/m) Den Hartog 52065 57130 62171 67186 72176 77142
Stiffness (N/m) Poncela 51632 56629 61592 66510 71384 76232
Damping (N*s/m) Den Hartog 425.7 488.7 554.1 621.7 691.4 763.0
Damping (N*s/m) Poncela 458.5 537.2 628.2 702.2 752.8 832.2

The acceleration peaks beside some of the defined acceleration comfort limits for a 2.6Hz frequency
are depicted in Figure 12. Checking the graph and taking into account the maximum acceleration
peak, a TMD of at least 440 kg is necessary to fulfil the Eurocodes.
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Figure 12. Maximum acceleration peaks obtained with a 200 to 500 kg TMD optimized using Den Hartog
method.

4.2. Semi-active Mass Dampers

The semi-active TMD (SATMD) proposed in this study is based on the use of magneto-rheological
dampers. The idea is to replace the hydraulic dampers of a passive TMD by magneto-rheological ones.
In this case, the damping of the dampers, unlike the hydraulic ones, is variable in an interval.

For the control strategy, the solution proposed by Koo [16] is used. Koo suggests a groundhook
control scheme and four strategies: (1) Velocity-based, on-off groundhook control (On-off VBG), (2)
Velocity-based, continuous groundhook control (Continuous VBG), (3) Displacement-based, on-off

groundhook control (On-off DBG) and (4) Displacement-based, continuous groundhook control
(Continuous DBG).
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The On-off DBG strategy gave good results in previous studies [17], so this one was used in this study.
This strategy consists on the use of two damping values (c.n, Cof) to adjust the MR damper depending
on the value obtained in the next expressions:

X1 * V12 = 0 Ceontrotiabte = Con

X1 * V12 <0 Ceontrottable = Corf

Where x; is the absolute vertical displacement of the span and vy, is the relative velocity of the semi-
active TMD

In the Figure 13, the FRFs obtained with the structure without damping devices, with a passive TMD
and with the semiactive TMD based on an On-Off DBG control strategy is shown.
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Figure 13. FRFs of the footbridge without mass dampers and with a 200 and 300 Kg TMD and SATMD

In Table 4, the parameters of SATMDs from 200 to 300 kg using the On-off DBG strategy proposed by
Koo are shown.

Table 4. SATMD parameters using On-off DBG strategy.

SATMD Mass (Kg)

Magnitude

200 220 240 260 280 300
Stiffness (N/m) 51704 56928 62171 67182 72177 77276
Damping On (N*s/m) 1872.8 1657.5 2558 2763.5 3015.4 6433
Damping Off (N*s/m) 101.8 243.4 99.8 90.3 98.9 108.6

In Figure 14, the temporary responses of the footbridge without and with a 300 kg TMD and a 300 Kg
SATMD are shown. The graph shows the suitability of vibration damping systems based on mass
dampers to improve the dynamic behaviour of footbridges subjected to pedestrian-induced
vibrations.
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Figure 14. Simulation of the footbridge without mass damper and with a 300 kg TMD and SATMD.

In Figure 15, the acceleration peaks obtained with passive mass dampers and showed in Figure 12
are compared with the ones obtained with semi-active mass dampers of same weight. The picture
shows how a SATMD lower than 200 kg is necessary to fulfil the Eurocode 5 (ENV 1995-2).
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Figure 15. Maximum acceleration peaks obtained for a 200 to 500 kg TMD and SATMD.
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5. CONCLUSIONS

The paper shows the use of an affordable method (Build-up method) to obtain a SDOF lumped-mass
model of lightweight and lively footbridges. The method was used to identify a simple model of the
“Isla dos aguas” footbridge and consists on fitting the initial part of the resonant build-up of a SDOF
lumped-mass model to the one experienced by the real footbridge when both are subjected to the
same force load. Although the results showed a noticeable uncertainty in the mass parameter
identification, the use of the average value could be enough to do initial vibration serviceability
studies or evaluate how heavy the mass dampers should be in order to fulfil the maximum
acceleration levels proposed in the standards.

Both, passive and semi-active mass dampers where calculated using methods proposed in the
bibliography. After simulating the footbridge model with the calculated mass dampers and the
weighted load model proposed in ISO 10137, a semi-active mass damper lower than 200 kg or a
passive mass damper of at least 440 Kg are necessary to attach in the mid-span of the “Isla dos aguas”
footbridge in order to fulfil the Eurocode 5 (ENV 1995-2) when a 100 kg person is running at the
resonance frequency across the footbridge.

The simulations show the usefulness of the build-up method as an affordable and fast technique to
obtain simple footbridges models and the suitability of vibration damping systems based on mass
dampers to improve the dynamic behaviour of footbridges subjected to pedestrian-induced
vibrations.
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ABSTRACT

A numerical procedure is proposed in this paper for achieving the minimum cost design of reinforced
concrete rectangular sections under compression and bending by using a biologically-inspired meta-
heuristic optimization algorithm. The problem formulation includes the costs of concrete,
reinforcement and formwork, obtaining the detailed optimum design in which the section dimensions
and the reinforcement correspond to values used in practice. The formulation has been simplified in
order to reduce the computational cost while ensuring the rigor necessary to achieve safe designs.
The numerical procedure includes the possibility of using high-strength concrete and several design
constraints, such as minimum reinforcement and limiting the neutral axis depth. One numerical
example is presented, drawing comparisons between the results obtained by ACI318 and EC2
standards.

Keywords: optimization, meta-heuristic algorithms, reinforced concrete structures, cross section
dimensioning, biaxial bending.

1. INTRODUCTION

The optimum design of concrete structures is one of the research fields in which meta-heuristic
algorithms are useful. In recent years, considerable effort has been made to adapt and improve them
to specific problems [1]. Coello et al [2] used a simple Genetic Algorithm (GA) for the design of
rectangular reinforced concrete (RC) beams. Rajeev and Krishnamoorthy [3] applied a simple GA to
the cost optimization of two-dimensional RC frames. Koumousis and Arsenis [4] used GA for the
detailed design of RC members. Rafig and Southcombe [5] used GA for the detailed design of biaxial
columns reinforcement. Camp et al. [6] used GA by constructing a database for beams and columns
which contains the sectional dimensions and the reinforcement data in the practical range to optimize
for the optimum design of plane frames. Lee and Ahn [7] used GA to optimize RC plane frames subject
to gravity loads and lateral loads. Lep$ and Sejnoha [8] used GA to design RC cross sections including
the effect of shear reinforcement [9]. Kwak and Kim [10,11] used the Direct Search Method and GA to
optimize RC plane frames. Govindaraj and Ramasamy [12,13] used GA for the optimum detailed
design for RC frames based on Indian Standard specifications. Martinez et al. [14] used the Ant Colony
Optimization algorithm, the GA and the Threshold Acceptance Algorithm for economic optimization of
RC bridge piers with hollow rectangular sections. Jahjouh et al. [15] used an Artificial Bee Colony
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2Department of Civil Engineering. Universidad Politécnica de Cartagena (SPAIN). antonio.tomas@upct.es
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Algorithm to obtain the optimum design (optimum cross section dimensions and reinforcement
details) for singly RC continuous beams. Akin and Saka [16,17] presented an optimum design
algorithm based on the Harmony Search method for the detailed design of special seismic moment RC
plane frames considering the provisions of ACI318-14 [18] and ASCE 7-05 [19].

Among different biologically-inspired meta-heuristic optimization methods proposed by several
authors, the Firefly Algorithm (FA) has proved better than the GA and Particle Swarm Optimization in
terms of efficiency [20]. The research by Gandomi et al. [21] uses different chaotic systems to replace
the FA parameters, observing some improvement in its efficiency. It is interesting to mention the work
by Fister et al. [22] about the impact of this algorithm in recent years, since it has been applied in
solving design problems in several engineering fields. In the field of structural design, the works by
Gandomi et al. [23,24] and Talatahari et al. [25] are particularly noteworthy.

Any option for solving complex problems, such as the design of reinforced concrete structures, must
be focused to those algorithms that are efficient, to thus reduce the computational cost. Although
significant achievements have been made in solving the design of sections, elements and reinforced
concrete structures subjected to loads in a plane, less research has been made in solving the cases
under biaxial bending, in which the computational cost increases if the equivalent rectangular
compressive stress block is not used for calculating stresses in the compressed zone of the section.
This increased complexity of the problem requires algorithms with proven efficiency [26], among
which the FA is a suitable choice. Other methods arising in recent years present noteworthy
behaviour, although they can only become candidates to be selected once their efficiency to solve
actual problems with constraints has been sufficiently tested.

The formulation proposed to solve the optimum design problem can be implemented in any meta-
heuristic algorithm [27]. In this paper the FA algorithm has been chosen, in which a numerical strategy
has been implemented to achieve safe designs with a reasonable computational cost.

The formulation includes the following design considerations:

i) high-strength concrete, which means adopting a characteristic compressive cylinder strength
of concrete at 28 days f« > 50 MPa in Eurocode 2 (EC2) [28], and specified compressive
strength of concrete 41.37 MPa < f'.< 82.74 MPa in ACI318 [18],

ii) minimum area of reinforcement according to the standards ACI318 or EC2,
iii) constructive requirements according to the standards ACI318 or EC2, and
iv) constraining the neutral axis depth in order to comply with a certain ductility criterion.

To show the applicability in different meta-heuristic algorithms, this formulation has been
implemented in two of them: a GA and the original FA by Yang [1,23]. Besides, a modification in
Yang’s FA is also included to improve the computational efficiency when the algorithm is searching the
global optimum [27]. One numerical example is presented for the optimization of the whole cross
section (concrete, steel and formwork) using the ACI318 and EC2 standards.
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2. OPTIMIZATION OF CONCRETE RECTANGULAR CROSS SECTIONS
2.1. Optimum design problem

A question arises about whether the values obtained for the reinforcement are the most appropriate
or not. This question is not only from the point of view of resistance, since these values are obtained
from the equilibrium equations, but from the perspective of optimum reinforcement, which affects
not only cost, but also the environmental aspects related to the reduction of resources consumed for
the production of steel for reinforcement. Due to the infinite number of solutions, an optimization
problem to obtain the optimum reinforcement in the cross section can be proposed as an ideal
method of solving the equations system [29-33]. Moreover, it would be interesting to obtain not only
the optimum reinforcement but also the optimum width and depth values of the rectangular cross
section.

In the design of members under combined flexure and axial load it is common to use conventional
methods to obtain the reinforcement with symmetrical distribution. This may be appropriate when
flexural moments with different signs and similar values are present. However, in other situations this
distribution may result in uneconomical constructive simplification and be environmentally
inadequate, with it being more interesting not to use the symmetrical distribution, but to search for
another distribution with optimum reinforcement. This is the case, for example, of retaining walls
with a vertical load at the top (the soil pressure is causing single sign flexure in the wall) [24], or
circular piers for retaining walls, in which longitudinal reinforcement can be reduced by more than 50
% compared with traditional designs [34]. Admittedly, the probability of positioning error increases in
this case of asymmetrical reinforcement, but it can be prevented with more careful control of this
phase of the construction.

In this section of the paper, the problem of calculating the optimum geometry and reinforcement in a
rectangular concrete cross section subjected to biaxial bending and axial force is studied. A simple
optimization method is implemented that allows considering high-strength concrete, with a minimum
area of reinforcement according to ACI318 or EC2, and a ductility constraint on the neutral axis depth
to guarantee certain curvature.

2.2. Variables

The total population is stated by a matrix with the individuals located in rows. Each row or individual
consists of twelve design variables. The design variables that have been taken into account for each
individual i are (Fig. 1): the depth of neutral axis z;,, the angle of the neutral fiber 6, the width b;, the
height 4;, the bar diameter of the right side reinforcement ¢';;, the number of bars on the right side of
the section n',;, the bar diameter of the left side reinforcement ¢,;, the number of bars on the left
side of the section n,,;, the bar diameter of the top side reinforcement ¢';;, the number of bars on the
top side of the section n'y;, the bar diameter of the bottom side reinforcement ¢.;, and the number of
bars on the bottom side of the section n,...

Although the design variables z; and 6; are continuous, the rest of the variables are discrete. All of
them can adopt any value within the limits imposed by the designer. The variables b; and /; adopt
values of 5 by 5 mm. The variables n',;, n,;, n'v; and n,; take integer values. Finally, the variables ¢,
oy, 'xiand @.; adopt values corresponding to commercial diameters of reinforcing steel bars.
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Figure 1. Cross section geometry and design variables for the individual i.

The proposed formulation considers optimization variables instead of design variables. These
optimization variables are chosen to improve the performance of the algorithm. For instance, it is easy
to define lower and upper bounds for the design variables 8;, b, hi, ¢'.i, n'yi, vy By, @'xiy N'xiy Pxi @Nd
ny;. However, it is difficult to define lower and upper bounds for the design variable z; that can reach
high positive or negative values (with low eccentricity and compressive or tensile axial load,
respectively). A simple solution to this problem is to take into account a new optimization variable &
instead of the design variable z; as follows

& = z arctan(zi ) (1)
Vs

High values for z; correspond to values close to 1 for &. The upper bound ¢ Y = 1 corresponds to the
upper bound z Y= oo,

Moreover, the design variables 8;, bi, hi, ¢'yi, n'si, Oy, By, @'xi, B'xi, @xi, i have been normalized by
dividing their values by their upper bounds to obtain the optimization variables: , Bi, 7i, @"v.i, V'yi, @y,
Vyi, ©'ci, Vi, @y, Vxi, respectively. In this way the optimization variables adopt values which have the
same order of magnitude, within the interval of values [0,1]. Normalizing the variables in this way
ensures that they have the same relative importance when used in the design algorithm, thus
favouring its efficiency.

2.3. Fitness function

In this paper the following fitness function is proposed:
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rix) =S (484 2)

FXY) X))

(2)

J=1

where X, = (&, &, Bi, 11i, @i, VYyiy Oyiy Vyiy @iy Vi, @xiy Vii) 1S the 12-dimensional optimization variable
vector for the individual i; X" is the 12-dimensional optimization variable upper bound vector; £ (X;)

is the objective function to be minimized, and mvi is the number of violated constraints (g; < 0) for the
individual i.

Or in a simplified manner

F =fl-*+g,-*(f,-*+#j 3)

This fitness function does not take into account a coefficient to penalize the constraints, which is
usually dependent on the problem, having shown a good response in all the designs that have been
tested [27]. The fitness function is plotted in Fig. 2.

1

fitness function F',

N

0.

g* fF
Figure 2. Fitness function F.

2.4. Objective function

The objective function f; of the optimization problem for the individual i is the cost of RC cross section
per unit length

f(Xi)zfi =PA,;+Pp A, +PL;, (4)
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where P, is the price of concrete per unit volume, P is the price of steel per kilogram, p; is the density
of steel and Pyis the price of formwork per unit area, A.; is the area of the concrete cross section for
the individual i, 4, is the total area of steel reinforcement for the individual i and Ly; is the length of
form for the individual i.

The objective function (4) can also be expressed for beams as

f(Xi)= fz =F, (bihi - Ast,i)+ PspsAst,i + Pf (bi + 2hi) (5)

or for columns as

f(Xi)zfi =Pc(bihi - Ast,i)+ PspsAst,i + Pf(zbi + 2hi) (6)

2.5. Constraints
2.5.1. Reinforcement constraints

The option of considering minimum reinforcement according to ACI318 or EC2 may be activated

before starting the calculation of the optimum reinforcement.

According to ACI318, the amount of steel in the tension reinforcement Ay, for the individual i shall not
be less than the amount

4,2 max{%bi (h,—a',) lf‘—4b,. (h—a,) ...

S0 =
y y

f . hi (bl - d'x )’ ﬁhz (bl - d'x ):| = As,min,i

4fy y

where f, is the specified vyield strength of reinforcement and f'.is the specified

compressive strength of concrete.
For low eccentricity, the minimum total area of reinforcement Ay min; for the individual i is

Ast,i 2 0'01bi hi = Asz,min,i (8)

According to EC2, the amount of steel in the tension reinforcement A;; for the individual i shall not be
less than the amount
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4,,>max 0267m b (1 —a',), 0.00136,(h ~d", ) ...

vk

026Mhl(bl _d'x)a 0'0013h1(bl _d'x) = A

s, min,i
vk

where f., is the mean value of axial tensile strength of concrete and f« is the characteristic yield
strength of reinforcement.

In the case of combined flexure and axial load, the amount of steel in the compression reinforcement
A's; for the individual i shall not be less than the amount

L 005Ny, _

'

'
A s,0 §,min,i
fyd

(10)

where Ngq is the design value of the applied axial compression load and £, is the design yield strength
of reinforcement.

For low eccentricity, the minimum total area of reinforcement Ay min; for the individual i is

A, ;=4 + A 2 maX{O.l Neg , 0.002bl.h,} = Ay min (11)

yd

In the case of flexural moment and tensile axial force, the total area of reinforcement A,,; for the
individual i must satisfy

Axt,i Z Ac,i ﬂl = A (12)

fyd — “Yst,min,

The normalized reinforcement constraints are the following:

AS i
8usi=————120 (13)
s, ming
8asi =, 120 (14)
A s,minj
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Asli
Easti = —-120 (15)

st,min,j

2.5.2. Ductility constraint

If greater ductility in the cross section is required, the neutral axis depth z; for the individual i should
be constrained to a certain maximum value [35-36]. For this purpose, ACI318 recommends using a
strain in the tension reinforcement of at least 0.005. This limitation may be used as ductility constraint
by using a maximum neutral axis depth zmax ; for the individual i (Fig. 3)

d.
. < =t = .
Z; S Zpa o 0.005 0.375d, (16)

0.003

0.005

Figure 3.Maximum neutral axis depth zmay; according to ACI318.

EC2 recommends the following limitation

0.25d, <50 MPa
i — “max,i _{ l ka (17)

~10.15d,  50< f,, <90 MPa

The normalized form of the ductility constraint for the individual i is

Sauet,i = 1- —20 (18)
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2.5.3. Steel reinforcement spacing constraints

To ensure that there is the necessary spacing s; between steel bars of reinforcement spacing
constraints are defined for the individual i. For this purpose, ACI318 recommends a minimum spacing
Smin; for the individual i

{ max(¢;, 25 mm) for beams

= 19
max(l.5¢,,40mm)  for columns (19)
and a maximum spacing smax; closest to the tension faces for the individual i
Smax,; = min| 380 ;ﬁ -2.5¢c,, 380 ;ﬂ (20)
Efy 5 y

where @; is the diameter [mm] of the reinforcing bar to which the spacing constraint is calculated,
adopting the value ¢',;, @i, ¢'.i or ¢.; for the right, left, upper or bottom side of the section,
respectively; f, [MPa] is the specified yield strength of reinforcement; and c. is the clear cover [mm] of
tension reinforcement, which is used to calculate the value of d, or d, for the bars in the bottom or left
side, respectively.

EC2 recommends a minimum spacing Smin; for the individual i

Smin; = Max(e;, 20 mm) (212)

min,

The normalized form of the spacing constraints for the individual i are

S.
gsp,min,i = l _120 (22)

min,i

Espmaxi = l-——20 (23)

2.5.4. Strength constraints

To ensure that the cross section resists the design loads two strength constraints are defined for the
individual i. Both constraints produce satisfactory results in all the examples tested [27]. The first
constraint ensures resistance against combined flexure and axial load. The second assures that load
eccentricity is the same as the strength eccentricity of cross section. The first of the two constraints in
normalized form for the individual i is
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\/P M2 M2,
gé l =
) \/P (Xl) +Myn(Xi)2
’ (24)
JPZJFM2 +M§u
—1- >0 (ACI318)
¢\/P2 +M§nl i,n,i
or
\/NZ M2 My,
gsl,i =
\/NRd P+ M Rd(X) +Mde(X )2
(25)

\/Nz M2 My,

: : >0 (EC2)
\/NRdz+Mdet+Mdez

where P, is the factored axial force, M., is the factored moment about x-axis at cross section, M, is
the factored moment about y-axis at cross section, ¢; is the strength reduction factor for the individual
i, P,;is the nominal axial load normal to cross section for the individual i, M, ,; is the nominal moment
about x-axis at cross section for the individual i, M, ; is the nominal moment about y-axis at cross
section for the individual i, M, g, is the design value of the applied internal flexural moment about x-
axis at cross section, M, zq is the design value of the applied internal flexural moment about y-axis at
cross section, Nrq; is the design axial resistance of cross section for the individual i, M. rs; is the design
moment resistance of cross section about x-axis for the individual i, M, rq; is the design moment
resistance of cross section about y-axis for the individual i. The Fiber Method has been used in this
work to obtain (Pyi ; My ; Myni) of (Nrai ; Mxrai; Myrai) [27].

The second of the two constraints in normalized form for the individual i is (Fig. 4)

! cosy;
. :_[(l —cosy/i)}q; J- eT:// _cosy | C, €[1,2] (26)
2 C, C, €[5,50]
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Figure 4. Strength constraint gs;.

with (Fig. 5)
P, P,
cosy; = +
VR M2, M2, [P e, M2,
qu Mxni
+ +
27
VER+M2, + M2, [P M2, M2, (27)
Myu Myni
N (ACI318)
VR M2, M2, [P, M2,
or with
cosy, = Nea Nia +
\/sz“d +M2Ed +My Ed N122d,i +M§,Rd,i +My2,Rd,i
+ Mx Ed Mx,Rd,i + ( )
28
\/Nfzfd +M3 g, +My Ed \/Nized,i + M g +Mj,Rd,i
M M )
v,Ed v,Rd,i (EC 2)

2 2 2 2 2
\/NEd M gy +MyEd \/NRd,i M rai ¥ M pas
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Figure 5. Interaction diagram M-P and strength of the individual i.

It can be seen that the constraint g, ; is different to the others since it never reaches positive or null
values. The algorithm seeks to obtain values close to zero for g in order to reduce the value of F;.

As can be appreciated in Fig. 4 the constraint gs>; has an appearance that depends on the values we
adopt for the coefficients C; and C,. This fact affects the way in which the algorithm progresses in
searching for the optimum. The ranges of values commented for the coefficients C; and C; (Fig. 4)
have produced satisfactory results in an extensive series of cases which have been taken into account
to check the validity of the proposed design method [27].

2.6. Optimization methodology
2.6.1. Firefly Algorithm (FA)

The majority of optimization problems in structural design are highly non-linear and include many
variables (discrete and/or continuous) and complex constraints [26]. Among meta-heuristic
optimization algorithms, Yang’s FA can efficiently deal with this type of problems [37]. The FA belongs
to the so-called swarm-based methods. The search process for the optimum depends on two main
components: exploration and exploitation. Exploration is the part of the process that focuses on
searching for solutions that are candidates to global optimum within the design space. Exploitation is
the part of the process which, using the information available, focuses on searching for solutions
around the best found thus far. Both components depend on the control parameters of the algorithm.
The FA reproduces, in a simple and idealized manner, the social behaviour of fireflies. Fireflies
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communicate with each other, seek prey, and find a partner using different patterns of
bioluminescent flashes. The characteristics of these flashes are idealized to achieve the development
of this algorithm. To start with, three rules are followed:

i) All fireflies have only one gender, so any firefly may be attracted to another.

ii) The attractiveness that one firefly generates on another is directly proportional to the
brightness of its luminescence and decreases as the distance between them increases. If we
observe only a pair of fireflies we can see that only the less bright one moves toward the
brighter one. In the event that there were no brighter fireflies than a specific one, then this
one would move around the space randomly.

iii) The brightness of a firefly is related with the value the fitness function adopts for it. In a
minimization problem the brightness of a firefly may be chosen as being inversely
proportional to the value adopted from the fitness function.

The attractiveness S for a couple of flashing fireflies is defined by

ﬂ(”):ﬂol 1 .
+r

(29)

where y is the absorption coefficient for a given medium, m is an integer so that m > 1, r is the
distance between these two fireflies and fy is the attractiveness at = 0.

The movement of a firefly i is attracted to another more attractive (brighter) firefly j as determined by

piH = pk +(p'j‘ —p,l-‘)ﬂo 1+1 . +a(rand—%j(XU —XL) (30)
i

where k is the current iteration, pf is the spatial coordinate vector of the i-th firefly at the &-th
iteration, p'; is the spatial coordinate vector of the j-th firefly at the k-th iteration, a is the

randomization parameter, rand is a random number generator uniformly distributed in [0, 1], Xt is

the optimization variable lower bound vector, and r;; is the Cartesian distance

ry = ot - v} (31)

Although the formulation of the FA is very efficient, an oscillatory behaviour at the end of the search
process can arise. This problem can be avoided by reducing the randomization parameter a as the
process progresses. The research by Gandomi, Yang and Alavi [23] has indicated that, for most cases,
ae [0.01,1] can be taken. The absorption coefficient y characterizes the variation of the
attractiveness, and its value is important in determining the speed of the convergence and how the FA
behaves. In theory,y e [O,oo), but in practice, ye [0.01,10] [1,22]. When y tends to zero the
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attractiveness is constant: therefore, a firefly can be seen by all other fireflies. On the other hand,
when y is very large, then the attractiveness decreases dramatically, and all fireflies are short-sighted
or equivalent to flying in a deep foggy sky. This means that all fireflies move almost randomly, which
corresponds to a random search technique. In general, the FA corresponds to the situation between
these two limit states.

2.6.2. Implementation. Modified version of Yang’s Firefly Algorithm (MFA)

The 12-dimensional spatial coordinate pl’.c adopted is

k ek k k k vk vk k k vk Wk k K \r
P = {él g B ; Wy Vi @ Vi Oy Vi Oy Vx,i} (32)

and the Cartesian distance is

T =pr _Pl;“ = i(!’z‘]ﬁl _pf,z )2 (33)
V I=1

The Yang’s FA toolbox [1] implemented in code MATLAB® [38] has been used in this research and
modified by reducing not only the randomization parameter a (an original feature of the FA) but also
the absorption coefficient y as optimization progresses. This strategy involves gradually reducing
exploration and increasing exploitation, more intensely at each iteration k. If kmax is the maximum
number of iterations, the variable ¢ = k / kmax can be used to define the function (Fig. 6)

(34)

0.9}

0.8

0.7

0.6

0.4+

0.3

0.2

0.1F

Figure 6. Function s(#) with 7= 0.2.
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and the new randomization parameter a(¢) and the absorption coefficient y(¢) are

alt)=ayslt) (35)
y(t)=yos(t) (36)

The simplest yet efficient strategy is to set y = 1/\/2, where L is the typical length of design variables.
Moreover, the randomization parameter a should ideally be related to the actual scale of each design
variable [23]. For that reason and because optimization variables are being normalised in this work,
values of ¢, and y, around the unit can be adopted in the expressions (35) and (36).

The authors have modified the FA algorithm by Yang [1,20,23] also in order to improve the process of
seeking the optimum. To do so, the flight of each firefly is directed only toward the subset of fireflies
that shine more brightly than it does, making its approach towards the one which shines least brightly
of the subset and ending its approach toward the one that shines most. Thus, each firefly in its flight
adopts values of the variables which tend to increase its brightness.

Moreover, there is the possibility that within the firefly’s flight values may be found which make it
shine brighter than the firefly which was the brightest until that moment. Under that circumstance,
the firefly occupies the position of the brightest of them all. Then this firefly develops a small random
displacement

pit=pf +a2(rand—%j(XU —XL) (37)

This small random displacement increases the firefly’s mobility, but also that of the whole population,
which follows its movements. Thus, exploration improves and the probability for the process to end at
a local minimum reduces.

2.6.3. Parameters
As a result, the FA has the following parameters: fo, m, 7, a, NF and kmax. The MFA adopts a new

parameter () according to the expression (34).

The parameters f, m and y affect the attractiveness, with f being that which affects in a more direct
and simpler way. A constant value of £ = 1 has been adopted in this work, since this value has been
proven to be suitable in most design examples studied in the literature [1,23,25].

The others parameters considered in this work are m = 2, yo= 10, ap= 1, NF = 200, kmax = 700 and ¢. =
0.1. The procedure followed for tuning those parameters can be found in the literature [27].
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3. EXAMPLE

One numerical example is presented, drawing comparisons between the results obtained by ACI318
and EC2 standards. A cross section under a factored flexural moment M., = 400 kNm is studied. The
strength of concrete is f.” = 30 MPa. The strength of steel is f, = 500 MPa. The clear cover of
reinforcement is 40 mm and the stirrup diameter is 10 mm. The cost is calculated using a price of P, =
100 €/m? for concrete and P = 1.2 €/kg for steel. The cost for formwork is Py= 30 €/m?. The length of
form is b + 2h. The optimization variable ¢ is constrained in the interval [-0.7, 0.7], the angle of the
neutral fiber 6 in [0, /2] rad, the width of the cross section b in [0.30, 0.50] m and the height % in
[0.30, 0.90] m. The reinforcement bar diameters ¢',, . are constrained in the interval [6, 32] mm, the
number of reinforcement bars n',, n,in [0, 0] and n, n in [2, 10]. The parameters of the Eq. (26) are
C, = 2 and C; = 5. The constraints (13) to (15), (18), (22) to (25) and (26) are considered in this
example.

A Matlab® GA toolbox has been modified by the authors to adapt it to the features of the problem.
Details of the method can be found in the literature [39]. The GA parameters that have been
considered are: stochastic universal sampling; multipoint crossover; mutation rate linearly decreasing
from 1.0 to 0.0 with the population convergence; migration rate between subpopulations of 50 %
each 50 generations; and elitism with 50 % of the new offspring reinserted into the old population.
The above parameters have provided satisfactory results in previous work by the authors [40,41].
Other parameters used in the GA, such as number of subpopulations (10), constant population size
per subpopulation (1000) and maximum number of generations (380), have been selected in order to
provide a number of objective function assessments similar to that by the MFA.

The best solution obtained from 10 runs of each algorithm is considered to be the optimal design
solution of such algorithm. The optimal design solutions obtained considering ACI318 and EC2
standards are shown in Table 1. The values obtained for mean cost, standard deviation of cost,
number of objective function assessments and relative time, are shown in Table 2. The evolution of
the objective function depending on variables b and % and the global optimum achieved are shown in
Fig. 7. The MFA has been used to optimize the reinforcement for each pair of constant values (b, 4)
assigned initially. The designs obtained in 10 runs using the GA, FA and MFA are also shown in Fig.
7.The objective function evolution of the best solution considering ACI318 standard and using MFA is
shown in Fig. 8.

Table 1. Optimal design solutions obtained using the GA, FA and MFA

GA FA MFA
ACI318 EC2 ACI318 EC2 ACI318 EC2
z (mm) 148.1 136.0 139.3 138.1 154.5 136.0
0 (rad) 0 0 0 0 0 0
b(mm) 325 345 370 350 300 320
h (mm) 575 605 475 595 585 605
¢"(mm) 6 6 14 16 6 8
n's 2 7 4 3 2 7
@x(mm) 25 20 32 25 32 20
nx 5 6 4 4 3 6
Cost (€/m) 86.34 86.93 92.90 90.95 84.66 86.11

62 CMMoST 2017



Sanchez-Olivares, G."; Tomas, A.2and Martinez, A.3

Table 2. Performance comparison for the GA, FA and MFA

GA
ACI318

EC2

FA
ACI318 EC2

MFA
ACI318 EC2

Mean cost

(€/m)

Standard
deviation

(€/m)

Objective
function
assessments

Relative time
(%)

88.24

1.67

3.80 107

100

87.84

0.67

3.80 107

85.2

112.71 116.67

14.85 12.21

1.41 108 1.41 108

218 214

85.31 87.09

1.56 0.59

3.78 107 3.72 107

76.3 75.6

115
110
105

Cost

100
95
90

85
500
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Figure 7. Objective function evolution depending on variables b and / and designs obtained in 10 runs.
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Figure 8. Objective function evolution. MFA. ACI318.

4. CONCLUSIONS AND FINAL REMARKS

A numerical procedure is proposed in this paper for achieving the minimum cost design of reinforced
concrete rectangular sections under compression and bending by using biologically-inspired meta-
heuristic optimization algorithms.

The problem formulation (variables, fitness function and constraints) has been simplified in order to
reduce the computational cost yet ensuring the rigor necessary to achieve safe designs. The
formulation includes the costs of concrete, reinforcement and formwork, obtaining the detailed
optimum design in which the section dimensions and the reinforcement correspond to values used in
practice. The procedure includes the possibility of using high-strength concrete and several design
constraints, such as minimum reinforcement and limiting the neutral axis depth.

The problem formulation and the algorithm (MFA) have been validated by applying them to all the
designs that have been tested [27]. Among them, the simple problem of reinforced concrete cross
sections under flexural loading has been chosen for performance comparisons among the GA, FA and
MFA. The results show that the proposed numerical procedure is capable of obtaining the global
optimum with a lower computational cost, even in the complicated situation of the optimum being in
the frontier of design space [23].
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MODELING JUMPING LOADS USING TIME SERIES MODELS
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ABSTRACT

In this work a time series model for jumping load is proposed. This model has two parts: an
autoregressive part and a harmonic part. The parameters of the model are estimated from data
recorded at a force plate.

Keywords: jumping load, human induced load, dynamic test, time series.

1. INTRODUCTION

The interest for modelling human induced loads on structures has been recurrent since the first
accidents on suspension bridges in the nineteenth century like Broughton (1831) in the U.K. or Angers
(1850) in France. These loads are usually modelled as series of harmonic forces which are defined in
terms of their Fourier coefficients. Different values of these Fourier coefficients were obtained from
full scale measurements and have been included in codes. For example, in [1] periodic human loads
F(t) are modelled by

3
FltI=W|1+) a;sin[jot+s || (1)

j=1

where W is the weight of the jumpers, @ is the jumping frequency, ¢, is the phase lag, and

a; is the Fourier coefficient (or dynamic load factor) for the jth component.

In this work an autoregressive time series model is proposed:

p q
F.=D aF, +) [b;sin(2nfjkAt)+c,cos(2nf jkAt)]+e, | (2)
i=1 j=1

where F, is the force a discrete time kAt , a,i=1,--,p , b,c,j=1,---,q are constants
and e, is the noise of the model. e, is assumed to be a Gaussian white noise series with zero

. 2 .
mean and variance o, (see [2] for more details).
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2. RESULTS
2.1. Model estimation

The parameters of model (2) have been estimated using experimental data recorded in jJumping tests.
For that, several tests where conducted in a force plate, recording the data produced by different
people jumping from 1.0 to 3.0 Hz. The targeted frequency was set with a metronome in order to help
the jumper to jump at the established frequency. Figure 1 shows the one person jumping at the force
plate.

In this work we are going to analyse the force produced by one person jumping at 2.0 Hertz (see Figure
2). Model (2) was estimated using ordinary least squares with p = 5 and q = 5. The results are shown in
Table (1).

Figure 1. Jumping test.
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Figure 2. Time series recorded with jumping frequency of 2.0 Hz.

Table 1. Model parameters estimated from experimental data

i d, b, ¢,

1 2.1357 -0.0239 -0.0051
2 -1.8834 -0.0251 0.0112
3 1.1787 0.0099 0.0015
4 -0.6750 0.0125 -0.0026
5 0.1649 0.0101 0.0084

Wwith  6,=0.07295 . The jumper weight was 80 kg.
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2.2. Results

Finally, the estimated model can be used to simulate different realizations of time series of jumps. In
Figure (3), one of this simulations is shown.

(a) Simulateded jumpig force

e
o
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Figure 3. Simulated time series.

3. CONCLUSIONS

In this work a time series model for jumping loads has been proposed. This model is suitable for the
generation of simulated time history series of jumping loads.
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RESUMEN

Las estructuras sometidas a excitaciones inducidas por las acciones humanas pueden producir efectos
vibratorios que generen grandes aceleraciones y en general problemas de serviciabilidad. El control
de las vibraciones mediante sistemas pasivos, semiactivos y activos han sido propuestos como
posibles soluciones para reducir el nivel vibratorio en estructuras como puedan ser los puentes,
mastiles de aerogeneradores o estructuras esbeltas, entre otros [1]. Se sabe que los amortiguadores
de masa sintonizada (AMS o TMD, Tuned mass damper) atenla la respuesta de la vibracién de una
estructura incrementando su amortiguacion mediante la aplicacion de fuerzas inerciales que generan
una respuesta al movimiento dado por la estructura [2]. Recientemente, se han propuesto diferentes
implementaciones de TMD para mejorar su eficiencia. En el caso de estructuras con frecuencias
naturales espacialmente distribuidas los disefios y la ubicacidn de los TMDs pueden no ser tan obvios
al no ser adecuado aplicar la teoria de Den Hartog [3] debido a los efectos de acoplamiento entre los
diferentes modos de la estructura y el del propio TMD [4]. Por ello se recomienda calibrar el modeloy
estimar sobre él la verdadera actuacién del TMD. El objetivo de este trabajo es analizar si una
estrategia basada en el andlisis de las FRFs, sobre un modelo computacional actualizado es adecuado
para evaluar la adecuacion de un TMD o por el contrario los fenédmenos transitorios debidos a las
tipicas solicitaciones presentes en estas estructuras, acciones humanas, deben ser consideradas para
su optimizacion a tenor de los resultados de las respuestas dindmicas evaluadas en términos de
aceleraciones.
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Figura 1. Acoplamiento real de TMD-pasarela peatonal
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1. INTRODUCION

Aunque en el pasado, en el sector de la ingenieria civil venia siendo habitual el uso de modelos
aproximados para estimar la respuesta dindamica de las estructuras de tipo puente, hoy en dia es
habitual modelar la estructura utilizando las actuales capacidades CAE. El uso de modelos discretos y
simples ha demostrado ser insuficientes para el adecuado modelado de estructuras esbeltas, ya que
no pueden representar algunos efectos relacionados con los modos de vibracidon cuando estos estan
estrechamente espaciados y que frecuentemente ocurren en la practica. Ademas, las pasarelas
modernas son cada vez mas esbeltas y propensas a oscilar bajo la accidn de los peatones, por lo que
necesidad de considerar las vibraciones y su control en la fase de disefio es primordial.

Conocer los métodos FE y las capacidades para realizar un modelado preciso y que se ajuste a un
comportamiento estructural real, capaz a su vez de convertirse en un software asequible, guiaria, sin
vacilar, a los profesionales de la ingenieria civil. Sin embargo, en lo que respecta al disefio estructural,
hay una falta de experiencia en modelado de FE, particularmente en lo que respecta a su estado
modal, no siendo raro que el modelo no coincida con la estructura real. La forma de avanzar en el
desarrollo de estas competencias es vincular las pruebas modales y el analisis FE con la actualizacion
de los modelos de las estructuras y extraer unas directrices generales de disefio. Un procedimiento
para la toma de medidas experimentales y la actualizacion de los modelos de elementos finitos fueron
descritos en trabajos anteriores asi como el estudio y las propuestas de los dispositivos de mitigacién
sobre ese modelo numérico calibrado. También se estudid su ubicacién éptima mediante estrategias
basadas en FRFs (funciones de respuesta de frecuencia) sobre modelos simplificados. Destacar la
dificultad que entrafia estas estrategias, pues no solo es una tarea tediosa (se deben considerar varias
FRF a lo largo de la pasarela), sino también su limitacién, ya que el cruce de peatones es un efecto
transitorio y las curvas FRF no incluyen la respuesta transitoria, solo el estacionario bajo carga
armoénica siendo esto una de las principales deficiencias de los modelos existentes, pues no
consideran los cambios en las propiedades dinamicas del sistema debidos a la presencia y transito de
los peatones.

Por ello en este trabajo se lleva a cabo una comparativa entre estrategias basadas en FRFs con las
respuestas de varias simulaciones, en las que entran en consideracion dispositivos de mitigaciéon en
diferentes ubicaciones para diferentes escenarios.

2. DESCRIPCION DE LA PASARELA

Figura 2. Pasarela bajo estudio

En este trabajo la estructura en cuestién es la pasarela peatonal de acceso al Estadio Balear sobre la
Via de cintura Ma-20 de Manacor (Palma de Mallorca). El vano central dispone de un arco construido
a base de dos tubos de acero de didmetro 500mm montados en celosia con 9 montantes de didmetro
200mm. El arco esta formado por dos tubos, uno alineado sobre la vertical que da inercia al sistema y
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otro ligeramente desviado para contrarrestar el momento producido por el tablero en voladizo. El
tablero montado sobre las ménsulas esta construido a base de hormigén armado con chapa
colaborante. En la anterior conferencia de IOMAC se presentd el procedimiento para actualizar esta
pasarela para que los resultados computacionales coincidan con las mediciones desde un punto de
vista estatico, modal y dindmico. Las dos primeras frecuencias son 2.098Hz y 2.505Hz, ambos en el
rango propenso a ser excitada por un peatéon caminando. El amortiguamiento estructural (tipo
Rayleigh) se fijo en 0,32%.

3. MODELO DE ELEMENTOS FINITOS

Figura 3. Modelo numérico de EF de la pasarela

Como primer paso se generd un modelo de elementos finitos de la estructura en cuestion mediante el
software comercial ANSYS usando mas de 600 elementos tipo BEAM188 para las barras tubulares de
acero y 120 elementos SHELL181 para la cubierta de hormigdn. Se consideraron varios tipos de
seccion transversal para el esqueleto de acero segln las dimensiones comentadas en el anterior
punto, pero para la cubierta se utilizé un elemento de espesor constante (200mm). Aunque los
pasamanos de la pasarela se muestran rigidamente unidos a la cubierta, se ha considerado excluirlos
del modelado computacional por su baja o practicamente nula participacién estructural. Sin embargo
su masa si ha sido considerada sobre el peso de la cubierta. Los parametros modales (frecuencias
naturales, formas modales y amortiguamientos modales) fueron extraidos tras el proceso de
actualizacion del modelo.

FEM#

4 83%K
\4

$21%K

1 70% Ec

Figura 4. Primeras dos deformadas modales del modelo actualizado
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Una vez calibrado el modelo numérico (de manera estdtica y modal), ambos modelos deben
responder de manera similar cuando son excitados por cualquier fuerza dindmica. Después de
comprobar que esto es cierto (figura 5), usando para ello una fuerza tipo aplicada sobre el centro del
vano, se acopla el TMD. El objetivo de esta fuerza tipo era la de obtener un registro de la respuesta
con la que comparar y corresponde a una fuerza armoénica a 2.098 usando un shaker. En la figura 5 se
representa dicha fuerza y el registro de la respuesta donde, en el primer tramo (hasta el segundo 32)
aparece la respuesta forzada y en el segundo la caida libre.

Fuerza (N)

—Fuerza tipo ——Registro Respuesta simulada Aceleracién (m/s?)

200 1
150 e - 08
S — 1T I oo
N U o
- 0,2

0 - 0
- | il - 02
) L By

-100

[[[[IIHHHEE il 06
-150 UG - 0,8

-200 T T T T T -1

0 10 20 30 40 50 60
Tiempo (s)

Figura 5. Respuesta en el punto medio del vano del modelo y su comparativa en la realidad

Con la estructura perfectamente modelada y ajustada con la realidad el propdsito ahora es modelar al
peaton. Para ello destacar que la principal diferencia entre la masa mévil con velocidad (propuesta en
el modelo de interaccidn peatdn-estructura) y la dada por una carga constante movil es que la carga
aplicada sobre la estructura debido a la masa suspendida es variable con el tiempo y la ubicacién. La
figura 6Figura 6 muestra el modelo adoptado haciendo uso de los diferentes elementos de la
biblioteca de Ansys asi como de su forma de contacto.

M, =80 Kg v=1.2m/s

k., =12633.1 N/m

ct [TARGETI175]
Contact surface [TARGET170] Q frecuencia de paso w1=2.098 Hz

——
|
|

Xy =Vt ]

’I

frecuencia de paso w2=2.501 Hz

Figura 6. Modelo de interaccion peatdon-estructura propuesto
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4. ESTRATEGIAS BASADAS EN FUNCIONES DE RESPUESTA EN FRECUENCIA

Tratando de predecir la ubicacidon dptima del dispositivo atenuador sin considerar los fendmenos
transitorios se somete al modelo a un barrido en frecuencias entre 1Hz y 4Hz, mediante la aplicacion
de un carga armoénica sobre los diferentes puntos de estudio, obteniendo las FRFs (funciones de
respuesta en frecuencia) para los diferentes escenarios. Los diferentes escenarios varian en funcion
del dispositivo amortiguador empleado y su ubicacion (A-B-C-D-E-F). Para todos los dispositivos
amortiguadores (TMD) se emplea una tonelada de masa movil inercial (que es el 2% de la masa total
del modelo actualizado de la pasarela). Aunque El TMD puede sintonizarse para cualquiera de los
modos este estudio se centra en el caso de que el TMD esté siempre sintonizado para la primera
frecuencia resonante (w1). Para lograr este enfoque el TMD tendra diferentes sintonizados para cada
una de las localizaciones, es decir su frecuencia y amortiguamiento irdn en funcion de su posicion.
Fijaremos la atencidn en las posiciones F y C por la experiencia adquirida.

20,000 (m)
|

Figura 7. Posibles localizaciones para el TMID

La simulacion de este problema proporciona los resultados de la figura 8 donde se puede apreciar las
FRFs para el punto de andlisis (P) cuando la fuerza de excitacién se localiza en ese mismo punto (P)
para los diferentes escenarios de estudio (sin TMD, conTMD). Destacar que entre los escenarios en
los que se simula el acoplamiento del TMD este estara localizado en alguna de las dos posiciones
siguientes, F o C, atacando siempre en la minimizacién del modo uno. Asi la notacidn serd FRF [P,
TMDw1_FoC].

Atendiendo ahora a lo que denominamos factor de amplificacién (FA) y obtenido como el valor FRF
en la frecuencia wl para los diferentes casos de estudio analizaremos mediante el valor sumatorio de
estos (factor de amplificacion acumulado) la educabilidad del acoplamiento mediante su
comparacion con los resultados que obtengamos usando estrategias basadas en respuestas
transitorias de las aceleraciones.
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Figura 8. FRFs para los casos sin TMD y con TMD ubicado en el centro del vano (punto F)

Hacer notar que en la obtencién del factor de amplificacion acumulado se ha considerado que los
factores de amplificacién para los puntos del A al E deben ser sumados dos veces por la simetria que
presenta la estructura, y ser de esta forma representativo para todo el vano.

Tabla 1. Factores de amplificacidon ante una fuerza actuante en el punto F

Factor de Amplificacion [FA] FA acumulado

a b ¢ d e F E D C B A sin TMD

wl .. .. 0,0064 0,0062 0,0056 0,0046 0,0040 0,0040 0,0552
w2 .. .. 0,0004 0,0003 0,0003 0,0003 0,0002 0,0003 0,0033
w3 .. .. 0,0044 0,0039 0,0030 0,0020 0,0006 0,0011 0,0255

con TMDw1_F
wl .. .. 0,0004 0,0003 0,0002 0,0002 0,0001 0,0001 0,0023
w2 .. .. 0,0004 0,0004 0,0004 0,0003 0,0003 0,0002 0,0034
w3 . .. 0,0020 0,0015 0,0010 0,0015 0,0024 0,0025 0,0198
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Factor de Amplificacion [FA] FA acumulado

a b ¢ d e F L D C B A  conTMDw1_C
wl .. .. 0,0005 0,0005 0,0005 0,0005 0,0003 0,0002 0,0045
W2 w.  w  we  w  .. 00005 0,0004 0,0004 0,0004 0,0003 0,0002 0,0041
w3 .. .. 0,0020 0,0019 0,0015 0,0014 0,0023 0,0023 0,0211

Analizando estos valores se aprecia como el escenario donde el TMD se dispone en la posicion
central del vano (F) se ve reducido en un 95.8% mientras la fuerza de excitacién oscila a la
frecuencia wl sobre ese mismo punto mientras que seria un 91.8% cuando la fuerza de excitacion
oscila a la frecuencia w1 sobre el punto F cuando el TMD se ubica en C.

De este modo y con los valores obtenidos para los casos en los que el TMD esta sintonizado para el
modo uno y ubicado en las posiciones F y C podemos representar el diagrama de barras de la figura
9. Este grafico representa no solo los diferentes factores de amplificacion cuando la fuerza de
excitacion coincide con la localizacién del punto a evaluar, en este caso estamos prestando especial
atencién en las posiciones F y C, sino que podemos usarlos para llevar a cabo una evaluacion mas
completa donde la localizacidn de la excitacién entra en consideracion. Aunque los valores del factor
de amplificacién extraidos no incluyen la respuesta transitoria, hecho por el cual necesitamos
comprobar la influencia de la carga transitoria que trataremos en el siguiente apartado, si podrian
establecer nuevas medidas de evaluacion.

0,0800
0,0700
0,0600
0,0552 <
0,0500 -
0,0400 -
0,0300 -

0,0200 -

0,0100 -
0,0000 -

B FAa sinTMD FAa TMDwlenF m FAa TMDwlenC

Figura 9. Factores de amplificacion acumulada sin TMD, con TMDw1_Fy con TMDw1_C
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Con esta estrategia basada en FRFs y considerando los tres primeros modos de vibracion la
conclusién mds importante es que si solo nos centramos en lo que ocurre en el punto medio (F) el
TMD estaria mejor ubicado en el punto central que en el punto C pero entendiendo que la pasarela
no solo se mueve cuando se excita en su punto central se podria concluir que los factores de
amplificacion acumulado para todas los puntos cuando el TMD estd sintonizado para la primera
frecuencia es mejor cuando este esta localizado en C puesto que los valores en naranja suman 0.143
y es aproximadamente la mitad de lo que suman los azules claro (localizacién en F) 0.339.

5. ESTRATEGIAS BASADAS EN EL ANALISIS DE LOS REGISTROS TEMPORALES

Para la comprension de la respuesta acoplada, se realizan varias simulaciones elegidas
convenientemente, pues el coste temporal de la simulacion es elevado, la mas logica (TMD localizado
justo en el centro del tramo principal y sintonizado a la primera frecuencia) frente a otras. Se
comparan las respuestas de la pasarela para diferentes escenarios, con el fin de extraer algunas
conclusiones interesantes cuando el modelo incluye el efecto de los cambios en las propiedades
dinamicas de la pasarela debido a la presencia del peatdn.

El escenario de partita consistird en el transito de una persona (80Kg) con frecuencia de paso
coincidente con la primera frecuencia de la estructura y que parte del punto 1 (inicio del transito) a
una velocidad de 1.2m/s hacia el punto 2 (a 56.1m del punto 1) cuando sobre la estructura no se ha
acoplado aun ningln dispositivo atenuador. La figura 10 muestra las respuestas en el punto medio,
en aceleraciones, de un transito real y el obtenido por simulacidn sobre el escenario de partida,
haciendo notar la similitud de las respuestas.

—Registro

w1 sinTMD

M ”MWM iy

Tiempo [s]

Aceleracién [m/s?]

0 10 20 30 40 50 60

Figura 10. Trayectoria del peaton y respuestas del punto medio del modelo y del registro real

A modo de justificar por qué la respuesta obtenida por simulacion es ligeramente superior a la
registrada mediante ensayos, se debe hacer notar que raramente puede una persona establecer una
frecuencia de paso establecida sin desviarse de ella y mucho menos con el ritmo establecido desde
el primer paso el ritmo. En este sentido no es de extrafiar que por simulacion, la excitacion sea
perfecta y por consecuentemente pueda vibrar mas y que adquiera mas amplitud desde los primeros
instantes. Asumiendo esto en la siguiente figura se muestran los tipicos pardmetros con los que se
avaluan las aceleraciones y que se ha creido oportuno considerar en esta estrategia, y que parten de
los registros transitorios obtenidos en el centro del vano (punto F) para los diferentes escenarios
donde la frecuencia de paso puede ser wl o w2.
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Figura 11. Respuesta temporal de aceleraciones en el centro del vano de la pasarela ante un peatdon caminando.

Tabla 1. Transito del peatdn coincidente con la primera frecuencia de la pasarela

sin TMD TMD1 [1000kg] TMD1 [1000kg]
Parametros para el
punto F - Sintonizado al modo1l Sintonizado al modo1l
- Ubicacién F Ubicacién C
Pick 2.199 0.244 Reduccién 88.9% 0.340 Reducciéon 84.5%
VDV 3.807 0.359 Reduccién 90.6% 0.508 Reduccién 86.6%
MTVV 1.582 0.168 Reduccién 89.4% 0.236 Reduccién 85.0%

Tabla 2. Transito del peatdn coincidente con la segunda frecuencia de la pasarela

sin TMD TMD1 [1000kg] TMD1 [1000kg]
Parametros para el
punto F - Sintonizado al modo1l Sintonizado al modo1l
- Ubicacién F Ubicacién C

Pick 0.088 0.073 Reduccién 17.4% 0.115 Ampliacion 29.8%
VDV 0.119 0.098 Reduccién 17.3% 0.137 Ampliacion 14.9%
MTVV 0.058 0.045 Reduccién 21.4% 0.084 Ampliacion 44.7%
CMMoST 2017

81



Una comparativa de todas estas respuestas entre si se ve representada en la figura inferior.
W1 sinTMD —W1TMDw1_F —W1TMDw1_C
W2 sinTMD —W2 TMDw1_F —W2TMDw1_C
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Figura 12. Respuestas temporales evaluadas

6. CONCLUSIONES

Los resultados para cualquiera de las estrategias muestran tendencias similares aunque difieren
ligeramente del valor de reduccion estimado. En la siguiente tabla se recopila los principales valores
del estudio.

Tabla 3. Comparativa de estrategias

Frecuencia de paso sin TMD TMD1 [1000kg] TMD1 [1000kg]
Estrategia seguida - Sintonizado al modol Sintonizado al modol
- Ubicacion F Ubicacién C
W1 FRF 0.0064 0.0004 Reduccién 93.7% 0.0005 Reduccién 92.2%
W1 MTW 1.582 0.168 Reduccidn 89.4% 0.236 Reduccién 85.0%
W2 FRF 0.0004 0.0004 Reduccién 0.1% 0.0005 Ampliacion 25%
W2 MTW 0.058 0.045 Reduccién 21.4% 0.084 Ampliacion 44.7%

A falta de continuar y profundizar el estudio con otros casos donde se dispongan mas TMDs en otras
ubicaciones (sintonizados convenientemente en esas ubicaciones), y contemplando combinaciones de
2 o 3 TMDs en diferentes localizaciones y analizando los valores para los diferentes transitos el
modelo y las estrategias formuladas en este trabajo indican que si la posibilidad es acoplar un Unico
TMD estard mejor ubicado en el punto F que en C. Destacar que cuando la frecuencia de paso esw2 y
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el TMD estd situado en C, sintonizado para contrarrestar la primea frecuencia, su efectividad es nula e
incluso perjudicial, aunque cabe destacar que estamos hablando de valores muy bajos comparados
con los de la respuesta estructural mas critica.

A este respecto, parte de estos escenarios han podido analizarse en la figura 9 donde la localizacién
de la fuerza y de la respuesta no solo podian localizarse en la misma ubicacién, mostrando de este
modo que la localizacién C podria ser mejor, como ya se ha comentado, si todas las aceleraciones
de todos los putos y para cualquier transito fueran evaluadas en conjunto y no de forma puntual.
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ABSTRACT

In this work, we have analyzed the delamination caused by a low velocity impact on carbon-epoxy
laminates made with balanced 0/90 braided fabrics and made by resin infusion. The items have been
tested with a fall drop system.

The numerical simulation was performed using the Explicit Non-Lineal Finite Element Method
(NASTRAN SOL700). Delamination was analyzed using cohesive zone models (CZM). The parameters of
the Tvergaard and Hutchinson constitutive law have been defined based on experimental fracture data
of the laminate and mechanical properties of the resin used.

The results show a good correlation (error<2%) regarding the maximum force, contact time and residual
stiffness. The good correlation in evaluating the residual stiffness after impact has special interest since
it allows the designer to evaluate the integrity level of a structure that has suffered an impact,
generating damage.

Keywords: impact, FEM-explicit, composites, delamination, CZM.

1. INTRODUCCION Y OBJETIVOS

El creciente interés por reducir el peso en estructuras moéviles estd llevando al uso masivo de materiales
compuestos, especialmente los basados en laminados de fibra de carbono. Una prueba de ello es su
uso creciente en aeronadutica (Airbus A350, Boeing 787 Dreamliner, ...) y en automocién (BMW i3 e i8,
...), entre otros sectores. Este hecho hace necesario que los disefiadores dispongan de herramientas de
disefio adecuadas que permitan garantizar su comportamiento en servicio.

Los materiales compuestos laminados presentan mecanismos de fallo complejos (fisuracién de matriz,
rotura de fibras, delaminacion, ... y sus combinaciones) que hacen necesario disponer de modelos de
degradacion complejos que permitan garantizar la durabilidad del compuesto considerando
determinando nivel de dafio.
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Exper. numerical correlation of the delamination of composite structures subjected to low speed impact.
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En el caso de los compuestos laminados, uno de los mecanismos de fallo mas criticos es la delaminacion
[1], ya que puede suponer una importante pérdida de capacidad portante, es de dificil deteccion visual
y su evolucién condiciona el posterior fallo del componente.

El comportamiento interlaminar de un compuesto viene caracterizado por su tenacidad a fractura
interlaminar en los tres modos que contempla la mecanica de la fractura elastica lineal (LEFM). Ahora
bien, segln Jensen y Sheinman [2] la contribucion del modo 1l en los fenémenos de delaminacién es
imperceptible. Por tanto, es comun asumir que la delaminaciéon de un compuesto laminado crece en
una combinacion de los modos | y Il, dominada por el modo I.

Una de las solicitaciones mas criticas a las que es sometida una estructura movil a lo largo de su ciclo
de vida es el impacto. Después de un impacto es necesario evaluar la capacidad portante residual que
presenta la estructura.

Los impactos son solicitaciones dinamicas de corta duraciéon e intensidad elevada, que por su
naturaleza, pueden producir dafios importantes sobre las mismas [3]. La velocidad de impacto es uno
de los pardmetros mas empleados a la hora de clasificar los diferentes tipos de impacto [4]:

a) Impacto de baja velocidad, de larga duraciéon y baja intensidad, en los que el tiempo de impacto
es suficientemente largo como para que la estructura tenga una respuesta global (Fig. 1a).

b) Impactos de alta velocidad, de muy corta duracién e intensidad elevada, en los que la respuesta
estd gobernada por ondas flexionales. (Fig. 1b).

¢) Impactos balisticos en los que la respuesta estd gobernada por ondas de traccién-compresion

(Fig. 1c).
Re§pue§t§ Respuesta gobernada Respuesta gobernada por
cuasi-estatica por ondas flexionales ondas de dilatacion

l|| § |’|

Tiempos de contacto Tiempos de contacto Tiempos de contacto
largos cortos muy cortos
(a) (b) (©

Figura 1. Respuesta de la estructura en funcion del tipo de impacto [5] (a) Impacto de baja velocidad, (b)
Impacto de velocidad intermedia y (c) Impacto balistico.

Algunos autores [5], [6], [7] consideran que para definir un impacto de baja velocidad es necesario que
la velocidad de impacto sea inferior a 50 m/s y que la relacién entre la masa del impactor, m;;,,, y la
de la probeta, my,,, debe ser superior a 4. Segun estos criterios, las condiciones de impacto
seleccionadas en este trabajo permiten hablar de impacto de baja velocidad.

A la hora de resolver un problema dindmico mediante el método de los elementos finitos es necesario
hacer una discretizacion temporal. Para ello pueden utilizarse dos métodos: implicito y explicito. Los
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métodos implicitos se basan en calcular las variables incdgnitas planteando las ecuaciones dindmicas
en el mismo instante que se buscan resolver. Como consecuencia se plantea un sistema de ecuaciones
algebraicas acoplado que requieren un proceso iterativo para cada incremento de tiempo lo que puede
suponer elevados costes computacionales que crecen cuadraticamente con el tamafo del problema. Si
a este hecho le afladimos no linealidades como las inherentes a la degradacién del material o a las
condiciones de contacto en un problema de impacto, las condiciones de convergencia son dificiles de
garantizar [3].

Este problema queda resuelto utilizando la integracidn explicita. Esta técnica se basa en establecer las
ecuaciones dindmicas en un instante, t,,, previo al que se quieren calcular las variables incégnita, ¢, 1.
El algoritmo de resolucidn se basa en el esquema de diferencias centrales, asi para el problema de
impacto, la posicidn, las fuerzas y las aceleraciones se definen en el instante, t,, y las velocidades se
definen en el instante, t;,41/, [3]. Este hecho, junto con el empleo de matrices de masas concentradas
proporcionan un algoritmo de cdlculo elemento por elemento que no precisa ni ensamblar ni resolver
el sistema global de ecuaciones en cada paso con lo que el coste computacional se reduce
drdasticamente. Sin embargo como contrapartida, para garantizar su estabilidad requiere que el paso de
tiempo sea inferior a un valor critico establecido por la condicidn de Courant, Ec. (1).

h 2 m;
At < Atey == =T / ra (1)

donde c es la maxima velocidad de las ondas, h el tamafio de elemento y wy, 4, la maxima frecuencia

propia del sistema. Este requisito obliga a realizar una discretizacién temporal con incrementos de
tiempo inferiores al tiempo que tarda una onda de tensién en recorrer un elemento finito (es por tanto
dependiente del tamafio de elemento). Este método es aconsejable en problemas con grandes
aceleraciones y tiempos de andlisis pequefios, tal y como ocurre en el estudio de impacto del presente
trabajo.

Entre las técnicas numéricas de simulacidn de fractura que mds ampliamente se han implementado en
los cédigos de calculo comerciales que utilizan el método de los elementos finitos (FEM) destacan el
método VCCT (Virtual Crack Closure Technique) y el CZM (Cohesive Zone Model) [8]. En ambos métodos
se parte de la energia de fractura. El VCCT resulta simple de utilizar sin embargo exige presuponer la
zona de inicio de la delaminacion mientras que los modelos de zona cohesiva (CZM) presentan la ventaja
de predecir el inicio de la delaminacidn. En este trabajo se ha seleccionado la técnica CZM. Las zonas en
las que potencialmente se puede generar delaminacién, son modelizadas mediante el uso de elementos
cohesivos que incorporan las superficies que se separaran durante el proceso de delaminacion.

La Fig. 2 esquematiza un elemento 3D cohesivo de 8 nodos con el sistema local de coordenadas, en el
que 1 eslacoordenada normal al plano del elemento y las coordenadas 2 y 3 definen el plano del mismo.

El elemento cohesivo Unicamente tiene en cuenta los desplazamientos relativos, expresados con la
componente normal, v, y dos componentes transversales, v y v¢, entre los planos superior e inferior,
expresadas en un sistema de coordenadas local Ec. (2).
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superior

Figura 2. Elemento cohesivo 3D [9]

superior inferior
=V -V

=7 1
superior inferior

vg = vyUPeTT i (2)
superior inferior

vy =v; " — Vs 4

El desplazamiento de apertura efectivo vendra dado por la Ec. (3).

v= /v,%+v52+vt2 (3)

Existen diferentes leyes constitutivas de materiales cohesivos, todas ellas definidas en términos de
tensiones normales y tangenciales al plano de referencia. La Fig. 3 muestra las tres mas habituales.

66 SM

a b c

Figura 3. Leyes constitutivas de materiales cohesivos (a) bilineal, (b) exponencial, (c) lineal-exponencial

En la Fig. 3, § es el desplazamiento de apertura efectivo en un instante determinado, 8. es el
desplazamiento de apertura critico, &), es el desplazamiento de apertura maximo y Gc (area ley de
comportamiento cohesivo) es la tasa de liberacidn de energia o energia cohesiva.

Para unos valores de tensién maxima (¢°) y G, determinadas, el valor de &,, queda definido. Sin
embargo, el valor de . puede ser seleccionado variando con ello la rigidez del elemento cohesivo, Fig.
4, segun la Ec. (4):

(4)
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Figura 4. Rigidez del material cohesivo.

El objetivo de este trabajo es simular el comportamiento a impacto de baja velocidad de un compuesto
laminado carbono-epoxi al ser sometido a energias de impacto que provoquen fallo por delaminacion.
Para ello se ha utilizado el método de elementos finitos explicito (NASTRAN SOL700) y elementos
cohesivos. Se ha seleccionado la ley de comportamiento cohesiva mas adecuada, asi como los
parametros que la definen.

Se han fabricado placas laminadas mediante infusién de resina. Los ensayos de impacto se han realizado
mediante una maquina de caida de dardo CEAST INSTRON 9350.

La contrastacién tedrico-experimental se ha realizado comparando los valores de fuerza maxima,
tiempos de contacto, areas de delaminacién y rigideces residuales post impacto.

2. MATERIALES EMPLEADOS

El material compuesto empleado en este trabajo ha sido un laminado carbono-epoxi. Concretamente
la resina empleada es bicomponente suministrada por SiComin que consta de resina SR8100 y
endurecedor lento SD8822. La relacién en peso de mezcla resina-endurecedor ha sido de 100:31. La
resina seleccionada presenta una baja viscosidad a temperatura ambiente que la hace especialmente
eficaz para su uso en el proceso de infusion de resina.

Las propiedades mecanicas dptimas del sistema resina-endurecedor se obtienen tras un ciclo de curado
y post-curado, Tabla 1.

Tabla 1. Propiedades de la resina SR8100/SD8822.

Propiedad Valor
Densidad 1,150 + 0,001 g/cm?
Temperatura de transicién vitrea 68 +1°C
Alargamiento a rotura 1,7£0,3%
Resistencia a traccion 41,6 £ 8,9 MPa
Moddulo de elasticidad 2,92 +0,13 GPa
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Como refuerzo se ha empleado un tejido plano equilibrado, fig. 5a, de fibra de carbono Hexcel
(ref.43199) [10] (Fig. 5b) con un gramaje de 200 gr/mz, realizado a partir de fibra de carbono de alta
resistencia de 3K. Las propiedades mecdnicas aportadas por Hexcel se pueden ver en la Tabla 2.

-
2

SwE T

(b)

Figura 5. Descripcion de tejido plano equilibrado. (a) Esquema [11] y (b) Fotografia del tejido empleado.

Tabla 2. Propiedades mecanicas de la fibra de carbono [10].

Propiedad Valor
Densidad 1,79 g/cm?
Alargamiento a rotura 1,9%
Resistencia a traccidn 4440 MPa
Moddulo de elasticidad 221 GPa

El material objeto de estudio ha sido fabricado por infusién de resina, Fig. 6. Este proceso permite
obtener porcentajes de fibra medio-alto asi como espesores uniformes. Como resultado se ha fabricado
una placade 500 mm X 500 mm X 1,42 mm, con una disposicién de laminas [0]ss.

Figura 6. Fabricacion del laminado por infusién de resina.[12]

A partir de la placa fabricada se han obtenido, mediante corte por chorro de agua, todas las probetas
necesarias para caracterizar el material (probetas de traccion, cizalladura interlaminar,...), asi como para
los ensayos de impacto de flexion biaxial (probetas circulares). En la Tabla 3 se pueden ver las
propiedades del material fabricado, considerando que las coordenadas x e y definen el plano de la
placa, siendo x la direccidon de la trama e y la del material (Fig. 5a).

90 (MMoST 2017



Burgos de la Rosa, Ismael', Lopez Taboada, Carlos’, Castillo Lopez, German', Zabala, Haritz?,
Aretxabaleta, Laurentzi2, Garcia Sanchez, Felipe’

Tabla 3. Propiedades del laminado fabricado. [12]

Propiedad Valor
Contenido en volumen de fibra 48,4+ 0,7 %
Contenido en vacios 3,3£0,1%
Densidad 1,42 +0,01 g/cm3
Espesor lamina elemental 0,237 mm
Modulo de Elasticidad (Ex = Ey) 57,3+0,8 GPa
Resistencia a traccién (X =Y) 781 + 43 MPa
Coeficiente de Poisson (Vy,) 0,179
Mddulo de Cizalladura (Exy) 3,08+ 0,16 GPa
Resistencia a cizalladura (S) 80,3 + 2,8 MPa
Tasa de liberacién de energia en modo | (G;¢) 496 + 21 J/m?
Tasa de liberacién de energia en modo Il (Gy;¢) 2000 J/m?

3. ENSAYOS DE IMPACTO

Los ensayos de impacto biaxial se han llevado a cabo en una maquina de caida de dardo CEAST Fractovis-
Plus 7520 (Fig. 7a) equipada con un percutor instrumentado (Ceast ref. 7529.506).

Percutor
instrumentado

Sistema
anti-rebote

Probeta

Base fija

(c)
Figura 7. Descripcion de la mdquina de caida de dardo CEAST Fractovis-Plus 7520.

La probeta, de 60 mm de didametro, se apoya sobre una base anular (Ceast ref. 7520.042) de didmetro
interior 40 mm y exterior 60 mm (Fig. 7c). El percutor, de cabeza semiesférica (Ceast ref. 7529.804), va
montado sobre un carro de masa m;,;, que se suelta desde una altura predeterminada en funcion de
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la energia de impacto deseada y que va guiado hasta impactar en el centro de la probeta. Al alcanzar la
probeta, el percutor genera sobre ella una solicitaciéon impulsiva de flexién, cuya respuesta es registrada
en forma de curva fuerza-tiempo. Para evitar un segundo impacto, la maquina estd equipada con un
sistema anti-rebote (Fig. 7b) que bloquea al percutor después del primer impacto. A partir de la sefial
fuerza de contacto-tiempo, F(t), conociendo la masa del impactor, Mimp, Y 12 velocidad inicial en el
instante de inicio del impacto, v(0), es posible obtener mediante integracién las curvas velocidad-
tiempo, v(t), desplazamiento-tiempo, u(t), y energia absorbida-tiempo, E, (t), Ecs. (5) (6) y (7):

t
v(t) = v(0) + f F(t)dt (5)
imp Jo
t 1 t
= 0 | F(t)dt|d 6
uto = [ [t N RiC t|as (6)
t 1 t
E,(t) = fo F(t)-[v(0)+mimp- fo F(t)dt] dt 7)

A partir de los diferentes modos de fallo que aparecen, es posible definir los umbrales de energia que
caracterizan el tipo de dafio que sufre la probeta en funcion de la energia incidente, E;, la energia de
delaminacién, Ep, y la energia de rotura de fibras, Egg:

a) SiE; < Ep no hay degradacién ya que el primer modo de fallo es el de delaminacién.
b) SiEp < E; < Egxp se producira delaminacién.
¢) SiE; > Egp se producira delaminacién y rotura de fibras, en ese orden.

Para garantizar las condiciones de impacto de baja velocidad descritos en el epigrafe 1, se ha elegido
una masa de impactor de 2 kg y velocidades de impacto inferiores a 50 m/s.

En la Fig.8 se puede ver la respuesta ante el impacto del laminado objeto de estudio, sometido a tres
nivelesdeenergia: E;, =1J < Ep ,E;=2] > Ep ,Ei=6] > Egr.

2500 -
—1d
2000 =24
-6
S
5 1500
[
1000
500
M
0 - w5 SR i+ = S
0 2 4 6 8

Figura 8. Curvas fuerza-tiempo para diferentes energias de impacto.[12]
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Una vez degradada la probeta, es posible determinar su rigidez residual, K,.¢. Para su obtencion se ha
utilizado el método propuesto por Feraboli y Kedward [13]. Se realizan tres ensayos de impacto sobre
la misma probeta: uno inicial por debajo del umbral de delaminacidn (por tanto sin dafio), un segundo
impacto, y objeto de andlisis, que si genere dafio y un tercer impacto del mismo nivel energético que el
inicial sobre la probeta ya dafiada. Segun Feraboli & Kedward [13] el tiempo de contacto en un impacto
que no genera dafio estd relacionado con la rigidez de la probeta, K, y la masa del impactor, My,
Ec.(8):

Himp (®)

Midiendo los tiempos de contacto en impactos que no producen degradacidn, en la probeta virgen, t.,
cuya rigidez es, K, y en la probeta degradada, t.p, de rigidez, Kj,, obtenemos la rigidez residual, K,
Ec. (9).

KD tcO 2
="K\ ”

Asi mismo se ha realizado una inspeccidon no destructiva mediante ultrasonidos utilizando un equipo
OmniScan MXU-M, obteniéndose el drea delaminada.

4. MODELO DE ELEMENTOS FINITOS

El software empleado para la simulacién del ensayo de impacto ha sido NASTRAN 2014 , en concreto el
madulo explicito no lineal (SOL 700) [14].

4.1. Geometria

NASTRAN 2014, exige que los elementos cohesivos sean elementos sélidos por lo que se debe definir la
geometria del problema en tres dimensiones. Asi mismo, para poder simular la evolucién de la
delaminacién, es necesario definir todos los posibles planos de delaminacién, siendo necesario por
tanto introducir una capa cohesiva entre cada dos laminas de compuesto (Fig. 9). Por ello se ha definido
una geometria 3D de un disco de 40 mm de didmetro y espesor e.

Como impactor, se ha definido una esfera de 20 mm de didmetro, situandola a una distancia de
1,45mm de la placa con objeto de reducir al maximo el tiempo de computacidn.

4.2. Mallado

Habitualmente, los materiales compuestos laminados se modelizan mediante elementos tipo Shell
debido a los reducidos espesores que suelen presentar. Sin embargo, el uso de elementos cohesivos en
NASTRAN 2014 exige la utilizacién de elementos sélidos. Entre los disponibles dentro de NASTRAN, se
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han utilizado los elementos hexaédricos de ocho nodos, los Unicos que pueden emplearse dentro del
método explicito.

R=10mm

0,23666 mm {

L

z
(0 = €cohesivo L [——=
¢ 40 mm
(a) (b)

Figura 9. Geometria definida. (a) Disco laminado e impactor. (b) Apilamiento de Idminas y capas cohesivas.

Para garantizar la doble simetria, se ha mallado un cuarto de la superficie circular y posteriormente se
han creado sus correspondientes simetrias (Fig. 10a). El mallado, en la direccidon del espesor, se ha
definido con un elemento por lamina y uno en cada superficie cohesiva, Fig. 10b. Los elementos se han
definido como homogéneos para ajustarse a la definicién de un elemento por lamina.

(b)

Figura 10. Vistas de la discretizacion.

El tamafo final de los elementos se ha elegido tras un estudio de sensibilidad, utilizando como criterio
de convergencia la fuerza maxima de impacto, véase Fig. 11.

—e— Fuerza maxima de impacto o Coste computacional
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Figura 11. Estudio de sensibilidad de la fuerza de impacto frente al tamafio de elemento.
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Analizando los resultados y teniendo en cuenta el coste computacional, se ha seleccionado como
tamafio dptimo de elemento de la probeta 3 mm, dando lugar a un mallado de 2303 elementos.

El mallado del impactor se ha realizado con elementos hexaédricos con un tamafio de elementos en la
zona de contacto de 2 mm, cumpliendo, de esta manera, la recomendacion de que el tamafio de
elemento que contacta sea inferior al del contactado [15].

Figura 12. Mallado del impactor .

4.3. Propiedades de los materiales.
4.3.1. Laminado

Cada una de las ldminas elementales es definida como material ortétropo 3D. A partir de los ensayos
realizados, disponemos de las propiedades de la lamina elemental en el plano del laminado (Tabla 3).
Sin embargo, es necesario introducir las propiedades fuera del plano. Estas propiedades han sido
estimados mediante modelos micromecdnicos [16], a partir de las propiedades eldsticas de una ldmina
unidireccional con la misma fibra, resina y porcentaje de fibra en volumen, garantizando las
restricciones de simetria de la matriz de flexibilidad [17]. En |la Tabla 4 pueden verse las propiedades
estimadas que, junto con las descritas en la Tabla 3, definen todas las propiedades de la lamina
utilizadas en la simulacion.

Tabla 4. Propiedades elasticas de la |lamina elemental fuera del plano xy.

Propiedad Valor
Médulo de Elasticidad (Ez) 2,92 GPa
Coeficiente de Poisson (v,,) 0,0178
Coeficiente de Poisson (v,,,) 0,35
Modulo de Cizalladura (Exz = Eyz) 1,216 GPa

4.3.2. Zona cohesiva

Entre los modelos cohesivos disponibles en la solucion SOL700, se ha seleccionado el de Tvergaard y
Hutchinson [18] debido a que este modelo se ajusta mejor a los casos en los que el denominado modo
de miscibilidad, definido por la Ec. (10), es elevado.

==z (11)
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- [ es el modo de miscibilidad
- 0;y 8 son, respectivamente, los desplazamientos relativos en modo | y modo Il

En el caso que nos ocupa, el factor de miscibilidad es § = 2,01 por lo que el proceso de delaminacion
se producira en un modo combinado I-1l, pero gobernado por el modo |.

La ley constitutiva cohesiva de Tvergaard y Hutchinson, Fig. 13, utiliza la medida adimensional A de la
separacion entre las superficies del elemento cohesivo. Esta medida se calcula con la interaccion entre
los desplazamientos relativos de los planos en la direccién normal (85, modo I) y en las direcciones
tangenciales (67, §,, modo II), Ec. (11):

t()

Carga/descarga
reversible

A
/ Af ail

| |
I I 1
Ay / A, / 1
Afail Afail
Figura 13. Desplazamiento relativo y ley constitutiva traccion-separacion del material cohesivo [19].

1= )+ () + ()

donde:
- TLSy NLS corresponden a los maximos desplazamientos relativos en direccion tangencial (modo

II) y normal (modo I) respectivamente.
- (&3)incluye los paréntesis de Mc-Cauley para distinguir los casos de traccién &3 =0y
compresién 63 < 0.

Para el calculo de la tension en funcidn de dicho parametro adimensional se siguen las Ecs. (12):

t(d) =o _— si A< A{/Ar,; )
( ) max Al/Afail 1/ fail |
t(A) = Omax st Ay/Dpain < A< Ay/Dpai # (12)
1-2 |
t(d) = _ 1A, /Argyy <A<1
(D) = Omax 1— Ay/Asan si Ap/Agair }

Por tanto, los pardmetros a definir seran:

Omax t€Nsidn maxima. Este pardmetro se elegira en funcién del modo de fractura dominante,
en nuestro caso, el modo I.
- TLSy NLS.
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- Ay, Ay, Agq- Distancias adimensionales correspondientes a la gy,4y , al inicio de la degradacion
y al fallo final respectivamente.

Para establecer el valor de NLS (modo I) y TLS (modo IlI), se han utilizado las tasas de liberacién de
energia en modo | y modo Il respectivamente.

En el presente estudio se ha utilizado una ley constitutiva del material cohesivo bilineal, A; = A, y los
desplazamientos de fallo, §;z, seran los que recoge la Ec. (13).

2.G
631:' = NLS = —IC
r (13)
Z.G”C
61F = 62F = TLS = T

Donde:
- Los subindices 1, 2 y 3; representan las direcciones tangenciales y normal respectivamente.
Véase Fig. 13.
- Teslatension ultima en modo I.
- Slatensién ultima para modo II.
- Gyc Yy Gy son las tasas de liberacion de energia criticas en modo | y Il respectivamente.

Como valores de tensién maxima correspondientes a los modos | y Il se han establecido,
respectivamente, la resistencia a traccion (T = 41,6 M Pa) y la resistencia a cizalladura (S = 83,1 MPa)
de la resina empleada. Utilizando las Ecs. (13) y los datos de tensién maxima y energias criticas (Tablas
3y 4) se obtienen los valores siguientes indicados en Ec. 14.

2.G¢ _ 2.0,496 N/mm

T 41,6 MPa
2.Gye  2.2N/mm

S  83,1MPa

8;p = 83 = NLS = = 2,385.10"?>mm )

(14)

Oj;p = 815 = 6 = TLS = =4,813.10"?mm }

Para el cdlculo del desplazamiento critico, en la ley constitutiva, es necesario definir la rigidez del
elemento cohesivo. Con objeto de no modificar sustancialmente la rigidez a lo largo del espesor de la
probeta, es necesaria una rigidez minima del elemento cohesivo en dicha direccion. Turén [20] propone,
para el caso de utilizar superficies cohesivas, rigideces cohesivas, K., del orden de 106N /mm3. Por
otro lado, Alfano y Crisfield [21] han demostrado que la variacion de este pardmetro no afecta
notablemente los resultados y sin embargo, su disminucién mejora notablemente la convergencia
numérica. Por ello, en este trabajo se ha optado por el valor de 763.000 N /mm3, propuesto por Merillo
et al [22] para laminados de carbono-epoxi. Mediante la Ec. 15 obtenemos el desplazamiento critico.

T _ 416MPa
Keone 763.000 MPa/mm

8. = =5,4522.10">mm (15)

Los valores A4, A, seran los reflejados en la Ec. (16).

¢ .
A=A, = % 2,28.10 (16)
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El espesor utilizado para los elementos cohesivos ha sido de 0,01mm .

4.3.3. Impactor

En el caso del impactor, al tratarse de acero, se ha modelizado como material isétropo. Teniendo en

cuenta que se ha modelizado como una esfera de 20 mm de didmetro y que la masa total empleada

durante el ensayo es de 2 kg, se ha definido una densidad acorde con estos datos. En la Tabla 5 se

pueden ver las propiedades introducidas.

Tabla 5. Propiedades del impactor.

Propiedad Valor
Médulo de Elasticidad (E) 206,7 GPa
Coeficiente de Poisson (v) 0,3
Modulo de Cizalladura (G ) 79,5 GPa
Densidad (p) 4,77.10° kg/m?3

4.4. Condiciones de contorno.

Las condiciones de contorno impuestas han sido:

a)

c)

d)

98

Desplazamientos.

Considerando que el pisador de la maquina provoca el empotramiento del disco, se han
impedido los desplazamientos y rotaciones en todo el contorno de la probeta modelada.
Velocidad inicial.

Se han simulado dos condiciones de impacto, una por debajo del umbral de delaminacién: E; =
1/, y otra superior a dicho umbral, e inferior al de rotura de fibras: E; = 2].

Teniendo en cuenta la masa del impactor y la distancia inicial del impactor a la probeta
(1,45 mm para reducir el tiempo de computacién), se han obtenido como velocidades iniciales
de impacto v, = 0,966 m/sy v, = 1,404 m/s, respectivamente, para las citadas energias.
Fuerza inercial.

Se ha introducido, en la direccidn del impacto, la aceleracién de la gravedad g = —9,807 m/s?.
Condiciones de contacto.

Se han definido el contacto entre el impactor y la probeta, asi como el posible contacto entre
[dminas al desaparecer los elementos cohesivos durante la delaminacion.
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4.5. Parametros de integraciéon temporal.

El método de integraciéon temporal utilizado ha sido el explicito no lineal. NASTRAN, en funcion del
tamafio minimo de elemento, determina el paso de tiempo de manera que se cumpla la condicion de
Courant, Ec. (1).

La utilizacion de elementos de integracion reducida, con un Unico punto de integracién en el centro del
elemento, tal y como ocurre en los hexaedros de bajo orden, hace que el tiempo de computacion
disminuya. Sin embargo, estos elementos pueden provocar el fenédmeno conocido como hourglassing
que se produce Como consecuencia de que, con un uUnico punto de integracion en el centro del
elemento, existirdn dos modos de deformaciéon que no presentan rigidez. Modos denominados de
energia cero o de hourglass. Estos modos de deformacidn, de aparecer, pueden propagarse por todo el
mallado reduciendo la exactitud del calculo, pudiendo, incluso, causar un error de analisis al hacer que
alguna dimensidn de elemento sea nula [14].

Unicamente es necesario controlar el hourglassing en los casos en los que dicha energia sea superior al
10% de la energia interna del modelo [14]. Es por tanto necesario ir evaluando la energia de
hourglassing durante el célculo para asegurarse de que no se rebasa este limite. En nuestro caso, se ha
evaluado dicha energia cada 50 pasos de calculo, manteniéndose la energia de hourglassing inferior al
10 % de la energia interna del modelo.

Finalmente se ha definido un tiempo de andlisis de 0,006 s y 100 pasos de calculo para los que se van
a almacenar los resultados.

5. CORRELACION NUMERICO EXPERIMENTAL

La correlacion numérico-experimental se ha llevado a cabo comparando la fuerza maxima, F, 4y, €l
tiempo de contacto, t., el area delaminada, 4, y la rigidez residual.

Se han realizado dos ensayos, el primero con un nivel de energia de impacto E; = 1/, que no induce
dafo en la probeta, y el segundo con una E; = 2], que es superior a la energia que provoca
delaminacién Ep, e inferior a la energia que provoca rotura de fibras Epp.

Finalmente, para determinar la resistencia residual, se vuelve a someter a la probeta delaminada a un
impacto que no provoca degradacion, E; = 1J.

5.1. Impactode E; = 1J.

La Fig. 14 muestra la curva fuerza-tiempo obtenida experimentalmente y mediante el modelo numérico
desarrollado. Realizando un analisis de los resultados, puede observarse que la forma que sigue la
evolucidn de la fuerza de impacto con respecto al tiempo es simétrica, lo que muestra la falta de dafio
inducido en la probeta. La diferencia entre las fuerzas maximas es de un 23 % y del tiempo de contacto
de 5,9%, véase Tabla 6.
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e Modelo numérico «sesees Datos experimentales

2.500
2.000 -
1.500 -

1.000 -

Fuerza [N]

500 -

O T T T T T 1 1 1

0,000 0,001 0,002 0,003 0,004 0,005 0,006 0,007 0,008

Tiempo [s]
Figura 14. Correlacion numérico-experimental para un ensayo de impacto de 1].

Tabla 6. Correlacién numérico-experimental E; = 1J.

Parametro Numérico Experimental Error (%)
Fuerza maxima (N) 1.414,2 1.150 23
Tiempo de contacto (s) 0,00544 0,00576 59

5.2. Impactode E; = 2].

Tal y como se puede observar en la Fig. 15, la curva fuerza-tiempo no es simétrica, lo que indica que el
impacto ha provocado delaminacién en la parte central de la probeta. Es posible visualizar la

delaminacion graficando los elementos cohesivos de todos los planos que han fallado, Fig. 16.

e Modelo numérico «+esees Datos experimentales

2.500 -
2.000 -
1.500 -

1.000 -

Fuerza [N]

500 & S

0,000 0,002 0,004 0,006 0,008

Tiempo [s]
Figura 15. Correlacion numérico-experimental para un ensayo de impacto de 2].
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Figura 16. Area delaminada para un impacto de 2J.

La Tabla 7 muestra los resultados obtenidos. El error con respecto a la fuerza mdxima es de un 11,8 %,
el error en el tiempo de contacto es de un 2,6 % vy finalmente el error en el drea delaminada varia
mucho, 20 — 80 %, dada la gran dispersién de los resultados experimentales.

Tabla 7. Correlacién numérico-experimental E; = 2J.

Parametro Numérico Experimental Error (%)
Fuerza maxima (N) 1.643,11 1.470 11,8
Tiempo de contacto (s) 0,00608 0,00624 2,6
Area delaminada (mm?) 90 50-75 20-80%

Una vez simulado el impacto con E; = 2] los elementos cohesivos degradados son eliminados del
modelo y se vuelve a simular un impacto con E; = 1J. En la Fig. 17 se pueden ver superpuestas las tres
curvas fuerza tiempo.

A partir de los tiempos de contacto calculados en un impacto sin degradacion, t.o, y en otro con
degradacion, t.p, Fig. 17, y empleando la Ec. (9); se ha obtenido la rigidez residual, K}, /K,, tanto a partir
de los resultados de la simulacién numérica, como de los experimentales. En la Tabla 8 se puede ver
que el error es de un 1,7 %.

6. CONCLUSIONES

Se ha realizado la correlacién numérico-experimental del dafio por delaminacion inducido por un
impacto transversal de baja velocidad en materiales compuestos laminados en forma de tejido de fibra
de carbono y matriz epoxi. Para ello se han fabricado placas laminadas mediante infusion de resina, que
posteriormente han sido caracterizadas y sometidas a diferentes impactos de caida de dardo.
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e 1 ] (antes de dafio) ====2 ] (genera dafio)

1J (después de dafio)
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Figura 17.Curvas Fuerza-tiempo obtenidas mediante FEM sobre probeta virgen y dafiada

Tabla 8. Rigidez residual para un impacto de E; = 2].

Parametro Numérico Experimental Error (%)

Rigidez residual

(Ko/Ko) 0,8444 0,83-0,95 17

La simulacién numérica se ha realizado mediante el método de elementos finitos utilizando integracion
numérica explicita (NASTRAN, SOL700). La delaminaciéon ha sido modelizada mediante el método CZM
(Cohesive Zone Model). Este método permite modelizar el inicio y propagacién de la degradacion por
delaminacion sin necesidad de predecir el lugar donde se va a iniciar. La ley constitutiva del material
cohesivo utilizada ha sido la de Tvergaard y Hutchinson [18]. En este trabajo se han definido los
pardmetros a utilizar en dicha ley constitutiva basados en datos experimentales de fractura del
laminado empleado y de propiedades mecanicas de la resina utilizada.

Los resultados muestran una buena correlacién entre los resultados numéricos y experimentales. Los
errores obtenidos en los casos analizados son:

- Fuerza maxima: 11.8 + 23 %.
- Tiempo de contacto: 2,6 + 5,9 %.
- Rigidez residual: 1,7 %.

La buena correlacion a la hora de evaluar la rigidez residual post impacto resulta de especial interés ya
gue permite al disefiador evaluar el nivel de integridad que presenta una estructura que ha sufrido un
impacto, generando dafio.
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Simplified model for the behavior of human impact against glass plates
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ABSTRACT

Nowadays as safety assessment procedure against soft body impacts, the behaviour of the glass is
usually evaluated by an impact test according to the European standard EN 12600 [1]. A 2 DOF model
is proposed to estimate time histories and maximum values of the pendulum acceleration and strain in
the middle of the plate. It includes all the fundamental elements to reproduce the behaviour of the
glass panes considering different designs. The model tries to solve the most typical problems of the
simplified models as the glass nonlinear behaviour, the variation of the dimensions and the
extrapolation of the methods to other boundary conditions.

Therefore the proposed 2 DOF simplified model is an easy tool for dimensioning and design of safety
glass under human impact. It allows to know the behaviour of the glass in different configurations
simulating a complex transient phenomena through an accurate and simplified way.

Keywords: Safety glass, soft impact, simplified model, design method and body impact.

1. INTRODUCTION
1.1. Study of art

Glass is one of the most used materials in the world of construction. The glass is so used thanks to its
aesthetic features and its high functionality. Most of skyscrapers and innovative buildings have glass as
one of its main materials in facades. But apart from its use in facades, glass is used in many other
structures, handrails, walls, doors, windows... Therefore, it is a material widely used in different
situations but due to its brittle nature it can create hazard if it were to break, taking a special importance
when only glass is the element preventing from fallings.

In this moment, there is no standard design for glass panes under human impact. For approval a glass
only is necessary to check the safety requirement of the European standard EN 12600 [1]. It uses an
impact test of a pendulum on a glass (Fig. 1), and tries to classify it according to the maximum pendulum
height and the type of the glass rupture. In the Standard test only thickness may be considered,
dimensions, boundary conditions and impact height of the glass are fixed. But in operational conditions
all of these parameters may change and the behaviour of the glass can be significantly different. For
example, FEM results obtained for an impact from 450 mm on the middle of a rectangular plates with
10 mm of thickness and similar dimensions to the glasses of European standard show a difference close
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2 Department Mechanical Eng. ETSII UPM (SPAIN). jose.parra.hidalgo@alumnos.upm.es
3 Department Mechanical Eng. ETSII UPM (SPAIN). mariaconsuelo.huerta@upm.es

CMMoST 207 105



Simplified model for the behavior of human impact against glass plates
Fourth International Conference on Mechanical Models in Structural Engineering
Madrid (Spain). 29 nov-01 dec 2017.

to 50% in stress when the plate has double size. This fact shows that the conclusions obtained in the
standard test cannot be transferred to any other installed glass.

Figure 1. Pendulum impact test, EN 12600.

In addition to the simplified models, other alternative techniques can be used to set a glass as safe as
in situ tests and complex numerical solutions. "In situ" experimental test can be used to obtain the
strength of the glass, but this process is time consuming and expensive. In addition impact glass results
have a great dispersion due to glass rupture stress, several impacts would be necessary to characterize
the glass integrity.

Numerical solutions methods are used in plate elements [2] with different aims, the most common ones
in impact problems are based on finite elements. Full transient analysis simulations have been used [8]
to reproduce the impact test by other authors. This option provides accurate results, when the model
is updated, but the main problem is the definition of the model. A complex finite element model must
be used including the correct model of the boundary conditions which are not available to all glass
designers [3].

Therefore simplified models seem a useful method to study the impact on the glass with design
proposes and in simple way. Three simplified models have been reviewed, two for human impact and
one more for hard and soft impact.

In this type of phenomena, systems with concentrated mass and springs are used [4]. The three studies
are based on 2 DOF models, one degree of freedom for the impact head and the other one for the plate
considering linear behaviour. After dynamic behaviour is computed, additional hypothesis are assumed
for stress calculation. Simplifications with constant square load of approximately 20+2 cm of side are
supposed. The mass and the stiffness representative of the pendulum are 50 kg and 350-400 kN/m.
Mass and stiffness of the pane are parameters which change depending on the model proposed.
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M. Froling [5] has developed a reduced model by means of modal reduction techniques similar as the
Rayleigh-Ritz method, the model estimates the stress on the plate but it has problems with larges panes
(higher than 2x2 m32).

Schneider [6] introduces several assumptions, the spring constant of the glass is obtained by a linear
sine series, the effective mass of the glass plate is the generalized mass for a mode shape and the shape
of the dynamic deformation of the glass plate corresponds with the static one.

The model is completed with a simplified procedure [7] to obtain a static equivalent load with design
proposes. The model is compared with experimental data presenting maximum errors around 60% for
the maximum stress value respect to the finite element model presented by the same author and which
has been previously calibrated in several test [6].

Y. Yang [8] works with a 2 DOF model to estimate the response of a plate subject to impact by solid
object, hard and soft impact. To incorporate the effect of the large displacement and the contribution
of the higher modes of vibration two parameters are proposed. The values of these parameters are
obtained minimizing the differences between the finite element and the simplified models. The values
of stiffness proposed by this model in the case of glasses, show differences around a 20% with the modal
point stiffness of the first mode of vibration.

1.2. Objectives

In this paper a 2 DOF model is proposed to estimate time histories and maximum values of the
pendulum acceleration and strain in the middle of glass panes for impacts applied on the same point.
The model includes all the elements to reproduce the behaviour in the glass considering alternative
designs. The results are compared with test for different pendulum height, thickness, and boundary
conditions.

Nonlinear behaviour of the glass plates, the variation of the dimensions and the extrapolation of the
methods to other boundary conditions are the main problems when simulations try to reproduce the
impact on the glass. All of this effects are considered by the proposed model achieving great results in
the simulated cases.

Impact test and the simplified model are compared in this paper, showing that the proposed method
has enough accuracy to be considered as a useful dimensioning tool. To know the real behaviour of the
glass, data from an extensive test campaign [9] has been used. Used tests follow the methodology of
the European standard EN 12600 [1] where a pendulum of 50 kg impacts on the centre of the pane (836
mm x 1938 mm) supported on its four sides (4S). In addition of the boundary conditions proposed by
the standard and glasses supported in two sides (2S) were tested. With these three different boundary
conditions, 17 specimens were struck taking into account the main design variables: boundary
conditions, thickness (between 5 mm and 10 mm), in monolithic and layered plates. For each specimen
several impacts were applied, the lowest initial height tested was 25 mm, being increased successively
up to a maximum value of 1200 mm, finally a total of 240 impacts were carried out.
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2. SIMPLIFIED MODEL
2.1. Dynamic Behaviour 2DOF

The proposed 2DOF model calculates the dynamic behaviour of the plate during the impact of the
pendulum: the impact force on the glass pane is estimated with the computed pendulum acceleration.
After, using assumptions for the boundary conditions and the large displacement behaviour, the strains
in the glass can be estimated.

The dynamic model represented in Fig. 2 is valid during the contact stage. The degree of freedom of the
glass corresponds to the first mode shape, and the other one is the pendulum mass (Mp) and stiffness
(Kp). Mass and stiffness of the glass plate depend on the impact location.

- Mg Mp

Z K

z g - Kp -

g

7

;

e

Ve

7 |

- € 1< >
Glass Pendulum

Figure 2. Simplified model of 2 degrees of freedom.

The values for the pendulum characteristics correspond with the nominal ones proposed by the
standard, Kp=350 kN/m and Mp=50 kg. In this work all the impacts are located on the centre of the
plate, and the behaviour is represented by the equivalent stiffness of the first mode shape (point modal
stiffness, Eq. (1)) and the apparent mass of the first mode in the same point, Eq. (2).

2

K, = —
g~ .
(¢C ¢C) (1)
K
Mg = W_le (2)

Where w,, (rad/s) is the natural frequency and ¢, is the modal component on the middle of the plate
normalized to "M@ = I.

A linear transient analysis is performed with the initial velocity of the pendulum in the beginning of the
contact stage between pendulum and glass. Modal superposition is used for the resolution neglecting
damping effect. The force applied to the plate is estimated with the acceleration of the pendulum
multiplied by its mass, Eq. (3).

(F, =M, -ayp) (3)
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Depending on the boundary condition of the tested glasses, it may present geometrical nonlinear
behaviour when they are impacted from medium or high energy levels. This is the case for one of the
most usual boundary condition, four sides supported (4S). To take into account this effect, the
corresponding stiffness is modified according to the maximum force during the phenomena.

Usually simplified models do not consider nonlinear behaviour due to the complexity, but with the
previous hypothesis a first approach can be done defining for each boundary condition the criteria for
a change in the glass stiffness. Following the analytical approach of static nonlinear behaviour of square
plates a simplified curve is defined in three sections. The apparent stiffness of the glass is obtained
multiplying the modal point stiffness (K;) by a factor a; (according the simplified stiffening curve of Fig.
3). Sections of the simplified curve are limited by F; and F,, that correspond with the forces applied on
the middle of the plate producing a linear displacement of 1 and 3 times the thickness of the glass. For
each impact, «a; is selected depending on the maximum force.
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Figure 3. Simplified stiffening curve.
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2.2. Strain calculation

For design proposes, the strain level in the plate is an important parameter that can be estimate with
the simplified model. In the proposed method, strains are estimated on the middle of the glass plate
during all contact stage through an incremental method (Eq. (4)).

(ML 1 (©) = eNE(t — At) + AeNE(D) (4)

Strain increment is obtained with the increment of nonlinear strains per increment of force. At this
point, this procedure is supported by the time history of the dynamic behaviour previously calculated.
Force increment was obtained by the dynamic simplified model and it is used to obtain the strain
increment (Eq. (5)).

AeNE(t) = Aeflri () - AF(t) = Aeflr, () -my, - Ak (t) ()

In the case of the strains, the nonlinear effect is very important and it is necessary to follow the static
nonlinear behaviour of the plate modifying the increment of the strains according to the force on each
instant Eq. (6).

To consider that effect, the parameter a® may be used with similar values that the previous dynamic
stiffening coefficient a; as a good approximation. But other values in function of the size of the plate
and the boundary conditions can achieve more accuracy results. This method allows to follow the
adequate simplify stiffening curve with three stages and obtain the nonlinear micro strain by means of
the increment of linear strains.

Aefmit

NL _
Aeunit - a'*(F(t)) (6)

The expression used to obtain the linear strain is different depending on the boundary condition of the
plate. For 4S plates, a procedure based on the model of a plate under a little concentric load on the
middle of the pane [16] is proposed (Eq. (7)). Where E is the Elastic Modulus, t is the thickness of the
plate, v is the poisson coefficient, b is the width of the glass plate, 1y is radius of load application and
B is the dimension factor tabulated in [10].

2b
Aek ., = 1+ 1/)Lnn—r0 + B (7)

2nEt?

All the parameters of the last expression except the radius of application load are defined by the
material, the geometry and the boundary conditions of the plate. The effect of the contact area is very
important because slightly increments of area may change the strains significantly. Due to the
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importance of this parameter, the simplified model may work with a variable contact area depending
of the energy of impact considered on the initial velocity of the pendulum v;. This value has been
adjusted to the area of the experimental tests [9]. The half contact area between pendulum and glass,
due to the symmetry, was registered in all the tested impacts and the shape was parameterized (see
Fig. 4) with three variables H1, H2 and L. The area and the value of the parameters are reproducible
with the regressions curves showed in Eq. (8), Eq. (9) and Eq. (10), where the values are calculated in
function of the initial velocity.

L = 15.92v; + 39.824 (8)
H, = 6.7008v; + 18.33 (9)

H, = 3.6346v; + 17.362
(10)

Figure 4. Simplified stiffening curve.

When the plate is supported on two opposite sides (2S), the behaviour of the pane glass may be
obtained by beam theory. The procedure is similar as plates (4S), but in this case the unitary strain
increment is calculated using the expression of the linear bending strains, Eq. (11).

l-t
4-1-FE

(11)

L —
ASunit -
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3. MODEL RESULTS
3.1. Study cases

A total of 21 plates divide in 7 different specimens were tested with multiplies impacts from different
heights as shown in Table 1 with the updated values of elastic modulus (E), thickness (t), point modal
Stiffness and Frequency obtained with modal test. The nomenclature used to identify the specimens is,
T (tempered) or L (annealed), next the thickness of each sheet of glass (5, 10, 4-4 or 3-3 mm) and finally
the boundary condition. The size of the glasses tested depends on the boundary conditions, 876x1938
mm for 4 side supported (4S) and 876x1200 mm for 2 sides supported (2S). Tested plates cover a huge
range of plates, with thickness between 5 and 10 mm and Stiffness between 881 kN and 79 kN.

Table 1. Campaign summary.

Test Impacts (240) Modal updated parameters
Specimens (x3 plates) o Modal
ImN;cts Different Heights E (Gpa) t (mm) Stiffness Fret(q::)ncy

. (kN/m)
T10-4S 54 9 72.9 9.8 807 35.22
T05-4S 41 15 69.5 4.38 79 20.24
T10-2S 12 4 73.2 9.47 573 31.58
L55-4S 51 14 70 10 881 36.04
L44-4S 17 8 72 7.94 342 30.48
L33-4S 37 13 72.6 6.39 157 25.03

3.2. Nominal Case

According to the standard [1], the reference glass to check the behaviour of the support frame structure
is the tempered glass with 10 mm of thickness and supported in 4 sides (T10-4S). This glass was
impacted from 450 mm and compared with the 2 DOF model to analyse the results of both procedures.

225 2250
7o 150 X 1500
= v
E 2
= [
i =
® =
=2 k]
§ 75 = 750
<
0 0
0.00 0.01 0.02 0.03 0.04 0.05 0.00 0.01 0.02 0.03 0.04 0.05
Time (s) Time (s)
—Test Results—2 DOF —Test Results —2 DOF

Figure 5. T10-4S - Pendulum impact test - 450 mm; Left: Pendulum acceleration; Right: Microstrain.
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In the first instant of Fig. 5, the pendulum is stopped, until it impacts against the plate, with an initial
velocity that can be calculated in function of the drop height. Pendulum acceleration values show
contact between glass and pendulum during 50 ms approximately. During the contact stage, the contact
area between the glass and the tires is changing with the time and it varies from 0 to its maximum value
in 25 ms approximately but most of the time the value is near to its maximum. Despite the complexity,
2DOF pendulum acceleration show a similar time history during all the contact stage.

For the micro strain calculation, as can be see, there is a good approach between both time histories.
Plate behaviour is well reproduced by 2 DOF simplified model additionally, the shape of the 2 GDL curve
show a great approach in accordance with the recorded test results.

3.3. Other conditions

As previously commented, nonlinearities are one of the most complex effects in the simulation of the
glass impacts. The accuracy of the simplified model in this point can be assessed through the
comparison of the T05-4S. In Fig. 6, recorded pendulum acceleration is showed until the pendulum
reaches its maximum height after the impact rebound. A good agreement between real data and the
simplified model is obtained during the contact glass-tires therefore nonlinearities seem well
reproduced by the simplified model.

200

150

100

50

Acceleration (m/s?)

Time (s)
——Test Results —2DOF
Figure 6. Comparison between test data and 2DOF simplified model — T05-4S, impact height of 450 mm.

The boundary conditions change the behaviour of the glass significantly due to the stiffness and
frequency plate variation. For example, experimental tests can show that difference between 4S and
other boundary conditions may be higher than the 50% for Micro-Strain values.

Fig. 7 shows the results obtained when T10-2S is impacted from 200 mm of height. This height is
considered enough by other authors [7] to represent the impact energy in a typical human impact. As
in the other analysed cases, simplified model simulates the impact behaviour obtaining similar values
during all the contact.
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Figure 7. T10-2S - Pendulum impact test - 200 mm; Left

: Pendulum acceleration; Right: Microstrain.

4. CONCLUSIONS

This paper presents a 2 DOF Simplified Model to represent the most important parameters in the soft
body contact. The model allows the calculation of glass with different sizes, support conditions for
human impact load. The proposed model does not only calculate maximum value, time histories are
calculated too.

The easy adaptability to different boundary conditions is one of the main strengths of the 2 DOF
simplified model. In addition, nonlinear behaviour and contact area effect are considered by the model.
This fact allows errors lower than 20 % in strains between the simplified model and the experimental
campaign developed. Therefore the results obtained with the simplified model show enough accuracy
to consider it a great tool for design proposes.

Further research will focus on the laminated behaviour post-breakage and the characterization of the
typical boundary conditions. In addition failure probability has to be introduced in the model in order
to set the safety criteria in the impact.
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RESUMEN

This paper shows the preliminary results of an experimental campaign regarding the increase of the
shear strength on reinforced concrete beams strengthened by means of a low cost Iron-based shape
memory alloy (Fe-SMA). This Fe-SMA strips are implemented as external stirrups which are previously
pre-strained to 4%. After installation, the strips are heated up to 160 °C to induce its recovering shape
properties to confine the concrete beam. The experimental campaign is focused on the
characterization of the Fe-SMA strips and the practical application for retrofitting small scale beams
without internal steel stirrups. The strengthened beams are able to avoid the typical brittle shear
failure and demonstrate the promising performance of the proposed technology.

Keywords: Iron-based shape memory alloy, shear strengthening, reinforced concrete, experimental test,
retrofitting.

1. INTRODUCCION

Actualmente los proyectos estructurales se estdn enfocando en procesos de disefio basados en
prestaciones para optimizar y controlar el comportamiento de los mecanismos de fallo de las
estructuras. Este aspecto ha llevado a estudiar y controlar el comportamiento a flexién incrementando
sobre todo la ductilidad seccional y orientdndose en explotar toda la capacidad seccional del hormigén
armado. Sin embargo, cuando nos enfrentamos al efecto del cortante, se puede constatar que los
mecanismos no son dctiles y por el contrario, este efecto reduce la capacidad de ductilidad seccional
y global. Por esta razén, los refuerzos a cortante son muy a menudo necesarios en estructuras
existentes, especialmente cuando la estructura puede ser sometida a acciones sismicas de alta
intensidad. Todos los componentes del efecto cortante que se involucran en el mecanismo de fallo
siguen bajo rigurosos estudios e investigaciones para comprender todos estos aspectos que se deberian
de tener en cuenta. Distintos modelos mecdanicos han sido propuestos, en esta investigacién se tomara
como base el modelo propuesto por [1], “Compression Chord Capacity Model (CCCM)” para disefio del
cortante para estructuras de hormigdn. Este modelo es capaz de considerar la utilizacién de refuerzos
externos a cortante e introducir el efecto de tensiones de recuperacion inducido por el efecto de

T Dpto. de Fisica. Universidad de las Islas Baleares (Espafia). joaquin.ruiz@uib.es (Corresponding author)
2 Dpto. de Fisica. Universidad de las Islas Baleares (Espafia). luis.montoya@uib.es
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recuperacion de la forma de las aleaciones con memoria de forma una vez ajustado alrededor de la viga
y confinandola.

Actualmente, existen muchas propuestas para refuerzos a cortante con diferentes materiales como FRP
[2], SMA [3] entre otros [4]. Sin embargo, la mayoria de estas tecnologias son de tipo pasivo, por lo que
el refuerzo exterior solo se activara ante incremento de dafio en la viga reforzada. La mayoria de las
aleaciones de SMA tiene un comportamiento muy ddctil, asi como otros aspectos muy remarcables que
siguen en fases de investigacion para la aplicacion en ingenieria civil como la capacidad de volver a una
forma predefinida al calentar, el denominado efecto de memoria de forma (SME de sus siglas en inglés),
la pseudoelasticidad, o capacidad de volver a deformaciones practicamente nulas después de
deformaciones no lineales del entorno del 6-8 %, y por otro lado la gran capacidad de disipar energia
ante la aplicacion de cargas ciclicas. El efecto SME presenta una aplicacién singular cuando su
recuperacion de forma de la aleacidn es restringida, por lo que se pueden generar “tensiones de
recuperacion”, las cuales puede ser usadas como una fuerza de pretensado [5]. Las SMAs han sido ya
utilizadas como refuerzo interno a cortante a nivel de laboratorio, demostrando que pueden
proporcionar una elevada ductilidad en roturas por cortante [6].

El material utilizado como elemento de refuerzo en la campafia experimental aqui descrita viene
suministrado en forma de rollo de ldmina, o fleje. Este serd utilizado como refuerzo externo a cortante
en vigas de hormigdén armado a pequeia escala. En este trabajo se demostrara el beneficio que
proporciona la recuperaciéon de forma del Fe-SMA al activarlo aumentado la temperatura hasta 160 2C
(temperatura que no produce dafos en el hormigén). De esta manera se puede modificar el modo de
fallo del elemento estructural de hormigdn, pasando de tener fallo por cortante a fallo por flexidn.

El material estudiado para aplicaciones enfocadas a refuerzo a cortante en este articulo refiere
especificamente al Fe-SMA el cudl fue proporcionando por la empresa re-fer que lo comercializa
actualmente. Esta aleacidn con memoria de forma de bajo coste tiene la tendencia a ser mas
competitivo para el uso del dia a dia de la construccién en comparacién a otras aleaciones de SMA [7].
Aunque la super-elasticidad no esta presente en esta aleaciéon de bajo coste, la ductilidad y la
recuperacion de forma persiste como bondad del material. La capacidad de recuperar forma es
considerablemente baja en comparacion con otras SMA (1% de recuperaciéon de forma). No obstante,
esa baja recuperacién de forma del Fe-SMA sigue siendo suficiente para generar tensiones de
pretensado de hasta 350 MPa, para generar fuerzas internas que pueden equilibrar las fuerzas externas
en elementos estructurales. Esta tensién es probablemente baja comparada con las tensién que
alcanzan las armaduras pretensadas, pero es del mismo orden de magnitud que la tensién de trabajo
de un acero pasivo convencional bajo combinaciones de servicio, por lo que el refuerzo aplicado
exteriormente podrd alcanzar tensiones de servicio similares a si se hubiese colocado en la fase inicial
de construccion del elemento estructural y sin necesidad de incremento de dafo en el elemento
reforzado, a diferencia de las otras técnicas de refuerzo pasivas.

Este nueva aleacién desarrollada en el EMPA, Suiza, tiene la siguiente composicién: Fe—17Mn-5Si—
10Cr-4Ni-1(V, C) (mass%) [8]. Esta muestra claras ventajas para aplicaciones como material de
pretensado debido a su alto médulo de elasticidad en comparacién a las SMA comerciales, como el Ni-
Ti o el Ni-Ti-Nb. Ademas, su composicidon quimica es responsable de una resistencia a la corrosién
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claramente muy superior a los aceros comunes en la construccion, gracias al 10% de Cr. El material de
Fe-SMA puede ser producido en escala industrial bajo condiciones de temperatura ambiente sin
necesidad de incrementar su costo de produccion. El material puede ser fabricado en diferentes
secciones tanto conformados en caliente como en frio como en barras, cables, laminas etc.

2. CARACTERISTICAS DE LA ALEACION Fe-SMA

El procedimiento de la produccion de Fe-SMA esta detallado en (Czaderski, et al., 2014). Ensayos de
traccidn, de pre-estiramiento y de calentamiento/enfriado de la aleacidén quedan recogidas también en
[5]. En este estudio referenciado, el material utilizado se presentaba en forma de alambre. Para la
campafia experimental que se presenta en este articulo se han utilizado laminas de 50 mm de ancho y
0.5 mm de espesor. El material Fe-SMA se recibié en fase austenita y sin pre-estiramiento por lo que se
ha llevado a cabo un estudio de caracterizacién para conocer su comportamiento termo-mecanico. Los
resultados experimentales coinciden con el estudio de [9], quienes obtuvieron un valor éptimo de pre-
estiramiento sobre el 4%, con una deformacién residual remanente de 3.1%, y cuya tensién de
recuperacion resultante tras la transformacién martensitica con deformacién impedida es de 350 MPa.
Los ensayos de caracterizacion (Figura 1) se han llevado a cabo en los laboratorios de la Universitat de
les Illes Balears. En la Figura 1a se muestra una imagen de una lamina de Fe-SMA sometida al ensayo
de pre-estiramiento y de tensiones de recuperacién, y en la Figura 1b se muestran los resultados de dos
ensayos: uno de traccién de la ldamina hasta su rotura y otro de pre-estiramiento al 4% (curva con rama
de carga y de descarga). En ésta ultima figura puede observarse la elevada ductilidad del material,
mayor al 40%, y las deformaciones remanentes tras el pre-estiramiento.

Curva Tension - Deformacion
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b) 0 5 10 15 20 25 30 35 40
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Figura 1. Ensayos de las Idminas Fe-SMA: a) disposicion de la Idmina en el pértico de ensayos. b) ensayo de
traccion y de pre-estiramiento.
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3. CAMPANA EXPERIMENTAL

La campafia experimental sobre vigas de hormigdn, llevada a cabo en la Universitat de les llles Balears,
pretende evaluar la efectividad del uso de las aleaciones de memoria de forma en base hierro (Fe-
SMA) como técnica de refuerzo en elementos estructurales de hormigdn armado. Para ello se han
ensayado 6 vigas a pequena escala susceptibles de ser reforzadas a esfuerzo cortante. Todos los
especimenes se han fabricado en 6 moldes idénticos con una Unica amasada de hormigén (Tabla 1).
Dos de los especimenes se ensayan sin ningun tipo de refuerzo externo sirviendo como especimenes
de referencia (S1_R1y S1 _R2),y los otros cuatro se refuerzan externamente a esfuerzo cortante con
[dminas de Fe-SMA. De estas cuatro, dos se ensayan sin activar el material de refuerzo (S1_SP1y
S1_SP2)y las otras dos se ensayan tras la activacién del material de refuerzo (S1_SA1y S1_SA2).

Tabla 1. Nomenclatura y caracteristicas de los especimenes

Tipo de refuerzo

Nomenclatura

No reforzada Fe:SM{-\’sin Fe-§ M/:\’con
activacion activacion
S1_R1 X
S1_R2 X
S1_SP1 X
S1_SP2
S1_SA1l
S1_SA2 X

Los especimenes tienen una seccién rectangular de 80 mm de ancho y 150 mm de canto, con una
longitud total de 900 mm (Figura 2a). La resistencia a compresion del homigdn f. ha sido de 30.1 MPa
a la edad del dia del ensayo de los especimenes, obtenida a partir de ensayos de compresion de
probetas cubicas de 150x150x150 mm. Ha sido usada una Unica armadura de didmetro 16 mm como
refuerzo interno de la seccién de hormigdn con un limite eldstico f, de 549.5 MPa. Con el fin de reducir
el nimero de variables en los ensayos, la armadura se suelda en sus extremos a una placa de anclaje
evitando asi que pueda producirse el fallo de adherencia.

El refuerzo exterior se realiza con ldminas de Fe-SMA de 25 mm de ancho y 0.5 mm de espesor
alrededor de la seccién de la viga (Figura 2b), por lo que las laminas de 50 mm suministradas se han
cortado longitudinalmente por la mitad. La colocacidn se realiza con un pequefio tesado inicial de las
[dminas para asi asegurar un correcto contacto entre el refuerzo y la viga, realizando la fijacion
posteriormente de forma mecdnica mediante clavos.

La activacion del refuerzo se consigue a través de temperatura mediante el uso de un decapador
(pistola de calor). El control de la temperatura se ha realizado colocando termopares en varios puntos
de las [dminas verificando que en todos ellos se superan los 160 2C necesarios para que tenga lugar la
transformacion martensitica y, por tanto, la generacién de tensiones de recuperacién.

La carga se aplica mediante desplazamiento impuesto en la zona central de los especimenes tal y como
muestra la Figura 3, siendo el cortante en cada uno de los extremos igual a la mitad de la fuerza
aplicada con el actuador en la zona central, siendo la luz libre entre apoyos de 760 mm.
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Figura 2. Geometria de los especimenes: a) geometria de los especimenes de referencia. b) Disposicion del
refuerzo exterior para el resto de especimenes.
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Figura 3. Esquema de ensayo: a) posicion de los soportes y del punto de aplicacion de la carga. b) Imagen de un
espécimen dentro del portico de ensayos.

4. RESULTADOS EXPERIMENTALES

Se muestran a continuacion lo resultados generales obtenidos a partir de la campafia experimental de
los seis especimenes llevados hasta rotura en los ensayos: dos de referencia, dos con refuerzo sin
activar y dos con refuerzo activado. Cabe destacar la diferencia inicial que existe entre un refuerzo no
activado y uno que si lo esta. Tras la activacién del material la ldmina recupera parte de su deformacién
libre hasta entrar en contacto con la viga la cual coarta su deformacion, momento a partir del cual
comienzan a producirse tensiones de recuperacién que se traducen en tensiones de confinamiento
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activo sobre la seccién de hormigdn. En la Figura 4 pueden apreciarse las holguras de contacto
existentes entre una de las laminas y la viga, antes y después de realizar la activacion del material.

Figura 4. Ajuste de una lamina con la superficie de la viga. Espécimen S1_SA1: a) estado antes de la activacion.
b) Estado después de la activacion.

En la Figura 5 se muestran las curvas obtenidas en los seis ensayos, donde se representa en el eje
vertical el esfuerzo cortante resistido por los especimenes (la mitad de la carga aplicada por el
actuador) y en el eje horizontal el desplazamiento vertical de los especimenes en el punto medio de la
luz. Enla Tabla 2 se resumen algunos de los valores mas representativos de los resultados. Se recoge
la fuerza cortante mdxima soportada por los especimenes y el desplazamiento vertical en el centro de
luz para dicha carga maxima. También se presenta el valor del desplazamiento de los especimenes en
el momento en el que éstos han perdido un 15% de su resistencia maxima.

Puede observarse que la respuesta de los especimenes ha sido muy parecida entre cada pareja de
ensayos: S1_R1/S1_R2,S1 _SP1/S1 _SP2y S1 SA1/S1_SA2.En el caso de los especimenes de referencia
S1 R1 y S1_R2 hay una pequefia diferencia debido a que no estadn reforzados y presentan un
comportamiento fragil, de modo que una vez alcanzada la carga maxima la degradacidn se produce
muy rapidamente. En la viga S1_R1, después de la aparicion de la fisura critica a cortante, se produjo
cierto efecto arco adicional que favorecié un leve incremento en la carga ultima antes de la rotura.

Las probetas de referencia (51_R1y S1_R2) han soportado un cortante maximo de 17.95 y 15.83 kN,
mientras que los especimenes con refuerzo sin activar (S1_SP1y S1_SP2) alcanzan valores de 29.51y
31.01 kN y los especimenes con refuerzo activado (S1_SA1l y S1 SA2) 31.68 y 31.64 kN. Los
especimenes que mas carga han soportado han sido aquellos en los que se ha realizado la activacion
del Fe-SMA, seguido de los especimenes en los que no se ha realizado la activacidn; en ambos casos
se ha mejorado la capacidad resistente de los especimenes de referencia hasta el doble de su
capacidad aproximadamente. Estas 4 ultimos vigas rompieron a flexion, mientras que las dos vigas de
referencia sin refuerzo rompieron claramente a cortante.

Los especimenes en los que se ha realizado la activacion (S1_SA1 y S1_SA2) han presentado un
comportamiento mas rigido que en los que no se ha realizado la activacién (S1_SP1y S1_SP2). En el
primer caso la carga maxima se alcanza con un desplazamiento de 6.52 y 5.83 mm vy en el segundo a
un desplazamiento de 7.89 y 9.34 mm, que puede evidenciarse también observando la pendiente de
las curvas fuerza-desplazamiento.

La activacion del refuerzo genera unas tensiones de confinamiento en la seccién de hormigén que
consigue un trabajo mas solidario entre ambos elementos, de modo que la curva fuerza-
desplazamiento presenta un comportamiento mds suave y paulatino en estos especimenes (S1_SAly
S1 _SA2). Los especimenes con refuerzo no activo presentan mayor oscilacion de los valores de la curva
debido a la aparicidn de fisuras y posterior entrada en carga del refuerzo.
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El desplazamiento para el que la carga maxima soportada por los especimenes reforzados tiene una
reduccion del 15% (6ss%) de su valor es mayor en los especimenes S1_SP1yS1 SP2(18.11y 15.13 mm),
seguido de los especimenes S1_SA1yS1 SA2(10.09y 11.06 mm) y finalmente los especimenes S1_R1
yS1 _R2(4.11y 2.18 mm). No obstante, la relacidn entre el desplazamiento “8ss%” y el desplazamiento
maximo “8” es muy similar para los casos de los especimenes reforzados, 2.30 y 1.62 en S1_SP1y
S1 SP2y1.55y1.90en S1 _SA1lyS1 SA2 respectivamente.

35

30

N
(1}

Cortante [kN]

10

Curva Cortante-Desplazamiento

S1-R1
----81R2
S$1-SP1
- --S1-8P2
S1-SA1
————S1-8A2

5 10 15 20
Desplazamiento en L/2 [mm]

Figura 5. Curvas Cortante vs Desplazamiento.

Tabla 2. Resultados obtenidos en los ensayos experimentales: cortante maximo resistido “Vmax”,

desplazamiento vertical en centro de luz en el instante de carga maxima “6”, desplazamiento vertical

en centro de luz tras una pérdida del 15% de la carga maxima “8gsy%”.

Nomenclatura

Resultados obtenidos

Vmax (kN) 6 (mm) Sss2 (Mm)
S1 R1 17.95 3.24 4.11
S1 R2 15.83 1.53 2.18
S1 SP1 29.51 7.89 18.11
S1 _SP2 31.01 9.34 15.13
S1 SAl1 31.68 6.52 10.09
S1 SA2 31.64 5.83 11.06

En la Figura 6 se muestran las imagenes del estado de los especimenes en el momento en el que se
alcanza la capacidad maxima de carga. Se presentan dos imdagenes por cada una de las probetas
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correspondientes a los extremos izquierdo y derecho de cada viga. En ellas pueden verse los patrones
de fisuracién que se han producido en la campafia experimental. La rotura de los especimenes de
referencia (S1_R1y S1_R2) se caracteriza por la presencia de una fisura muy marcaday tendida debido
al esfuerzo cortante (Figura 6a y Figura 6b), muy diferente a lo observado en los especimenes con
refuerzo externo Fe-SMA en los que las fisuras son mas inclinadas y distribuidas a lo largo de su
longitud. El uso del refuerzo hace que la resistencia a esfuerzo cortante aumente provocando un
cambio del modo de fallo. En el resto de figuras, desde la Figura 6c a la Figura 6f, se observan fallos en
la cabeza comprimida en la zona central de los especimenes, asi como algunas fisuras verticales,
debido en ambos casos esfuerzos de flexidn. En los especimenes en los que no se activé el refuerzo
(S1_SP1yS1_SP2)ademas se advierten unas fisuras de cortante mas acusadas que en los especimenes
en los que se activo el refuerzo (S1_SA1y S1_SA2). El hecho de que las 4 vigas reforzadas externamente
rompieran a flexién, no ha permitido constatar de una forma totalmente evidente las diferencias en
estado limite ultimo de resistencia a cortante en el caso de refuerzos activados y sin activar. En futuros
ensayos se buscara la rotura a cortante en los especimenes reforzados.
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S1-SP2 s

Figura 6. Imdgenes del estado de los especimenes en ambos extremos (izquierdo y derecho) en el momento en
el que se alcanza el cortante mdximo: a,b) espécimen S1_R1, c,d) espécimen S1_R2, e,f) espécimen S1_SP1, g,h)
espécimen S1_SP2, i,j) espécimen S1_SA1, k,I) espécimen S1_SA2.

5. CONCLUSIONES

Se ha llevado a cabo una campafa experimental de seis especimenes que muestra la mejora de
resistencia y de ductilidad de vigas de hormigdén armado gracias a la disposicion de un refuerzo externo
formado por laminas de Fe-SMa, llegando a cambiar el modo de fallo de las vigas de cortante a flexién.
Dicho refuerzo se ha aplicado con y sin activacion del material y se han encontrado diferencias tanto
en ajuste del refuerzo a la viga como en el comportamiento solidario entre el refuerzo exterior y la viga
existente. Este trabajo ha presentado un analisis preliminar de los resultados del laboratorio, si bien
en estos momentos se estd analizando con mds detalle el patrdn de fisuracién a partir de las imagenes
captadas durante los ensayos.

FUTURAS LINEAS DE INVESTIGACION

En la campafa experimental presentada se ha verificado la validez de las aleaciones de Fe-SMA como
material de refuerzo en vigas de hormigdn armado para esfuerzo cortante, dando pie a futuras lineas
de investigacion relacionadas con esta temdtica: el estudio de nuevas disposiciones de refuerzo, el
estudio de otras técnicas de anclaje del material y el estudio de modelos mecanicos que sobre su
aplicacion.
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Long term tension stiffening model for reinforced concrete members

Carbonell-Marquez, Juan Francisco1; Gil-Martin, Luisa Maria?

ABSTRACT

A short-term tension stiffening model for cracked concrete under tension implicit in the formulation
of Eurocode 2 is presented. This model provides the concrete stress in terms of strain in a reinforced
concrete element. In addition to this, a long-term tension stiffening model based on the short-term
one is defined. The long-term model accounts the effect of time, creep and shrinkage. The model is
compared against the results of some experimental campaigns in order to show its validity and
possible future enhancements.

Keywords: Tensorrigidez, Deformacidn, Largo Plazo, Area efectiva de hormigon.

1. INTRODUCCION

A la hora de efectuar cdlculos en estado limite ultimo, la contribucidon del hormigdn sometido a
traccion se suele obviar al considerar la capacidad total de un elemento de hormigén armado (HA). No
obstante, cuando los calculos se realizan en estado limite de servicio, como deformaciones de
elementos de HA fisurados bajo niveles normales de carga, el hormigdn presente entre fisuras
proporciona una rigidez adicional al refuerzo que, especialmente con valores bajos de la cuantia de
armado [1], conduce a deformaciones menores que las obtenidas sin considerar esta contribucion del
hormigdn a traccién. Esta contribucién de hormigén se debe al traspaso de tensiones de traccidn
desde el acero al hormigén que lo rodea debido a la adherencia entre ambos materiales y es
denominado comunmente como tensorrigidez o, en inglés, tension-stiffening. Este fendmeno ha sido
estudiado con detalle en los ultimos 40 o 50 afios, siendo numerosos los modelos existentes en la
literatura [2—22] para introducir adecuadamente la contribucion de la tensorrigidez en la rigidez global
del elemento de HA.

La normativa europea de estructuras de hormigdn armado, el Eurocddigo 2 (EC2) [23] considera que
un elemento fisurado se comporta en términos medios (tensiones y deformaciones medias) de
manera intermedia a como lo haria el mismo elemento en dos estados extremos: estado | (no
fisurado) en el que el hormigdén y el acero experimentan la misma deformacién y la capacidad
resistente a traccion del hormigén no se limita y, estado Il (fisurado) en el que sélo se considera la
contribuciéon del acero desnudo, sin colaboraciéon del hormigdén traccionado una vez superada la
tensidn de fisuracion. EI EC2 § 7.4.3. (3) propone la siguiente expresion de interpolacion:

! Departamento de Mecdnica. Universidad de Cérdoba (ESPANA). E-mail: jcarbonell@uco.es

2 Departamento de Mecdnica de Estructuras e Ingenieria Hidrdulica. Universidad de Granada (ESPANA). E-mail:
mlgil@ugr.es (Corresponding author)
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a=C{ay+(1-aq (1)

donde «a es el pardmetro de deformacion que se pretende calcular (flecha, curvatura o deformacion),
a; y a; son los valores correspondientes al estado | (sin fisurar) y al estado Il (fisurado),
respectivamente, y el pardmetro { es un coeficiente que introduce la contribucién del hormigdn
debido a la tensorrigidez, definido como:

¢=1-p(2) @)

Os

donde o5 y g son las tensiones en la armadura calculadas en estado |l para el valor de la carga
aplicada y para la carga que produce la primera fisura, respectivamente. El coeficiente 8 de la Eq. (2)
tiene en cuenta la duracién de la carga y su posible repeticidn, siendo igual a 1 en el caso de cargas a
corto plazo y 0.5 para largo plazo o cargas ciclicas. El pardmetro 8 tiene en cuenta la caida a largo
plazo de la contribucidon del hormigdn a traccién, aunque no incluye explicitamente la influencia de
cada uno de los parametros que lo controlan [24] y, de hecho, segun [25], el efecto de tensorrigidez es
modelizado de manera tosca a través del pardmetro f5.

En el presente trabajo, se emplea la formulacién presentada por el EC2 para derivar un modelo que
proporciona una relacién tensiéon-deformacion de la tensorrigidez del hormigdn a corto y largo plazo
que puede ser empleado en cdlculos que conlleven analisis seccional. En primer lugar se deduce de
manera detallada el modelo general propuesto para posteriormente aplicarlo para la prediccion de la
flecha en mitad de vano a largo plazo de un conjunto de elementos de HA sometidos a flexion en 4
puntos cuyos resultados han sido extraido de diversas campafas de ensayos publicadas.

2. MODELO DE TENSORRIGIDEZ DEL HORMIGON ARMADO IMPLICITO EN EL EC2

El origen de la Eq. (1) se encuentra en el CEB Desing Manual on Cracking and Deformations [26]. Este
manual considera la tensorrigidez en un elemento de HA fisurado sometido a traccidn a través del
incremento de rigidez de la armadura de tal manera que, en términos medios, la deformacién que
experimenta el acero se encuentra entre los casos de seccidn sin fisurar (estado 1) y fisurada (estado
1), Figura 1. Si un elemento con una longitud total [ experimenta una elongacién Al bajo una carga
axial N = N, siendo N, el axil que produce la primera fisura en el elemento, la deformacién media
del acero puede escribirse como:
Al

Esm = T = & — A& (3)

donde &g; es la deformacion en la barra desnuda sometida al axil N y Aeg es la contribucién del
hormigdn a traccién que, experimentalmente y propuesto por Rao [27], ha sido formulada como:
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T
State [ State 1T
- & Ag N
Ac
A Egmax
Tsr, .\ As
N
Seccidn transversal
sm=A4l/l
Esrl Esrll
Figura 1. Modelo tension-deformacion para el armado en un miembro de HA en tensién pura. Modificado
de [26].
a
Agg = Aegmax (Ui:) (4)

La maxima contribucion de la tensorrigidez, Aggpqax, S€ Produce en el instante para el que produce la

primera fisura.

Segun la Figura 1:

(5)

Aesmax = Esrir — Esri

donde &g, Y &g SON las deformaciones longitudinales unitarias correspondientes al axil que origina
la fisuracién, N, en los estados | y Il, respectivamente.

Introduciendo las Egs. (4) y (5) en la Eg. (3) y, teniendo en cuenta que g5 = (04-/Egr1)Es) =
(0sr/esri1)€str (Figura 1), se obtiene que:

Esm = Es1 ((;_ssr)z + & (1 - ((;_ssr)z) (6)

Retomando la Eq. (2) e introduciendo el factor 8 justo delante del cociente de tensidn del acero, la Eq.
(6) corresponderia a la Eqg. (1) particularizada para el calculo de deformaciones longitudinales, es

decir, @ = egp, @ = €51 Y Q1 = Egp1-
2.1. Expresion explicita para la tensorrigidez

La Eq. (6) representa la rigidizacion del acero debida a la contribucién del hormigén y proporciona la
deformacién media del acero en funcién la tensidn o, y en funcién de la deformacién correspondiente
a dos casos extremos: seccion no fisurada y completamente fisurada. Por tanto, &5 y &5, son también
variables dentro de la expresién de la Eq. (6).

Hernandez-Montes et al. [28] dedujeron un modelo de tensorrigidez que proporciona la tension
media en el hormigén en funcién de la deformacién en un elemento de HA mas alla de la deformacion
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de fisuracion. En lo que sigue, se suponen deformaciones medias y se admite que la deformacién del
acero y el hormigén adyacente es la misma: &, = &;,,, = €. De esta manera, la deformacién en la
armadura del elemento de HA sometido a traccién pura N en el estado | se puede obtener como:

N
Eg = ——
SU™ AgefrEc+AsEs (7)

donde A;y Acorr < A son el area de armado y el area de efectiva de hormigdn a traccion debida a la
adherencia entre hormigén y acero [14], respectivamente, y E; y E. son los mddulos de elasticidad del
acero y del hormigdn antes de la fisuracion, respectivamente.

Tras la fisuracion, la deformacion en el acero es:

_ N
Esil = 75 (8)

Teniendo en cuenta que o, es la tension en la armadura correspondiente a la carga que produce la
primera fisura (supuesta la seccion completamente fisurada, estado Il) y que las deformaciones
medias del hormigdn y del acero de la misma fibra son idénticas, entonces &g, = &, = &, cOn &, la
deformacién para la cual se produce la fisuraciéon del hormigdn. Teniendo en cuenta que la resistencia
a traccion del hormigdn se puede expresar entonces como f.; = &, E., el axil que produce la primera
fisura considerando el estado | puede expresarse como:

(AceffEc+AsEs)
Ner = $57’1(‘4C,effEC + AsEs) = fct% (9)

Como gy, implica fisuracién completa, dicha tensidn puede escribirse como:

N (AcefrEc+AsEs)
O-ST - A_CST - fCt ASEC (10)

Finalmente, la tensidn en el acero o en una seccién fisurada bajo un axil N > N, viene dada por:

Og = A—s (11)

Sustituyendo los parametros definidos en las Egs. (7)-(11) en la Eq. (6) e introduciendo el factor 3, Eq.
(2),la deformacién media en el elemento de HA queda:

(AcefrEctAsEs) f (AcepfEc+AsEs)
N T N [ —
=& = 1-— _— =
Esm = & = o+ AE N + AgE, B N
ceffbcTAsks as sbs As (12)

N2Ec—BAcerrfli(AcesfEc+AsEs)
NAGEGE,

Reordenando los términos en la Eq. (12), se obtiene la siguiente expresion:

130 CMMoST 2017



Carbonell-Marquez, JF and Gil-Martin, LM

NZEC — NAGEGE € — .BAc,efffczt(Ac,effEc + AsEs) =0 (13)

Sillamamos o,.rs a la tensién en el hormigdn asociada al fendmeno de la tensorrigidez, el axil N > N,

puede escribirse como:

N = UCTSAc,eff + 0,45 = UCTSAc,eff + eEgAg (14)
Introduciendo la Eq. (14) en la Eq. (13), se obtiene una ecuaciéon de segundo grado en g.rs:

2
(GCTSAc,eff + gEsAs) Ec - (GCTSAc,eff + gEsAs)AsEsEcg - ,BAc,efffczt(Ac,effEc + AsEs) =0

(15)

2
€E;  Ag (sES Ag ) 2( AE; )

> ogs = ——=—+ [[==) + 1+
crs 2 Acers 2 Acefr Ble AceffEc

Denominando pesr = As/Acesr Y 1 = Es/E., la expresion del modelo de tensorrigidez para el

hormigdn queda finalmente:

Pe Pe 2
O-CTS(E) = _%EES + \/(%EES) + ﬁfczt(l + npeff) (16)

2.2. Deformacion de cedencia aparente y modelo completo del hormigén a traccion

Al emplear el modelo definido por la Eq. (16) es necesario tener en cuenta que la mdxima carga axial
gue pueden soportar conjuntamente la armadura y el area efectiva del hormigén a traccion es
N,, = Aqfy, con f,, el limite elastico del acero, Figuras 2 y 3 (a). Por tanto, la maxima deformacién para
la cual la expresion de la Eq. (16) es valida es la deformacion de cedencia aparente, &4, Para calcular
este valor de deformacion, se plantea el equilibrio bajo N, entre una seccion genérica en la que se
consideran deformaciones medias del hormigdn y acero y entre una seccién en la que existe una
fisura (nula contribucién del hormigdn) y el acero trabaja por tanto a su limite eldstico, Figura 2:

AsEsgy = AsEsgap + Ac,effacTS(Sap) - gap (17)

Si el area efectiva de hormigén a traccion, Acefrs, se considera independiente de la deformacidn, la
deformacién de cedencia aparente se puede obtener introduciendo la Eq. (16) en la Eq. (17) como:

2
_ 1 _ Bfa(+npers) (18)

S =
w Ey(EsPeff)z
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Ny, = Agfy < Ny = Asfy
O¢ L. L,
f A Tensién local del hormigén
ct . .
— 0.5 considerando def. media
[ Seccién Seccién
fy fisurada genérica Tension local del acero
o5 considerando def. media

Figura 2. Equilibrio entre una seccion genérica donde ambos hormigdn y acero son traccionados
considerando deformaciones medias y una seccion donde se produce una fisura (el hormigon no colabora) y
las barras del refuerzo han alcanzado el limite eldstico.

Una vez alcanzada la deformacion de cedencia aparente, la carga axial alcanza el valor N, vy
permanece constante, Figura 3(a). Para deformaciones mayores a &g, la contribucion del hormigén
debe decrecer hasta que se alcanza la deformacion de cedencia real, gy, momento a partir del cual la
contribucidn del hormigdn asociada a la tensorrigidez desaparece, Figura 3 (b). En dicha figura, se ha

supuesto una ley lineal entre £, y &y.

Teniendo en cuenta lo anterior, el modelo completo del hormigdén a traccidn, o, que debe aplicarse

al area efectiva de hormigon, A .rr, queda:

E.c si 0<e<Zeqy
2
L (wsE) +Bf2(1+npesr) si eqp<e<e 19
crct(e) = 2 s 2 s ct eff ct = <ap ( )
OcTS,ap .
— I\ &, — & S1 E>¢€
s (e, — o) .
con Oers,ap = O_CTS(‘Sap)-
N o
¥ ¢ <|—> Hormigédn fisurado
y fet
18 (Esm)
A TeTS
N cdr e oers(Eap)
Asoy
¢ Esm Esm
et (a) Eap &y et (b) Eap Sy

Figura 3. Elemento de HA en traccidn pura: (a) Carga axial soportada por el elemento en funcion de su
deformacién media; (b) Tension de traccién en el hormigdn incluyendo el modelo de tensorrigidez.

2.3. Area efectiva del hormigén a traccién
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Una vez alcanzado el valor de deformacién correspondiente a la resistencia a tracciéon del hormigén,
&ct, €l hormigdn fisura y el inico hormigdn que contribuye a resistir las tracciones es el definido por el
drea efectiva, A¢.rr. En este apartado se define el valor de A..rr empleado en este articulo para

distintas secciones transversales.

En la literatura existen diferentes modelos para definir el area de hormigdn efectiva a traccién, tales
como los propuestos por Kwak y Song [12], Manfredi y Pecce [29], Bentz [30] o Castel et al. [31].

Ya en el Codigo Modelo de 1978 del CEB-fib [32], se definia A; s como el area rectangular que rodea
la barra de didmetro @ y centrada en ella de con los lados menores o iguales a 150, quedando el 4rea
efectiva truncada por los limites geométricos de la seccién de HA y sin solaparse con areas efectivas
correspondientes a otras barras de armado [33]. Las ultimas versiones del Cédigo Modelo (MC90 [34]
y MC2010 [35]) y el EC2 definen A ¢ tal y como se muestra en la Figura 4.

X1 x¢ L L S ¢ \
h d h a hc,eff hc,e/f d
d
h e 888 e ¢baeﬂf ¢ L SR S Y ) (
(¢ (] h
v v Y (b) (c)
(a) A, =Min[2.5(#-a), (1-X)/3, h/2]

Figura 4. Area efectiva de hormigdn a traccién de acuerdo con el Cédigo Modelo 2010 [35] y el Eurocédigo 2
[23]: (a) viga; (b) losa; (c) elemento sometido a traccion. Adaptado de [23].

Gil-Martin et al. [36] propusieron una modificacion a la expresion de A. s dada por el EC2 (Figura 4).
La profundidad de la fibra neutra, x, correspondiente a una viga de HA sometida a flexion simple
decrece a medida que el momento flector crece. De acuerdo con esto, la expresidon propuesta por el
EC2 heepr = (h — x)/3 implica un incremento de la altura del érea efectiva a medida que aumenta la
solicitacion sobre la seccion. El incremento de A..rr durante el proceso de carga es fisicamente
imposible debido a la degradacién del hormigdén asociada con la pérdida de adherencia a altas
deformaciones de tracciéon. Por esta razén, Gil-Martin et al. [36] proponen el siguiente limite superior
a la condicién h.err = (h —x)/3: heerr = (h — x)/3, donde x., es la profundidad de la fibra
neutra correspondiente al momento de fisuracién M. La expresion propuesta por Gil-Martin et al.
[36] para h; ¢ queda:

2.5(h—d)
hc,eff = Min (h. - xcr)/?) (20)
h/2

Todas las definiciones relativas a A¢ ¢ corresponden a secciones de HA rectangulares, existiendo
pocos estudios en relacion al A..rr en el caso de elementos de HA con seccidn circular. Wiese et al.
[37] propusieron un area efectiva de hormigdn en traccién para secciones circulares de HA
simétricamente armadas. Posteriormente, Carbonell-Marquez et al. [38] propusieron una expresion
Acerr valida para secciones circulares de HA tanto simétrica como asimétricamente armadas, Figura
5, calculada en base a resultados experimentales a corto y largo plazo [39,40]. El area efectiva
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propuesta en [38] consiste en una banda circular de ancho h.rr situada bajo la fibra cuya
deformacion es &.;. Tal y como se aprecia en la Figura 5, el ancho h. ¢ se define en funcion de un
ancho interior, hcffint, Y de un ancho exterior, h¢orrexe- La geometria final de puede calcularse
mediante las siguientes expresiones extraidas de [38]:

TSz
hc,effint = hc,effﬁ < Rine (21)
hc,effext = hc,eff - hc,effint (22)

donde, para secciones circulares de HA armadas con barras equidistantes en todo el perimetro:

heers = = (—1.765R? + 11.343Rx — 9.375x%) 03)

y para secciones circulares de HA armadas asimétricamente:

heery = w7 (—1.117R? + 8.657Rx — 7.132x?) o2

estando herr, Ry x expresados en mm.

X
T. SZmp &=0
&= ££ ‘
7Sz 8 8 R
e T h,,

A
Geff ceffext

Figura 5. Definicion y nomenclatura para Ac_eff. Adaptado de [38].

3. MODELO DE TENSORRIGIDEZ A LARGO PLAZO PARA HORMIGON ARMADO

El modelo de tensorrigidez para el hormigdn de la Figura 3 es valido sélo para corto plazo. Existen
numerosos trabajos que indican que la colaboracién del hormigén a traccidon decrece con el tiempo
debido a factores como la fluencia por traccién o la microfisuracién que se produce alrededor de las
barras de armado debida a la retraccion [41,42]. El efecto de largo plazo es introducido en la
expresion proporcionada por el EC2 mediante el pardmetro 3, Egs. (1) y (2), y que ha sido introducido
en el modelo de tensorrigidez propuesto, Eq. (19). Este parametro tiene en cuenta la duraciéon de las
cargas, el deterioro de la adherencia entre acero y hormigén y la fisuracidn debida a retraccion [43].
Asi pues, a efectos practicos, la caida en la contribuciéon de la tensorrigidez se considera
exclusivamente mediante el pardmetro 3. El EC2 propone dos valores para el pardmetro : 1.0 para
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cargas de corto plazo y 0.5 para cargas mantenidas en el tiempo o cargas repetidas. De acuerdo con
[25,41], ésta es una forma muy ruda y simplista de considerar la degradacion de la tensorrigidez y la
fisuracion dependiente del tiempo.

Si se consideran valores del parametro f distintos de 1, el modelo de la Eqg. (19) necesita ser
modificado. Consideremos un prisma de hormigén armado con una sola barra y sometido a carga axil
de traccion mantenida en el tiempo (B =0.5). La curva carga-deformacidn correspondiente se
muestra en la Figura 6 (a) (linea negra o-a-b-c-d), situada entre la curva correspondiente a la barra
asilada (linea quebrada negra o-d) y la curva correspondiente a carga de corto plazo (f = 1.0, linea
quebrada gris 0-a-e-d). La interseccidn tedrica de la curva definida por Eq. (18) con § = 0.5y la linea
del estado no fisurado (tramo o-a, Figura 6 (a)) se produciria para una carga de traccién inferior al axil
de fisuracion N, y paraa una deformacioén inferior a g, siendo esto Ultimo fisicamente imposible ya
que la deformacidn correspondiente a la fisuracién es .. y no otra. Este es el motivo que explica la
caida que se produce en la curva € — N cuando se alcanza €, (tramo a-b en la Figura 6 (a)). Este
fendmeno se refleja también en la curva € — g del hormigdn fisurado sometido a traccion en forma de
caida vertical de la tensidn al alcanzar €., (tramo a-b en la Figura 6 (b)). La tensidn correspondiente al
punto b se calcula imponiendo f = 0.5y & = ¢, en la Eq. (16).

N
Ny* —
lv[l'77
e=A41/1
T 1
0 gct’ gzp b4
(a)
U[
LT,
n N

1] <\ Afectado por fluencia (n1er=Es/Ecerr)

Ecperr (c) Sap,eff 5},

Figura 6. Curva carga-deformacion (a), modelo tension deformacion del hormigdn (b) de un prisma sometido a
una carga de traccion sostenida en el tiempo y modelo tension deformacion del hormigdn fisurado afectado por
fluencia (c) y retraccion (d). Adaptado de [40].

Los efectos de la fluencia y de la retraccién también deben tenerse en cuenta a la hora de formular el
modelo a largo plazo de la tensorrigidez del hormigdn. Asi pues, la Figura 6 (c) muestra la curvae — o
de la Figura 6 (b) afectada por la fluencia mediante el cambio del médulo de elasticidad del hormigén
E. por el médulo de elasticidad efectivo, E. . (en la Eq. (16), el parametro n debe ser sustituido por
Nerr = Es/Ecerr) vy la deformacion de fisuracion viene dada por ecperf = fot/Ecerr- Una vez
afectada por la fluencia, la curva € — ¢ de la Figura 6 (c) se desplaza horizontalmente tal y como se
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muestra en la Figura 6 (d) haciendo coincidir el cero en tensidon con una deformacién de compresion
igual a g5, > 0, la deformacidn de retraccion libre seguin EC2.

La formulacién final de modelo tensidn — deformacidn del hormigén fisurado sometido a traccion de
largo plazo teniendo en cuenta el fendmeno de la tensorrigidez queda:

f .
( gctc:ff (5 + gsh) S1 e< Ecteff — €sh
UCTS,eff(g + $sh) si Sct,eff — &h <e< $ap,eff — &n

oc(e) = (25)

UcTS,eff(saP.eff) ( ) i
— . P (e, —(e+ € si g —&pSe<eg, —¢€
Ey—Eap.eff Y ( Sh) et ! g "

0 si £2¢&, —&p

con o.rserr €l modelo de tensorrigidez del hormigén dado por la Eq. (16) calculado con ngsp =
Es/Ec,eff yB =05.

4. COMPARACION DE LOS RESULTADOS DEL MODELO CON RESULTADOS EXPERIMENTALES

La bondad del modelo propuesto es evaluada comparando los resultados de deflexién obtenidos
tedricamente empleando dicho modelo con los resultados de varias campafas experimentales
encontradas en la literatura.

4.1. Deformacién de elementos de hormigén armado en el tiempo

El calculo de deformaciones de flexion a largo plazo de elementos de HA debe tener en cuenta cuatro
efectos principales (a) la evolucién de las fisuras, (b) la reduccién de la tensorrigidez con el tiempo, (c)
el incremento de curvatura debido a la fluencia del hormigén y (d) la limitacidn a la retraccion que
constituye el armado que, en caso de ser asimétrico, produce una curvatura adicional dependiente del
tiempo [41].

La flecha tedrica de una viga de HA sometida a flexién se ha calculado integrando la curvatura a lo
largo del eje del elemento. La curvatura en cada seccidon puede obtenerse si se conocen, por un lado,
el diagrama momento — curvatura (M — ¢) y, por otro, el diagrama de momentos flectores del
elemento. El diagrama M — ¢ de una seccion particular en un tiempo t se obtiene imponiendo el
equilibrio de acciones (fuerzas y momentos) sobre la seccién, para lo que es necesario conocer los
diagramas tensidon-deformacidn de acero y hormigdn, tanto a traccion como a compresion. En lo que
sigue, tensiones, deformaciones y fuerzas de compresion se consideran positivas. Asi pues, el modelo
de hormigdn traccionado vy fisurado teniendo en cuenta la tensorrigidez y los efectos de largo plazo
debe ser ligeramente reformulado ya que en la Eq. (25) se habia considerado que las tensiones y
deformaciones de traccidn eran positivas:

2
p P
Ocrsers(€) = ==L eEs — \/(%SES) + BfE(L + Nefrpery) (26)
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0 si ES —g, t &g
Lottt ] (_gy —(e— ‘Ssh)) St —&y t+ e <ES Eqpepr tEsn
o t(s) — (_Sy_gap,eff) ! (27)
c .
UCTS,eff(g - Ssh) Sl gap,eff tép <€ < _gct,eff + &n
_fct .
— (€& —€ S1 E> —¢ + ¢
l Ecteff ( sh) cteff sh

coNn &gperr < 0 obtenida a partir del equilibrio de un segmento de barra definido por una seccion
meda y una fisura en la que el hacer ha plastificado:

_Asfy = AsEs‘Sap,eff + Ac,efocTS,eff (‘Sap,eff) - gap,eff (28)

con acrserr definido por la Eq. (26).

Consideremos la seccion de HA rectangular como la mostrada en la Figura 7, asumiendo como vdlida
la hipdtesis de Bernoulli (las secciones planas permanecen planas tras la deformacién) y que no se
produce deslizamiento entre acero y hormigdn, la deformacién en una fibra cualquiera de la seccién
puede escribirse como:

‘S(y' Ecg» ¢) =Eqg T by (29)

En la Eq. (26) £.4 es la deformacion en el centro de gravedad de la seccion bruta (no se considera la
presencia de acero) e y es la coordenada vertical de la fibra con respecto a dicho centro de gravedad,
Figura 7. Planteando el equilibrio en la seccién transversal:

h

N=[; oc(@bdy+[, —oc(e)dA+E;Ap;05(e) (30)
h

M = fyzfct oc (e)ybdy + fAc,eff ot (€)ydA + Zj A(Z)jo_s(g) Vj (31)

donde Ap; e y; son el area y la coordenada vertical de la barra de armado j. El modelo tension —
deformacion para el hormigdn traccionado a aplicar al area eficaz a traccién, g, es el definido en la
Eq. (27) y el del hormigdn sin fisurar, o., es el propuesto por EC2 debidamente afectado por la
fluencia y la retraccidn. El modelo tension-deformacion del acero, g;, es el modelo bilineal propuesto
por el EC2.

Tension strain 445, Compression strain
262 )

Vi

/ S[g

y ect E

ct

A

ceff 7
S 0 ) )Y

Figura 7. Distribucion de deformaciones en una seccion rectangular de HA.
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La obtencion del diagrama M — ¢ de una seccidn con unas caracteristicas concretas se basa en un
proceso iterativo: imponiendo el equilibrio de axiles, Eq. (30), para un valor de curvatura dado,
¢ = ¢;, la deformacién del centro de gravedad de la seccidn, Ecg;r S€ halla imponiendo el equilibrio
de axiles mediante el método de biseccion. Una vez obtenido el valor de ¢.4, para cada valor de ¢;, el
momento flector se obtiene a partir de la Eq. (31).

4.2. Campaiias experimentales

Las campafias empleadas en el andlisis se corresponden con ensayos de deformacién a largo plazo de
distintos elementos de HA. Las campafias seleccionadas corresponden a ensayos de flexion en cuatro
puntos y cubren tanto elementos con secciones transversales rectangulares como circulares. Los
ratios momento flector aplicado — momento flector ultimo (M, 4,/ Myi¢) Y humedades relativas (HR)
se resumen en la Tabla 1, en la que ademas se indican las correspondientes campafias experimentales
asi como las caracteristicas principales de los elementos analizados.

Tabla 1. Campanias experimentales

Configuracion del ensayo

Campaia , Caracteristicas Seccion transversal
. Especimen . (cotas en mm, cargas en kN o
experimental materiales (cotas en mm)
kN/m)
| A
< 100 o 2,6 k \
fe=39 MPa ’
Bakoss et al.
[44] 1B2 Mo/ My =62% 130 || 2012 || 150 >
HR=44.5% / 1.25 0.625
Vi e Four-point bending
f.=27.7 MPa 140
N-L1-S10  Mypgy/Myi=62.5% T EE‘));’ ; A4
Mias et al. HR=55% : ’
[45] f.= 56 MPa 16711 g0 ||190 e
H-L1-S10 M4/ M,,;:=60.7% 0.125 07 - 04
HR=54% Four-point bending
*
. f.=58.1 MPa
Syste)t”ca' Mo/ My =33% (5)46.8 A/A
Hernandez- HR=75% (N-S) 46.2
Montes et al. -
e >
[40] Non- fe=42.7 MPa * 0.2 1.0 0.4
symmetrical M4,/ My;:=34.8% Four-point bending
(NS) HR=30%

*Detalles de las secciones circulares en Hernandez Montes et al. [40]

4.3. Discusion

En la Figura 8 se han representado los valores medidos de la flecha a mitad de vano obtenidos en cada
en las campafias experimentales (extraidas de las referencias correspondientes indicadas en la Tabla
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1) y el valor de flecha teédrica estimada que ha sido obtenida mediante la integracién de los diagramas
M — ¢ calculados con los modelos analiticos anteriormente expuestos.

=1 ‘ RSP S SRR

® Resultados experimentales

= £=0.0
£ — B=05
3 B=1.0

00 t(dias) |
100 200 300 400 500 600
(a)

t(dias) t(dias)
L L L L 7 1 1 1 1 L L L
50 100 150 200 250 100 200 300 400 500 600 700
(b) (c)

-
— 6~ ]
£ P W L e E7
< SF ﬁ ° p =
£ 6
4° t(dfas) . ‘ ¢(dfas)
40 60 £ 100 120 4 6 & 10 120
(d) (e)

Figura 8. Comparativa de resultados experimentales de flecha a mitad de vano frente a resultados
obtenidos por integracion de los diagramas calculados con los modelos expuestos para los diferentes
especimenes detallados en la Tabla 1: (a) 1B2 en Bakoss et al. [44]; (b) N-L1-S10y (c) H-L1-S10 en Mias et
al. [45]; (d) Pilote simétrico y (e) Pilote asimétrico en Herndandez-Montes et al. [40].

En las graficas de la Figura 8 se han presentado los valores de flecha obtenidos analiticamente
considerando tres valores del pardmetro §: f = 0.5, f = 1.0 y § = 0.0 (que corresponde a ausencia
total de colaboracién del hormigdn a traccidn por tensorrigidez).

La Figura 8 (a) corresponde al espécimen 1B2 ensayado en Bakoss et al. [44]. En esta figura se observa
como la flecha experimental es inicialmente sobre estimada por el modelo tedrico pero, a partir de
aproximadamente la mitad del ensayo, la tendencia se invierte y la deflexidn estimada en centro de
luz es menor que la medida. Al final del ensayo (t = 650 dias) la flecha calculada analiticamente con 8
= 0.5 es un 9.73% menor que la flecha medida experimentalmente, aunque el resultado analitico mas
cercano al experimental es el calculado con 8 = 0.0, siendo un 2.36 % menor.

En el caso de los elementos ensayados por Mias et al. [45], especimen N-L1-S10 (Figura 8 (b)) y
especimen H-L1-S10 (Figura 8 (c)), la flecha registrada en los ensayos queda comprendida entre las
curvas de f = 0.5 y B = 1.0. Las flechas al final de los ensayos calculadas mediante los métodos
analiticos son un 5.55% y un 3.25% mayores que las realmente experimentadas por los elementos N-
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L1-S10 (Figura 8 (b)) y H-L1-S10 (Figura 8 (c)), respectivamente, con el consiguiente margen de
seguridad.

En el caso de los pilotes de HA ensayados en Hernandez-Montes et al. [40], los resultados analiticos
predicen de distinta forma los resultados experimentales. Asi, en el caso del pilote simétrico, Figura 8
(d), los resultados analiticos predicen flechas mayores en el tiempo que las medidas. Al final del
ensayo (t = 119 dias), el resultado de flecha mas cercano al experimental es el calculado con 8 = 1.0
(7.75% mayor que el valor medido).

La flecha en centro de luz del pilote asimétrico se ajusta bien a los valores estimados para el caso f8 =
1.0 (cargas instantaneas) aunque al final del ensayo los resultados analiticos considerando que el
efecto de la tensorrigidez ha desaparecido (f = 0.0) son muy similares a los experimentales (ambos
resultados difieren en un 0.68% al final del ensayo, t = 127 dias).

Un aspecto importante que puede advertirse en las graficas de la Figura 8 es la diferente tendencia
mostrada por los resultados analiticos y los resultados experimentales. Salvo en la Figura 8 (c)
correspondiente al elemento H-L1-S10 ensayado en Mias et al. [45] y en la Figura 8 (d)
correspondiente al elemento de seccidén circular con armado simétrico ensayado por Herndandez-
Montes et al. (8 = 0.0), donde los resultados experimentales tienen una tendencia paralela a la de las
curvas de resultados analiticos en todo el rango de tiempo analizado, los resultados experimentales
muestran una tendencia creciente mas pronunciada que los resultados analiticos, indicando que el
fendmeno de la tensorrigidez se reduce progresivamente en el tiempo hasta llegar incluso a
desaparecer. Este hecho sugiere que par que a el efecto de tensorrigidez sea adecuadamente
modelizado por los modelos analiticos, seria conveniente que la expresién del pardmetro f8
dependiera del tiempo.

5. CONCLUSIONES

El hormigdn entre las fisuras contribuye en la rigidez del elemento de HA. Este fendmeno , conocido
como tensorrigidez, afecta al cdlculo de deformaciones en ELS. El EC2 presenta una formulacién para
calculos en estado limite de servicio que tiene en cuenta este efecto. A partir de la expresion
propuesta por el EC2 y la recogida en el CEB Design Manual on Cracking and Deformations, se deduce
un modelo tension — deformacidn para el hormigdn traccionado en la zona que rodea las barras de
armado de la seccion del elemento de HA. Se presentan también los limites de dicha zona tanto para
secciones rectangulares y para secciones circulares. Conocidos los modelos analiticos tensién —
deformacién para todos los materiales que constituyen la seccién transvesal de un elemento de HA,
se puede obtener un diagrama momento — curvatura planteando, primero y para una curvatura dada,
el equilibrio de axiles para calcular la deformacién longitudinal del centro de gravedad de la secciény,
posteriormente, el momento flector correspondiente a cada curvatura. Sometido el elemento de HA a
un caso de carga particular que induce un diagrama de momentos flectores determinado, la curvatura
en cada seccion se puede calcular al conocer el diagramas M — ¢. Finalmente, la curvatura se integra
a lo largo del elemento para calcular la deflexidn en cada seccidn.
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Se han estudiado varios elementos procedentes de campafias experimentales publicadas para
comparar los resultados medidos con los resultados analiticos. La prediccion de la flecha a final de
ensayo ha sido sobre estimada en unos casos y subestimada en otros, aunque nunca se ha superado
un 10% de diferencia entre los resultados analiticos y experimentales. La tendencia creciente
mostrada por los resultados experimentales en comparacion con los resultados analiticos parece
indicar que el pardmetro f que tiene en cuenta la degradacién de la tensorrigidez no debiera ser
constante en el tiempo para poder predecir correctamente los resultados experimentales. No
obstante, se precisarian un mayor nimero de ensayos para poder tener en cuenta el efecto de todos
los fendmenos englobados por [ (duracidon de las cargas, el deterioro de la adherencia entre acero y
hormigdn, fluencia a traccién, microfisuracién debida a retraccidn) en su variacion con el tiempo.
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ABSTRACT

It is common practice to consider the enclosures and partitions of buildings as 'non-structural'
elements and, consequently, neglect the rigidity and resistance they provide in the analysis of the
structure against gravitational loads. However, this simplification is not always on the safe side when
it comes to analysing the behaviour of the structure against horizontal earthquake loads. The vast
majority of seismic standards establish that it is necessary to consider the influence of non-structural
construction elements that can develop sufficient rigidity and resistance to modify the conditions of
the structure, and that they must be taken into account when generating the structural analysis
model. For this reason, CYPE Ingenieros S.A., in collaboration with the International Center for
Numerical Methods in Engineering (CIMNE), has developed a software tool that incorporates a model
and a calculation methodology that allows us to consider the effects of the ‘frame-masonry wall
interaction in seismic situations.

Keywords: seismic, building, partitions, interaction, non-structural element, level of damage.

1. INTRODUCCION

En la generacién del modelo de un edificio para su analisis estructural, suele despreciarse la rigidez y
resistencia aportada por cerramientos y particiones, ya que son considerados elementos “no
estructurales”. La forma usual de proceder, es incluirlos como cargas aplicadas en el modelo, no como
partes del mismo. Pero, tal como se vera en los ejemplos planteados, esta simplificacion no siempre
gueda del lado de la seguridad cuando se trata de analizar el comportamiento de la estructura frente

a acciones sismicas.

Cuando un tabique no ha sido aislado del pértico que lo enmarca, ante cargas horizontales, se
produce la interaccién de ambos sistemas. Este efecto incrementa la rigidez lateral del pdrtico y
puede generar diferentes problemas como torsion en el edificio, efecto de planta blanda o
incremento de las fuerzas sismicas.

La distribucidn en planta no uniforme de los elementos de fabrica, genera una traslacion del centro de
rigidez hacia la zona donde estan concentrados los tabiques, dando lugar a efectos de torsién en el
edificio (Fardis et al. [1]).

! Departamento I1+D+l. Cype Ingenieros (ESPANA). imasd@cype.com (Corresponding author)
2 Departamento I+D+l. Cype Ingenieros (ESPANA). imasd@cype.com
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Cuando se producen cambios de rigidez bruscos entre las plantas de un edificio, las fuerzas
horizontales correspondientes a la accidn sismica tienen mayor incidencia en los pilares de las plantas
con menor rigidez. Si estos no estan convenientemente disefiados, los esfuerzos pueden provocar su
rotura fragil, lo que haria peligrar la estabilidad del edificio pudiendo llevarlo incluso al colapso. El
problema de “planta blanda” se produce, generalmente, en edificios donde la planta baja
(habitualmente, con altura superior al resto) estd destinada a uso comercial o garajes y, por tanto,
estd exento de tabiques, mientras que los pisos superiores estdn destinados a viviendas con gran
cantidad de particiones. Alun en el caso de que la planta inferior tuviese una rigidez analoga a la de las
superiores, durante los primeros instantes del sismo se produce la rotura de los tabiques de las zonas
mas bajas del edificio, lo que provoca modificaciones bruscas de rigidez y por tanto una irregularidad
en altura similar a la anteriormente descrita. (Negro et al. [2], Alvarez et al. [3])

El anteriormente mencionado incremento de la fuerza sismica en las estructuras aporticadas se debe
a que los tabiques rigidizan los pérticos, disminuyendo su periodo natural de vibrar, con lo cual, la
estructura podria ingresar en la meseta del espectro sismico, aumentando el coeficiente sismico y por
ende, la fuerza sismica (Hashemi et al. [4]).

La gran mayoria de normas sismicas establecen que es necesario considerar la influencia de los
elementos constructivos no estructurales que pueden desarrollar rigidez y resistencia suficientes para
alterar las condiciones de la estructura, teniéndolos en cuenta para la confeccion del modelo de
analisis estructural. Por ello, la empresa CYPE Ingenieros S.A., en colaboracidn con el Centro
Internacional de Métodos Numéricos en la Ingenieria (CIMNE), ha desarrollado una herramienta
informatica que incorpora un modelo de analisis estructural que permite tener en cuenta la influencia
de la fabrica en el comportamiento de los pdrticos de hormigén armado, e incorporar la fractura
progresiva de la misma.

A continuacidn se describen, brevemente, las bases de la metodologia de calculo y el modelo de
analisis desarrollados, y se muestran los resultados de su aplicacién para el andlisis de algunos casos
de estructuras de edificacion concretas.

2. METODOLOGIA

El objetivo del modelo es asegurar una buena representacién del comportamiento estructural del
portico con muros de fabrica en situacion sismica, teniendo siempre presente que dicho modelo debe
ser incorporado en un programa de analisis estructural con unos tiempos de célculo razonables.

El modelo computacional propuesto simplifica el problema de andlisis no lineal, resolviéndolo
mediante una técnica iterativa de andlisis lineal a trozos, siguiendo un proceso similar al que se utiliza
en mecanica de fractura lineal (MFL).

2.1. Modelo de analisis

Se propone una formulacién simplificada apropiada para calcular el comportamiento a fuerzas
horizontales de una estructura porticada cuyas aberturas estan cerradas con fabrica, mediante un
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modelo que permita realizar un analisis equivalente en un tiempo reducido de célculo. El objetivo
fundamental es que la estructura equivalente tenga una capacidad (resistencia, rigidez y ductilidad)
similar a la de la estructura real. Para conseguir esta equivalencia, se introducen en la estructura unas
barras diagonales cuya rigidez y resistencia desarrollen una fuerza que controle el movimiento
horizontal del pértico, de la misma manera que lo haria la fabrica confinada en el pértico real (Fig. 1).

Estas barras diagonales, del mismo modo que la fabrica, no trabajan a traccion pues su contribucidn
es casi nula. Ademas, su rigidez en la direccion perpendicular al plano de la tabiqueria es considerada
nula, también.

Las caracteristicas geométricas de la diagonal equivalente (Fig. 2) se determinan utilizando,
inicialmente, las formulaciones propuestas por Liauw-Kwan [5] y Stafford [6][7], y, en una segunda
fase, se ajustan los resultados a la experimentacidn, incluyendo en la formulacién la rigidez al
movimiento horizontal (capacidad cortante) del muro, propuesta por el CIMNE.
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Figura 1. Representacion simplificada del portico con panel de fabrica.
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Figura 2. (a)Representacion de la diagonal de fabrica contenida en el pdrtico; (b) Hipdtesis de deformacion en
su plano de un muro de fabrica.
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La determinacion de las propiedades mecdnicas ortétropas de la fabrica se basa en un método de
homogeneizacién que se describe con detalle por Lépez et al. [8] y Quinteros et al. [9], asi como en la
formulacion propuesta por diferentes normativas para ello (Eurocddigo [10], Cédigo Técnico de la
Edificacion [11] - Espafia, Normas Técnicas de la Construccién [12] - México). Ademas, estas barras
tendran la caracteristica de modificar evolutivamente su capacidad estructural seglin la resistencia
residual de la fabrica real, en funcion del nivel de dafio alcanzado en la misma (Oliver et al. [13], Oller
et al. [14][15][16]). Es decir, su capacidad de resistir a esfuerzos axiles de compresion dependera de su
resistencia limite, en este caso condicionada por una variable de dafio local ‘d’ que evolucionara en
funcién del nivel de desplazamiento relativo entre pisos (Fig. 3).

10 _— B Flu =F,,-cos 0 Pértico - diagonal
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S 06 ] IVFy = Fysin O
\ N AN
% 05 I \\\ \\\ N 29
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Figura 3. (a)Evolucidn de la variable de dafio ‘d’ vs ‘uj’; (b) Capacidad de la diagonal de fabrica.
2.2. Metodologia de calculo

La metodologia propuesta consiste en la resolucién de varios modelos de vibracién (Fig. 4),
correspondientes a diferentes estados de la tabiqueria. La resoluciéon de un problema no lineal de
fractura se aborda como una solucidon sucesiva de distintos problemas lineales (evolutivos) que
corresponden a sucesivos instantes del problema no lineal. La respuesta frente a la accién sismica de
la estructura, para cada uno de los modelos de vibracién considerados, se obtiene mediante un
analisis modal espectral, suponiendo un comportamiento eldstico lineal de los materiales, y teniendo
en cuenta la rigidez aportada por los elementos constructivos, que va disminuyendo de forma
progresiva en funcién del nivel de dafio.

De este modo es posible estimar de forma suficientemente precisa el comportamiento real del edificio
durante un sismo, ya que se generan y resuelven varios modelos de cdlculo lineales que cubren las
distintas situaciones que se pueden llegar a producir en la realidad.

3. ANALISIS DE RESULTADOS

La metodologia expuesta se incorpora a una herramienta de software, con el fin de facilitar el analisis
de estructuras de edificacion reales. A continuacion se presentan los resultados obtenidos para dos
casos concretos: en el primero se puede observar el efecto producido por la existencia de una planta
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diafana (efecto “soft storey” o planta blanda), mientras que en el segundo se presenta un caso de
evolucion de la rigidez de la estructura por rotura de la fabrica durante un sismo.
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Figura 4. Representacion esquemdtica del cdlculo evolutivo.

La estructura analizada (Fig. 5), en ambos casos, es un edificio de hormigén armado de 7 niveles (6 +
casetdn), constituido por pérticos con luces que oscilan entre los 3 y 6 m y por forjados de losa maciza
de 25 cm de espesor. Las vigas son descolgadas, de seccidon 30x50 cm. La altura de planta es de 3,10m,
excepto para la planta baja, cuya altura es de 4,00m.

-I”.
alf

|
d

Figura 5. (a) Estructura; (b) Distribucion de tabiques y cerramientos; (c) Elementos constructivos.

Se considera la influencia de los elementos constructivos no estructurales mediante la introduccion de
muros de fabrica de 12 cm de espesor, formados por piezas de ladrillo ceramico perforado de
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resistencia 20MPa y mortero M10. La herramienta genera las diagonales de fabrica equivalentes (Fig.
6) a partir de la definicion de datos basicos (geometria y posicion, mddulo de elasticidad y resistencia
homogeneizados) para, posteriormente, generar y resolver los modelos de andlisis correspondientes
segun la metodologia expuesta.

P4 - PS5

Forjado 2 - Forjado 3
h o 2.60m

H :3.10m

L 3.86m

B 4240

le1 - 416665 cmd
lez - 416665 cmd
Ew : 5954 MPa

a [ 2587m

Motacian

En : Elasticidad de la barra equivalente a la fabrica -

Figura 6. Datos de la diagonal equivalente generada.
3.1. Caso I: planta baja diafana

Para este caso se ha introducido una distribucidon uniforme en altura de tabiques en todas las plantas,
salvo en la planta baja donde no se ha introducido ninguno.

En la Fig. 7 se puede apreciar la diferencia de comportamiento de la estructura al incluir los muros en
el analisis. El “Estado 0” (a), representa la deformada del edificio para el modo fundamental, con la
hipétesis habitual de no considerar ninglin elemento constructivo. La deformada del “Estado PB” (b),
por su parte, si incluye el efecto de los tabiques y, por ello, el valor de los desplazamientos es muy
inferior al obtenido en el “Estado 0”.

Estado 0 an/ B 1

Figura 7. Deformada de la estructura. (a) Sin tabiqueria; (b) Con tabiqueria — planta baja didfana.
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Los periodos correspondientes a las frecuencias propias de vibracién de la estructura, también son
diferentes. En la Fig. 8 se representa sobre el espectro de disefio, en color azul claro, el rango de los
periodos para los distintos modos de vibracidon de la estructura. Se remarca mediante una linea de
trazo grueso el periodo correspondiente al modo fundamental que, para el caso de la estructura sin
tabiqueria, es de 0.773s mientras que, para la estructura con planta baja didfana, es de 0.481s. Esto
hace que el valor de la ordenada en el espectro sea mas de 1,5 veces mayor en (b): Sd(g) = 0.039 para
el caso de piso diafano, frente a Sd(g) = 0.024 para la estructura desnuda.
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Figura 8. Periodos modales. (a) Sin tabiqueria; (b) Con tabiqueria — planta baja didfana

En la Fig. 9 se representa graficamente el sumatorio de los esfuerzos cortantes debidos a la accién
sismica en la base de los pilares para cada planta. Dichos esfuerzos se han obtenido por combinacidn
de los resultados de los diferentes modos con el método CQC.

6

\ —4—(a) Estado 0
> \ —#— (b) Estado PB
4 ——(c) Estado 1

|
\ I Factor=1.8 .
2

0 200 400 600 800 1000 1200
Cortante Qx(kN)

Figura 9. Cortante Qx por planta.

Como puede observarse en la grafica, en la base del edificio, el cortante total que se obtiene como
resultado tras considerar el efecto de la planta diafana (b), es practicamente el doble (1,8 veces) que
el que se obtiene sin considerar el efecto de la tabiqueria (a). En el resto de las plantas, sin embargo,
se obtienen esfuerzos mas desfavorables al considerar la estructura desnuda. El Estado 1 (c)
representado, corresponde a los resultados de la estructura con cerramientos en todas las plantas. El
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cortante resistido por los pilares es menor, ya que también se reparte entre los elementos de fabrica
considerados.

3.2. Caso ll: rotura progresiva de cerramientos por efecto de la accién sismica

Se ha definido una distribucién uniforme de cerramientos en todas las plantas, incluido la planta baja.
En este caso, se muestra la evolucién del comportamiento de la estructura durante un sismo debido a
la degradacion y rotura progresiva de la fabrica.

El nivel de dafo es un parametro representativo del estado de fractura del muro. Su valor es variable
entre O (el muro estd intacto) y 1 (completamente fracturado), y depende del desplazamiento relativo
entre plantas en la direccion del muro. En el ejemplo calculado, se analizan 6 estados, ademas del
Estado 0, que se corresponde con el de la estructura sin elementos constructivos. El Estado 1
corresponde a la estructura con cerramientos intactos en todas las plantas. En el Estado 6 (ultimo
estado generado, en el que se estabiliza el nivel de dafio) la fabrica de las plantas inferiores esta
fracturada. El resto son estados intermedios en los que se ha ido produciendo la fisuracién progresiva
de los muros dispuestos. En la Tabla 1 se muestra la evolucidn del nivel de dafio en cada estado
obtenido, para uno de los muros definidos.

Tabla 1. Nivel de dafio.

Nivel de dafio Estadol Estado2 Estado3 Estado4 Estado5 Estado6

Piso 6 - Piso 7 0,00 0,00 0,00 0,00 0,00 0,00
Piso 5 - Piso 6 0,00 0,00 0,00 0,00 0,00 0,00
Piso 4 - Piso 5 0,00 0,00 0,00 0,00 0,00 0,00
Piso 3 - Piso 4 0,16 0,41 0,41 0,41 0,41 0,41
Piso 2 - Piso 3 0,37 0,69 0,80 0,87 0,92 0,94
Piso 1 - Piso 2 0,50 0,85 0,95 0,98 0,99 0,99
Cim.-Piso 1 0,82 0,99 1,00 1,00 1,00 1,00

Los resultados de la Tabla 1 se obtienen segun el proceso que se expone a continuacién (véase Fig.4).
Se lanza un primer cdlculo modal espectral, incluyendo, en la rigidez de la estructura, la rigidez
aportada por las fdbricas totalmente intactas (Estado 1). Este analisis modal provoca unos
desplazamientos en la estructura, y por tanto un desplazamiento relativo entre la cabeza y el pie de
cada muro de fabrica. Dicho desplazamiento relativo se corresponde con un nivel de dafio ‘d’ en el
elemento (Fig.3(a)). Este pardmetro de dafio, para un determinado muro y para cada planta en altura
por las que se extiende, es el que se muestra en la columna ‘Estado 1’ de la Tabla 1.

Tras este calculo, se conoce el dano ‘d’ sufrido por cada muro. La capacidad de la diagonal equivalente
(Fm) del muro dafiado se calcula segun la formulacion de la figura 3(b). Se lanza un segundo célculo
modal espectral incluyendo, en la rigidez de la estructura, la rigidez aportada por las fabricas dafiadas
en el primer calculo (Estado 2). Este analisis modal provoca unos desplazamientos en la estructura, un
desplazamiento relativo entre la cabeza y el pie de cada muro de fabrica y un nivel de dafio ‘d’ en el
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elemento, asociado a dicho desplazamiento relativo. Este pardmetro para el muro de estudio y para
cada planta por la que se extiende, se muestra en la columna ‘Estado 2’ de la Tabla 1.

Este proceso se repite de forma sucesiva hasta que el valor del pardmetro de dafio de todos los muros
de la estructura se estabiliza (Estado 6). Por cada muro de mamposteria de la estructura se tiene una
tabla andloga a la Tabla 1. Los diferentes estados y calculos encadenados son generados de forma
automatica por el programa CYPECAD en el que se ha implementado la metodologia expuesta.

De los resultados se deduce que, en un primer instante, la fdbrica comienza a fisurarse en las plantas
inferiores, produciendo una disminucién de la rigidez en esta zona vy, por ello, un incremento de los
desplazamientos que provoca mayores roturas. En los instantes siguientes, se produce la rotura total
de los cerramientos de la planta baja (dafio 1,00) y la fisuracién progresiva en orden ascendente de los
tabiques en los siguientes niveles, mientras que la fabrica de los pisos superiores sufre poca o ninguna
fisuracion.

Los resultados del modelo de célculo propuesto reflejan de forma fiel los dafios que habitualmente
sufren los edificios en sismos reales.

Estado O = Estado 1 "‘""

B o L —

-

L 1) - -

Figura 10. Deformada de la estructura. (a) Sin tabiqueria; (b) Con tabiqueria; (c) Estado intermedio 3
(tabiqueria fisurada); (d) Estado intermedio 6 (tabiqueria fisurada).

A medida que la capacidad resistente de la fabrica va disminuyendo debido a la fractura progresiva, se
produce un aumento en los valores de los desplazamientos. En la Fig. 10 se muestran las deformadas
del edificio para el modo fundamental de diferentes estados. El Estado O no considera ningun
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elemento constructivo; el Estado 1 considera el efecto de los tabiques intactos; el resto de estados
tienen en cuenta la influencia de la fabrica para diferentes niveles de fisuracién, y de todos ellos, se
representan los estados 3 y 6, que se corresponden con el maximo cortante en columnas en las
plantas baja y primera, respectivamente

Del mismo modo que en el ejemplo anterior, en la Fig. 11 se representa graficamente el sumatorio de
los esfuerzos cortantes debido a la accidn sismica en la base de los pilares para cada planta. Para las
plantas baja y primera, los esfuerzos que se producen en los estados 3 a 6 (Tabla 2) son superiores a
los que se obtendrian al no incluir los tabiques en el modelo (Estado 0).

| —&o—Estado 0
5 2% \ —i— Estado 1
a \ —— Estado 3
§ \ Estado 6
=3

=

2 \
N

1 »
0 > St
0 200 400 600 800 1000
Cortante Qx (kN)

Figura 11. Cortante Qx por planta.

Tabla 2. Cortante Qx por planta.

Cort(::ll(r:\:)e Qx Estado 0 Estado 1 Estado 2 Estado 3 Estado 4 Estado 5 Estado 6
P6 - P7 14,234 2,873 2,598 1,457 1,078 0,895 0,807
P5 - P6 171,460 7,962 2,643 2,507 5,038 6,720 7,712
P4 - P5 297,594 34,063 30,266 13,740 9,167 7,973 7,754
P3-P4 395,323 48,728 61,305 52,421 35,122 18,811 6,467
P2-P3 475,143 69,091 122,715 148,858 180,846 247,457 317,398
P1-P2 543,807 69,184 110,942 255,491 478,456 573,390 590,252

Cim.-P1 592,599 123,832 511,703 827,824 797,696 757,932 739,372

4. CONCLUSIONES

A la vista de los resultados obtenidos se puede concluir que el modelo de calculo propuesto consigue
una buena representacion del comportamiento real de las estructuras de edificacién en situacidn
sismica. Gracias a la herramienta informatica desarrollada, su aplicacion es suficientemente simple y
se puede incorporar al disefio de estructuras en edificios comunes de forma sencilla.
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Queda patente la importancia que tiene considerar el efecto de la fabrica en el caso de que exista
alguna planta didfana, ya que se producen incrementos importantes en los esfuerzos de los pilares en
dicha planta respecto a los que se obtendrian con el modelo de la estructura desnuda.

Para cubrir este efecto, algunas normativas sismicas proponen que, en caso de no realizar un calculo
mas exacto, los esfuerzos se multipliquen por un factor comprendido entre 1.5 y 2.5. Estos valores se
corresponden con los obtenidos por la aplicacidn de la metodologia propuesta.

También se deduce de la aplicacién del modelo, y asi se constata en la realidad, que en los primeros
instantes de un sismo moderado se produce la rotura de la fabrica de las plantas inferiores. Esto
produce un efecto analogo al de la planta blanda y, por tanto, también se deben disefiar los pilares de
dichas plantas con esfuerzos superiores a los calculados sin incluir la tabiqueria. El modelo propuesto
permite una prediccién de cdmo se va a ir produciendo la fisuracién y rotura progresiva de la fabrica,
y estimar los esfuerzos de los elementos estructurales en la situacidn pésima.
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New proposal for effective width for E-stub strength evaluation
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ABSTRACT

Bolted steel joints play a very important role in steel design and the component method used in the
Eurocode is very successful method to evaluate their behavior. In the case of three-dimensional steel
joints with additional plate welded to the column to attach the week axis, the E-stub component appear.
This component is not covered by the Eurocode but his stiffness and strength have been studied
recently by a mechanical model based in an equivalent frame. A fundamental parameter of this
equivalent frame is the effective width and in this article, a new formulation is proposed. A parametric
study with finite element models show that the new effective width improves the accuracy of the E-
stub mechanical model.

Keywords: component method, Eurocode, E-stub, strength, steel connections.

1. INTRODUCCION

Las uniones atornilladas tienen un rol fundamental dentro de las estructuras metalicas y mixtas, tanto
por su influencia en el comportamiento de estructural como por el coste de materiales y fabricacion.
Por lo tanto, la caracterizacidon de las mismas mediante el desarrollo de modelos mecanicos ha sido y
es un importante campo de investigacion. Uno de los métodos mds importantes para modelizar su
comportamiento el método de los componentes que también ha sido adoptado por el Eurocddigo [1].

En el método de los componentes los pardmetros fundamentales son la rigidez y resistencia de cada
uno de los componentes en los que se divide la unidn. El Eurocddigo recoge el comportamiento de los
componentes mas habituales de uniones bidimensionales [2-4], sin embargo los componentes de las
uniones tridimensionales no han sido recogidos en esta normativa. Muchos investigadores han
realizado trabajos en esta linea para proponer formulaciones en este tipo de uniones [5-8].

Uno de los componentes que aparece en las uniones atornilladas tridimensionales con chapas
adicionales soldadas entre las alas del pilar es el E-stub que se muestra en la Fig. 1. Para este
componente ya han sido propuestas formulaciones para los pardmetros fundamentales que definen el
comportamiento que son la rigidez [7] y resistencia [8]. Pero la necesidad de implementar mejoras para
optimizar los calculos de los ingenieros obliga al desarrollo constante de nuevas formulaciones.
Siguiendo esta linea, en este articulo se propone una nueva formulacién para el ancho efectivo utilizado
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en el calculo de la resistencia de este componente que aporta una reduccion del error entre los
resultados analiticos y experimentales tanto en el error medio como en la desviacién estandar.

Figura 1. Unidn atornillada tridimensional con chapas adicionales, E-stub.

2. MODELO MECANICO PARA EL CALCULO DE LA RIGIDEZ DEL E-STUB

Para el desarrollo de un modelo mecanico que determine la resistencia del E-stub se utiliza un modelo
de pértico equivalente en dos dimensiones como el que se presenta en la Fig. 2 donde las vigas 1y 2
representan el ala del pilar y la viga 3 la chapa adicional [7-8].

F/2
Beam 2 Beam 1
¥3 n %2 m
@ I
3 2T 1
Uy

[an]
g n2y
b
m

4 Uyy

S

Figura 2. Modelo de pdrtico equivalente del E-stub.

Los pardmetros mecanicos de las vigas de la Fig. 2 son: h es el canto del pilar, m es definido en el
Eurocddigo [1] segun la Eq. 1y n es definido segln la Eq. 2.

— tye — 0.8 (1)

n=— (2)
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Donde w es la distancia entre tornillos, twc es el espesor del alma del pilar, r es radio de acuerdo del
perfil del pilar y b es el ancho del pilar. La fuerza F es el valor de la fuerza de traccidn sobre la linea de
tornillos que forman el E-stub, considerando Unicamente el caso mds habitual 2 tornillos por linea.

Este problema es resuelto mediante analisis matricial asumiendo un comportamiento lineal y eldstico
el material y pequeiios desplazamientos hasta la formacidn de rétulas plasticas en el pértico
equivalente. Se considera que las primeras rdtulas plasticas se forman en los puntos 1y 2 de la Fig. 2.
Por lo tanto el valor de la resistencia del E-stub serd el valor de la fuerza F que provoca la formacién de
la primera rétula [8].

Los valores de las fuerzas que provocan la formacién de rétulas en los puntos 1y 2 ha sido propuesto
por Loureiro et al. [8] y se corresponde con las Ecuaciones 3 y 4 respectivamente.

(m + n)? <4%Ifc + Igp(m + n))
(3)

Fl,Rd = ZMf,Rd h
mn <Iapn(m +n)+ Zlfcj (m+ 2n)>

(m+n)3 <4%1fc + Igp(m + n))

Fira = 2Mf pq (4)

2m?n (Iapn(m +n) + I % (2m + 3n)>

La expresidn de los momentos de inercia It y lap responde a las Ecuaciones 5 y 6 respectivamente.

1 3 s
Iye = Ebeff.p tfe (5)
_ 3

Iap = Ebeff.P tap (6)

El momento ultimo Mggqg de la seccion del ala se define como.
beff,pfytfzc

My g = —LL220C ?)
Donde f, es el limite eldstico del material y befr, €s ancho efectivo ponderado del pdrtico equivalente
propuesto.

2.1. Definicién del ancho efectivo ponderado

Un ancho efectivo del pdrtico equivalente ya habia sido propuesto por Loureiro et al [8] con un valor
gue correspondia a un patréon de rotura circular que se produce en el ala del pilar alrededor de los
tornillos. Pero aqui se propone utilizar un ancho efectivo ponderado con coeficientes 1.375 y 0.625 de
forma que el pardmetro n adquiere mayor relevancia en la resistencia del E-stub. Por lo tanto se
propone la Eq. 8 para evaluar el ancho efectivo del pértico equivalente.

d,, + (0.625m + 1.375n)
beff,p =27 4 (8)

Donde d; es el didametro de la cabeza del tornillo.

3. VALIDACION DEL ANCHO EFECTIVO PONDERADO
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Para la validacién del ancho efectivo ponderado se utilizan los resultados del estudio paramétrico por
elementos finitos publicado por Loureiro et al [8], donde estudian el E-stub con pilares con diferentes
perfiles laminados, chapas adicionales de diferentes espesores y diferentes tipos de tornillos.

En la resistencia de los modelos analizados hay tres componentes involucrados que serdn: alma del pilar
y chapas adicionales a traccidon (Fewtra), resistencia del ala del pilar a flexién (Fcm ra) Y resistencia de los
tornillos a traccion (Fyra).

Por lo tanto la resistencia del conjunto del E-stub modelizado con elementos finitos sera el minimo de
los tres componentes y responderd a la Eq. 9

Fgra = min(Feyera, Fetords Fo,ra ) (9)
Para evaluar Fewtrd hay que considerar el espesor de las chapas adicionales en la expresion del alma del
pilar a traccién, debido a que estas trabajan a traccion solidariamente con el alma. Por lo tanto la
ecuacion recogida en el Eurocddigo 3 [1] para el alma a traccidn se multiplica por un factor de 1.5 para
tener en cuenta el efecto de las chapas adicionales, asimilando asi el comportamiento de las chapas
adicionales al de unas chapas de refuerzo soldadas al alama, tal como se muestra en la Eq. 10.

wbeff,p 1.5twcfy

Ymo

cht,Rd = (10)

Donde w es un factor de reduccién debido a los efectos del cortante en el panel.

La resistencia del ala del pilar a flexion Femra S€ evalla utilizando las Ecuaciones 3 y 4 tal como se indica
enla Eqg. 11.

Fepra = min(Fy ga, Fara) (11)

La resistencia de los tornillos se evalia de acuerdo al Eurocddigo [1] con la Eq. 12.

Fb,Rd = 0.94; fu,b2 (12)

Donde f,, es la resistencia ultima del tornillo y A es el drea efectiva.

En la Tabla 1 se comparan los resultados de resistencia del E-stub obtenidos en el estudio paramétrico
con elementos finitos realizado por Loureiro et al [8] con la resistencia del modelo mecanico utilizando
un ancho efectivo ponderado. Donde Frem €s la resistencia del modelo de elementos finitos, Fe-swb €5 la
resistencia del modelo mecdnico con el ancho efectivo ponderado, e es el espesor de la chapa adicional,
L es la longitud de la chapa adicional y w es la distancia entre tornillos.

Tabla 1. Comparacidn de la resistencia del modelo mecanico con befr, con los MEF

Modelo Pilar e w L Tornillo  Frem (KN) Festun (KN) Error (%)
(mm) (mm) (mm)

MO01 HEA200 8 90 200 10.9TR20 195 178 -8.6

MO02 HEA200 15 90 200 10.9TR20 203 191 -6.0
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M31 HEA240 8 120 240 10.9TR16 212 218 2.8
M32 HEA240 15 120 240 10.9TR16 220 232 5.3
M33 HEA240 20 120 240 10.9TR16 224 245 9.3
M34 HEA280 8 160 280 10.9TR16 237 239 0.9
M35 HEA280 15 160 280 10.9TR16 250 256 2.4
M36 HEA280 20 160 280 10.9TR16 255 274 7.5
M37 HEA280 8 200 280 10.9TR16 240 234 -2.3
M38 HEA280 15 200 280 10.9TR16 255 256 0.4
M39 HEA280 20 200 280 10.9TR16 265 281 6.0
M40  HEB180 8 100 180 10.9TR20 325 323 -0.6
M41 HEB180 15 100 180 10.9TR20 345 340 -1.5
M42 HEB180 20 100 180 10.9TR20 350 360 2.7
M43 HEB300 8 150 300 10.9TR20 440 441 0.2
M44  HEB300 15 150 300 10.9TR20 440 441 0.2
M45 HEB300 20 150 300 10.9TR20 443 441 -0.5
M46  HEB300 8 180 300 10.9TR20 441 441 0.0
M47 HEB300 15 180 300 10.9TR20 445 441 -0.9
M48  HEB300 20 180 300 10.9TR20 440 441 0.2
M49 HEB300 8 200 300 10.9TR20 443 441 -0.5
M50 HEB300 15 200 300 10.9TR20 445 441 -0.9
M51 HEB300 20 200 300 10.9TR20 443 441 -0.5

Sianalizamos los errores entre los resultados de resistencia del modelo de elementos finitos y el modelo
mecanico con un ancho efectivo ponderado podemos ver que el error medio es de 0.02% y el error
maximo es de 11.8%. De la misma forma analizando la relacién Feem/Fe-stus podemos ver que la media es
1.00 y la desviacion estandar 0.05. Esto supone una mejora con respecto a los valores obtenidos por
Loureiro el al [8] con un ancho efectivo sin ponderar que obtenian una media de 0.996 y una desviacion
estandar de 0.07.

En la Fig. 3, se muestran de manera grafica los valores de resistencia del modelo de elementos finitos
frente a los del modelo mecanico con ancho efectivo ponderado de la Tabla 1, pudiendo observarse
que los puntos se aproximan a una recta de pendiente unidad.
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Figura 3. Resistencia del MEF frente a la resistencia del modelo mecdnico con un ancho efectivo ponderado

4. CONCLUSIONES

En este articulo se ha estudiado la resistencia del E-stub mediante un pértico equivalente donde uno
de los pardmetros fundamentales es el ancho efectivo. Para la evaluacién del ancho efectivo se ha usado
una ponderacién de dos factores, 0.625 para el paradmetro m y 1.375 para el parametro n, lo que ha
permitido obtener unos valores de resistencia muy préximos a los valores obtenidos con modelos de
elementos finitos. Del anélisis estadistico de la relacidn Frem/Festun del estudio paramétrico se obtiene
un valor de la media 1.00 con una desviacion tipica muy baja. Por lo tanto, la introduccion de esta
ponderacién supone un ligero aumento de la complejidad de la formulacion pero mejora la
aproximacioén de la resistencia mediante el modelo mecanico.
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ABSTRACT

Carbon-based nanomaterials such as carbon nanotubes or graphene have drawn the attention of a large
section of the scientific community in recent years. The outstanding mechanical, electrical and thermal
properties of these nanoparticles have impelled the quest for novel high-strength and multifuntional
nanocomposite materials. After some of the first experimental studies reported outstanding
enhancements of the mechanical properties of polymeric matrices doped with small filler
concentrations, most attention of research has focused on carbon nanotubes. Nevertheless, despite a
large number of promising applications of carbon nanotubes as mechanical and multifunctional fillers
has been reported in the literature, some limiting factors such as high manufacturing cost, difficulty in
obtaining adequate uniform dispersions, as well as their highly anisotropic properties, still remain an
obstacle to the extensive development of these composites. However, recent investigations
demonstrate the superior properties of graphene and its derivatives, as well as better dispersion and
relatively low manufacturing cost. Although these recent findings have begun to turn the attention
towards graphene, to date the number of publications dealing with the theoretical analysis of graphene
sheet-reinforced structural elements is rather scant. In this context, the present work reports the
vibrational behavior of graphene sheet- and carbon nanotube-reinforced composite flat panels. The
macroscopic elastic moduli of the composites are computed by means of a Mori-Tanaka
micromechanics model. This framework is apt to account for the morphology of the nanoinclusions so
that it is possible to evaluate the stiffening effect of both carbon nanotubes and graphene sheets. The
results demonstrate superior load bearing capacity of graphene sheet reinforced composite panels for
both fully aligned and randomly oriented filler configurations. In addition, defects in the microstructure
stemming from agglomeration and restacking of graphene sheets into graphite platelets are also
analyzed. The presented approach is envisaged to provide a tractable analytical framework to assess
the potential application of graphene sheets as mechanical reinforcements for high-performance and
light-weight composites.

Keywords: Agglomeration, Carbon nanotubes, Graphene, Graphite platelets, Mori-Tanaka method,
Micromechanics
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Over the last two decades, a broad cross section of the scientific community has endeavoured to
develop carbon-based nanomaterials for high-strength and multifuntional composite materials. Recent
advances in the field of Nanotechnology have led to the production of new polymer nanocomposites
with superior mechanical properties and low mass density, as well as excellent electrical, thermal and
chemical properties. In particular, Carbon Nanotubes (CNTs) and graphene have shown promise for
developing novel advanced nanocomposites [1-3]. CNTs, which can be considered as a rolled-up
graphene sheet, have been reported to provide remarkable enhancements of the mechanical
properties of polymeric matrices doped with small concentrations of CNTs [2, 4]. For instance, Qian et
al. [5] doped polystyrene with a concentration of 1 wt% of Multi-Walled Carbon Nanotubes (MWCNTs),
reaching increases with respect to the neat polymer in elastic modulus and break stress of 36-42% and
~25%, respectively. Despite the promising potential of CNTs, aspects such as high manufacturing cost,
difficulty in obtaining adequate uniform dispersions, as well as their highly anisotropic properties,
remain an obstacle to the extensive development of CNT-reinforced polymer composites. In contrast,
recent investigations agree to report the superior properties of graphene and its derivatives [6-9]. It is
noteworthy the experimental study of Rafiee et al. [10] who compared the effective mechanical
properties of epoxy loaded with Graphene Platelets (GPs), Single Walled Carbon Nanotubes (SWCNTs),
and MWCNTs at a nanofiller concentration of 0.1% wt. Their results shown that graphene led to Young's
modulus 31% higher than that of pristine epoxy, whilst only 3% increments
were reached by SWCNTs. Their results also reported that graphene nanocomposites outperformed
those doped with CNTs in terms of toughness and fatigue behavior. The superiority of graphene is
ascribed to its high specific surface area and nanofiller/matrix interlocking, as well as its two-
dimensional geometry, which facilitates its dispersion and provides more uniform filler distributions
compared to CNTs. These excellent properties showcased by graphene, together with their low
manufacturing cost [11], make graphene a promising nanofiller in the short run.

Recently, much research effort has been devoted to the synthesis and experimental caracterization of
graphene sheet-reinforced nanocomposites. Stankovich et al. [12] first successfully dispersed graphene
sheets throughout polystyrene by means of chemical reduction of exfoliated graphite oxide
nanoplatelets. Kalaitzidou et al. [13] analyzed the morphology and mechanical properties of
polypropylene doped with exfoliated Graphite NanoPlatelets (GnPs). Their results showed that, in
comparison to available commercial fillers such as carbon fibers, carbon black and clays, GnPs had the
strongest reinforcing effect for very low loadings up to 5% in terms of Young’s modulus, as well as
flexural and impact strength. Ramanathan et al. [14] reported the creation of poly (methyl
methacrylate) (PMMA) loaded with Functionalized Graphene Sheets (FGSs). The results showed an
outstanding increase of the elastic modulus of 33% with an addition of only 0.05% of FGSs, exceeding
that obtained for SWCNT-PMMA composites. Another noteworthy contribution was done by Das et al.
[15] who studied the nano-indentation response of PolyVinyl Alcohol (PVA) and PMMA doped with
FGSs. Their results reported significant increases in both the elastic modulus and hardness with the
addition of 0.6 wt% of graphene. Despite these encouraging results from experimentation, the number
of research works dealing with the theoretical analysis of graphene-reinforced composites is still very
scant and, consequently, the analysis of the mechanical response of structural elements made of
nanocomposites doped with graphene and its derivatives is at a very early stage. Micromechanics
homogenization techniques have been widely used to address the overall behavior
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of CNT-reinforced composites [16, 17]. It is worth noting the work by Thostenson and Chou [18] who
adopted the Halpin-Tsai theory to estimate the elastic moduli of CNT-reinforced polystyrene. Hu et al.
[19] employed Molecular Mechanics (MM), computational structure mechanics and Molecular
Dynamics (MD) with a finite element method to tackle the macroscopic elastic properties of CNT-
reinforced composites. Shokrieh and Rafiee [20] proposed an equivalent long fiber to substitute an
embedded CNT in a polymer matrix. To this aim, the authors developed a 3-D finite element model
consisting of a CNT, inter-phase region using vdW interactions, and surrounding polymer. Wuite and
Adali [21] studied the bending behavior of classical symmetric cross-ply and angle-ply laminated beams
reinforced by aligned CNTs and isotropic beams reinforced by randomly oriented CNTs. By using a
micromechanical constitutive model based on the Mori-Tanaka method, they highlighted that small
percentages of CNT reinforcement lead to significant improvement in beam stiffness. Vodenitcharova
and Zhang [22] developed a continuum model for the uniform bending and bending-induced buckling
of a straight nanocomposite beam with circular cross section reinforced by a single-walled carbon
nanotube (SWNT). Formica et al. [23] studied the vibrational properties of cantilevered CNTRC plates
with an Eshelby-Mori-Tanaka approach and finite element modeling. Conversely, studies on the
mechanical behavior of graphene-reinforced polymer composites are still rather scarce. Ji et al. [24]
investigated the stiffening effect of graphene sheets dispersed in polymer nanocomposites using the
Mori-Tanaka micromechanics method. The results highlighted the superior stiffening capability
of graphene sheets compared to CNTs. Sapnos et al. [25] used a micromechanical finite element
approach to obtain the mechanical properties of the composites reinforced by uniformly distributed
graphene. Rahman and Haque [26] employed MM and MD simulations to study the GPs/epoxy
nanocomposites. Li et al. [27] studied the mechanical response of a graphene sheet sandwiched
between ultra-thin polymer layers. Feng et al. [28] studied the nonlinear bending behavior of multi-
layer polymer nanocomposite beams reinforced with funcionally graded distributions of graphene
platelets. The effective macroscopic properties of the composites were computed by a modified Halpin-
Tsai micromechanics model.

Along with these fascinating stiffening effect of graphene sheets, there also exist some studies in the
literature reporting no improvements or even reductions in properties [29-32]. One of the main reasons
of these discrepancies is the appearance of non-uniform spatial distributions of nanofillers. Due to the
electronic configuration of carbon-based nanoparticles as well as their high specific surface area, and
therefore, large van de Waals (vdW) attraction forces [33—-35], both graphene sheets as CNTs tend to
agglomerate. A noticeable contribution in this respect is the work by Shi et al. [36] who introduced a
two-parameter agglomeration model to estimate the macroscopic elastic moduli of CNT-reinforced
polymer composites. That approach consists of considering the agglomerates as ellipsoidal inclusions
so that one can conduct the homogenization process in two separate steps. The results demonstrated
substantial decreases of the elastic modulus of the composites, what highlights
the widespread thought of agglomeration as microstructure defects. The same approach was utilized
by Ji et al. [24] to investigate the agglomeration effects in graphene sheet-reinforced composites.
Similarly, their results highlighted the detrimental effect of agglomeration on the macroscopic
mechanical behavior of the nanocomposites. In addition, it has been reported in the literature that
individual layers of graphene undergo out-of-plane wrapping, rippling, folding, scrolling and crumpling
[37-39], which can weaken the effective behavior of the composite. In this line, Ji et al. [24] also
extended their Mori-Tanaka micromechanics approach for considering restacking of graphene sheets
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forming multi-layered graphite. Likewise, their results evidenced reductions in the
overall elastic moduli with increasing number of graphene sheets restacked into graphite platelets.

In this paper, the Mori-Tanaka homogenization scheme presented in [24] is utilized to investigate the
free vibrational behavior of graphene sheet- and CNT-reinforced polymer composite plates. A detailed
parametric analysis is presented to assess the benefits, from a mechanical perspective, of graphene
compared to CNTs. In addition, the two-parameter agglomeration model proposed by Shi et al. [36] is
adopted to estimate the agglomeration effects for both nanoinclusions. Finally, the effects of restacking
of graphene sheets on the free-vibration behavior of composite panels is also analyzed.

This paper is organized as follows: Section 2 presents the composite plates analyzed in this study as well
as the material properties of the different phases. Section 3 overviews the micromechanics
homogenization of the elastic moduli of graphene sheet- and carbon nanotube-reinforced polymer
composites, both fully aligned and randomly oriented filler configurations. Section 4 introduces the
consideration of some limiting factors of the load bearing capacity of polymer nanocomposites, namely
agglomeration effects and restacking of graphene sheets. Section 5 presents the numerical results and
discussion and, finally, Section 6 concludes the paper and summarizes the main findings.

2. GRAPHENE SHEET- AND CARBON NANOTUBE- REINFORCED POLYMER PLATES

Figure 1 shows the polymer nanocomposite plates studied in this paper, with length a, width b,
thickness t and filler orientation angle a. The numerical studies are conducted with the commercial
Finite Element (FE) code ANSYS v18.0. Panels are modeled with the standard structural shell element,
Shell 181 [40]. This element type is a quadrilateral 4-nodes element involving both bending and
membrane properties with three rotational and three translational degrees of freedom per node. This
element is suitable for thin to moderately-thick shell structures. Both natural frequencies and mode
shapes are computed by a conventional eigenvalue modal analysis.

Two different nanoinclusions are studied, namely graphene sheets and SWCNTs as illustrated in Fig. 2.
An atom thick graphene sheet is comprised of a two-dimensional (2D) hexagonal network of covalently
bonded carbon atoms. In order to define the graphene microstructure, a local coordinate system x; -
X, - X3 is set up as shown in Fig. 2(a). Thence, a graphene layer lays on the x; — x, plane and x3-axis
is normal to its surface. In spite of the fact that a widely-accepted definition of the elastic moduli of
graphene is still lacking in the literature, most studies agree to consider graphene as a transversely
isotropic material. According to Lee et al. [41] and Reddy et al. [42], we take the in-plane Young's
modulus and Poisson’s ratio as E3;=1020 GPa and v,,=0.4, respectively. In view of its one-atom
thickness and possible interaction with the polymer matrix, the out-of-plane modulus E5 and the shear
modulus G135 are assumed to be 100 times the in-plane modulus, while another Poisson’s ratio, V31, is
taken as 1% of v4,, i.e. E3=(G13=102000 GPa and v5;=0.004. In accordance with the notation of Hill [43]
and Walpole [44], the tensor of elastic moduli of a transversely isotropic inclusion, C,., can be noted as
C, =2k, L., n., 2m,, 2p,), where k,, l,, m,, n,. and p, are fiber Hill's elastic moduli [43]; k,. is the
plane-strain bulk modulus under lateral dilatation in the x; — x, plane, n, is the uniaxial tension
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modulus in the x5 direction, L, is the associated cross modulus, m,. and p,. are the shear moduli in the
X1 — X, and x; — x3 planes, respectively. Thus, the stiffness tensor we use for a graphene sheet is
cI7P"eme - (1700, 6.8, 102000, 738, 204000) GPa. On the other hand, SWCNTSs consist of a rolled-up
graphene sheet that forms a cylinder as shown in Fig. 2(b). In this case, CNTs exhibit symmetric material
properties about the x;-axis and the x, — x3 plane defines a plane of isotropy. According to Popov et
al. [45], the stiffness tensor for CNTs are C?"t = (60, 10, 450, 2, 2) GPa. Finally, the matrix material
studied in this paper is polystyrene with Young’s modulus E,,,=1.9 GPa and Poisson’s ratio v,,,=0.3 so
that the matrix stiffness tensor can be noted as C,,, = (3k,,,; 21,,) = (4.75; 1.46), with k,,, and ,,, being
the matrix’s bulk and shear moduli, respectively.

Z
b
a ,,/, ,a \ “,_1"
e X
NN NN
, v

/

X

Figure 1: Geometry and coordinate system of polymer nanocomposite plate.

Figure 2: Coordinate system for a single graphene sheet (a) and a carbon nanotube (b).

3. MICROMECHANICS PREDICTION OF THE EFFECTIVE ELASTIC MODULI OF GRAPHENE SHEET- AND
CARBON NANOTUBEREINFORCED COMPOSITES
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This section briefly overviews the micromechanics prediction of the elastic moduli of graphene sheet-
and carbon nanotube-reinforced polymer matrices. The Eshelby-Mori-Tanaka homogenization
framework is considered and both fully aligned and randomly oriented filler configurations are studied.

3.1. Effective elastic properties of fully aligned nanoinclusions

Let IV denote the Representative Volume Element (RVE) of a linear elastic polymer matrix doped with
N different dispersed inclusions (e.g. aligned graphene sheets and CNTs of Figs. 3 (a) and (b),
respectively). It is assumed that the RVE contains a sufficient number of fillers in such a way that the
overall properties of the composite are statistically represented [46]. It is assumed that both graphene
sheets and CNTs can be considered as transversely isotropic ellipsoidal inclusions dispersed throughout
the matrix. In addition, the hosting matrix material is defined isotropic and perfect bonding between
phases is assumed. In conjunction with the used Hill's notation, Hooke's law for inclusions with
transversely isotropic properties (x5 is the axis of material symmetry) takes the form:

(a) (b)

(c)

Figure 3: RVE containing fully aligned graphene sheets and CNTs, (a) and (b), respectively, and randomly oriented
graphene sheets and CNTs, (¢) and (d), respectively.

ky+m, kp,—m, I, 0 0 0 1
|kr —my ky+mp L. 0 0 0|
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expression that can be directly applied to graphene layers according to the coordinate system illustrated
in Fig.2 (a). On the other hand, the definition of the stiffness tensor of CNTs can be readily obtained by
a counter-clockwise rotation of Eq. (1) by a /2 angle about x,-axis. Throughout this work, the
superscripts “r’ and “m” refer the corresponding quantity to the rth inclusion and matrix occupied
portions of V. With this convention, the relationships between the total average strain and stress
tensors in the RVE, € and &, respectively, are defined by the rule of mixtures as follows:

N
£=f,Em 4+ z fE 2)

r=1

N (3)
G = fud"+ ) fio"
r=1

Here, €™ and @™ are the average strain and stress in the matrix, and € and " are the corresponding
orientation-dependent average fields in a typical inclusion. f,. denotes the volume fraction occupied by
rth the inclusions and, therefore, the volume fraction of the matrixis f,,, = 1 — Y:’_, f,.. In addition, the
interaction between the average rth inclusion strain with the corresponding average matrix strain is
governed by the strain concentration tensor A" as:

g=A"g" (4)

Equations (2), (3), and (4), as well as the linear elastic constitutive laws of the phases, namely rth
inclusion and matrix as @' = C,: € and a™ = C,,: €™, respectively, suffice to identify the equivalent
material's effective stiffness C defined through ¢ = C: €, and whose resulting expression reads:

g =A"em (5)

The Mori-Tanaka (MT) method [47] is one of the most commonly used homogenization approaches due
to its simplicity. The MT method allows extending the theory of Eshelby [48,49], restricted to one single
inclusion embedded in a semi-infinite elastic, homogeneous and isotropic medium, to the case of a
finite domain doped with multiple inhomogeneities. The Eshelby-Mori-Tanaka method, also known as
the equivalent inclusion-average stress method, is based on the equivalent elastic inclusion idea of
Eshelby and the concept of average stress in the matrix stated by Mori-Tanaka. According to
Benveniste's revision [50], the effective elastic tensor by the Eshelby-Mori-Tanaka method writes:

-1

N
A fid + frA2“> (6)
(-2

where I is the fourth rank identity tensor, and A?” denotes the strain concentration tensor for the limit

C =

N
FnCon + ) fo(CmAEY)
r=1

case of a single anisotropic ellipsoidal inhomogeneity in an infinite matrix whose expression was stated
by Eshelby [48] as:
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A% = [1+S,:Crt: (Cr— Co)]| ™ (7)

The Eshelby's tensor S,., well documented in Mura [51], accounts for the interaction of the mechanical
strain within the rth isolated inclusion and the elastic surrounding. Let us remark that, in the case of
ellipsoidal inclusions embedded in an isotropic medium, the Eshelby's tensor depends upon the aspect
ratio of the inclusion and the Poisson's ratio of the matrix. In order to count on a general framework for
the analysis of both 2D graphene layers and 1D CNTs, both fillers are defined as ellipsoidal domains as:

x{  x§ %3
_2 + i —_
ay

<1 8
22 (8)

+
2
az

with a4, a,, and a; the semi-axes of the inclusion in the x;, x, and x5 axes. Hence, the general Eshelby's
tensor is defined as:

Sijkt = Sjikt = Sijik (9a)
1-2v
S =————a?ll = 9b
1111 87T(1—Vm)a1 utyg A—v )t (9b)
1 1-2v
=  a?l,—-———"T 9
S1122 8r(1—v,) azly; (1 —v, ) ! (9¢)
1—-2v
— 2p o~ "m 9d
S1133 8r(1—v,,) azly3 8n(1—v,,) * (9d)
2 2
ai +a; 1-2v,
= I 9e
S1212 16m(1 — vyy) 2 * 16m(1 —v,,) (e)
A(s) = \/(a% +s)(a3 +s)(a3 +s) (10a)
@ ds
I = Znalazagf —— (10b)
o (af +5)A(s)
@ ds
I, = 2na1a2a3j PR YVEY (10c)
o (af +5)2A(s)
@ ds
112 = 2ﬂa1a2a3j 2 2 (10d)
o (af +s)(az + s)A(s)
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The remaining coefficients are found by simultaneous cyclic permutation of (1,2,3) and (a4, a,, as).
Finally, the definition of the Eshelby's tensor in Voigt matrix notation writes:

Sijkl if pP= 1,2,3
Spq ={ (11)

ZSijkl if P = 4,5,6
3.2. Effective elastic properties of randomly oriented nanoinclusions

In order to describe the fillers' orientation, two Euler angles, polar 8 and azimuthal angles y, are
defined. Due to the high number of fillers contained in the RVE, the description of their orientation field
is of statistical nature. The probability of a filler lying in an infinitesimal range of angles 8 and 6 + d&,
and y and y +dy is given by Q(6,y)sin(8)dfdy, with Q(6,y) being the so-called Orientation
Distribution Function (ODF). Any ODF must satisfy the following normalization condition:

2w ~m/2
f f Q(8,y)sin(0)dody = 1 (12)
o Jo

The integration of any ODF weighted function F(68,y) over all possible orientations in the Euler space,
also referred to as the orientational average of F, (F), is defined through:

2 /2
(F) = f f F(8,7)Q(8,y) sin(0) dody (13)
0 0

If the fillers are completely randomly oriented, the density function is Q(6,y) = 1/ 2. According to
the Mori-Tanaka method, the overall constitutive tensor is defined as:

-1

N
| fud + fr<A?”)) (14)
(02

Closed-form expression of Eq. (14) can be found in [24].

C =

N
fmCom + z friCrm: Arqil)
r=1

4. FACTORS LIMITING THE LOAD BEARING CAPACITY

In this section, factors limiting the load bearing capacity are included in the previously presented
micromechanics approach, namely agglomeration and restacking of graphene sheets.

4.1. Agglomeration effects

A critical phenomenon to be taken into consideration for the simulation of nanocomposites is the
appearance of non-uniform spatial distributions of nanoinclusions. The difficulty in obtaining good fiber
dispersions is related to the circumstance that nanofillers tend to agglomerate in bundles. This effect is
attributed to the electronic configuration of carbon-based nanoparticles and their high specific surface
area which increases the van de Waals (vdW) attraction forces among fillers [33-35]. It is extensively
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reported in the literature that bundles can substantially decrease the overall mechanical properties of
the composites. In this paper, the two-parameter agglomeration model introduced by Shi et al. [36] is
here adopted to model the effective mechanical properties of non-uniform distributions of fillers. This
approach differentiates two regions, one with high filler concentration, corresponding to spherical
clusters, and another with low filler concentration, i.e. the surrounding composite. Therefore, the total
volume of fillers, 1., dispersed in the RVE, V/, can be divided into the following two parts:

V.= Vrbundles_H/rm (15)

where Pundles gnd /™ denote the volumes of CNTs dispersed in the bundles and in the matrix,
respectively. In order to characterize the agglomeration of CNTs in bundles, Shi et al. [36] introduced
two parameters, & and ¢, as follows:

bundles
_ Vbundles _ Vr

=L 16
v 7 (16)

§

where Vy,naies IS the volume occupied by the bundles in the RVE. The agglomeration parameter ¢
represents the volume ratio of bundles with respect to the total volume of the RVE. On the other hand,
¢ stands for the volume ratio of fillers within the bundles with respect to the total volume of fillers. This
pair of parameters unequivocally determine the agglomeration scheme as outlined in Fig. 4. After some
straightforward manipulations, the CNT volume fractions in the bundles and the surrounding
composite, ¢; and ¢,, respectively, can be expressed as:

¢ 1-¢
a=fy =fiz (17)

being f,- the total volume fraction in the composite. It can be extracted from Eq. (17) that { = & must
be met in order to impose a higher filler concentration in the clusters. The limit case { = & represents
an uniform distribution of the fillers, whilst the heterogeneity degree grows for larger values of { with

limit case of { = min (l,fi). Hence, the homogenization process can be carried out in two steps. Firstly,
T

the overall constitutive tensor of the inclusions, C'?, and the surrounding composite, C°U, are obtained
with polymer as matrix and nanotubes as inclusions with concentrations c¢; and c,, respectively.
Secondly, the effective constitutive tensor of the composite, C*, is computed considering the
surrounding composite as matrix material and bundles as inclusions. On this basis, the micromechanics
approach of Eq. (6) can be extended to account for agglomeration. Closed-form solutions of randomly
oriented graphene sheets and CNTs with agglomeration in spherical bundles can be found in [24] and
[36], respectively.
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Figure 4: Schematic representation of the two parameter agglomeration model

4.2. Restacking of graphene sheets

In practical nanocomposites, 2D graphene sheets have a tendency to stack up and form multi-layered
graphite due to the steric effect and the vdW interaction between different sheets. The shape of
graphite will influence the stiffening effect due to its dominance in the Eshelby's tensor. We examine
the representative situation where the graphene sheets stack up in the shape of ellipsoids with two
semi-major axes equal in length, i.e. a; = a,, and a semi-minor axis az is defined by the aspect ratio
a; /a4 represents the thickness of the resulting restacked graphene sheets, as shown in Fig. 5. On this
basis, the Eshelby's tensor can be reckoned by Egs. (9) and (10). The elastic parameters of graphite is

taken from [52] as CZ"*P"®=(1240,15,36.5,880,8) GPa.

Figure 5: Schematic representation of restacking of graphene sheets forming multi-layered graphite
and equivalent ellipsoid.
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5. DISCUSSION

In this section, a detailed parametric analysis of the vibrational behavior of graphene sheet-reinforced
polymer composite plates is presented. According to the geometrical definition presented in Fig. 1,
square plates of dimensions a=b=100 cm, and t=a/50 are studied. Two different kinds of boundary
conditions are investigated, namely all edges simply supported (SSSS) and clamped (CCCC). The
boundary conditions at any edge can be defined as follows:

{us =u,=¢;, =0 : Simply supported edge (S) (18)
Us =uUy, =u, = Qs = @, =0 : Clamped edge (C)
with u and ¢ standing for translation and rotational degrees of freedom, respectively. The subscripts n
and s denote the normal and tangential directions, respectively. The non-dimensional frequency
parameter for vibration analysis is defined by:

b?% |pt
h=w % (19)

where w is the angular frequency of the CNTRC plates, p is the plate density per unit volume and D =
Ent3/12(1 —v2) is the flexural rigidity of the neat polymer plate. The material properties of the
different phases involved in the analyses are summarized in Table 1. In this study, it is assumed that the
effective material properties are independent of the geometry of the plates. The overall density p of a
two-phase nanocomposite plates can be determined according to the standard rule of mixtures as p =
frPr + fmPm.- Finally, the transverse shear correction factor k, for computing the shear stiffness matrix
of the composite plates is given by Efraim and Eisenberg [53] as:

— 6— fTVIZ - fmvm (20)

kg c

Firstly, the effect of filler content on the macroscopic elastic moduli of fully aligned graphene sheet-
and CNT-reinforced composite plates is analysed in Fig. 6 for both SSSS and CCCC boundary conditions.
Both graphene sheet and CNT nanofillers are studied, corresponding to solid and dashed lines
respectively. The first mode shapes for SSSS boundary conditions and graphene sheet- and CNT-
reinforced composite panels are depicted in Fig. 7. It is evidenced that the stiffening effect of graphene
sheets overtakes that of CNTs for all the natural frequencies. For instance, the addition of graphene at
a volume fraction of 0.05 rises the first natural frequency of the SSSS composite panels up to five times
that of the neat polymer, whilst CNTs only doubles this value. Let us remark that, in the case of graphene
sheet-reinforced composites, the second and third natural frequencies overlap due to symmetry about
x —z and y — z planes, in accordance with the mode shapes shown in Fig. 7. In the case of CNTs,
according to the filler configuration described in Fig. 1, the macroscopic stiffness may be tuned by
varying the filler orientation angle a. Fig. 8 shows the comparison between the fundamental frequency
of SSSS graphene-reinforced composite plates and that of CNT-reinforced composite plates with varying
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filler orientation angles. Three different filler volume fractions are considered in this analysis, namely
f=0.05, 0.1 and 0.2. It can be extracted from this analysis that the superior stiffening effect of graphene
sheets compared to CNTs is more acute at higher filler contents. This fact, together with the better
dispersion of graphene reported in the literature, is of pivotal importance for practical application.
Indeed, it can be also seen that the fundamental frequency of CNT-reinforced composites can be tuned
by conveniently aligning the fillers, however, for the analysed filler contents, CNTs cannot even provide
half of the one obtained with graphene sheets for all the range of angles.

Table 1: Elastic moduli of constituent phases, namely graphene, graphite, CNT and polystyrene, Refs.
[10, 54, 55].

Graphene Graphite CNT Polystyrene
k, (GPa) 850.0 620.0 30.0 E,, (GPa) 1.9
l, (GPa) 6.8 15.0 10.0 Vin 0.3

n, (GPa)  120000.0  36.5  450.0 | p,, (kg/m3) 1040

m, (GPa) 369.0 440.0 1.0
p, (GPa)  120000.0 4.0 1.0
py (kg/m3) 2300 1060 1400

(b)
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Figure 6: Non-dimensional natural frequencies versus filler volume fraction for fully aligned graphene
sheet- and CNT-reinforced composite plates, corresponding to solid and dashed lines, respectively
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(a=b=100 cm, t=a/50, SSSS (a) and CCCC (b) boundary conditions).

Mode 1 Mode 2 Mode 3 Mode 4

Graphene

CNT

Figure 7: First four mode shapes for fully aligned graphene sheet- and CNT-reinforced composite
plates (a=b=100 cm, t=a/50, f,-=0.2, SSSS).
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Figure 8: Ratio between the non-dimensional fundamental frequency of CNT-reinforced composite

plates 25" and that of fully aligned graphene sheet-reinforced composite plates 19" *""¢" with
varying filler orientation angle a (a=b=100 cm, t=a/50, SSSS).

The comparison between the stiffening effect of graphene sheets and CNTs is also conducted for
randomly oriented configurations in Fig. 9. In this case, both composites exhibit isotropic elastic moduli
and thus second and third natural frequencies coincide. It can be extracted that randomly oriented
configurations, as typically found when no special aligning techniques are undertaken, are less
effective and the load bearing capacity is lower than that obtained with fully aligned configurations.
With regard to the comparison between nanofillers, graphene leads to much stiffer composites so that
similar conclusions to previous analysis can be extracted here.

Finally, we examine the comparison of graphene sheets and CNTs on the basis of the multi-inclusion
micromechanics approach. To this aim, the filler volume fraction is divided between graphene sheets
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and CNTs. A volume fraction f,,; is defined as the fraction of CNTs with respect to the total volume of
nanofillers. Hence, the volume fractions of graphene sheets and CNTs are defined as f.,:f, and
(1 = fene) fr, respectively. As expected from the previous analyses, it can be observed that as f,,;
increases, the content of CNTs increases and the composite thus exhibits less stiff behavior.

|
0 0.05 0.1 0.15 0.2

Figure 9: Non-dimensional natural frequencies versus filler volume fraction for randomly oriented
graphene sheet- and CNT-reinforced composite plates, corresponding to solid and dashed lines,
respectively (a=b=100 cm, t=a/50, SSSS boundary condition).

30
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Figure 10: Non-dimensional natural frequency of composite plates reinforced by randomly oriented
graphene sheets, some of which have rolled up into CNTs a=b=100 cm, t=a/50, SSSS boundary
condition).

Finally, the effects of agglomeration and restacking of graphene sheets are analyzed. Fig. 11 shows the
non-dimensional fundamental frequency for different graphene volume fractions, namely f£,.=0.05,
0.10, 0.15 and 0.20, and varying agglomeration degree. In the first analysis, Fig. 11 (a), the
agglomeration parameter £ is fixed with value 0.2, while the remaining agglomeration parameter {
ranges from 0 to 1. In other words, the ratio of spherical bundles with respect to the total volume of
the RVE is fixed, while the filler distribution ranges from the limit case of all the fillers dispersed outside
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and inside the bundles. The limit case of £ = { =0.2 stands for perfectly uniform distribution, while the
heterogeneity stems from the distinct filler concentrations within and outside the bundles. It is
evidenced that the agglomeration of graphene sheets induces detrimental effects on the macroscopic
properties of the composites. For instance, in the case of f,=0.2, the limit case of all the nanofillers
gathered within the bundles yield reductions of the fundamental frequency up to 80\%. This sort of
results highlights the importance of developing efficient dispersion techniques to tackle the
appearance of agglomerates which act as defects in the resulting micro-structure. Similarly, Fig. 11 (b)
analyses the agglomeration effect on the non-dimensional fundamental frequency when ¢ is fixed with
value 0.5. In this case, similar conclusions can be extracted.

(@) £ =02 ) E=05
30 T 30 T
—o—f, = 0.05
- £, =0.10
25| fo015 2% .

i | 1
00 0.2 0.4 0.6 0.8 1 00 0.2 0.4 0.6 0.8 1

4 e

Figure 11: Non-dimensional fundamental frequency of a composite panel reinforced by randomly
oriented graphene sheets with agglomeration: (a) £ =0.2 and (b) ¢ =0.5 (a=b=100 cm, t=a/50, SSSS
boundary condition).

Figures 12 (a) and (b) show the non-dimensional fundamental frequency of graphene sheet-reinforced
composite panels with restacking effects for fully aligned and randomly oriented configurations,
respectively. In accordance with Fig. 5, the restacking of graphene sheets forming multi-layered
graphite platelets can be modeled by ellipsoidal inclusions with aspect ratio as/a;. It is extracted that
for increasing number of stacked graphite layers, i.e. higher aspect ratio as/a,, the overall stiffness
decreases for both cases. It is especially critical for aspect ratios az/a; above E-3 where the most
drastic reductions are found. These results evidence that the stiffening effect of graphene sheets may
be dramatically reduced when a considerable fraction of fillers stacks up forming platelets of graphite.
In order to further this analysis, Fig. 13 shows the non-dimensional fundamental frequency of
composite panels doped with graphene sheets, some of which are lumped into graphite platelets. To
this purpose, similarly to the analysis of composites doped with both graphene sheets and CNTs, a
parameter foiqcking is defined as the ratio of the total volume of fillers defined as graphite platelets.
An aspect ratio of the graphite platelets is fixed at az/a; = 0.1 and three different filler contents are
analyzed, namely f,.=0.05, 0.1 and 0.2. It is observed that increasing contents of graphene sheets
lumped into graphite platelets yield drastic reduction of the overall stiffness.
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Figure 12: Non-dimensional fundamental frequency of a composite panel reinforced by fully aligned
and randomly oriented graphene sheets with restacking effects, (a) and (b) respectively (a=b=100
cm, t=a/50, SSSS boundary condition).
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Figure 13: Non-dimensional natural frequency of composite plates reinforced by randomly oriented
graphene sheets, some of which are lumped into graphite platelets (a=b=100 cm, t=a/50, a;/a,;=0.1,
SSSS boundary condition).

6. CONCLUSIONS

This paper presents a study of the vibrational behavior of graphene sheet- and CNT-reinforced
composite plates by means of a Mori-Tanaka micromechanics model. Harmful effects reported in the
literature such as agglomeration and restacking of graphene sheets have been considered. In order to
highlight the superior load bearing capacity of graphene compared to CNTs, detailed parametric
analyses have been presented. Micromechanical aspects such as filler content, filler distribution,
heterogeneous filler dispersions and restacking of graphene into graphite platelets have been
investigated. Overall, the key findings of this work are summarized as follows:
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e The stiffening effect of graphene sheets as mechanical additives have been shown superior in
comparison to CNTs. In both fully aligned and randomly oriented distributions, graphene has
been shown to provide higher resonant frequencies.

e The fundamental frequency of CNT-reinforced flat panels can be tuned by different filler
orientations. Nevertheless, the presented results demonstrate that the stiffening effect of
graphene sheets surpasses all the possible CNT configurations.

e Agglomeration of fillers into clusters may be understood as a mechanical defect in the
microstructure of the composite. The results demonstrated critical reductions of the resonant
frequency as the heterogeneity degree of the filler dispersion increases.

e The restacking of graphene sheets into graphite platelets is a limiting factor of the macroscopic
behavior of these composites. The numerical results showed dramatic reductions of the
effective resonant frequencies for higher fractions of graphene sheets lumped into graphite
platelets.

The present work is envisaged to provide a valuable theoretical framework to investigate the behavior
of graphene sheet-reinforced structural elements. In virtue of a tractable analytical formulation, the
present approach is readily applicable to an extensive range of structural elements, as well as assist the
design of high performance graphene sheet-reinforced composites.

ACKNOWLEDGEMENTS

This work was supported by the Ministerio de Economia y Competitividad of Spain and the Consejeria
de Economia, Innovacion, Ciencia y Empleo of Andalucia (Spain) under projects DP12014-53947-R and
P12-TEP-2546. E. G-M was also supported by a FPU contract-fellowship from the Spanish Ministry of
Education Ref: FPU13/04892. The financial support is gratefully acknowledged.

REFERENCES

[1] W. Choi, I. Lahiri, R. Seelaboyina, Y. S. Kang, Synthesis of graphene and its applications: a review,
Critical Reviews in Solid State and Materials Sciences 35 (2010) 52-71.

[2] J. N. Coleman, U. Khan, W. J. Blau, Y. K. Gunko, Small but strong: a review of the mechanical
properties of carbon nanotube—polymer composites, Carbon 44 (2006) 1624—-1652.

[3] R.F. Gibson, A review of recent research on mechanics of multifunctional composite materials
and structures, Composite Structures 92 (2010) 2793-2810.

[4] Z. Spitalsky, D. Tasis, K. Papagelis, C. Galiotis, Carbon nanotube—polymer composites:
Chemistry, processing, mechanical and electrical properties, Progress in Polymer Science 35
(2010) 357-401.

[5] D. Qian, E. C. Dickey, R. Andrews, T. Rantell, Load transfer and deformation mechanisms in
carbon nanotube-polystyrene composites, Applied Physics Letters 76 (2000) 2868—-2870.

182 CMMoST 2017



Enrique Garcia-Macias', Luis Rodriguez-Tembleque? and Andrés Saez®

[6] M. Martin-Gallego, M. M. Bernal, M. Hernandez, R. Verdejo, M. A. Lopez-Manchado,
Comparison of filler percolation and mechanical properties in graphene and carbon nanotubes
filled epoxy nanocomposites, European Polymer Journal 49 (2013) 1347-1353.

[7] G.Mittal,V.Dhand, K.Y.Rhee, S.J. Park, W.R. Lee, A review on carbon nanotubes and graphene
as fillers in reinforced polymer nanocomposites, Journal of Industrial and Engineering Chemistry
21(2015) 11-25

[8] I. Zaman, H. C. Kuan, J. Dai, N. Kawashima, A. Michelmore, A. Sovi, S. Dong, L. Luong, J. Ma,
From carbon nanotubes and silicate layers to graphene platelets for polymer nanocomposites,
Nanoscale 4 (2012) 4578-4586.

[9] Z. Li, R. J. Young, N. R. Wilson, I. A. Kinloch, C. Valls, Z. Li, Effect of the orientation of
graphenebased nanoplatelets upon the young’s modulus of nanocomposites, Composites
Science and Technology 123 (2016) 125-133.

[10] M. A. Rafiee, J. Rafiee, Z. Wang, H. Song, Z.-Z. Yu, N. Koratkar, Enhanced mechanical properties
of nanocomposites at low graphene content, ACS nano 3 (2009) 3884—-3890.

[11] S. Y. Yang, W. N. Lin, Y. L. Huang, H.-W. Tien, J.-Y. Wang, C.-C. M. Ma, S.-M. Li, Y.-S. Wang,
Synergetic effects of graphene platelets and carbon nanotubes on the mechanical and thermal
properties of epoxy composites, Carbon 49 (2011) 793-803.

[12] S. Stankovich, D. A. Dikin, G. H. B. Dommett, K. M. Kohlhaas, E. J. Zimney, E. A. Stach, R. D. Piner,
S. T. Nguyen, R. S. Ruoff, Graphene-based composite materials, nature 442 (2006) 282-286.
[13] K. Kalaitzidou, H. Fukushima, L. T. Drzal, Mechanical properties and morphological
characterization of exfoliated graphite-polypropylene nanocomposites, Composites Part A:

applied science and manufacturing 38 (2007) 1675-1682.

[14] T. Ramanathan, A. A. Abdala, S. Stankovich, D. A. Dikin, M. Herrera-Alonso, R. D. Piner, D. H.
Adamson, H. C. Schniepp, X. R. R. S. Chen, R. S. Ruoff, Functionalized graphene sheets for
polymer nanocomposites, Nature nanotechnology 3 (2008) 327-331.

[15] B. Das, K. E. Prasad, U. Ramamurty, C. N. R. Rao, Nano-indentation studies on polymer matrix
composites reinforced by few-layer graphene, Nanotechnology 20 (2009) 125705.

[16] K. Liew, Z. Lei, L. Zhang, Mechanical analysis of functionally graded carbon nanotube reinforced
composites: a review, Composite Structures 120 (2015) 90-97.

[17] G. Pal, S. Kumar, Modeling of carbon nanotubes and carbon nanotube-polymer composites,
Progress in Aerospace Sciences 80 (2016) 33-58.

[18] E. T. Thostenson, T. W. Chou, On the elastic properties of carbon nanotube-based composites:
modelling and characterization, Journal of Physics D: Applied Physics 36 (2003) 573.

[19] N. Hu, H. Fukunaga, C. Lu, M. Kameyama, B. Yan, Prediction of elastic properties of carbon
nanotube reinforced composites, volume 461, The Royal Society, 2005, pp. 1685-1710.

[20] M. M. Shokrieh, R. Rafiee, Prediction of mechanical properties of an embedded carbon
nanotube in polymer matrix based on developing an equivalent long fiber, Mechanics Research
Communications 37 (2010) 235-240.

[21] J. Wuite, S. Adali, Deflection and stress behaviour of nanocomposite reinforced beams using a
multiscale analysis, Composite structures 71 (2005) 388—396.

[22] T. Vodenitcharova, L. Zhang, Bending and local buckling of a nanocomposite beam reinforced
by a singlewalled carbon nanotube, International Journal of Solids and Structures 43 (2006)
3006—-3024.

[23] G. Formica, W. Lacarbonara, R. Alessi, Vibrations of carbon nanotube-reinforced composites,
Journal of Sound and Vibration 329 (2010) 1875—-1889.

CMMoST 207 183



Free vibration analysis of graphene sheet- and carbon nanotube-reinforced polymer plates
Fourth International Conference on Mechanical Models in Structural Engineering
Madrid. 29 nov-0.1 dec 2017.

[24] X. Y. Ji, Y. P. Cao, X. Q. Feng, Micromechanics prediction of the effective elastic moduli of
graphene sheet-reinforced polymer nanocomposites, Modelling and Simulation in Materials
Science and Engineering 18 (2010) 045005.

[25] K. N. Spanos, S. K. Georgantzinos, N. K. Anifantis, Mechanical properties of graphene
nanocomposites: a multiscale finite element prediction, Composite Structures 132 (2015) 536—
544,

[26] R. Rahman, A. Haque, Molecular modeling of crosslinked graphene-epoxy nanocomposites for
characterization of elastic constants and interfacial properties, Composites Part B: Engineering
54 (2013) 353-364.

[27] X. Li, J. Warzywoda, G. B. McKenna, Mechanical responses of a polymer graphene-sheet nano-
sandwich, Polymer 55 (2014) 4976-4982.

[28] C. Feng, S. Kitipornchai, J. Yang, Nonlinear bending of polymer nanocomposite beams
reinforced with non-uniformly distributed graphene platelets (gpls), Composites Part B:
Engineering 110 (2017) 132-140.

[29] W. Li, A. Dichiara, J. Bai, Carbon nanotube-graphene nanoplatelet hybrids as high-performance
multifunctional reinforcements in epoxy composites, Composites Science and Technology 74
(2013) 221-227.

[30]J. Cho, J. Y. Chen, I. M. Daniel, Mechanical enhancement of carbon fiber/epoxy composites by
graphite nanoplatelet reinforcement, Scripta materialia 56 (2007) 685—688.

[31]J. A. King, D. R. Klimek, I. Miskioglu, G. M. Odegard, Mechanical properties of graphene
nanoplatelet/epoxy composites, Journal of Applied Polymer Science 128 (2013) 4217-4223.

[32] X. Wang, L. Song, W. Pornwannchai, Y. Hu, B. Kandola, The effect of graphene presence in flame
retarded epoxy resin matrix on the mechanical and flammability properties of glass fiber-
reinforced composites, Composites Part A: Applied Science and Manufacturing 53 (2013) 88—
96.

[33] A. Allaoui, S. Bai, H. Cheng, J. Bai, Mechanical and electrical properties of a MWNT/epoxy
composite, Composites Science and Technology 62 (2002) 1993-1998.

[34] H. Li, H. Xiao, J. Yuan, J. Ou, Microstructure of cement mortar with nano-particles, Composites
Part B: Engineering 35 (2004) 185-189.

[35] J. M. Wernik, S. A. Meguid, Recent developments in multifunctional nanocomposites using
carbon nanotubes, Applied Mechanics Reviews 63 (2010) 050801.

[36] D. Shi, X. Feng, Y. Y. Huang, K. Hwang, H. Gao, The effect of nanotube waviness and
agglomeration on the elastic property of carbon nanotube-reinforced composites, Journal of
Engineering Materials and Technology 126 (2004) 250-257.

[37] A. Fasolino, J. H. Los, M. I. Katsnelson, Intrinsic ripples in graphene, Nature materials 6 (2007)
858-861.

[38] J. C. Meyer, A. K. Geim, M. I. Katsnelson, K. S. Novoselov, T. J. Booth, S. Roth, The structure of
suspended graphene sheets, Nature 446 (2007) 60-63.

[39] E. Perim, L. D. Machado, D. S. Galvao, A brief review on syntheses, structures and applications
of nanoscrolls, arXiv preprint arXiv:1501.05711 (2015).

[40] Structural analysis guide, Release 15.0, ANSYS Inc, Cannonsburg, PA (2014).

[41] C. Lee, X. Wei, J. W. Kysar, J. Hone, Measurement of the elastic properties and intrinsic strength
of monolayer graphene, science 321 (2008) 385—-388.

184 CMMoST 2017



Enrique Garcia-Macias', Luis Rodriguez-Tembleque? and Andrés Saez®

[42] C. D. Reddy, S. Rajendran, K. M. Liew, Equilibrium configuration and continuum elastic
properties of finite sized graphene, Nanotechnology 17 (2006) 864.

[43] R. Hill, A self-consistent mechanics of composite materials, Journal of the Mechanics and
Physics of Solids 13 (1965) 213-222.

[44] L. Walpole, On the overall elastic moduli of composite materials, Journal of the Mechanics and
Physics of Solids 17 (1969) 235-251.

[45] V. Popov, V. Van Doren, M. Balkanski, Elastic properties of crystals of single-walled carbon
nanotubes, Solid State Communications 114 (2000) 395-399.

[46] S. Nemat-Nasser, M. Hori, Micromechanics: overall properties of heterogeneous materials,
volume 37, Elsevier, 2013.

[47] T. Mori, K. Tanaka, Average stress in matrix and average elastic energy of materials with
misfitting inclusions, Acta metallurgica 21 (1973) 571-574.

[48] J. D. Eshelby, The determination of the elastic field of an ellipsoidal inclusion, and related
problems, Proceedings of the Royal Society of London. Series A. Mathematical and Physical
Sciences 241 (1957) 376396

[49] J. Eshelby, The elastic field outside an ellipsoidal inclusion, Proceedings of the Royal Society of
London. Series A, Mathematical and Physical Sciences (1959) 561-569.

[50] Y. Benveniste, A new approach to the application of Mori-Tanaka’s theory in composite
materials, Mechanics of materials 6 (1987) 147-157.

[51] T. Mura, Micromechanics of defects in solids, volume 3, Springer Science & Business Media,
1987.

[52] O. L. Blakslee, D. G. Proctor, E. J. Seldin, G. B. Spence, T. Weng, Elastic constants of
compression-annealed pyrolytic graphite, Journal of Applied Physics 41 (1970) 3373—3382.
[53] E. Efraim, M. Eisenberger, Exact vibration analysis of variable thickness thick annular isotropic

and FGM plates, Journal of Sound and Vibration 299 (2007) 720-738.

[54] M. Yas, M. Heshmati, Dynamic analysis of functionally graded nanocomposite beams
reinforced by randomly oriented carbon nanotube under the action of moving load, Applied
Mathematical Modelling 36 (2012) 1371-1394.

[55] J. X. Shi, T. Natsuki, X. W. Lei, Q. Q. Ni, Equivalent Young’s modulus and thickness of graphene
sheets for the continuum mechanical models, Applied Physics Letters 104 (2014) 223101.

CMMoST 207 185



186 CMMoST 2017



International Conference on
Mechanical Models in 0

Structural Engineering 29 nov-01 dec 2017 Madrid SPAIN

New Walterdale Bridge: Models used for structural analysis during the
construction of a steel thrust arch bridge

Miriam Castrillo Calvillo?, Laura Granda San Segundo?, Patricia Garcia Rodriguez3, Antonio
Martinez Cutillas*, Alberto Mufioz Tarilonte®.
IACCIONA Infrastructure (SPAIN). miriam.castrillo.calvillo@acciona.com
2 ACCIONA Infrastructure (SPAIN). laura.granda.sansequndo@acciona.com
3ACCIONA Infrastructure (SPAIN). patricia.garcia.rodriguez@acciona.com

4Carlos Fernandez Casado, S.L. (SPAIN). amartinez@cfcsl.com
% Carlos Fernandez Casado, S.L. (SPAIN). amt@cfcsl.com

Keywords: Bridge, steel thrust arch, construction, structural models, FEM.

1. INTRODUCTION

ACCIONA Construction and Technical Departments (both in Canada and in Spain), Allnorth
Consultants and Carlos Fernandez Casado S.L.,(CFCsl), joined forces to carry out the erection
procedure of the new Walterdale Bridge in Edmonton, Alberta (Canada). The Walterdale Bridge
Replacement Project was commissioned by the City of Edmonton (COE) in 2013. The detailed
architectural design of the bridge was carried out by COWI International and Engineering Dialog.
ACCIONA-Pacer Joint Venture (APJV) was contracted to build the structure and Allnorth Consultants
Limited was hired by APJV as the Erection Engineer of Record for the Project. The Bridge, which spans
the North Saskatchewan River with a 230 m length and 43 m sag steel thrust arch supports a steel-
composite deck, 22.40 m wide and formed by two main box girders suspended by hangers to the
steel arch. A shared used pathway (SUP), with a steel box section, was connected to the steel arch by
hangers and to the steel concrete composite deck through steel cross beams.[1]-[2]

ACCIONA Construction and Technical Departments were first predesigning the procedure with models
to validate the manoeuver feasibility. It was then presented to the COE for initial approval. After this,
the Erection Engineering Company, AllINorth, was detailing with parallel models the procedure as
Erection Engineer of record. At the same time, ACCIONA Technical services and CFCsl prepared
independent refined models to complete the QA and final in-house validation of the whole erection
procedure and all the involved temporary structures, ensuring that the final desired geometry was
going to be met, ensuring all the stages were behaving as engineered and no problem was going to be
encountered during construction, nor at the permanent stage.

Long span bridges, in general, and arch bridges in particular have an efficient structural behavior once
they are completely erected. Bridge engineering requires a detailed conception of the construction
sequence of the bridge in order to manage different intermediate structures with different structural
schemes adapted to the size and weights which can be managed by different auxiliary elements:
cranes, barges, hydraulic jacks etc. All these intermediate structures are checked by detailed and
appropriate structural models. These models allow an elastic behavior of the structure in all the stages
and achieving the target final geometry properly. Global bar element models, detailed shell or solid
Finite Element models with geometrical non-linear behavior were performed.
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2. CONSTRUCTION SEQUENCE
The erection of the bridge was divided in three phases;

- Phase 1: Arch installation which was also divided in three stages; firstly the assembly of the
mid span arch on temporary towers downstream of its final location to be, secondly, skidded
and navigated to its temporary location in preparation for the first heavy lift [Figure 1].

ASSEMBLY OF THE MID-
SPAN ARCH

SKIDDING OF THE MID-
SPAN ARCH (LOAD
our)

NAVIGATION OF THE
MID-SPAN ARCH

Figure 1. Arch Erection.

Finally, first and second heavy lift: The initial Mid span was lift into an intermediate location
using four heavy lifting strand jacks systems while the stump arches on the concrete thrust
legs at the final location were being assembled to splice with the new mid span. After
completion of this first heavy lift, a second heavy lift was performed to lift the new Mid span
to its final location [Figure 2].
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SECOND LIFTING AND
FINAL ASSEMBLY OF
THE ARCH

Figure 2. Arch erection. First and Second heavy lift.

- Phases 2 & 3: Deck installation and SUP installation: The deck and SUP steel structures were
also installed in two stages. Two quarters of the deck and SUP were installed over berms,
supported on temporary towers, and the Mid deck (over the water) was lifted into position by
cranes working from the existing berms [Figure 3].

Figure 3. Deck and SUP installation.
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Figure 4. Walterdale Bridge.

3. TARGET GEOMETRY STRUCTURAL MODEL

One of the most critical specifications of the New Walterdale Bridge Project was the following one:
“The completed structure shall have a geometric configuration in general conformance with the
dimensions shown on drawings for the dead load condition, achieved at completion of construction at
a reference temperature of -52C. This geometric configuration is defined as target geometry”.

Even if the structure was manufactured according to the design drawings, with their correspondent
tolerances, some other variables had to be taken into consideration in order to guarantee that the
target geometry was achieved. These variables were both external and related to the construction
procedure:

e External to the construction procedure:

o Temperature: In order to estimate the geometric corrections due to thermal
difference from places, the bridge location in Canada and the steel workshop in South
Korea, a structural model was developed to determine both, the differences in length
of the segments and the variation in vertical deflection to be applied to manufactured
steel elements.

So, a thermal difference of (temperature at workshop)-(reference temperature: -52C)
was applied as a uniform thermal increase of temperature to the structural model

[Figure 5].

THEORETICAL GEOMETRY

DEFORMED GEOMETRY

Figure 5. Theoretical and thermal deformed geometry.
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From the described analysis, different deflection values were obtained as computer
outputs for every joint. These values were added to the ones included for permanent
loads, creep and shrinkage in the Design Drawings. So, it was guaranteed that when
the bridge was erected at site and the air temperature reached the specified
reference temperature of -52C, the structure matches with the natural geometry
specified in the Detailed Design Drawings.

o Mechanical characteristics of the soil. A range of values of the mechanical properties
of the ground under the foundation of the arch were provided by the designers [Table
1]. Moreover the reactions in the thrust blocks once the arch was finished were

indicated in the drawings. Therefore, a number of structural models were developed
to estimate the proper springs that would lead to the above-mentioned reactions.

Curront Analysis THRUST BLOCK REACTION COMBINATIONS (FACTORED)
Anaiye 1 Analysis 2 _— CASE/LOAD P IkN] Wi [kNm] Wy KNl

(Lower Bound Springs) | (Upper Bound Springs) Y SERVICE DEAD LOAD - NE 32100 400 3100
Axial Spring - " Infinity SERVICE DEAD LOAD - SW 29 400 -26 200 -14 200
Constant 1100 ki AR K/t (rigid) SERVICE (SLS 1) - SW Mx MAX 34100 121500 38 900
Rotational Spring Infinity SERVICE (SLS 1) - NE Mx MAX 36 000 85900 -17 100
Constant 77900000 kN.mirad | -216600000 kN.miad: | 1 oiy SERVICE (SLS 1) - SW My MAX 37 400 113700 53 800
Governing Stress ULTIMATE (ULS 3) - SW Mx MAX 44 900 -191 500 -66 300
Range at AS2W g ol 16K ULTIMATE (ULS 3) - SW My MAX 46 200 117 900 81100
Demand Over ooy 0327 03 ULTIMATE (ULS 3) - NE Mx MAX 47 900 159 200 35 600
Capacity ULTIMATE (ULS 4) - NE P MAX 50200 47100 29,600

/

4 on &

%" /

P

LOOKING ALONG BRIDGE CENTRELINE LOOKING AT BRIDGE IN ELEVATION

Table 1. Range value of the Mechanical properties of the ground foreseen reactions in the thrust blocks.

e Inherent to the construction Procedure:

In order for the construction team to perform a full and detailed survey of the permanent
structure as required throughout the construction procedure, a separate model containing control
points on the arch, deck and SUP was created [Figure 6]. This model simulated each construction
stage and produced a geometry control table which was able to output the deformed shape of the
permanent structure at each stage of construction being a quality assurance (QA) and control
checking tool. For each stage the reality and the model performed very similar results. This model
was performed by ACCIONA (SAP2000) 20[6] and Allnorth, with MIDAS software [3]. A similar
independent model was performed by CFCsl with SOFISTIK [4] which will be described below. The
model had the configuration as shown in [Figure 6-7].
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Figure 6. Geometry model definition.

The arch structure was initially defined in accordance with the geometry presented in the
design drawings. During the Arch installation procedure, the models were adjusted based on
the final as built geometry of the arch [Figure 7]. Hanger lengths need to be revised in order to
ensure that the profile of the deck matches as closely as possible to the target geometry as
established in the design drawings and contract documents fulfilling the Project tolerances. It
is important to note that a trial assembly of the whole arch was done in the fabrication yard in
Korea in order to accept the final segments shipping to Canada.

Figure 7. Different stages Arch geometry control definition.

Once all the superimposed loads were installed on the structure, a final survey was performed
and compared with the theoretical coordinates + thermal adjustments provided by the model
for that specific stage of construction. At that time, the as built geometry of the hanger pin
plates location was analysed, and final adjustments on the turnbuckle [Figure 8] were
provided in order to be able to perform the required adjustments to accomplish the structure
geometry and hanger tensions targets included in the contract documents.
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Figure 8. Example of the final tuning matrix adjustment based on as built geometry.

4. ARCH ERECTION PROCEDURE

During the fully independent check of the bridge erection, only the information included in the
erection procedure drawings and in the Erection Engineering drawings was used to develop the
models. Therefore, no information about the designer’s model was considered with the aim of
undertaking an independent approach to simulate the structure.

The Bridge construction was divided in three basic phases; firstly the arch erection, and secondly the
deck and the pedestrian bridge (SUP) installation. In the same way, two different models were created
to asses each process [Figure 9]. The first model simulated the arch erection along the whole erection
sequence, including the temporary works (towers, bowstrings, lifting cables, etc.), and the second
model simulated the sequence of construction of the deck and the SUP.

4P soFisTIK

Figure 9. Calculation models for the arch erection and for the deck and SUP installation.
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These models were created with SOFISTIK, a general purpose Finite Element analysis software for civil
and structural engineering modeling [4], which allows linear and non-linear calculation and is able to
process different finite element types in the same model. In our case, every element of the model is
defined as a bar element with the exception of the concrete slab of the deck, which was performed
with 2D shell type finite elements.

The mechanical properties of the bar elements were generated by SOFISTIK [4], apart from the cross-
sections geometry, which were manually created for every element of the model, and their materials
[Figure 10].

&
G

Figure 10. Examples of cross-sections in the models.

The figure below [Figure 11] shows the elastic-plastic non-linear typical stress-strain diagrams of the
materials used in the models.

Figure 11. Stress-strain diagrams for the concrete slab, steel members and cables.

Temporary elements as lifting towers or temporary supports were simulated in the model in a simple
manner. In some cases, these elements were represented by a simple support condition in a node, for
instance the lifting towers. In other cases, when they had a relevant influence in the structural system,
they were modeled in more detail, for example the mid-span assembly towers [Figure 12].
Nevertheless, peer review scope was not the verification of the temporary supports itself, but the
checking of reactions transmitted from the main structure.
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Figure 12. Assembly towers and temporary bracings used for the mid span load out.

A remarkable characteristic of the model was the use of non-linear analysis for solving the structure. It
was required to properly simulate the behavior of the temporary bow-string cables and the lifting
cables. Second-order theory was performed, which includes compression cut off for cable elements,

geometrically non-linearity according to second-order theory and system modification for taking into
account large deformations.

Non-linear analysis allowed bow-string tension force and sag control, as well as solving lifting
maneuvers, as shown in the figure below [Figure 13], in which a transverse winds acts on the mid-
span during lifting.

Figure 13: System deformation due to wind loads during lifting.

4.1. Erection sequence simulation

The erection of the bridge consisted on many different and complex stages, which were previously
described in section 2.

In order to be able to model the different stages of the bridge construction, a special module in
SOFISTIK (CSM) was used [5]. Figures below [Figure 14,Figure 15,Figure 16 and Figure 17] show some of
the construction stages included in the model.
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Figure 14. Skidding of the mid-span arch.

Figure 16. Deck and hangers installation.

Figure 17. SUP erection.

For the arch construction sequence a simulation of 22 structural systems were required. 40 Structural
systems were required for the deck and SUP installation.

The SOFISTIK construction stage tool (CSM) [5] allows the simulation of evolutionary construction
process with a simple and clear input. The elements of the bridge are divided in groups which are
activated or deactivated at each construction stage. In the same way, loads acting on the structure
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during the construction, as self-weight, dead load, cable installation force or jacking movements, are
applied or removed in the process.

In addition, the software provides the option of modifying the initial stiffness of an element, for
example, to simulate the poured of a concrete element or the installation of a cable stay, and the
coupling conditions between elements, as required.

One of the greatest advantages of the software is the fact that when an element is removed from the
system, linked forces are automatically introduced in the remaining system with opposite sign.

Geometrical control of bridge was performed by means of defining the type of erection of new
elements. The software provides different options: In original system position, with original inclination
or tangential erection, as shown in the following sketch [Figure 18].

Figure 18. Geometrical options for the erection of new elements.

As a result, each construction system was solved for permanent loads. Variable loads, as wind loads,
temperature or construction live load, were computed independently. For each construction system
generated by CSM, variable loads were manually introduced. Finally, both the permanent and the
variable loads were combined and the structure was checked for any single stage.

4.2. Sensitivity analysis-risk assessment

A sensitivity study was developed in order to identify risks, establish limits during the bridge erection
maneuvers, and assess geometrical fabrication errors of steel members, which was the most
challenging and complex task of the bridge construction, due to the fact that the adjustment
measured on the connection between the parts of the bridge were very limited.

4.2.1. Variation on the Bow-String tension

The aim of this study was to check the maximum admissible variation of tension from one cable of the
bow-string to the other [Figure 19], outlined by ALE (heavy-lifting subcontractor). This limit was
defined as a 5 % difference in tension force and it was controlled during the skidding maneuvers by
installing independent jacks at each bow-string.
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Figure 19. Study of variation of tension between bow string cables.

4.2.2. First, second and third skidding manoeuvers

During the skidding manoeuver, at the stage in which the mid-span arch was transferred from the skid
rails to the barges, the effect of friction in skid-shoes was taken into account in order to limit the
maximum pushing horizontal force. As a matter of conservative concept, 5% friction was considered
even when navigating, at each support. The two ribs arches were also studied for cases of different
settlement in one support out of the other three, safety factors were found big for failure, up to 100
mm differential settlement, this was possible by including transversal temporary frames at the 4 arch
leg edges.

4.2.3. Navigation

During navigation, a possible unbalanced movement of barges was studied by means of introducing in
the model a relative movement between barges [Figure 20]. In this way the maximum relative
movement between barges was limited, which was easily controlled during the operation. The
buckling factor of the navigation towers was studied with a sensitivity analysis varying the relative
movement of the navigation tower foot or barges. The safety factor was big enough regarding to this
relative displacement, the limit was 300 mm, the use of a separating truss between barges was
disregarded. In order to avoid big horizontal forces and instability of barges, the navigation towers
were hinged in the connection with the barge, with a hinged frame structural model, the arch
represented the bent beam of the frame, and the barges were the foundations with hinges to avoid
barge instabilities.

Figure 20. Sensitivity study during navigation maneuver.
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4.2.4. Arch heavy-liftting

The misalignment of the lifting jacks during the heavy lifting maneuvers of the segments 7 to 15 and
the segments 4 to 18 was also identified as a risk. Throughout the calculation model, the implications
of an uneven lifting were assessed with the aim of limiting the misalignment and the difference of
force between the lifting jacks. 65 mm and 150 mm were the maximum allowable lags for the first and
the second heavy liftings, respectively.

4.2.5. Completion of splices-geometrical fitting

The most critical step in the installation of the steel arches of the Walterdale Bridge was the stage in
which the final connections of the arch were completed. The Arch was modelled using MIDAS/Civil [3]
and different sensitivity analysis and finite elements meshes were developed with two main
objectives:

Firstly: Match most closely the target geometry and the referenced stress distribution which will result
in a final geometry within tolerance of the structure as designed [Figure 21].

Secondly: Facilitate the installation while dealing with various factors which are beyond the control of
the construction team, most importantly the fabrication error of the arch itself.

[

s
P~
P

V4 >
€4

Figure 21. Arch completion MIDAS model steel stresses.

In order to analyze the local stresses caused by the forces that will be required to align the segments,
a model was created with a mesh of tetrahedral solid elements of the second order (20 nodes per
element). The mesh was refined at zones of load application and around auxiliary brackets for splicing
alignments [Figure 22].
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Figure 22. Finite element meshes to calculate displacements, stresses and deformations.
5. DECK AND SUP ERECTION PROCEDURE

In order to fully assess the deck and SUP installation procedure in its entirety, a three dimensional,
staged model was created which simulates each stage of construction [Figure 23]. In this model, each
member of the arch, deck and SUP is a stick member.

The Starting point of the model took into account the as built geometry of the arch as it resulted from
the construction procedure used. The model is staged so that each step of construction could be
properly assessed.
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Figure 23. Starting point of the model.

The deck was installed sequentially; its members were defined as composite members in the model,
with the activation of the concrete deck occurring at the appropriate stage [Figure 24]. This accounts
for the changes in structural properties of the deck during casting.

Figure 24. Deck installation sequence.

The installation of the SUP was modelled in a stage way in accordance with the envisaged Erection
procedure. The sectional properties of the SUP were manually defined in the model [Figure 25].
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Figure 25. SUP installation sequence.
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The full procedure was modelled incorporating only the construction loading (no traffic loads were
taken into account). This model, including the full procedure that was used in order to confirm the
following targets:

a) Arch, deck and SUP geometry through all the construction process.

b) Confirmation that the final geometry will comply with the contract specifications.

c¢) Hanger tensions during the construction procedure and final tensions at the end of
construction.

A third model, which assesses the effects of external loads on the structure, was created [Figure 26].
The purpose of this model is to ensure that each of the stages is assessed for each of the load cases
which are required by the code. This model considered each stage under the following load cases.

e Live load

e Windload

e +28 Degrees
e -41 Degrees

Figure 26. ULS model.

The results of each of these stages and load cases are then combined manually to determine the ULS
demands on the structures.

6. SPECIAL STUDIES DURING EXECUTION DESCRIPTION

During the erection of the bridge, some modifications or adjustments to the Erection Engineering
Procedure were made which required additional verification of the structure. As it was done for the
risk assessment, partial models of each construction stage were used for the analysis of each
situation. The most interesting tasks are briefly recorded below.

6.1. Locked In stresses in the arch struts

For the achievement of the arch splices connection, several different adjustments were required.
These operations were tracked on site and rechecked with further analysis, to cross check the
performance.
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The connection of the intermediate segments of the arch had been simulated in a single stage in
which the four edges of the arch had been simultaneously spliced at the moment of the lifting cables
release. However, the real situation was much more complex [Figure 27]; the splices were completed
in different times with many different intermediate adjustment manoeuvres.

Figure 27. Approach of arch segments.

In the same way, the arch erection model was modified in order to properly simulate the boundary
conditions of the four edges and the different adjustment operations during the splicing process
(variation of bowstrings force, variation of lifting cables force, jack forces in brackets, etc.).

The geometrical modifications of the arch caused negligible forces in the arch ribs. However, the
locked in stresses were quite relevant in the struts. It required a further analysis to evaluate the level
of stresses in the struts in service.

6.2. Temporary connections of SUP segments.

Previously to complete the final welded connections, the SUP segments were temporary assembled at
SUP9 & SUP16 joints and at both sides of the key segment (SUP13)[ Figure 28 ].

iz l =
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Figure 28. Temporary connections at SUP9&SUP16 and SUP13.

CMMoST 207 203



New Walterdale Bridge: Models used for structural analysis during the construction of a steel thrust
arch bridge

Fourth International Conference on Mechanical Models in Structural Engineering

Madrid (Spain). 29 nov-01 dec 2017.

Temporary connections were designed to allow a fast installation and to resist the forces in the joint
until the end of the construction process.

The temporary bolts necessary to bring the segments together for welding, were the elements used
for the temporary connections at SUP9&16 and at SUP13. The number of bolts was adjusted in order
to minimize the connection time and therefore the time holding the segments from the crane.

In addition two alignment tabs in the top flange were provided for approaching and aligning the
segments, as shown in the figure below [Figure 29].

240 Pin in 343 Hole = 4 M30 A325 PRET BOLT

o
}El}@@

Gusset Plate
PL-280x260x22

Spiice Piates
PLEAD14x16 (2)

O C

10—, 10110

AN

PL19 Diaptragm —| Stfener
el “ PL19 Diaphragm
SECTION 1-1(SUP 128 $13) i ]

Figure 29. Temporary connection at SUP13.

Throughout the calculation model these temporary elements were analysed by means of determining
forces during the construction process. The variable loads, especially temperature, introduced
significant forces in the connections in some construction stages. It brought to limit the magnitude of
these loads considering the period of the year in which the temporary connection would work.

6.3. Assessment of the final structure stiffness in order to identify fracture critical members

Independently from the construction process calculation, a study was carried on in order to
determine which steel elements of the structure were to be considered as “Fracture Critical
Members” (FCM), and therefore would require a fracture control plan.

FCM should fulfil two conditions: To be subjected to tensile stresses for either axial or bending
forces, and to be non-redundant, which means that the failure of the element would result in
collapse of the bridge or a portion of the bridge.

First condition was directly checked in the model by means of determining elements partially or
totally subjected to tensile stresses in service. In this way, the arch ribs were excluded because they
were fully in compression or the level of tensile stresses was very low and in a small portion of the
cross-section.

Second condition, redundancy, was checked in a more complex way. An alternative load-path was
demonstrated by means of checking the resistance of the structure in the event of fracture. The
procedure was as follows:

- Based on our experience, the most sensitive members in the most demanding cross-section
were chosen to verify the redundancy of the system.

- Forcesin service in these sections were obtained for the full non-factored live load.

- The structural system was modified by means of varying the coupling condition in the node.
In the case of failure of elements in tension, the node was completely released. For members
mainly subjected to bending moments, only the rotation coupling was released.
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- On the modified system the forces associated with the released couplings were applied as
external loads with opposite sign. These loads were factored in order to take into account
the dynamic amplification in the case of a sudden failure.

- The resulting forces were summed to the forces in the structure in service, and the resistance
of the structure was checked.

As a result, only the floor beams were classified as FCM.

6.4. SUP temporary supports.

The type and location of the SUP temporary supports were modified during the erection of the bridge,
which required an additional calculation of the construction process in order to check the hangers
lengths, the temporary supports and the achievement of the target geometry [Figure 30].

Figure 30. Temporary connection at SUP13.

The configuration of the bearings on temporary supports was varied along the SUP installation. Firstly,
at the moment of placing segments on the temporary towers and connecting each other, two pairs of
bearings were required as shown in the figure below [Figure 31].
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Figure 31. Temporary connection at SUP13.

Secondly, one pair of bearing was removed and the SUP was supported in two bearing in one single
axis. In this situation the SUP was jacked from some of the temporary towers. Finally, once the SUP
was connected to the bridge, the internal bearing was removed with the aim of controlling properly
the reaction on the tower, avoiding the effect shown in the figure below [Figure 32].
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Figure 32. Temporary connection at SUP13.

The Coupling conditions of the SUP segments on the temporary supports were modified in the model
to simulate the real situation in each stage.

7. CONCLUSIONS

The Bridge erection procedure, outlined in this article, brought the strain-stress level, hanger tensions
and the geometry of the permanent structure (arch+deck+sup) to a final stage that complied with the
Client expectations. The modelling analysis of the whole erection manoeuver stages has been the
imperative tool for this purpose, hence, an asset for the final successful achievement of the Arch
construction.
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to establish the masonry’s active reinforcement for its restoration
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ABSTRACT

This paper presents the reinforcement system for the restoration of the Vistabella Church’s Tower (La
Secuita, Tarragona). The intervention was carried out due to evident chronic pathologies that affected
the resistant behaviour and stability of the steeple. After some numerical approaches (structural
analysis and damage assessment) it became clear that, in relation the wind action, the lightness of such
a masonry construction along with the feebleness of the connections between the structural members
were at the basis of the problem. In order to provide additional vertical load without substantively
modifying the structural scheme, a solution based on external prestressed bars, was implemented. The
procedure, the theory that supports it and the results of the follow-up are described in detail, these
being the objective of the paper.

Keywords: Vistabella’s Tower, Historical masonry, Damage assessment, Structural restoration, Active
reinforcement.

1. INTRODUCCION

La iglesia del Sagrat Cor de Vistabella (La Secuita, Tarragona) es un monumento histérico de Josep Maria
Jujol (1879-1949), arquitecto modernista vinculado a Antoni Gaudi (1852-1926), su maestro e intimo
colaborador. En 1917 Jujol recibid el encargo de los vecinos del pueblo de Vistabella para proyectar la
iglesia parroquial, la cual fue construida (1919-1923) por los propios vecinos, empleando técnicas
tradicionales y materiales sencillos (piedra, ceramica, mortero de cal y hierro). El monumento fue
declarado Bien Cultural de Interés Nacional, BCIN, por la Generalitat de Catalunya en marzo de 2011.

El edificio se resuelve en planta sobre la base de un cuadrado de 12,6x12,6 m que genera la envolvente,
con sus vértices orientados a los cuatro puntos cardinales. En la parte central se encuentra la nave
principal dispuesta a 45 grados en relacidn a la geometria de la planta, de acuerdo a la Figura 1 [1]. El
sistema estructural que cubre la iglesia lo componen pilares, arcos y bévedas de fabrica de ladrillo y
mortero de cal y se caracteriza por cuatro pilares dispuestos en el centro de la nave de los que arrancan
todos los arcos, entre ellos los principales, dos arcos parabdlicos cruzados a 60 y 120 grados (en planta)
gue alcanzan una altura de 11,70 m y sobre los que cargan las bévedas de cruceria.
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Figura 1. Planta baja de la iglesia con referencias al cuadrado exterior y la nave central [1]

Los dos arcos parabdlicos centrales se prolongan por encima de la clave del crucero y emergen al
exterior en forma de cuatro costillas de fabrica de ladrillo inclinadas de seccion transversal en “T” y
coronadas a 28 m de altura por la Cruz conformando uno de los elementos formales y estructurales mas

representativos de la iglesia: el campanario (Fig. 2).

= ~m&é A

Figura 2. Vistas exteriores de la iglesia de Vistabella en la actualidad

Una primera aproximacién al monumento permite apreciar el objetivo del disefio de la obra, donde el
propio sistema estructural se establece de acuerdo a la funcidn resistente de la forma [2], para la
obtencién de una geometria mas 6ptima y eficiente, a la vez que se da respuesta a las cuestiones

formales y funcionales para las cuales fue proyectada.
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No obstante, a raiz de las patologias crénicas existentes en la iglesia y documentadas en el proyecto de
restauracion [3], el campanario, el elemento mas expuesto y por lo tanto el mas afectado por estas
problematicas, ha sido, recientemente, objeto de restauracidon estructural. Ya con antelacién, el
campanario fue objeto de otras intervenciones (1993; 2001), incluso en 1935, a cargo del propio Jujol
gue colocé un sistema de tirantes para reforzarlo, a tenor de su derrumbamiento parcial debido a un
fuerte viento huracanado [4,5]. Un sistema pasivo que resulté ser poco efectivo frente a la accidn edlica,
ya que los tirantes sdlo entraban en carga cuando la fabrica de ladrillo estaba solicitada a esfuerzos de
traccion considerables, hecho nada deseable/conveniente [5].

La propia naturaleza de la estructura - campanario, su geometria; la variabilidad de las propiedades
mecdnicas de los materiales; las diversas soluciones de ensamblaje; las técnicas constructivas
desarrolladas a lo largo de su historia, asi como el desconocimiento del estado inicial y del alcance de
los dafios existentes, son factores que convirtieron la fase previa de investigacién y diagndstico en una
fase compleja que requirié de un desempeno riguroso y un conocimiento exhaustivo de la problematica
a evaluar. Para ello se establecid un enfoque esencialmente interdisciplinario en el que desde la
variedad de conocimientos se abordd la investigacion histérica, la evaluacion in situ, la modelizaciéon y
el analisis estructural [1,5-9].

En este contexto, durante el proceso de investigacion de campo y de la evaluacidn in situ para la
caracterizacion mecanica de los materiales y los elementos estructurales, en conjuncion con la
preservacion del bien cultural, se plantearon y desarrollaron técnicas de ensayo no destructivas o poco
destructivas [10,11], para la obtencién de dicha informacién.

Mediante estas técnicas, junto con la definicion geométrica y la posterior modelizacion del sistema
resistente del campanario de acuerdo al analisis estructural realizado, se determiné que, bajo la accion
del viento, la geometria existente (el campanario de fabrica de ladrillo y de piedra) estaba sometida a
esfuerzos de traccidn destacables (Apartado 2), superando la capacidad resistente de los materiales.

El diagndstico concluyd que esta casuistica originaba el dafio estructural del campanario, viéndose
agravado por el deterioro producido, (Fig. 3), a lo largo del tiempo, por la accion del ambiente sobre
los materiales constituyentes del mismo [1,5,12], en ocasiones debido al uso inadecuado (desde el
punto de vista de la durabilidad) de algunos materiales como el acero o el mortero, en ocasiones en
busca de soluciones mds ingeniosas que efectivas [13].

Figura 3. Vistas exteriores de la iglesia de Vistabella antes de la restauracion realizada
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Atendiendo a los resultados del analisis estructural inicial realizado (Apartado 2), los cuales indican
claramente la existencia de tensiones de tracciéon producidas por la accién edlica, y no compensadas
por las compresiones correspondientes al peso propio del campanario (elemento especialmente
esbelto), se constata la existencia de grietas (con separacion de labios). Ello generaba discontinuidades
en la fabrica de ladrillo que se convertian en articulaciones, pérdida de rigidez axial de las costillas y una
creciente inestabilidad del sistema resistente. Por lo tanto, dado que las condiciones de la estructuray
de sus materiales no garantizaban un nivel de seguridad aceptable, se propuso una intervencion de
restauracion estructural [1,3,5,12,13], como se expone en el Apartado 3.

Esta intervencion se planted para restituir el adecuado comportamiento resistente del sistema
estructural, incorporando, mediante un sistema de pretensado, fuerzas axiles de comprensién que,
anadidas a las del peso propio del campanario, neutralizan las tensiones de traccion producidas por
la accion del viento. Esta solucion (postesado axial), aunque implique que en algunos casos se
incremente las tensiones de compresidn a las que se sometera el material, es una soluciéon que aporta
un buen rendimiento estructural, siendo reconocido en el ambito cientifico-técnico como una de las
técnicas mas eficientes de refuerzo, frente a acciones horizontales, de elementos estructurales
conformados por materiales resistentes a compresidn y con bajas o nulas prestaciones a traccién [14].

En este sentido, en el presente articulo se expone el andlisis estructural y la evaluacion del dafo
realizados (Apartado 2) del sistema resistente del campanario (costillas de fabrica de ladrillo) para la
posterior definicion del sistema activo planteado para su refuerzo (Apartado 3).

2. ANALISIS DEL COMPORTAMIENTO ESTRUCTURAL Y EVALUACION DEL DANO DEL CAMPANARIO

De acuerdo a lo expuesto previamente, en el momento de evaluar estructuralmente el elemento
arquitectdnico singular y de cierta complejidad formal que es el campanario de Vistabella, el primer
punto necesario fue disponer de las caracteristicas geométricas y mecanicas de los elementos
resistentes que lo conforman.

En base a esta recopilacién de datos realizada [3,12], se analizd la estructura completa del campanario
inicial (previo a la restauracion estructural), de acuerdo al planteamiento acordado con los técnicos
redactores del proyecto de restauracion (Prats, Pavon, et al. [3]), determinando su comportamiento
resistente (acciones solicitantes) y, consecuentemente, la evaluacién del dafio de la fabrica de ladrillo
(estado tensional), especialmente, frente a las cargas horizontales (accidn del viento). En la Figura 4, se
muestra el estado tensional inicial de las costillas debido a la accidn del peso propio (PP) + viento (V).

Como se observa en la Figura 4, se determind que la fabrica de ladrillo trabajaba a tensiones de traccién
destacables bajo la accidn del viento, la cual era una situacidon nada deseable. Puntualmente, habia
zonas que podian llegar, considerando un comportamiento eldstico del material, a una tensién de
traccién superior a 10 kg/cm? en puntos concretos. Esta casuistica era la que estaba produciendo
patologias considerables en la estructura del campanario, poniendo en riesgo su resistencia y/o
estabilidad, ya fuera parcial o total. En este sentido, fue de suma relevancia realizar el refuerzo
estructural (sistema activo) para la restauracion del campanario, el cual se describe a continuacion.
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Figura 4. Estado tensional inicial (kg/cm?) de les costillas (PP+V): a) Tensiones de traccién y compresidn; b)
Tensiones de traccion [3,5]

3. DEFINICION DEL SISTEMA ACTIVO PARA EL REFUERZO DEL CAMPANARIO

A tenor de los resultados obtenidos en el andlisis estructural del campanario existente (estado inicial),
en este apartado se describe el sistema de refuerzo que ha permitido arreglar de forma definitiva las
diferentes patologias que afectaban a la resistencia y/o estabilidad parcial o total del campanario.

Se definid un sistema activo de ocho tirantes externos de @16 mm de acero inoxidable, dos por costilla,
sustituyendo los tirantes existentes que no eran efectivos, como se ha expuesto anteriormente. Cada
uno de ellos se ha situado en los vértices que forman la interseccién de las dos partes de la seccién en
“T” de las costillas de fabrica de ladrillo y discurriendo paralelos a estos vértices desde la base del
campanario hasta la aguja del mismo (Fig. 5). Los tirantes se han vinculado a las costillas de fabrica de
ladrillo mediante placas de anclaje en los extremos e intermedias, generando tirantes de tres tramos.
Con el tesado de los tirantes se ha realizado una solucién de postesado gradual/secuencial, en
referencia a la ejecucién en obra del tesado (aspecto ampliamente documentado [12,13]).

Asi, la restauracion estructural realizada recupera la propuesta de refuerzo ejecutada anteriormente
por el propio Jujol (sistema pasivo de tirantes de acero), pero incorporando, mediante el sistema de
refuerzo realizado, las mejoras y los avances que permiten las técnicas, la tecnologia y los materiales de
la actualidad, sin alterar las cargas bajo el campanario (equilibrio estatico), lo cual es un aspecto
fundamental [13].
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Figura 5. Definicion del sistema de refuerzo con tirantes en las costillas del campanario [3,5]

En efecto, se ha llevado a cabo una restauracién estructural mediante un sistema de postesado axial
gradual y secuencial de las costillas con tirantes de acero inoxidable externos.

Esta intervencidn se asimila conceptualmente, en parte, a la propuesta por el Dr. arquitecto Robert
Brufau en una chimenea industrial en Roda de Ter (proyecto no ejecutado). Un planteamiento
estructural que el propio Brufau expone: "La intervencion consistiria en hacer un cierto postesado
vertical de toda la fabrica, introduciendo compresiones axiales a través de un tensor [...]. Con esta
operacion se queria reducir al maximo el riesgo de que nunca se presentaran indeseadas tensiones de
traccion a la obra de fabrica" [15].
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En este contexto, se estudid el tensado mas adecuado (Tabla 1), seglin la temperatura ambiente del
dia en que se llevé a cabo (7 de octubre de 2016, T2 media durante tensado: 212C), asi como en base a
los valores de temperatura maxima (verano) y minima (invierno) considerando el salto térmico que
pueda afectar al tesado, debido al alargamiento y el acortamiento de los tirantes. Los valores analizados
se muestran en la Tabla 2, destacando que la diferencia entre los valores del tesado tedrico y el tesado

real reside en tener en cuenta, también, en el segundo el alargamiento o acortamiento de los elementos
de fabrica (costillas) debido a los incrementos de temperatura (verano/invierno segun el caso).

Tabla 1. Definicién de las fuerzas de tesado y verificacion del postesado objetivo [12,13]

POSTESADO OBJETIVO

ama | el | e | v | ot

Tramo 1 20 -7,0
Tirantes 1 10 -16 -18

Tramo 2 40 -7,0
Tirantes 2 20 -32 -35

Tramo 3 60 -7,0
Tirantes 3 30 -48 -53

Costilla 60 -6,0

Tabla 2. Estudio y verificacién del tesado en T2 ambiente maxima (verano) y minima (invierno) [12,13]

TESADO + AT+ (VERANO)
Tesado (KN , . Tesado (KN
Tramo T+AT+| o ,o_ (KN) % o (tedrico) esado (KN) % o (real)
tedrico real
Tramo 1 0 0,0 8 -2,8
- 0,00% 40,00%
Tirantes 1 0 0 4
Tramo 2 -19 -6,8 26 -6,3
48,57% 65,00%
Tirantes 2 -17 -10 13
Tramo 3 -40 -7,2 46 -7,0
- 66,67% 76,67%
Tirantes 3 -35 -20 23
Costilla -40 66,67% -4,0 46 76,67% -4,6
TESADO + AT- (INVIERNO)
Tesado (KN , . Tesado (KN
Tramo T+4T-| o° ,o. (KN) % o (tedrico) esado (KN) % o (real)
tedrico real
Tramo 1 53 -18,4 38 -6,3
-262,86% 190,00%
Tirantes 1 -46 26 19
Tramo 2 72 -6,8 58 -7,0
- 180,00% 145,00%
Tirantes 2 -63 36 29
Tramo 3 93 -7,2 82 -8,4
- 154,29% 136,67%
Tirantes 3 -81 46 41
Costilla 93 154,29% -9,3 82 136,67% -8,2

Asimismo, para garantizar la correcta puesta en obra del tesado, se instrumenté todo el proceso, a fin
de controlar las fuerzas aplicadas a los tirantes en los diferentes niveles en todo momento. La
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estrategia seguida contempld la instrumentacién de los ocho tirantes, en 3 niveles, con lo que se pudo
hacer un seguimiento individualizado de las tres fases de tesado previstas, para un total de 24 galgas
extensométricas [16]. En la Tabla 3, se muestran los valores del protocolo de control establecido para
el seguimiento en obra del tesado gradual/secuencial para cada una de las fases, asi como las
correspondientes deformaciones unitarias, € (um/m), de acuerdo a la expresién (1), de cada tramo para
su verificacién en obra (instrumentacion).

g = N4 (1)
E

Tabla 3. Valores del tesado gradual/secuencial y los parametros de control (protocolo) para su
verificacion en obra [12,13]

POSTESADO VERTICAL GRADUAL Y SECUENCIAL - CONTROL DEL TESADO
FASE 1
Tesado (KN) € (um/m) . | Tesado (KN) | Tesado (KN) € (um/m)
T [+) [+)
ramo final FASE 1 % final FASE 1 Secuencia gradual acumulado % gradual (1)
1 4,5 4,5 45,0% 116
Tramo 1 9,0 90,0% 232
2 4,5 9,0 90,0% 232
1 4,5 4,5 22,5% 116
Tramo 2 9,0 45,0% 232
2 4,5 9,0 45,0% 232
1 4,5 4,5 15,0% 116
Tramo 3 9,0 30,0% 232
2 4,5 9,0 30,0% 232
FASE 2
Tesado (KN)| € (um/m) . | Tesado (KN) | Tesado (KN) o € (um/m)
Tramo final FASE 2 % final FASE 2 Secuencia gradual acumulado % gradual (1)
3 0,4 9,4 94,0% 242
Tramo 1 9,8 98,0% 253
4 0,4 9,8 98,0% 253
3 4,8 13,8 69,0% 356
Tramo 2 18,6 93,0% 479
4 4,8 18,6 93,0% 479
3 4,8 13,8 46,0% 356
Tramo 3 18,6 62,0% 479
4 4,8 18,6 62,0% 479
FASE 3
Tesado (KN)| € (um/m) .| Tesado (KN) | Tesado (KN) o € (um/m)
Tramo final FASE 3 % final FASE 3 Secuencia gradual acumulado % gradual (1)
5 0,1 9,9 99,0% 255
Tramo 1 10,0 100,0% 258
6 0,1 10,0 100,0% 258
5 0,7 19,3 96,5% 498
Tramo 2 20,0 100,0% 516
6 0,7 20,0 100,0% 516
5 5,7 24,3 81,0% 626
Tramo 3 30,0 100,0% 773
6 5,7 30,0 100,0% 773
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Como se observa en la Tabla 3, en el protocolo de control de tesado del sistema de tirantes se
considerd el incremento de las fuerzas en los tramos superiores debido al tesado de los tramos
inferiores (tesado gradual). Este fendmeno se produjo por la deformacidon de las placas de anclaje.

Los resultados del comportamiento resistente del campanario, de acuerdo a la solucién de refuerzo
realizada, se muestran en la Figura 6 para las diferentes acciones solicitantes (PP, Vx y Tesado).
Respectivamente, se presenta el estado tensional (pre-compresiones) de las costillas principales segin
la accién del tesado, T, (Figura 6a), asi como el comportamiento resultante (Figuras 6bc), conjugado con
el peso propio y el viento (PP + Vi + T).

-7.563964
(o]

.a. .b. .C.
Figura 6. Estado tensional resultante (kg/cm2): a) Pre-compresiones por el efecto del tesado, T; b) Tensiones de
compresion y de traccion; c) Tensiones de traccion (PP+Vx+T) [3,5]

Como se observa en la Figura 6, el comportamiento resistente resultante (estado tensional) de la
estructura del campanario mejora de forma considerable, en relacion al comportamiento inicial (Fig.
4), siendo las tracciones practicamente inexistentes (Fig. 6¢) por el efecto del postesado vertical
gradual definido. Para lograrlo, se establece una fuerza de tensado para cada tramo de tirante,
atendiendo a la influencia del viento en cada direccién y el efecto térmico en cada punto segun la
orientacion solar.

4. CONCLUSIONES

Para concluir, se expresan las reflexiones surgidas del trabajo desarrollado [3,12], y presentado, para la
restauracion estructural de esta obra del Patrimonio Cultural Cataldn con patologias crénicas:

a) Se determina que el comportamiento resistente inicial del campanario era inadecuado vy, por ello,
requirioé de un refuerzo estructural que mejorara dicho comportamiento.
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b) Se realiza la restauracidon estructural del campanario interviniendo con la mdaxima pureza,

recuperando la esencia y la “simplicidad” de la actuacidn llevada a cabo por el propio Jujol en
1935 (refuerzo con tirantes), sin la utilizacién de elementos superficiales y/o superfluos que
tapen o “ensucien” la obra. Mediante un profundo conocimiento del binomio, conocido como
“estética estructural” [2,17-19], que conforman el comportamiento estructural y el concepto
arquitectdnico.

c) Se presenta la solucidon adoptada mediante un sistema postesado vertical gradual (ejecutado

secuencialmente), el cual fue posible gracias a las técnicas, la tecnologia y los materiales de la
actualidad, sin alterar las cargas bajo el campanario (equilibrio estatico).

d) Se concluye que las intervenciones realizadas en el campanario de Vistabella han sido altamente

satisfactorias, a tenor de los resultados obtenidos (Fig. 7), mediante el uso de técnicas de
postesado para garantizar su estabilidad, siendo necesario actuar con rigor y un elevado
conocimiento de la problematica a tratar.

8

Figura 7. Vistas del campanario. Estado inicial y estado final, respectivamente
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PROJECT OF EXPANSION OF A CONSTRUCTION USING PBL

, . 1
Vanessa Garcia-Marina

ABSTRACT

The basic idea of this project of expansion of a construction is that students of the degree in
mechanical engineering learn to think solutions beginning from a given initial general idea and
develop its design and calculus using a software dedicated to engineering, construction and
architecture which is not only applicable to education but also to the professional field. The aim is to
identify necessary loads, learn to use the Norm, search in the internet used solutions in similar cases,
choose the form of the solution structure (draft), look for equivalences between calculi done with the
program and by hand, interpret results, learn how to get the stresses and deformations in each bar or
element, draw diagrams.

To do so, an active methodology named after Project Based Learning or PBL has been used [1, 2].
Although in theoretical lectures they learn to calculate the different elements of an industrial unit
(applicable too to other typologies of edifications) as lattices or trusses, roof-purlins, beams with
rolled profiles or plate girders, piers, and footings of reinforced concrete, it is also intended that the
student be able to design and calculate a structure with the program CYPE engineers [3]. Thus, he or
she is capable to make more complex structural models and at the same time, understand how the
program works internally due to the fact that he/she knows to calculate each element separated by
hand using the basis of the Technical Building Code or TBC (CTE in Spanish) [4].

The problem suggested to the students is the expansion of a school, knowing a series of constraints
for its design. It is placed in a neighborhood with more and more children, and in the last five years
the demand for more classrooms has increased. In this moment the school has a school yard with
place for playing basketball and soccer. In the surroundings, though, there are houses. Therefore, to
do the expansion they cannot count on exceeding the limits of the school building or the school yard.
However, the school desires to keep having place for the basketball fields and the soccer fields. These
can be covered or uncovered. According to the urban planning regulations of the city, we cannot
construct more stories over the actual school building.

Students have full freedom to imagine the initial situation and how they want to be the final design.
What they will design in the CYPE engineering program will only be the new part, that is, the
expansion. Making use of the Portal Frame Generator module and after that the Cype 3D module,
each team of 3 or 4 students makes the structural model and analyzes the results yielded. These
analyses are based on the method of the limit states, so it analyzes the integrity of the model of the
structure via verification of the ultimate limit states and the serviceability limit states.

By means of partial safety coefficients, different combinations of actions can be considered to affect
the structural model and see whether it fails or not. Following the criterion of the TBC, to verify the
load-bearing capacity of the model the equations (1) can be used: for a persistent or transitory
situation (1.a), for an extraordinary situation (1.b), or for a seismic accidental action (1.c).
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However, to verify the serviceability aptitude the equations (2) will be used: actions of short duration
that can cause an irreversible effect (2.a), actions of short duration that can cause a reversible effect
(2.b), or effects due to actions of long duration (2.c).

ZGk,j +P+Qk,1 +Z\P0,i 'Qk,i (2.a)
Jz1 i>1

ZGM +P+Y, -0, +Z‘P2,i O (2.b)
Jz1 i>1

ZGk,j +P+Z\P2,i 'Qk,i (2.c)
jz1 i>1

For the conclusions indicate that each group has proposed an initial sketch and after that has solved
its particular project, giving as a result a final design of the model which, after verifying that does not
fail under any of the limit states, can be confirmed that the real structure will not fail because the
model has been studied with the same dimensions under the necessary and specific loads according
to the analyzed geographic location. And for the end of the academic course, students will be capable
of verifying both with manual and computational calculation a particular structural model.

Keywords: structural model, limit states, Project Based Learning, Technical Building Code.

1. INTRODUCTION

In the Degree of Mechanical Engineering there is a subject of Industrial Structures and Constructions
in the third year. There students learn how to design and dimension different structural elements, so
that in the end they are completely capable of designing a whole industrial building, from the
structural point of view, they see heating, electrical and other installations in different subjects. They
are prepared to face a Final Degree Project based on the design and construction of a pavilion. They
can make all the calculations by hand, but if they want to present a model of a structure a bit more
complex, it is very useful to be able to handle a professional tool as the CYPE Engineering software.
There are other possibilities such as Sap, Revit, Tricalc or Cespla, but the author has decided to use
this software because it is quite a complete program with a lot of possibilities and a professional use,
too, but with the option of an educational license called Campus, which allows students to work at the
university, at home, or wherever they want to, with the possibility of technical service and their own
license code, which is valid for the whole academic year.

Under these conditions, students learn to calculate structural elements in magistral and practical
lectures, as well as they learn the use of the Cype through the application of the PBL methodology
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working in teams of three or four people. Thus, students work not only with the assistance of the
docent but also with the collaboration of the rest of the members of the team.

With the aim to give a brief explanation of the subject, contents will be quickly reviewed. The first
element students learn to calculate by hand is the truss, where they see different methods to
calculate stresses such as the method of separation of joints graphically and analitically, Ritter, or
Maxwell-Cremona, and for the deformations of the bars they study Williot and Castigliano’s energetic
methods. They use these methods to solve isostatic and hyperstatic trusses. After that, roof-purlins
are explained. As the process to design purlins is quite complex and long, a Flipped Classroom is
applied so that students understand better what they have to do and why. Here they have to identify
loads actuating over the roof, and apply the deforming and resistant criteria to design them. Then
there is the turn for the beams. These are studied for the use of normalized rolled profiles and for the
use of plate girders, in case loads and spans are too large for the rolled profiles. The last metallic
element studied is the pier. It is designed under compression with the possibility of buckling. Finally,
concrete footings are calculated.

It remains clear that to make all these calculations for a complete structure is a very long process, and
that is why in the case of final degree projects usually students consider the possibility of using the
Cype program. They have the critical competence to know if results are coherent or not, because they
know how the program makes the calculations in the algorithm. Apart from that, sometimes they add
some manual calculi or additional analysis such as FEM by means of other software like Catia or
Patran or Nx to complete the documentation.

The idea to work with a structural model instead of a real structure is very important. With the model
one reaches enough accuracy to make good approximate calculations, and it has to be considered that
to try to make real exact calculations can lead to non-viable situations because the computer cost
would be enormous. One only has to be careful to apply to the model loads as near to reality as
possible, avoiding to overcharge the model with data not necessary for the calculations. Details can be
included in the end, achieving a good final result.

2. PROJECT BASED LEARNING OR PBL

In this teaching-learning process a certain structure has to be followed. It has to be clear which the
learning objectives searched for are when one decides to apply it. Students have to be sure what
point they have to arrive to. Then they have to know how to begin with the solving of the project,
how to look for the possible solutions. Therefore, some information sources and resources have to
be handed to them. Of course the scene laid before them has to be posed, which is the situation they
have to solve by their project. All teams have the same initial information, but as the design of a
project is totally free and dependant on the designer, each team arrives to a different solution. This
is, perhaps, the main difference compared with a Problem Based Learning, that the Project is more
general, but a Problem is more delimited and so students have more detailed information so they
work on a more similar solution. And what is very important and cannot be forgotten about is the
driving question which has to motivate the students to look for a solution and make clear what are
they intended to work on. In our case these sections were posed as follows.
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2.1. Learning objectives

In our project the objectives were to identify necessary loads, learn to use the Norm, search in the
internet used solutions in similar cases, choose the form of the solution structure (draft), look for
equivalences between calculi done with the program and by hand, interpret results, learn how to get
the stresses and deformations in each bar or element, and to draw diagrams.

2.2. Information sources and resources

The students could make use of the TBC Norm, the internet, the lecturers of the subject, and the
notes from the subject to accomplish their projects.

2.3. Scene

The project was posed as follows. The Basque Government asked to design the expansion for a
school building. It is placed in a neighborhood with more and more children, and in the last five years
the demand for more classrooms has increased. In this moment the school has a school yard with
place for playing basketball and soccer.

In the surroundings, though, there are houses. Therefore, to do the expansion we cannot count on
exceeding the limits of the school building or the school yard. However, the school desires to keep
having place for the basketball fields and the soccer fields. These can be covered or uncovered.

According to the urban planning regulations of the city, more stories cannot be constructed over the
actual school building.

2.4. Driving question

It is very important to reach to a question that motivates the students to begin with their design and
focuses with the desired objective: How can we expand the space of a school building, increasing the
number of classrooms but without losing space for the school yard?

3. METHODOLOGY

This methodology of the PBL has been used in the third course of the degree in mechanical
engineering in the University College of Engineering of Vitoria-Gasteiz. The subject has been
“Industrial Structures and Constructions” and it has been carried out in the three groups of students,
namely the groups of Spanish, Basque, and English. In the Spanish group students have been
distributed into 6 teams, in the Basque group students have been distributed into 5 teams, and in the
English group students have been distributed into 3 teams, so in the end 14 different projects have
been proposed.

Initially, four or five sessions of a couple of hours were introduced to students, where the CYPE
program was explained by means of designing a simple example. Then, a document with the points
given in sections 2.1 to 2.4 was handed over to students. During the first session after finishing with
the example of the CYPE, they made teams and read the document and internalized the problem, so
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that in the next session they could begin drawing a draft and designing their project in the program.
The docent took all the drafts examining superficially the initial idea and told the students that they
should be careful with the dimensions of the structure and to plan where the openings for windows
and doors were going to be, as they affect the wind action.

Then, to begin designing a structure with this program, it is highly recommendable to use first the
Portal Frame Generator module. Thus, a reference frame can be designed and then in the CYPE 3D
module it can be repeated as many times as necessary to become a three dimensional structure. So
the docent also had to help the teams in defining correctly these referential frames. In Fig 1 the main
modules of the program are shown.

Figure 1. Main menu of the CYPE program.

In the Portal Frame Generator each team introduced their design. Here they have to introduce some
dimensions; they also have to choose the Norm according to the country, and some load values such
as weight of roof coating, useful overload in roof (selecting its category of use, too), weight of lateral
coating, wind and snow. Additionally when the wind load data is described, the openings for windows
and doors have to be defined, so that the program can calculate the outside and inside wind pressure
coefficients to calculate the adequate combinations. Into this module, roof and fagade purlins can be
described. However, only roof purlins were used. Apart from this, lateral wall has also to be described,
if one wants to define lateral wind pulling or pushing on the facades, not only over the roof planes.
And after that, they prepare for exporting the frame to the Cype 3D module as shown in Fig 2.

Figure 2. Result of the definition of a frame in the Portal Frame Generator before the exportation to the Cype 3D.
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After defining a frame, if one needs to repeat that frame for example eight more times, it has to be
defined before exporting the frame, and the result of the exportation will be the one represented in
Fig 3.

e

igure 3. Result of the exportation to CYPE 3D.

Once students are in this module, now they have to expand their design as much as possible. They
have to consider where the openings for doors are, where to describe piers not to coincide with an
opening or not to interfere the activity inside the structure model. Additionally they have to define
floors and as well as their corresponding loads of weights and useful overloads.

Now it is time to remember that what students are introducing and defining here are models of the
real structures as it is virtually impossible to introduce the complete structure with all the details of
construction. So the model is made out of bars representing beams and piers and bridgings as Saint
Andrews crosses and others. And to these bars the characteristics of usual rolled profiles are given,
such as HEB profiles for piers or IPE profiles as beams, and round tie rods as bridgings. And to the base
of the piers external link of rigid fixing type is given to simulate the fixed connection to the foundation
through anchoring plates. On top of the gable piers articulations are defined, to try to simulate the
real behavior of a structure where the loads from the roof are transmitted to the ground through the
main piers and a bit less through the gable piers, who are supposed to work more against the wind as
well as the bridgings placed on the lateral fagades, between the first two frames and the last two
frames; and if the total length of the structure is large, along the length more bridgings are placed too.
See Fig 4 for the arrangement of the bridgings.

Figure 4. Structure after running the final calculations.

Trying to be as realistic as possible, buckling and lateral buckling coefficients can also be defined, and
when every structural characteristic is more or less defined in the program, one can run the calculus.
Although it is automatic, it is known that this program uses the limit states as criteria of failure. When
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it finishes the calculations, a lot of information can be achieved. The deformation in each one of the
bars of the structure, the reactions in the joints, the axial, bending moments, torsions, or shear of
every bar, and furthermore the numeric values of these forces, moments or displacements.

It is very representative that when one bar has enough mechanical characteristics is painted in green
color, and when it is not enough is painted in red, explaining which the failure type is: resistant
criterion or deforming criterion. The program analyzes all the profiles of the type selected, for
example, if an IPE has been chosen for a certain beam, the program analyzes all the IPEs from 80 up to
600, saying if it would be valid or not for that element. Thus, one is capable to convert every red bar
into green elements, by replacing the wrong ones by larger profiles of the same series. And if it is not
possible to use one simple rolled profile for such bar, for example because loads are so large, then the
designer (in our case students) can change the profile type to simple profile with brackets, or double
profiles welded, or double profiles with plates, or castellated profiles. There is an option to view the
axial or shear forces or bending moments diagrams drawn for each one of the bars, or if one prefers it
the numerical values can also be represented. Fig 5 shows the diagram of moments My in axis y, in
every element first, and in two elements of the model after. There it can be seen some of the
different options; one can draw simply the diagram of the element, with or without the values in the
extremes; or can see in which sections appear the maximum and minimum values of the stress; or one
can also consult in one concrete section the value of the stress. The same can be done with the
diagrams of axial, torsion, shear, sags...

a. Diagram of moments My in every elements of the b. Diagram of moments My in two elements of the
model model with the maximum and minimum values
represented

i
-
[
MEED
[ 2]
-
T |

s

¢. Maximum and minimum values of the diagram of d. Maximum and minimum values of the diagram of
moments My displayed with the corresponding moments My displayed with the corresponding
abscissa in the beam selected abscissa in the pier selected
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e. Exact value of the diagram of moments My f. Exact value of the diagram of moments My consulted
consulted in a concrete abscissa in the beam selected in a concrete abscissa in the pier selected
Figure 5. Diagrams of some elements of the structural model.

Just to take conscience of the behavior of the structural model under the application of the loads, an
animation can be run with the colored scale typical of the finite elements analysis indicating low
deformations in blue and high deformations in red, with intermediate values of deformations
represented in different colors as shown in Fig 6.

e il
[FeE asan ¢ e =
ri : | Y o

Figure 6. Structure represented running the final calculations.

Finally the foundations have to be designed. Depending on the soil geotechnical characteristics
(resistance or deformability) superficial footings or deeper foundations such as capped piles can be
used. In this case the most common footings have been used, some students have used the eccentric
solution joined by tie-beams or grade beams and some students have used the centered footings
equally joined by tie-beams or grade beams, depending on the existence of moments or only axial
forces. In Figs 7 and 8 an example of foundation is shown.

Figure 7. Foundation made out of centered footings and tie-beams and grade beams.
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After making all necessary adjustments to the structural model, the program lets us view a 3D image
of the resulting project as Fig 9 illustrates.

Figure 9. 3D view of the whole structural model (structure and foundation).

As mentioned before in the introduction, the program realizes calculi by means of the limit states,
which is also the basis for the Norm of the Technical Building Code or TBC in force in our country. The
ultimate limit states are those that, if surpassed, constitute a risk to the people, either because they
produce a decommissioning of the building or the total or partial collapse of the same [4]. As final
limit states, the following should be considered:

a) Loss of balance of the building, or of a structurally independent part, considered as a rigid body

b) Failure by excessive deformation, transformation of the structure or part of it into a mechanism,
breakage of its structural elements (including supports and foundation) or their joints, or instability of
structural elements including those arising from effects dependent on time (corrosion, fatigue)

Service limit states are those that, if overcome, affect the comfort and well-being of users or third
parties, the correct functioning of the building or the appearance of the construction. Service limit
states may be reversible and irreversible. Reversibility refers to the consequences that exceed the
limits specified as admissible, once the actions that have produced them have disappeared. As service
limit states, the following should be considered:

a) Deformations (sags, settlements or collapses) that affect the appearance of the work, the comfort
of the users, or the operation of equipment and facilities

b) Vibrations that cause a lack of comfort of the people, or that affect the functionality of the work
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c) Damage or deterioration that may adversely affect the appearance, durability or functionality of the
work

The TBC recommends using partial safety coefficients, to represent different combinations of actions
that affect the structural model.

All in all, the designer has to use the real loads without weighting coefficients to calculate the
deformations in every structural element to know which the real sags are. This is known as the
Deforming Criterion. In the contrary, the calculation of the stresses, moments, shears, etc. has to be
done by using the weighting coefficients of the safety partial coefficients, to make sure that the
elements will bear the efforts provoked by the loads. We overestimate loads to try to consider loads a
bit larger than reality, just in case when working the building suffers an overload or accidental loads
not considered in the calculi. This is known as Resistant Criterion.

4. RESULTS

Students have been divided into 14 different teams, each one composed of three or four people. They
have worked during a complete semester for a couple of hours per week. As the solution have been of
free design, some of the constructions have been easier to calculate and dimension than others, this
fact making the teams need less time to finish. All this means that some of the structural models have
been larger with more bars and nodes to solve, but it has not been a problem since the license used
for this project has been the Campus license, which has not restrictions over the number of nodes or
size of the model.

In the following Fig. 10 the different designs worked on by the teams of students are shown. Teams 1,
3,6,9, 12, and 14 belong to the Spanish group; while teams 2, 4, 5, 7, and 10 belong to the Basque
group; and finally teams 8, 11, and 13 belong to the English group. These are the final results of every
project proposed by each team of students after verifying that all the limit states are fulfilled.

¢. Resulting structural model of team 6 d. Resulting structural model of team 9
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e. Resulting structural model of team 12 f. Resulting structural model of team 14

8. Resulting structural model of team 2 h. Resulting structural model of team 4

i. Resulting structural model of team 5 j- Resulting structural model of team 7

k. Resulting structural model of team 10 l. Resulting structural model of team 8

m. Resulting structural model of team 11 n. Resulting structural model of team 13
Figure 10. Final designs of the solutions proposed by the students

5. CONCLUSIONS

For the conclusions one can indicate that each team has proposed an initial sketch and after that has
solved its particular project, giving as a result a final design of the model which, after verifying that it
does not fail under any of the limit states, can be confirmed that the real structure will not fail
because the model has been studied with the same dimensions under the necessary and specific loads
according to the analyzed geographic location. And for the end of the academic course, students are
capable of verifying both with manual and computational calculation a particular structural model.
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Geometry and structural analysis parametrization of steel nodes in high-rise
buildings. Case study: Royal Mekka Clock Tower

Rodriguez lzquierdo, Victor!; Vazquez Carretero, Narciso?

ABSTRACT

Digital production interface to structural analysis is enormously benefitted through the parametrization
of the steel nodes geometry and its structural analysis. A design and structural analysis platform
focussed in this elements is proposed as a necessary step contributing to a fully integrated digital
construction process for high-rise steel buildings.

Keywords: Optimization, geometry parametrization, steel nodes, high-rise buildings, digital fabrication.

1. INTRODUCTION

The Royal Mekka Clock Tower, currently third tallest building on earth with 601 meters, arises from the
idea of placing a Clock on top of the Tower 5 of the King Abdulaziz Endowment. The project is a process
of research and optimization developed in no less than 107 phases, with the remarkable challenge that
supposed to dispose a 250 m steel structure on top of a fully designed and in construction 350 meters
reinforced concrete structure and almost duplicate its height. The knowledge acquired during this
project has been taken as a basis for this research.

1Mayr/ Ludescher [ Partner, Stuttgart (GERMANY) / University of Seville (SPAIN). victor.rodriguez@mayr-
ludescher.de
2University of Seville (SPAIN). narciso@us.es
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For this unique building shape: Trussed (triangulated) tube as a main bracing system and Inclined mega-
columns, the key is in choosing a support system, the stresses are adjusted according to the pre-
conditions and moreover offers the possibility that the loads are selectively introduced to the
substructure.

2. STEEL NODES

Complex steel parts, such as the connection nodes, had to be entirely prefabricated prior to shipping.
These connections had to be welded precisely and carefully so as to guarantee maximum strength when
installed on site. To optimize the performance of the steel and the welded joints, the material was
preheated using a series of gas torches. The welding was carried out in a repetitive, symmetrical
process. This means that the joints were welded several times from each side to reduce the risk of
shrinking and to improve strength. Each connection node has a weight of more than 16 tons and can
support forces in excess of 1000 tons.

Figure 3. Steel node

Fostering simplicity and constructability within the structure is what brought the engineers to the need
to use 3D-models of every complex steel nodes as a direct input for steel fabrication, digital processing
of shop drawings.

Figure 4. Steel nodes assembly
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3. METHODOLOGY

Through a geometric parametrization process of the structure we can achieve a more efficient system.
Connecting different software and parametric tools, such as, Rhinoceros + Grasshopper, Excel and
Sofistik and programming languages as C#, VB, RhinoPython, an optimal time saving, free of
coordination mistakes, analysis and design platform (ADP) is created.

F

=
NODE
£ 20- PARAMETRIC

g, ~ ANALYSIS
Y e

P
ANALYSIS AND DESIGN ENGINE iy

BIM MODELLING

Figure 5. Analysis and design engine — Parametric node analysis
In high-rise buildings of special interest are the relations time-design and optimization-feasibility of the

steel nodes. Node structural analysis and more specific the production of the workshop drawings is a
significant time-consuming project phase and it is likely to end into a very conservative design.
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Figure 6. Time consumption and Optimization / % Parametrization in the analysis

This comparison will give us the keys to find the most effective system, will allow to take decisions at
different stages and give the client the possibility to participate in to a later stage.
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Figure 7. Cost / Satisfaction of the client

Digital production interface to structural analysis is enormously benefitted through the parametrization
of the node geometry and its structural analysis (2D and 3D FEM). Moreover, an automatized 3D
workshop-drawing tool as a direct input for the steel manufacturer is generated. Every individual node
interacts with its environment, adapts to it and effects on it neighboring parts.

In this optimization not only the final number of steel nodes played a major role, construction feasibility,
crane loading, temporary and final stage of the nodes, resulted to be determinant influencing factors
which affected the most in the consumption of time, material (footprint) and economic resources.

Figure 7. Steel node, isometric views, digital processing of shop drawings.

This bring us to the point that manufacturing industry continues to efficiently increase production at an
almost exponential rate due automation and robotics. Currently robots are being used in manufacturing
for material handling, processing operations, assembly and inspection. The possibilities that this opens
to the construction industry where the processes are very similar, design parametric platforms are a

optimal introduction way of robotics to some of them, what could lead to increase exponentially the
effectiveness of construction.

4. CONCLUSION
Complex structures can only be economically implemented with parametric generation, the extension

of the related project phases can be positively optimized.
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Alterations in geometry and structural design can be accomplished at any time with little effort.

Digital fabrication will bring automated derivation of suitable 2D and 3D production data to machine
code (laser data, milling data...). Use of existing digital production processes (laser cutting, robot
welding, bonding) is inefficient through multiple digitalization (digital model > 2D-drawing > digital
model).

The details can react to their environment; new variables are integrated in the process, such as, number
of subsequent axes, angle and inclination of the axes, material thicknesses and connection geometry to
further planes. Late adjustments of the details can be realized without a relevant time-consume.

The integration of digital technologies into construction promises significant contributions to
sustainability and productivity/efficiency, while allowing new geometries. The multidisciplinary nature
of the digital processes remains the central challenge to establish a digital design culture.

A fully integrated digital model for the process of construction, transform the architectural / structural
drawing from merely representation to an actual instruction for a robotic workforce.
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3D Wall-Beam System load transfer.

Case study: John Cranko Ballet School

Rodriguez Izquierdo, Victor!

ABSTRACT

In the structural analysis of complex 3D wall-beam systems, a direct comparison of different modelling
variants leads to drastic differences in the results. FEM 3D effects are difficult to verify but a reasonable
way to understand the global behaviour. Planar models could lead to very conservative values but are
easy to verify.

Keywords: Strut-and-tie model, concrete node, built-in unit, wall-beam.

1. INTRODUCTION

The architectural design of the new John Cranko Ballet School consists of a terraced building with
exposed concrete in the fagade and in most of the interior surfaces. Burger Rudacs architects design
arises as a powerful topographical answer to the urban situation that develops with a vertical drop of
around 20 meters. The new building of the John Cranko School is built on a plot north-east of Stuttgart
city centre within sight of the main station.

The outer dimensions of the new building are about 90 x 36 meters. The floor plan is based on a regular
grid of 3 x 3 meters and the storey heights of the levels EO1 to E10 are constantly 3.5 meters. Due to
the height offset of this ever-changing spatial body, three-dimensional spatial sequences are created to
offer the school an unusually rich and sensuous interior space quality.

Figure 1. 3D-Revit Model — Structural indirectly supported elements

2. STRUCTURALL CONCEPT

1Mayr/ Ludescher [Partner, Stuttgart (GERMANY). victor.rodriguez@mayr-ludescher.de
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The structural system mainly consists of flat slabs and a 3D system of highly reinforced concrete walls
acting as deep beams with large spans of up to 30 x 24 meters. In Fig. 1 all slender wall- beams are

highlighted in red.
STRUCTURAL INDIRECT SUPPORTED ELEMENTS
3D SYSTEM — WALL BEAMS
Level EO7
Level EO9 Level E11
Level Eﬁ
Level EO8 Level E10
Level EF

Figure 2. 3D- Structural indirectly supported elements
For the study of the intersection points where huge loads were to be transferred, structural engineers
used four different types of analysis models. The 3D FEM of the entire building and the 2D-FEM of every
horizontal level were used to obtain the reaction forces. Then 2D Strut-and-tie models were

Level EO4

Level EO3

Level EO@

Level EO1

3. MODELLING VARIANTS

implemented to reproduce them and control the workflow of the stresses. Finally, through 3D strut-
and-tie models behavioural assumptions were verified.
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Figure 3. 2D strut-and-tie modelling, 3D-Model built-in units.

In complex 3D wall beam systems, big differences in between 3D and 2D FEM are expected. The 3D
effects created by multiple wall beam intersecting elements can considerably reduce the intersection
point forces but only in simple cases are them easy to verify. The combination of 2D FEM and strut-and-
tie models brought engineers to a defiant conservative loading that has been resolved with a non-less
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challenging audacious design. In a direct comparison, it can be seen that different modelling variants
lead to drastic differences in the results.

4. INTERSECTION NODES

As the concrete strength is insufficient, special high strength steel built-in units were designed to
transfer high local support loads (of up to 20 MN) at the intersection points of the wall-beam:s.

Figure 4. Indirect supported structural elements. Axis E.

There were three determining factors for the structural engineers from Mayr | Ludescher | Partner to
develop this solution. Firstly, walls with insufficient thickness from 20 until 35 cm, in which even high-
strength concrete (until 50 MPa) was not capable of transferring the loads through the intersection
nodes. Secondly, exposed concrete elements with high requirements (most restrictive category “SB4”
according to the DBV/VDZ-Merkblatt ,,Sichtbeton” Tab. 1, 2+3). And, finally, fire safety requirements
that increased the concrete cover.

Figure 5. Mounting process of the built-in units
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Nine of the studied concrete intersection nodes were solved with seven different built-in units. With
plate thicknesses of up to 60 mm, maximum dimensions of 2,8 m x 2,0 m x 1,9 m and self-weight of up
to 4,4 tons, placing the steel units on site, connecting the reinforcement and pouring the concrete in
and through them was a very important part of the design process.

5. CONCLUSIONS

The advantage of a 2D modelling, both from FEM and strut-and-ties models, is obvious. Thanks to the
simple systems, the results can be clearly understood. By means of a manual calculation of the loads
from the influencing areas and the loads from auxiliary elements, which have been determined by
means of node support reactions, one is also on the safe side in the dimensioning.

With 3D FEM models, which represent the whole building, it can always be that the loads are distributed
differently on the components than assumed. Flat slabs, for example, often lead to horizontal bearings,
and each support has a spring stiffness, which is determined by the program and usually results in
smaller internal forces and moments. Whether the system is just the same is often questionable.

In order to prevent a failure of the components, one should on the safe side use planar models for the
dimensioning of the components. The faster version is a shear plate model. However, this is always to
be used with caution, since it can also lead to unclear or even wrong results. In the case of simple,
rectangular walls, usually provides well-comprehensible results. If, however, the geometry of a wall
panel is more complex, due to elevation steps, openings, ... the results also need to be precisely
analysed. Point loads and node supports usually distort the results by means of singularities.
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Figure 6. Reaction design force at Axis E/4.

Compared to this, strut-and-tie models yield very clear results. If a suitable system has been designed,
the bars display results without great interpretation requirements. The disadvantage here is the time
consume, the more complex the geometry of the wall, the more complex is to create a model. Often,
however, there is no way around, since other models produce too many unclear and thus uncertain
results.
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Spatial strut-and-tie models often provide very similar, but usually smaller, results than the planar
models. Nevertheless, one has to say that it is far less clear to understand. There are not so many factors
where you have to rely on the program, but here, too, crossing bars create springs that reduce the
internal forces. This does not have to be wrong, but it is not on the safe side either. One of the reasons
why one should not rely too much on the internal forces is the strong simplification. Eccentricities have
been completely ignored in this model and elevation steps have been included in the cross-sections in
a greatly simplified manner. Especially in this case it should not be used for actual dimensioning, but it
is a good way to use the results as comparative values.
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ABSTRACT

When the collapse mode does not include sliding, the Limit Analysis is an excellent tool to check the
stability and strength of the historic masonry structures in a simplified way. In an early stage, its
relation with Mathematical Programming was already shown. However, their joint application
presents a significant problem in the case of highly heterogeneous, anisotropic and with low or no
tensile strength materials. In the methods that use Linear Programming the usual procedure is to
establish a load, or a system of concomitant variable loads, that are increased by a coefficient called
load factor. Any value of this factor below the one that causes the collapse is considered safe. This
paper tries to analyzes the drawbacks of this approach and to show alternatives.

Keywords: masonry structures, Limit Analysis, Linear Programming, Safety factor, Chebyshed center.

1. INTRODUCCION

En 1952 Kooharian [1] demostré que los teoremas del Andlisis Limite eran aplicables a las estructuras
de fabrica, aunque ya en 1953 Drucker [2] demostré que estos no eran aplicables en el caso de
colapso por deslizamiento. En los casos en que el modo de colapso no incluye deslizamiento el Analisis
Limite Estandar es una excelente herramienta para la comprobacion de la estabilidad y la resistencia
de modo simplificado, especialmente en el corto plazo. De hecho es probablemente una de las
mejores opciones cuando se dispone de escasos datos acerca de la estructura, ya que sélo requiere
datos geométricos y estimacidon de acciones para comprobar la estabilidad, y tensiones limites de
rotura de los materiales para comprobar la resistencia. Por el contrario, no es en absoluto el mas
adecuado cuando se necesita comprobar el comportamiento en el largo plazo de la estructura, tarea
para la cual existen herramientas mas sofisticadas pero que requieren un mayor esfuerzo en la
adquisicion de datos.

La utilizaciéon de los teoremas como fundamento para andlisis "manuales” ha sido ampliamente
desarrollada por Heyman y ha tenido gran éxito puesto que entronca perfectamente con una larga
tradicion de andlisis - grafico o no - mediante lineas de empujes. Fig.(1)
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Figura 1. Andlisis de la reconstruccion hipotética de una de las cupulas de Villa Adriana

Desde muy pronto el Andlisis Limite y la Programacién Matematica - sea Lineal o no - han ido de la
mano. Charnes et al. [3] establecieron la equivalencia para las cerchas entre dos problemas duales de
programacion lineal y los principios "estatico" y "cinemdatico" del colapso plastico. Mas tarde otros
como Dorn [4] y Charnes et al. [5] extendieron la equivalencia a los pdrticos. A partir de los afios 70,
con la extensién del uso de los ordenadores, la aplicacion del Andlisis Limite mediante Programacién
Lineal sufre un fuerte desarrollo. Algunos ejemplos son la aplicacion a un medio continuo mediante
elementos finitos de un material rigido-plastico por Anderheggen [6] o la aplicacidn a estructuras de
fabrica modelizadas mediante ensamblajes de bloques rigidos en contacto unilateral mediante una

formulacion estatica por Livesley [7] o cinematica por Gilbert et al. [8].

La aplicacién del teorema del limite inferior o estatico permite comprobar si una estructura es estable
y resistente sometida a un sistema fijo de cargas. Esto es lo que se ha venido haciendo de modo
habitual cuando se emplean los citados métodos "manuales", ya que basta comprobar que existe una
solucion de equilibrio entre un sistema cualquiera de solicitaciones internas -no tienen por qué ser las
"reales"- y el citado sistema de cargas fijas, y que dichas solicitaciones no vulneran en ningln punto
las restricciones del material. Utilizando una analogia antropomdrfica, si existe una solucién que
permita conseguir el equilibrio y no infrinja las restricciones, la estructura la "encontrarad".

Asunto muy diferente es saber, en el caso de que varien las cargas o las propiedades de la estructura,
cual es el margen de seguridad que le resta a la estructura antes de colapsar. La aplicacién de los
teoremas presenta un importante problema en el caso de materiales altamente heterogéneos,
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anisétropos y con escasa o nula resistencia a traccion. Este se agudiza en extremo cuando se emplean
los teoremas en combinacién con la Programacién Matemdtica. El problema venia de origen, el propio
nombre de los teoremas - teorema del limite superior y teorema del limite inferior - induce al
equivoco. Es un hecho conocido, aunque a veces ignorado con graves consecuencias, que en
ocasiones es mas peligroso reducir las cargas sobre una estructura de este tipo que aumentarlas.

Limitdndonos en adelante a los métodos que tienen una formulacién exclusivamente estatica, este
problema ha venido siendo manejado en el caso de los métodos "manuales”, para estructuras lineales
y cuando sdélo son necesarias comprobaciones de estabilidad, mediante el llamado coeficiente de
seguridad geométrico.

En los métodos que emplean la Programacion Lineal la dificultad es heredada de la aplicacion original
del Andlisis Limite a problemas de rotura con materiales resistentes igualmente a traccién vy
compresion. El método habitual es establecer una carga o un sistema de cargas variables
concomitantes a las cuales se las hace crecer de acuerdo a un coeficiente A llamado factor de carga, se
trata de hallar el valor maximo de este factor y aceptar la hipdtesis de que cualquier factor por debajo
de éste corresponde a un sistema de cargas seguro. Un factor de carga igual a 1, o lo que es lo mismo
un coeficiente de seguridad igual a 1 para el sistema de cargas concomitantes, significa que la
estructura se encuentra en la situacién de inicio del colapso. En esta formulacién cuanto mayores son
el factor de carga -o coeficiente de seguridad- mayor es la seguridad de la estructura respecto al
sistema de cargas. Esto no siempre es cierto y para poder avanzar en el tema es necesario aclarar
previamente la formulacién y terminologia que vamos a emplear.

2. MODELADO DE LA ESTRUCTURA

En el modelo propuesto el material compuesto constituyente de la estructura -considerando tanto los
sillares 0 mampuestos como las juntas- es un material idealizado como unilateral, es decir, con escasa
o nula resistencia a traccion -en el modelo mas simple nula- elevada resistencia a compresién -aunque
a diferencia del modelo de Heyman [9] no ilimitada- y deslizamiento inexistente o impedido. La
adopcion de la hipdtesis de resistencia a traccion nula ha sido adoptada por la inmensa mayoria de los
autores y esta del lado de la seguridad. La limitacion de la resistencia a compresién -rotura por
aplastamiento- estd menos extendida pero ya aparece en la obra de autores como Delbecq [10] o la
citada de Livesley [7]. En cuanto al deslizamiento es necesario que esté impedido debido a las
limitaciones del método -el Anadlisis Limite Estandar- por tanto, se supone un rozamiento muy grande
o disposiciones constructivas que impidan el deslizamiento. El tema del colapso con deslizamiento ha
sido tratado en distintos trabajos, y entre ellos varios de los autores [11].

El comportamiento del material se idealiza como el de uno rigido-plastico despreciando las
deformaciones elasticas. En este tipo de material las deformaciones plasticas al alcanzar las
restricciones de limite son tan grandes en comparacién con las eldsticas que es una simplificacion
aceptable.

Para un material del tipo descrito unilateral y rigido-plastico se puede considerar unas solicitaciones y
una distribucidon de tensiones en una junta -real o virtual- como las representadas en la Fig (2),
considerando Unicamente solicitaciones axiales y de flexién.
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Figura 2. Solicitaciones, tensiones y deformaciones en una "junta" de una estructura de fabrica.

Utilizando como variables estaticas las solicitaciones en las juntas, normal N y momento M, se puede
definir una superficie limite o de cedencia -llamada por otros autores superficie de fluencia- Fig. (3).
Los estados de solicitaciones representados en el interior de dicha superficie son seguros. Los estados
contenidos en la envolvente estricta son aquellos en que estd a punto de iniciarse el colapso. Los
estados en el exterior de dicha superficie no tienen significado fisico, al ser imposibles. Ademas para
que sea posible aplicar el Andlisis Limite la superficie debe ser convexa y, para poder aplicar el Andlisis
Limite Estandar, los "multiplicadores plasticos" o deformaciones elementales que se producen al
alcanzar las solicitaciones un punto de la superficie limite deben ser perpendiculares a dicha superficie
en ese punto.
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Figura 3. Superficies de cedencia -o de fluencia segun algunos autores- de la anterior "junta" definidas en el
espacio de las variables estdticas -normal y momento- en linea continua sin resistencia a traccion y en linea
discontinua con una pequefia resistencia a traccion. Los puntos en la zona interior a la superficie representan
soluciones estdticas admisibles.
La inclusidon de las solicitaciones tangenciales se haria mediante la correspondiente superficie de
cedencia N, T. Como ya se ha dicho si estas llevaran al deslizamiento estariamos fuera del marco de

aplicacion del Analisis Limite Estandar, por tanto se supone como hacen muchos autores que la
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resistencia por rozamiento es suficientemente grande o que el deslizamiento estd impedido y no se
consideran en el desarrollo posterior por simplicidad en la exposicion.

Es necesario aclarar la terminologia que se va a emplear. Siendo B'la matriz de equilibrio, s un vector
de tensiones internas, g un vector de cargas permanentes, A el factor de carga, q un vector de
acciones variables, y un vector de "holguras respecto a las restricciones limites de las tensiones" que
debe ser positivo y que desde un punto de vista geométrico es la distancia desde el estado de
tensiones analizado hasta la correspondiente restriccion limite, L' una matriz de coeficientes
adecuados que relaciona las tensiones internas con las citadas holguras -y que podemos llamar matriz
de cedencia- B la matriz de compatibilidad -traspuesta de la de equilibrio- u un vector de
desplazamientos nodales -de cada uno de los elementos en los que discretizamos la estructura- z un
vector de "multiplicadores pldsticos" -deformaciones elementales que se producen al alcanzar las
tensiones sus correspondientes restricciones de limite- y V una matriz de coeficientes adecuados, a la
que podriamos llamar matriz de fluencia. Por definicién, toda solucién de inicio de colapso debe
cumplir las siguientes condiciones Eq.(1):
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Que se pueden desglosar de la siguiente manera:

a/ Ser una solucidn estatica admisible, Eq.(2)

sa. B's =g+lq

‘Ls = y | =yelE} )
y =2 0

b/ Ser una solucién cinematica admisible, Eq.(3)

sa. Bu -Vz =0
q‘u =1
z =0

(K] (3)

c/ Satisfacer la relacion entre soluciones estaticas y soluciones cinematicas, Eq.(4)
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<

y
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Esta formulacion u otra equivalente es la empleada por la mayor parte de los investigadores que se
enfrentan al problema general sin excluir la posibilidad de un fallo que incluya deslizamiento y que por
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tanto utilizan Andlisis Limite no-Estandar. Este tipo de problema es conocido como un Problema con
restricciones de Complementariedad o abreviadamente como Problema de Complementariedad, y
debido a las restricciones que relacionan las soluciones estdtica y cinematica, Eq.(4), éste es un
problema intratable desde el punto de vista computacional que puede tener una, ninguna o multiples
soluciones.

Mucho mas sencillo es el caso que vamos a tratar de estructuras planas, o tridimensionales a las
cuales se puede aplicar una linealizacién, y en las que el deslizamiento se supone inexistente o
impedido. En este caso las condiciones de éptimo del Problema de Complementariedad son un par de
Programas Lineales duales en los que hallando el maximo valor del factor de carga para el caso de la
solucion estdtica o el correspondiente minimo para la solucidon cinematica se obtiene el factor de
carga de inicio de colapso.

En los casos en que el material cumple con las condiciones expuestas anteriormente y el mecanismo
de colapso no incluye deslizamiento se puede aplicar el Andlisis Limite Estandar. El enfoque mads
habitual es hallar el maximo valor del factor de carga, para el cual se inicia el colapso Eq.(5) o Eq. (6), y
considerar que cualquier valor del factor de carga por debajo de éste es un valor seguro, tanto mds
seguro cuanto mas bajo. De este modo el factor de carga actia como un coeficiente de seguridad
global a aplicar sobre las acciones variables, un 4,,,=0 indica que la estructura estd al borde del
colapso bajo las acciones permanentes, un 4,.=1 que lo esta bajo la accién conjunta de las acciones
permanentes y las variables sin mayorar, y un 4,,>1 que es posible aumentar aun las acciones
variables antes de llegar al colapso.

max A s.a. {Bts=f=g+xq; -L‘s=y;y20} (5)
max A s.a.ye {Ey} (6)

La segunda y tercera restricciones de la Eq. (5) definen un poliedro convexo, y en la mayor parte de los
casos cerrado, que llamamos superficie de cedencia. Resulta obvio que en problemas que incluyan
estabilidad existe tanto un limite superior como uno inferior para 4, y por tanto los métodos basados
exclusivamente en la obtencidn de un ,,,. No son adecuados.

3. METODOS PROPUESTOS

El enfoque mds ambicioso para la evaluacién de la seguridad, alternativo a los coeficientes de
seguridad parciales -y que corresponde a los métodos probabilistas nivel Ill- es plantear una
simulacién -por ejemplo de tipo Monte Carlo- con valores aleatorios de las cargas asi como de
cualquier otra caracteristica mecanica o geométrica sujeta a variacion. Este tipo de planteamiento,
aungue muy atractivo desde el punto de vista tedrico, resulta de dificil aplicacién en la practica debido
a la escasez de datos, que es uno de los motivos que hace apropiado el uso del Anadlisis Limite. Seria
necesario conocer las distribuciones de frecuencias de los pardmetros implicados tales como acciones,
resistencias ... y caso de disponer de ellas ain quedaria por determinar cudl es el nimero de
repeticiones necesario para obtener el nivel de confianza deseado, tema que se ha tratado en otros
trabajos [12].
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En lo que sigue nos limitaremos a los métodos de evaluacién de la seguridad de nivel |, que a nuestro
efecto son métodos deterministas cuyos resultados se modifican mediante un cierto margen de
seguridad y que a menudo se desarrollan de modo practico mediante coeficientes de seguridad
parciales.

Para evitar una exposicidn abstracta se van a mostrar los conceptos sobre un ejemplo sencillo. Las
limitaciones del ejemplo son evidentes, ya que se ha sacrificado la exactitud en favor de la sencillez y
la posibilidad de representacién grafica. La mas importante se discutirda mas adelante.

Sea una viga de material rigido-plastico simplemente apoyada sobre un bloque de material rigido. El
momento Ultimo capaz de resistir la propia viga -que ejemplifica la resistencia del material- es M, , en
sus extremos se aplican una fuerza fija F; que ejemplifica las acciones permanentes g y una fuerza
variable F'; que ejemplifica las acciones variables ¢ , afectada de un factor de carga 1 . Las dimensiones
y disposicion son las reflejadas en la Fig. (4).

g=F AG=\F

D N U S A A

Figura 4. Representacion esquemdtica del caso de estudio.

Las variables estaticas en este caso son las acciones g, 4 g y las restricciones estan definidas respecto
a las situaciones limites de estabilidad, Eq. (7,8) y resistencia, Eq. (9,10).

F > iR, %)
F < 32, ®)
Mu > F )
% > AF, (10)

Estas restricciones pueden representarse graficamente sobre el espacio definido por las variables
estdticas g, 4 ¢ Fig. (5) y definen cada una de ellas dos semiespacios uno blanco en que la restriccién
se cumple y uno gris en el que no. La interseccidén de todos estos semiespacios define un poliedro n-
dimensional convexo, en el ejemplo un poligono.

En el interior de este poliedro, que si es cerrado se llama politopo, estan todas las soluciones que
cumplen con todas las restricciones. En el ejemplo es el poligono blanco.

En la envolvente del poliedro estan las soluciones para las cuales se ha alcanzado alguna restriccion
limite y, en el caso del ejemplo, esta a punto de iniciarse el colapso.

En el exterior, en la zona gris, no existen soluciones posibles desde el punto de vista fisico.
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Estabilidad Resistencia Estabilidad+ Resistencia

Ag FaAF, | Aq FisAF.

[F. \F] %%\F ) %2}\!?, | d |

+ + 4+

[FHAF!] ‘[Fl,AF.‘ ’C/
)’ 3NF.2F, 7 /LC 3NFF,

8 !g !g

0 0 %2 F, 0 %EF.

Figura 5. Representacion, para el ejemplo de estudio, de las restricciones de estabilidad (izquierda), de
resistencia (centro) y de cedencia en general (derecha).

3.1 Intervalo de estabilidad

Resulta obvio, observando la figura, que las soluciones inseguras -la zona gris- pueden encontrarse
tanto en la direccién de los A crecientes, como de los decrecientes. La propuesta mas simple consiste
en hallar ambos limites -superior e inferior- Eq. (11,12) y definir el intervalo entre ambos [4,.;, Anal
como intervalo de estabilidad del sistema de cargas.

Jpwe =Max A sa. {B's=f=g+q; -Ls=y :y>0] (11)

m

A =minl s.a. {Bts=f=g+)»q; -Lts=y;y20} (12)
El procedimiento puede ser representado graficamente, Fig (6). El segmento de recta [F},A,iF> 1,
[F1,Anad’>) constituye un politopo de dimensionalidad inferior, en este caso 1, y dentro de él estdn
contenidas todas las soluciones estéticas admisibles para las cuales F; es un valor fijo.

4 / d=Mu/2=\F>
[F. MaF) |

3 4 '_ff’

<3 [F.,AR]M i

0" [FI,AIT:L e b;?’ S

Iil..I)

8

0 F.

Figura 6. Intervalo de estabilidad para el sistema de cargas.

Cualquier valor de A interior al intervalo es un valor seguro y tanto mas seguro cuanto mas lejos se
encuentre de ambos valores extremos o, lo que es lo mismo, cuanto mas cerca se encuentre de su
valor medio A,eq = (AmaxtAmin) / 2. Seria posible definir un coeficiente de seguridad y para un factor de
carga, Eq. (13) como la relacién entre las distancias hasta el valor medio de los valores extremos y del
valor dado.

250 CMMoST 2017



Magdalena, Fernando', Garcia, Julian®, Hernando, José Ignacio3 and Magdalena, Eva’

—Ad Aeg — A

max ‘med ‘med min ( 1 3)

A’ _/,i‘med , 2’med_ﬁ’

y = arg max

En los casos en que A= A, 0 A= A, serd p=1 es decir la estructura esta en una situacion de inicio
de colapso.

Las potencialidades y las limitaciones de este primer método se entienden mejor a través de un
ejemplo. Una forma posible de estudiar la influencia de la posicidn de una carga variable actuando
sobre un arco es hallar la mdxima carga variable que soporta el arco en cada posicidon. Una de las
circunstancias que modifica la forma de esta linea de influencia es la existencia de relleno en el
trasdds y su espesor, Fig. (7A). En la figura 7B se representan las lineas de influencia de los factores de
carga maximo y minimo para diferentes alturas de relleno, como se puede apreciar en muchos casos
el colapso estd mas cercano debido al A, que al 4,, . Finalmente se representan las lineas de
influencia de los factores de carga A, , Amea Y Amin Para el caso de relleno hasta la clave del arco, Fig.
(7C). En este ultimo caso se puede apreciar que la linea de 4,.; estd muy préxima a la linea de A=0,
es decir sélo con cargas permanentes, en la parte central del arco. Por el contrario, en las zonas de
arranque del arco ambas se separan de forma rdpida, siendo mas seguro un aumento de acciones
variables en esta zona y mucho mds inseguro reducir el relleno en el trasdds. En el caso descrito la
obtencidn en un nimero suficiente de puntos del intervalo de soluciones seguras permite hacerse una
idea clara del comportamiento del arco. El coeficiente de seguridad global del arco sin sobrecarga
podriamos obtenerlo hallando el valor minimo de los coeficientes de seguridad parciales obtenidos
para cada ubicacidon de la carga, como se ha descrito anteriormente.

sin relleno

Figura 7. Lineas de influencia para un arco del factor de carga de una carga variable en funcion de su posicion.

Siguiendo el razonamiento hasta este punto, hemos llegado a la poco intuitiva conclusién de que la
seguridad del arco -tal como la hemos definido- bajo la accion de las cargas permanentes, peso propio
y relleno, es pequeia en la zona de los arranques, dado que la linea de influencia correspondiente al
Amea S€ €ncuentra muy alejada de la correspondiente a A=0 . Por otro lado la seguridad de esta zona
aumenta considerablemente al aumentar la carga variable sobre ellos y seria la mds segura para una
carga movil positiva. Lo expuesto basta para comprender que el método es una herramienta potente
para entender el comportamiento de la estructura pero requiere un importante esfuerzo de analisis

de los resultados "manual". Por otro lado, requiere un importante esfuerzo de calculo, ya que hay que
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resolver dos programas lineales por cada punto en que se quiera considerar la accién de cargas
variables.

3.2 Contraccién en un valor fijo de la superficie de cedencia

Resulta deseable disponer de métodos mads estandarizados. En este sentido, en estructuras lineales el
problema de la seguridad -o mejor de su margen- se ha venido resolviendo, cuando el Unico
comportamiento a comprobar es la estabilidad, mediante el llamado Coeficiente de Seguridad
Geométrico (CSG) que se puede interpretar como la comprobacidn de que existe una solucién estatica
admisible -linea de empujes- en el interior de una geometria contraida proporcionalmente respecto
de la original. Fig.(8).

Figura 8. Representacion grdfica del Coeficiente de Seguridad Geométrico mediante una linea de empujes
contenida en el interior de la geometria contraida.

Este problema no puede resolverse directamente mediante un Programa Lineal, pero si puede
resolverse iterativamente mediante dicha herramienta. Para ello se va aumentando y/o reduciendo el
CSG en un proceso de biseccion hasta obtener el maximo CSG para el cual la estructura es estable. En
estos casos el requisito de resistencia se comprueba habitualmente "a posteriori".

En este trabajo estamos interesados en métodos mds generales y que se puedan aplicar a cualquier
tipo de estructuras, por ello, en adelante vamos a centrarnos en métodos basados en la contracciéon
de la superficie de cedencia o, vistos desde otro dngulo, en la distancia desde un estado de tensiones
seguro hasta la superficie de cedencia. Este tipo de problemas puede resolverse en los casos de
envolventes convexas como problemas de Optimizacion Convexa y en el caso mas simple -como el
gue nos ocupa- de envolventes poliédricas, como problemas de Programacién Lineal.

Los métodos generales para la resolucidn de este tipo de problemas pueden encontrarse en trabajos
como el de Boyd et al [13], pero conviene recordar que, en la formulacién empleada, hemos definido
el vector y como aquel cuyos componentes son las distancias geométricas desde el estado de
tensiones considerado hasta las correspondientes restricciones de cedencia, Fig. (9 izquierda), y
podemos aprovechar este hecho.

Por tanto, una alternativa facil de implementar es hallar la distancia desde un estado definido de
tensiones -o de cargas en el ejemplo- hasta el punto mas cercano de la superficie de fluencia. Esto se
puede conseguir afadiendo una nueva condicién 4 < y;, resolviendo max 4 y haciendo min y,= max /.
Eq. (14).
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min y, = max /1 s.a. {/I:A,;OShSyi;B's=g+/Iq; -Ls=y ;yz()} (14)

El conjunto de puntos para los cuales el min y; > & define una superficie de cedencia contraida Fig.(9
derecha) cuya envolvente queda definida por la restriccion min y; = A.

Va
Ag d=Mu/22XF; M dzMu/Z?{
h — Iva
.Q'\, l [F!,A ks __\"L" Qr. A /—l [Fl,AF:IP -
Q:‘:’\\ yo "':/ Q’ax ;. Va=Vb=Yb=Vd=h _- /:,
& [ & = W<
—n / — — A
— - —
NE = i PG v
g g
0 0

Figura 9. En la izquierda distancia a las diferentes restricciones de cedencia y distancia minima h, en la derecha
superficie de cedencia contraida a una distancia h

Todos los estados de tensiones en el interior de esta envolvente estan al menos a una distancia 4 de la
restriccion limite més cercana.

El método descrito permite mediante la resolucidon de un Unico Programa Lineal garantizar que al
menos un estado de tensiones correspondiente al factor de carga A= A; estd a una distancia /4 de la
mas cercana de las restricciones de cedencia y ademads saber cual es esta restriccion. El inconveniente
del método es que no permite saber si esta distancia es pequefia o grande en términos relativos al
tamafio de la superficie de cedencia.

3.3 Contraccidon homotética de la superficie de cedencia

Una propuesta mdas ambiciosa es debida a Cervera [14] y consiste en contraer la superficie de
cedencia homotéticamente respecto a un punto interior que es hipotéticamente el mas seguro, la
propuesta quedd sin implementar para el caso general de fabricas. La idea tiene grandes similitudes
con el método de los factores de seguridad parciales, tal como lo describe por ejemplo Ditlevsen [15].

M amuoear A Avmxzzm;

(s [ame] < H}\ J
______ o [F;\F]—| >N

_____ —b L;T ’//Q Cl, C:] V- Qs Y =a {
(FAF] | [aF AF] S y =
a a: | a: ::I.; _;F‘ :
[0.0] | 8 8
0 0

Figura 10. En la izquierda, factores de seguridad parciales y superficie "suficientemente sequra”, en la
derecha obtencion del centro de Chebyshed.
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En la figura 2.5 del texto citado y en la Fig. (10 izquierda) se presenta una superficie contraida de la
superficie de estado limite -en la terminologia de Ditlevsen- o superficie de cedencia, que envuelve en
su interior todos los estados "suficientemente seguros" de acuerdo a los factores parciales de
seguridad adoptados. La principal dificultad para la adopcién del método en estructuras de fabrica
radica en la ubicacidn del origen respecto al cual se establecen los factores parciales de seguridad.

No es casualidad que en la figura (10 izquierda) se hayan representado Unicamente las restricciones
de resistencia, respecto de las cuales la solucién estatica mas segura es la mas cercana al origen [0,0].
Sin embargo, en la figura de la derecha se observa que, para el caso general que incluye restricciones
de estabilidad y resistencia, el punto que representa el estado mas seguro -el punto mas alejado de la
superficie de cedencia envolvente- esta muy alejado del origen. Los siguientes parrafos van a tratar de
como obtener este punto y como utilizarlo para evaluar la seguridad de la estructura.

El centro de Chebyshed es el punto interior que estad a la maxima distancia posible de una envolvente
convexa, Boyd [13]. Es también el centro de la mayor hiperesfera, o esfera n-dimensional, contenida
en el interior de dicha envolvente, Fig.(10 derecha), por ello recibe también el nombre de "ball
center". Obtener dicho centro en el caso de un conjunto convexo contenido en la citada envolvente es
un problema de optimizacidon convexa. Cuando dicha envolvente es un poliedro, como en el caso
tratado, el problema puede resolverse mediante Programacion Lineal, Eq. (15), de forma muy similar a
la de la Eq. (14). Se trata de hallar el maximo valor de / que en este caso es el radio de la maxima
hiperesfera inscribible en el poliedro.

max /1 s.a. {OShSy,-; -L's=y ;yZO} (15)

La solucion del Programa Lineal nos dard tanto el valor de 7 como de los diferentes y;. Estos y; son las
distancias desde el centro que vamos a usar como origen, dado que es el punto mds alejado de la
superficie de cedencia y por tanto el mas seguro, a las correspondientes restricciones.

A /dzMua’ZZ)\Fz
q dEM 2AF2 Q” Cldh
b7 oy
£ LN P /[F.,)\F.«] Qrh §
3/ N(C.C S T
S — A /
b—'.’)T\F?‘F 3
g

0

Figura 11. Obtencion de los coeficientes de seguridad parciales mdximos para un estado de tensiones dado.

Volviendo a la Fig. (10 izquierda), vemos que los mdrgenes de seguridad son funciéon de unos
coeficientes y de la distancia al origen, y en el presente caso al punto mas seguro. Tomando los
valores de los y; obtenidos en el anterior paso como coeficientes a; podemos volver a repetir la
operacion realizada en la Eq. (14), pero en este caso con distancias, a las correspondientes
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restricciones de cedencia, ponderadas por medio de los citados coeficientes, Fig. (11 derecha) y Eq.
(16).

max/ s.a. {ﬁ =2;0<ah<y;B's=g+iq; -Ls=y;y> 0} (16)
La solucion del Programa Lineal nos dara de nuevo tanto el valor de 4 como de los diferentes y;, pero

esta vez nos interesan los valores relativos de los y; respecto de sus correspondientes «;, Fig. (12
derecha).

o d= MufngK M Muw2zAF, /

\ _CI(:’LII_ _ T I J-d‘

Q\, \\‘\ __[,F’G*F_EITG"—L‘ L]: Q'!- }%J] L:
A= | da- LA a4
AIXICC] =2 S 3/ XC.Cl _ —

(S GV ; i & s e m
/ /'/ -~ © / — °
ﬁ’// — _’5T\F‘ZF\ o > b—?)}\F ZF‘
’:"’ (q g

|

0

Figura 12. En la izquierda, contraccion homotética de la superficie de cedencia, en la derecha, minimo
"coeficiente de seguridad parcial” de un estado de tensiones dado.

Definiendo, de modo parecido a Ditlevsen, un coeficiente de seguridad parcial y; respecto a una
restriccion dada i mediante la Eq. (17).

a;
Vi= (17)
a;, =),

Cuando y;=0, es decir cuando el punto estd en la superficie de cedencia, el coeficiente de seguridad
parcial y; respecto a la restriccion i es 1.

Hay que aclarar en este punto que dado que estamos empleando la palabra "factor" para el factor de
carga y que la formulacién del factor de seguridad no es exactamente igual a la de Ditlevsen, hemos
reservado pues la palabra factor para las dos primeras y coeficiente para la nueva que se propone.

Segun el concepto de seguridad mas habitual, el coeficiente de seguridad parcial que nos interesa
evaluar es el menor de ellos, Eq. (18).

Ymn = argmins y, = % (18)
a, =Y

Sin embargo, uno de las principales caracteristicas del Andlisis Limite es que considera que el colapso
no se inicia por alcanzar en un Unico punto o respecto a una Unica restriccion las condiciones de
limite, sino que es necesario que se alcancen en puntos suficientes en nimero y ubicacién para
convertir la estructura en un mecanismo.
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Es posible otro enfoque distinto para este mismo problema. El lugar geométrico de todos los puntos
que tienen un mismo coeficiente y,,;, es una superficie homotética con la superficie de cedencia y con
centro de la homotecia en el centro de Chebyshed, Fig. (12 izquierda). Podemos fijar un determinado
valor para este coeficiente y,,,, con lo cual obtendremos un valor de % y por tanto una separacion a la
superficie de cedencia fijada por a;4. Con esta superficie "suficientemente segura" obtenida al
contraer de esta manera la de cedencia se puede realizar cualquiera de las operaciones que
realizariamos con la original. Por ejemplo, se podria hallar el intervalo de estabilidad de la carga
variable que cumple con un coeficiente de seguridad parcial y dado. Cédmo fijar el valor de este
coeficiente escapa al alcance del presente trabajo.

4. DISCUSION

La extension de las conclusiones obtenidas del ejemplo es limitada. Una de las diferencias mas
significativas, entre el ejemplo y el caso general, es que en el este Ultimo para un mismo estado de
cargas son posibles diferentes estados de tensiones. Por ello, es requisito indispensable que sean
aplicables los principios del Andlisis Limite Estdndar para poder garantizar que, de entre todas las
soluciones posibles, la estructura "encontrard" aquella que tenga un mayor coeficiente de seguridad.
En consecuencia en el caso en que el inicio del colapso pueda incluir deslizamiento no es aplicable lo
dicho.

Tal como se ha visto anteriormente, una vez formulado el problema, con su conjunto de ecuaciones y
restricciones, es posible obtener mediante la optimizacién de las funciones citadas o cualquier otra
funcién lineal informacién muy util acerca de la resistencia y estabilidad a corto plazo de una
estructura de este tipo. Esta obtencidon se hace a muy bajo coste computacional.

El coeficiente de seguridad parcial tal como se ha formulado en este trabajo no corresponde con
exactitud con lo que habitualmente se entiende por factor de seguridad parcial, aunque de la
comparacion de la Fig. (10 izquierda) con la Fig. (11 derecha) se ve que tiene bastante similitud. En el
presente caso se ha optado por comparar la maxima seguridad que puede conseguir la estructura,
respecto a cada restriccion, con la seguridad correspondiente al caso en estudio. No obstante, es
posible utilizar otros coeficientes distintos de los a; si el caso lo requiere. El proceso a partir de que
estos se hayan fijado es igual al desarrollado para los a;, aunque en este caso la superficie
"suficientemente segura" ya no serd homotética de la de cedencia.

5. CONCLUSIONES

Cuando se evalua la seguridad de las estructuras histéricas de fdbrica utilizando Andlisis Limite
mediante Programacion Lineal:

1/ El enfoque mas cominmente empleado, consistente en hallar el maximo factor de carga que
aplicado a las acciones variables produce el colapso y considerarlo como coeficiente de seguridad
respecto a dichas acciones, es claramente inseguro en determinados casos. Cuando las acciones
variables externas -o parte de ellas- son estabilizantes, una disminucion de estas puede llevar a la
estructura mas cerca del colapso. Esta es sin duda la conclusién mas importante de las extraidas
puesto que afecta también a otros métodos de evaluacién de la seguridad.

256 CMMoST 2017



Magdalena, Fernando', Garcia, Julian®, Hernando, José Ignacio3 and Magdalena, Eva’

2/ Hallar tanto el maximo como el minimo de este factor de carga sdlo duplica el esfuerzo de célculo y
permite definir entre ambos valores un "intervalo de estabilidad" dentro del cual todos los valores del
factor de carga son seguros. En los casos en que la Unica fuente de incertidumbre son las cargas
variables y estas son mucho menores que las cargas permanentes -como es habitual en estructuras
histdricas de fabrica- el valor medio del factor de carga entre el mdximo y el minimo puede ser un
buen valor de referencia como valor que da la mdxima estabilidad y que podria utilizarse como origen
para establecer coeficientes de seguridad parciales para dichas cargas. El valor de este coeficiente
serd 1 para cargas correspondientes a los factores maximo o minimo y un valor muy alto para las
correspondientes al factor de carga medio.

3/ Hallar la distancia minima desde un estado determinado de tensiones, correspondiente a un factor
de carga fijado previamente, hasta el punto mas préximo de la superficie de cedencia garantiza en un
sélo paso que dicho factor de carga es seguro y permite obtener como parte del resultado las
distancias a las restricciones limites que definen los diferentes modos de colapso posibles. Se obtiene
asi una idea clara aunque no cuantificada del grado de seguridad de la estructura bajo dichas cargas y
de cuales son los modos de colapso mas probables.

4/ Los coeficientes parciales de seguridad, y en especial el de menor valor de ellos obtenido por el
método descrito, garantizan que para un determinado sistema de cargas -tanto fijas como variables-
existe una solucion correspondiente a un determinado estado de tensiones para la cual el coeficiente
de seguridad respecto a cualquiera de los modos posibles de colapso es igual o mayor al obtenido.

5/ Respecto a este ultimo método, conviene aclarar que un coeficiente parcial de seguridad minimo
igual a 1, respecto a una de las restricciones limites, no supone que la estructura esté a punto de
iniciar el colapso, ya que éste no comienza hasta se alcanza un estado de tensiones en que las
restricciones alcanzan su valor limite en un nimero y situacién suficiente de puntos para convertir la
estructura en un mecanismo. Puede de esto deducirse que el método infravalora la seguridad de la
estructura respecto al inicio del colapso y que es necesaria mas investigacion sobre este tema. En
cualquier caso se puede afirmar que el coeficiente parcial de seguridad obtenido de este modo es un
coeficiente seguro.

6/ Para solventar este problema puede utilizarse la segunda version del método descrito, fijando un
coeficiente de seguridad parcial y hallando los factores de carga maximo y minimo para la superficie
“suficientemente segura", aunque hay que advertir que asi nos apartamos de los procedimientos
habitualmente aceptados.

En cualquier caso es necesaria una mayor investigacion acerca de éste y otros posibles enfoques
alternativos y mayor esfuerzo en la cuantificacion de los coeficientes de seguridad que se consideren
suficientes para este tipo de estructuras.
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Stick-slip vibrations of a slider with a rate-and state-friction model and a
fluid-infiltrated medium
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ABSTRACT

Stick-slip frictional instability is the most relevant cause of the rupture of earthquakes. This study aims
to analyse the effects of poroelasticity on the characterization of fault slip instabilities. The rate- and
state-variable constitutive law is assumed as the frictional force.

A dynamic analysis of a simple spring-slider model is performed. It includes simplified poroelastic
features as well as assumptions on drainage conditions, in order to account for the effects of an
infiltrated-fluid. Two simplified poroelastic assumptions are compared and numerical conclusions are
derived for the spring-slider model.
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1. INTRODUCTION

The stick-slip phenomenon is produced between two sliding surfaces in contact. Although diverse
friction models are used in engineering applications, an increasing research effort has been devoted
during the last decades on the dynamic behaviour of elastic solids subjected to friction. This study is
focused on the numerical analysis of the slip between two bodies in contact with Coulomb-type friction.

Rate- and state-constitutive friction law is a versatile methodology for modelling a wide range of
phenomena, from rock friction laboratory tests to earthquake aftershocks.

The Biot equations for dynamic poroelasticity comprise the mechanical equilibrium and the coupling
between solid and fluid mass conservation. The poroelasticity of the medium causes variations in the
fluid pore pressure, which affects the effective contact pressure, hence coupling the shear pulling force
and the normal effective stress [1].
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2. The simplified poroelastic model

The poroelasticity theory studies the interaction between a porous material and the pore fluid that
occupies the voids. The governing equations of the theory of linear poroelasticity comprise the linear
constitutive laws of a poroelastic material, equilibrium equations and the fluid mass balance equation,
which is based on Terzaghi’s effective stress principle and links the grain forces to the fluid pore
pressure. Such equations describe the coupling between the fluid flow and the mechanical response of
the linear elastic porous medium. Drained conditions refer to solid deformations at fixed pore pressure
(pressure head) p; so the fluid is allowed to flow in or out of the deforming element while keeping p
constant. On the contrary, undrained conditions correspond to deformations with no fluid flowing into
or out of the element, hence without variation of fluid content.

In what follows, tensile stresses and dilation strains are positive. The sign of p is defined in terms of
excess pore pressure, this is positive for compression. In accordance with the principle of effective
stress: 0';; = 0 + ap p 6;j with 0';j being the effective stress tensor and a the Biot coefficient.

2.1. Fluid flow through an homogeneous medium

Consider an isotropic linear poroelastic medium of porosity n, compressibility of the solid phase C,
saturated with a fluid with unjacketed compressibility C¢. The drained compressibility of the overall
porous medium is C,,,, the inverse of its drained bulk modulus, C,,, = 1/K. Itis considerably larger than
Cs and C;. If the solid phase is composed of a single constituent, it is generally assumed that s = C;.
The compressibility of the porous medium C,, is related to the mean effective stress ¢’ and the
volumetric strain € = gg,:

a’=i:£=%(%+a3p) (1)

Darcy’s empirical law describes fluid flow through a non-deformable porous medium. By assuming that
global z axis points upward in the vertical direction, Darcy’s law on a fluid-saturated medium is
expressed for each of the three spatial directions as

K dp K dp K (Op
q=-V.(KVp—prg)=>q=——-—;aqy=—"—2-; ¢;=— (E‘l'yf)

) ) - (2)
fiy 0x py 0y Ky

with i being the intrinsic permeability of the porous material [L?] (which is a function of porosity n,
though in the original definition depends only on the grain size), us the fluid dynamic viscosity, y; the
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fluid specific weight, g; the volumetric flow rate per unit area or specific discharge [L/T] in each
direction of the fluid within the porous material, K the permeability tensor and g the gravity
acceleration vector.

Darcy’s law can be expressed in terms of the so-called coefficient of permeability or hydraulic
conductivity [L/T], k = K yg / ly:

k op

dx = — — 3 == —07 =

k op k (ap
yrox '’ L yroy '’ 1z Yr

L+y) 3)

The storativity of the pore space, S, is defined as the increase of fluid content per unit volume of
material caused by a unit increase of fluid pressure when there is no volumetric strain (¢ = 0):

S=nC+ (ap —n) C; (4)

It can also be expressed in terms of the Skempton’s pore pressure coefficient B and the drained bulk
modulus of the porous medium K:

_ag(l—agB)  ap

S =
B K BK,

(5)

with K;, being the undrained bulk modulus of the composite. The equation of fluid mass conservation
is expressed as (the storage equation):

de dap
9t g% _ ¢ (6)
aBat+Sat V.q

in which a—i is the time derivative of the volumetric strain and agp =1 — CS/C is the Biot-Willis
m

coefficient, which represents the ratio between the volume of fluid gained or lost in a material element
and the volume change of that element, when the fluid pressure is allowed to recover its initial value.
Substitution of Eq. (2) into Eq. (6) yields the fluid diffusion equation:

de dap K
(XBa-FSE:V. ;Vp (7)
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For an homogeneous material, the storage equation reduces to:

s P gy, K (8)
aBat at_‘llf p_]/f p

The inverse of the storage coefficient S is referred to as the Biot modulus M:

The variation of fluid content, {, is the change in fluid volume per unit volume of porous medium. It is
often used to state the constitutive equation for the fluid phase in terms of the pressure and the
volumetric strain ¢ = V- u as follows:

1
C=Mp+aBV-u (10)

The above expression indicates that an increase in fluid content can be caused by either an increment
in the fluid pressure or a structural expansion.

2.2. The constitutive equations for a homogeneous linear poroelastic material

These equations deal with the interaction forces between the solid and fluid phases. When formulated
in the displacements, the linear isotropic poroelastic problem consists of a system of partial differential
equations, in which the unknowns are the displacements vector u and the fluid pressure p. The
infinitesimal strain tensor is € = (Vu + Vu”)/2. On the one hand, the internal equilibrium equations,
expressed in terms of the displacements are:

V- (G(Vu+Vu?) + AV-ul) — azVp = —f (11)

In the above expression, f is the vector of body forces, G is the shear modulus, A = K — 2G /3 is the
Lamé constant and I the identity tensor. The same equations can be expressed as well for each
direction:
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G\ 0 [ou; dp
<K+—) ( )+Gv2uj—aga=0 (12)

By assuming linearity, reversibility of the deformation process and absence of body forces, the
constitutive equations for the solid phase are:

2G
O-ij =2G Eij+<K—?) 8ije—a38ijp (13)

On the other hand, the fluid diffusion equation is obtained from the conservation of fluid mass with a
Darcy flow law given in Eq. (2)

oV.u) 1 ap
2P _y _ (14)
Qg 5t +M 3t V.(KVp) =w

with K being the permeability tensor and w a fluid source or sink term.

The coupling term in Eqg. (11) is agVp, which represents the additional stress caused by the fluid
pressure within the structure; the coupling term in Eq. (14) is the time derivative of az(V.u), which
accounts for the additional variation of fluid content due to volume changes.

2.3. The 1D poroelastic problem

Consider an homogeneous 1D domain Q = {x: 0 < x < L}. In this case the unknowns are the pore
pressure p and the displacement u. By taking into account that de/dt = d%u/dxdt in Eq. (14), the
governing equations of linear poroelasticity reduce to

E’62u+ ap—o 0<x<Lt>0
ax2 B gy v UEXSL (15)
u=f1(x) , 0<x<Lt=0
1 9p k62p+ 68_0 0<x<Lt>0
Mot y;ox2 “Bar T rEE (16)

p = f2(x) , 0<x<Lt=0
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with E' = K +4G /3. The parameter E' is often referred to as the constrained modulus, the
longitudinal modulus or the P-wave modulus, this is the elastic modulus in a uniaxial strain state, with
the direct strain components in the other directions being zero.

Solving the above problem is rather cumbersome, so some kind of strategy to overcome the coupling
difficulties is worthwhile in order to simplify the solution procedure. A first feasible approach assumes
that the volumetric strain rate is proportional to the pressure rate

de  0Op

= (17)
Jat Jat
so that Eq. (16) is transformed into the classic diffusion equation:
1\ dp Kk 9%p
C _) r__-_- 7 18
(aB + MJ ot yyox? (18)

The system of equations is thus uncoupled. In an iterative numerical procedure, the pore pressure is
determined from Eq. (18) and then the deformations are obtained through Eq. (15).

By defining m,, as the confined compressibility, the inverse of the constrained modulus:

1 1

—1.F (19)
K+§G E

my, =

and by assuming that € = &, = m,, ', = m,, (0, + ag p), substitution into the storage Eq. (16) gives

(agm,+S)—= o (20)

Another feasible approach neglects the spatial dependence of the terms in Eq. 16. The numerical
procedure used for the slider in this work seeks to avoid the spatial dependence of the Laplacian term
Vp.
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3. The damped spring-slider model

The numerical simulation of the slip of a spring-slider system, considered as a single-degree-of-freedom
model, has been widely applied to study the diverse earthquake-related motions. Some relevant
studies are the works of Helmstetter and Shaw [6], Rice and Tse [7], Segall and Rice [8], Perfettini et al.
[9], Chambon and Rudnicki [10]. The assumed frictional force is of Coulomb type with a rate- and state-
dependent friction law. An optional damper is attached for representing additional poroelastic effects.
The initial pore pressure value at the dashpot ends is py. A constant loading velocity V is exerted at
point A (Fig. 1), accounting for the creep at the deeper part of the fault.

W
— l —

Figure 1. Single-degree of freedom system with a spring and a viscous damper sliding with friction.

The displacement measured with respect to an initial equilibrium configuration is u(t); the model
assumes that slip rate i = V, friction parameters and strength 7(t) are uniform within the fault patch
and so at the block-ground interface. The stiffness k accounts for the elastic interactions between the
fault patch and the ductile zones away, which creep at a constant rate. When referring to seismic
events, k is a function of the ratio between the shear modulus of the medium, G, and the length of the
fault patch, k = G /1 [6].

The instantaneous relative velocity between ends A and B of the damper causes a variation in the
pressure value at B, and hence on the pore pressure within the block, which affects the effective normal
contact stress. The governing equation of motion of the slider is:

mit — c(Vy — 1) — k(Vot — u) = —sign(w) t(t) (21)

3.1. The rate and state friction model

Itis a consistent methodology that has proven to be suitable for modelling a wide range of phenomena,
from rock friction laboratory tests to earthquake aftershocks. This implies that frictional strength t
depends on both slip velocity and the state of the contact surface as follows:

CMMoST 207 265



Stick-slip vibrations of a slider with a rate-and state-friction model and a fluid-infiltrated medium
Fourth International Conference on Mechanical Models in Structural Engineering
Madrid (Spain). 29 nov-01 dec 2017.

V
t(V,0,9) = | +alnF+1,b a (22)

with V being the slip velocity, o’ the effective normal stress and 1 the state variable, which describes
the state of the sliding surface. In case of steady sliding with V = V" (a reference slip velocity), Y
vanishes and the friction coefficient becomes pu,. Both py and the material parameter a are
experimentally determined.

The evolution of the state variable 1 is a function dependent on the slip velocity, the effective normal
stress and on itself:

ayp ,
@ G(a', V) (23)

Several expressions are employed for (23), especially the renowned slip law (Ruina, 1983) and the
ageing law (Dieterich, 1979) [1]. In general, these show that the sliding system reaches the steady state
after a given displacement D, usually referred to as characteristic length of friction or critical slip
distance. It is also interpreted as the slip distance required to renew the contact population. Usual
values, obtained experimentally, lie within the range 10~> — 10~ 1m and increase with fault roughness.

Based on experimental research, Dieterich and Ruina introduced an analogous expression for the rate-
and state-variable constitutive law, known as the “slowness law” and given by

% Vo1
w(V,0) = [Ho +aln (—) +blIn ] o (24)
V* D,
In the above expression, the state variable 8 is related with 1 through
=bl e (25)
Y =bln—

c

where b is a material parameter too. Because of (25), the state variable 6 is often interpreted as the
average age of the contacts, the effective contact time between surface asperities.
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The constitutive relation (24) was derived from empirical issues in order to match experimental
observations, though it is not defined for V' = 0. With the aim to account for eventual backward jumps,
likely to occur close to null slip rates , Ben-Zion and Rice propose the following form [2][3]:

Ve
14 Ho +b In DC

2
2V* P a (26)

U = aarcsinh

Thus the base friction coefficient u, becomes modified by two second-order effects: the term In(V /V*)
accounts for the creep caused by thermally processes at the interface, whereas the evolution of the
state variable 6 characterizes the properties of the contact asperities which affect the friction
coefficient as well. For V* in the range 10™° — 1073 m/s, T is an increasing function of V. Likewise,
generally |u| > a, so that a and b are typically of the order of 2%-4% of u, [5]. It is widely accepted
that the material parameters a and b are of the order of 0.01 and proportional to the effective normal
stress. Their values are experimentally found to depend on the fault gouge properties and
temperature [6].

According to Dieterich, the state evolution law is

do ov

-1 (27)

This involves that friction evolves logarithmically with time, even when in stationary contact (V = 0).
It is suitable for modelling the interseismic phase. By contrast, the Ruina-Dieterich slip law is given by

=1
n DC

ae oV (HV) )8
dt D, (28)

which appears to be more suitable for studying the nucleation phase and explaining experimental
results for large changes in the slip rate, although implies that the state only evolves during slip, i.e.
V0.

3.2. The steady-state frictional response and its stability

The system is at steady-state regime when: a) is moving with the speed V,; b) the effective normal
stress ¢’ is constant; and c) the state variable does not vary: G(¢’,3, V) = 0. Consequently, both the
Dieterich and Ruina models yield identical values for the state variable and the friction coefficient:
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D¢

Vo
Vo

V
V* ;U= Uss =,u0+(a—b)ln(—0> (29)

b= 1pss=—bln< )=> O, = o

When a = b, U, increases with slip rate (velocity-strengthening regime) so the system is always stable
and evolves towards the steady-state regime (V = V). Conversely, if a < b, the second term on the
right-hand side becomes negative, what implies that friction at steady state decreases with slip velocity
(velocity-weakening regime). There is a Hopf bifurcation so that the system may become either
conditionally stable or unstable due to the decreasing steady-state friction strength. Bifurcation occurs
when the effective normal stress is larger than a critical value o',

ek D, _*mVO2
(b—a) aD,

o' (30)

If ' = o', the sliding is unstable and stick-slip motion occurs. In the vicinity of the bifurcation zone,
the motion is oscillatory. When ¢’ < ¢’ the regime is conditionally stable, so that a sudden velocity
change may cause the system to become unstable, depending of the magnitude of the velocity pulse.

In this sense, the parameters that control the frictional stability are the critical distance D., the
combined parameter (a — b) as well as the effective normal stress ¢’ [4]. Alternatively, the ratio b/a
is the main parameter that determines the stability response of the rate- and state-dependent frictional
sliding, along with u,, the ratio k/k. and the sliding velocity V, [6]. In addition, when referring to
earthquakes, the parameters b/a, k/k. and the initial stress on the interface (1, = uy 0') altogether
explain pre- and post-seismic motions. The term k. is the critical stiffness, defined by Ruina (1983):

P Gl Ol PO L1 (31)
c=7 D, ad'D,

Under steady-state sliding and the ageing law, infinitesimal perturbations leave the system in stable
slip when k > k. as the slip rate evolves toward V; at large times, whereas if k < k. the system
becomes unstable and stick-slip motion may occur or slip rate tends to infinity at finite time . However,
instabilities can be found when using the slip law evenif k > k..

During the iterative numerical solution procedure, nonzero residuals may be encountered but not-null
slip rates. Thus, in order to avoid sudden changes in the coefficient of friction for slip velocities near
zero, it is necessary to establish a cut-off value, Vjjjeqr- SO the variation of the friction coefficient is
regularized for very low velocities (V < V}jneqr) in this work according to
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o (1 Y )] ' (32)
—a - g
Dc Vlinear

*

Vi %4
t(V,0) = [,uo + aln( ll;iar) +bln

This approach differs from the inverse hyperbolic sine regularization Eq. (26) by Ben-Zion and Rice.
3.3. Numerical solution procedure including the poroelastic effects

The motion of the slider shown in Fig. 1 is numerically simulated according to Eq. 21:

mit = k(Vot —u) + c(Vy — ) — sign(it) u (o + ag p) (33)

The addition of poroelastic effects entails:

——=—-————+4+ap—=0 (34)

The initial pore pressure value at points A and B is p,. The other initial conditions are:

u(0) =0; u(0) = Vy;p(0) = po; = po (35)

Assuming a unit lateral area for the block, the total longitudinal stress can be replaced by

as_

O, = C(VO - it) + k(Vot _u) = ot

my,(—cit + k(Vo — 1) + ag p) (36)

For simplicity, the term cii can be disregarded in the volumetric strain rate expression. In case o, is
assumed constant at each time step, Eq. 20 becomes

Kk 9°p

op
2 — 37
(agm, +5) 3t (37)

W

The variables that describe the system response are the slip rate V, the state variable 6(t), the
elongation of the spring, 6, — u = Vyt — u, and the pore pressure p.
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The modelling of a dimensionless spring-slider requires to transform the Laplacian operator in Eq. (16),
so two alternative simplified assumptions for the system motion have been hereby adopted. The first
one, named PG, considers a proportionality between the second derivative and the pressure gradient.
Thus the diffusion equation has the form

9*p
0x2

1dp k1

1
:Z(p"_p):ME:EZ(pO_p)_aL_B(VO_u) (38)

with the constants A having units of square meters and L of meters. The second one, named VG,
approach swaps the Laplacian for a velocity gradient, so that the storage equation becomes

azp 1 X 1 ap ap K1 .
ﬁ—z%‘“)Wa-‘<f—m>w°‘“) 39

The previous equation shows that pressure decays when the relative velocity between both dashpot
ends is positive and vice versa. The undrained regime is accounted for when A — oco. The
time-dependent analysis is carried out through the leapfrog integration method.

3.4. Sample case
A numerical simulation is carried out with the following values:

e Rate and state friction parameters (ageing law):

to = 0.6;a = 0.005; b = 0.05; V* = 0.0001; D, = 0.005; 6(0) = D./V* = 50

e Spring-slider parameters in consistent Sl units:

o =100;m =500;c=0; k =1000; V, = 0.001

e Time Integration: At = 0.0001; V}jpeqr = 107>

Since a < b, the system motion is unstable, so the stick-slip phenomenon is likely to arise. The critical
stiffness of the system is k., = 900. The assessment of the poroelasticity effect on the slider response
is the key point in these simulations. Hence, both an undamped system and undrained conditions have
been considered. Other poromechanical properties of the composite are included in Table 1.

The slider displacement is also calculated for the rate- and state-dependent friction law alone (RS). Four
instabilities occur It is depicted in blue in Fig. 2, which shows the comparison with the results from the
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velocity gradient (VG) assumption. Likewise, the results from the pressure gradient approach (PG) are
compared in Fig. 3.

Table 1. Poromechanical characterization of materials

Property Value

Fluid compressibility 4x1071° pa?t
Dynamic viscosity 0,001 Pa.s
Bulk modulus of porous medium 7x108 Pa
Modulus of Elasticity 20 GPa
Poisson’s Ratio 0,25
Porosity 0,1
Intrinsic permeability 103 m?
L 1000 m
Po 100

The poroelastic coupling appears to cause both larger stick-slip displacements and a delay in the
rupture phenomena.

Displacement vs time (VG)
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Figure 2. Numerical results of slip for an undamped slider. Comparison between the elastic and the
undrained poroelastic (VG) approaches.

Fig. 4 and Fig. 5 show the velocity of this SDOF system for the VG and PG models, respectively.lt appears
that the poroelastic coupling lead to larger velocities during the rupture.
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Displacement vs time (PG)
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Figure 3. Comparison of displacements between the elastic and the undrained poroelastic (PG) approaches.
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Figure 4. Slip rates of the slider for both the elastic and the undrained poroelastic (VG) approaches.

There are small differences between the results of VG and PG models. Nevertheless, an in-depth
analysis of the effect of poromechanic parameters on each response is necessary for achieving
conclusions close to actual or laboratory-derived measurements.
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©10° Velocity vs time (PG, Driving velocity v = 0.001)
20 3 3 13 3 3 3

Figure 5. Slip rates of the slider for both the elastic and the undrained poroelastic (PG) approaches.

Fig. 6 illustrates the evolution of pore pressure in the slider. Sudden pressure jumps are slightly delayed

with respect to the corresponding ruptures in displacements.
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Figure 6. Evolution of fluid pore pressure within the slider (PG).

4. CONCLUSIONS

The characterization of the coupling between shear and normal stresses on a fault can be modelled, at
a first approximation, by means of a spring-slider system. The inclusion of poroelasticity in the system
response can also be performed through simplified formulations in order to characterize the effect of

poroelastic coupling on the stability of the system motion.

A model of a SDOF spring-slider system including poroelastic behaviour has been implemented in this
study. Two different simple feasible approaches have been tested. The results obtained from the
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simulations show that poroelasticity effects appear to delay the system instability, lead to larger
stick-slip motions and larger slip rates. However, this procedure requires further research in order to
characterize the constants and the parameters that form the model, compare the efficiency of both PG
and VG approaches and analyse the stability regimes.
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ABSTRACT

The ancient arch of Tag-i Kisra in Iraq is the largest single-span vault of unreinforced brickwork
remaining in the world. A recent work suggests the possibility that the builder of the arch derived its
geometry from the use of hanging models. In this work a structural analysis of the ancient arch of Tag-
i Kisra is developed in order to corroborate the previous assumption. Given the estimated distribution
of self-weight, different equilibrium shapes composed of piecemeal segments of catenaries united
together were considered varying boundary conditions. The resulting equilibrium shapes support the
previous assumption and very likely the builder of Tag-i Kisra used hanging models with point weights
applied at specific points.

Keywords: Taqg-i Kisra; Catenary; Ancient Structures

1. INTRODUCCION

El arco de Tag-i Kisra o Gran Arco de Ctesifonte (ver Fig.1) forma parte de un palacio real situado en la
antigua ciudad de Ctesifonte, capital del imperio Sasanida. Estd situado cerca de la actual Salman Pak
(Irak) y es el mayor arco de mamposteria no reforzada de vano Unico en el mundo. No se conoce con
exactitud en qué afio se construyd; investigadores como Scarre [1] afirman que se construyd sobre el
540 DC. El arco estd hecho de obra de fabrica de ladrillos de arcilla y mortero (principalmente yeso),
cubre un vano de 25.6 m y su punto mas alto tiene una altura de 30.3 m.

Figura 1. Vista general del arco Taq-i Kisra en Irak [2]

! Departamento de Mecdnica de Estructuras e Ingenieria Hidrdulica. Universidad de Granada (ESPANA). E-mail:
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El comportamiento estructural de un arco depende de su forma y del tipo de carga que soporta. El
arco perfecto es aquel que adopta una forma lo mds cercana posible a la linea de empuje
correspondiente a las cargas que soporta. De esta forma, las cargas se transmiten desde el arco a la
cimentacidn sin causar ningun tipo de traccion en el arco (que estaria totalmente comprimido).

Es de sobra conocido que la pardbola es la forma geométrica dptima cuando la carga es constante por
unidad de longitud horizontal. Por otra parte, la catenaria es la curva éptima cuando la carga es
constante por unidad de longitud. En [3] se propone una expresidn analitica de la forma éptima de un
arco sometido a cualquier configuracion de cargas. Las ecuaciones diferenciales propuestas en [3] se
basan en las ecuaciones de equilibrio (las de compatibilidad y constitutivas no se tienen en cuenta). El
famoso arquitecto espafiol Antonio Gaudi (1852-1926) también usé solamente las ecuaciones de
equilibrio en el disefio de muchos de sus trabajos, utilizando modelos colgantes para encontrar
configuraciones de equilibrio de estructuras sometidas Unicamente a compresién.

La geometria de la pardbola ya era conocida en el tiempo en el que se construyé el arco de Tag-i Kisra.
Por su parte, la forma de la catenaria fue descrita matematicamente por Johann Bernoulli en “Solutio
problematis funicularii” (1691) [4] y por Christiaan Huygens en “Dynastae Zulichemii, solutio
problematis funicularii” (1691) [5] (11 siglos después de la construccién del arco de Tag-i Kisra).
Robert Hooke (1635-1703) fue el primero que explicitamente aplicé la forma catenaria en la
construccién de arcos [6]. Hooke asocid la forma de equilibrio de un arco sometido a su propio peso
con la de una cuerda que cuelga de dos puntos sometida a su peso propio. El arquitecto espafiol
Antonio Gaudi (1852-1926) utiliz6 este mismo método de disefio para obtener configuraciones de
equilibrio de arcos y bévedas como la inversa de modelos colgantes.

En Herndndez-Montes et al. [7] se realiz6 un completo analisis estructural del arco de Tag-i Kisra,
incluyendo un modelo de elementos finitos, un modelo colgante de cadenas y un modelo numérico.
La conclusion a la que se llegé fue que la forma geométrica del arco de Tag-i Kisra implica un
conocimiento profundo de las formas de equilibrio de estructuras que trabajan exclusivamente en
compresion. Ademas, Hernandez Montes et al. [7] sugiere que el denominado “Ingeniero de
Ctesifonte” utilizé6 modelos colgantes como base del disefo del arco, ya que su forma no se asemeja a
arcos parabdlicos ya conocidos en la época.

En este trabajo se estudian un mayor numero de posibles lineas de empuje dentro del arco de Tag-i
Kisra para refinar el modelo numérico propuesto en [7]. Dicho modelo consiste en una serie de
catenarias concatenadas con fuerzas puntuales aplicadas en los puntos de unién entre ellas simulando
el peso del arco. Para calcular una configuracién de equilibrio de dichas catenarias es necesaria la
imposicion de una serie de condiciones de contorno. Debido a la importancia de la eleccion de las
condiciones de contorno se estudiara su influencia en la configuracidn de equilibrio final.

2. GEOMETRIA DEL ARCO DE TAQ-I KISRA

La geometria y las caracteristicas de los materiales que componen el arco se han obtenido de [8]. La
seccion transversal media del arco es la que aparece en la Fig. 2. El arco cubre una luz de 25.6 metros
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y tiene una altura de 30.3 metros. La linea discontinua central de la Fig.2 es la linea media situada
entre los extremos de ambos apoyos. Se puede comprobar facilmente que el arco no es
perfectamente simétrico respecto a este eje (ver Fig.2).

Arch zone

30.3

Transition zone
19.3 -

35 Constant zone

S S

7.4 25.6 7.4
20.2 20.2

S

Figura 2. Geometria actual del arco de Tag-i Kisra (adaptado de [8]). Dimensiones en
m.

Segun el estudio realizado en [8] la seccidn transversal del arco se puede dividir en tres zonas. La
primera zona seria la denominada “zona arco”, donde el arco presenta un espesor casi constante
(1.35 m en el punto superior y 2.1 m al final de dicha zona). La segunda zona seria la “zona de
transicion”, donde el espesor se incrementa desde 2.1 m hasta 7.4 m. Por ultimo, la “zona constante”
presenta un espesor de 7.4 m casi constante (ver Fig.2).

El arco se encuentra realizado en obra de fabrica compuesta por ladrillos y mortero (yeso). La
densidad aparente de los ladrillos y del mortero empleado es de 1160 y 1460 kg/m?3 respectivamente
[8]. En este trabajo se ha utilizado una densidad aparente conjunta de 1298 kg/m?3 [7].

3. LA CURVA CATENARIA

La catenaria es la curva que adopta un cable con una rigidez a flexién nula que cuelga entre dos
puntos fijos y se encuentra Unicamente sometida a su peso propio. En la Fig.3 se presenta una porcion
diferencial de cable de longitud ds sometida a un peso por unidad de longitud w. La curva esta
referida a los ejes rectilineos x e y, actuando la carga gravitacional en la direccion y. Hy V son las
componentes horizontal y vertical de la fuerza interna en cualquier punto de la catenaria. La fuerza
resultante T es tangente a la curva en el punto considerado dada la nula rigidez a flexién del cable.
Debido a la no presencia de cargas horizontales a lo largo de la longitud de la curva, el valor de la
componente H es constante para asi mantener el equilibrio horizontal.
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dx

\4

Figura 3. Porcidn diferencial de un cable sometido a su peso propio

Aplicando equilibrio de fuerzas verticales:
dV =wds (1)

La resultante T en cualquier punto del cable se encuentra alineada con éste (al ser tangente), por lo
que la pendiente (dy/dx) en cualquier punto de la curva debe de cumplir la siguiente ecuacion:

dy V

= 2
dx H (2)

La derivada respecto de la coordenada x de la Eq.3 es la siguiente:

d’y dv1

= — (3)
dx? dxH

Aplicando el teorema de Pitdgoras, la longitud ds se puede expresar de la siguiente forma:

ds = /dx? + dy? (4)

Haciendo la derivada de ds respecto a x:

e

d dy\?
o P ®

Enla Eq.5 y’ es la primera derivada de y respecto de x. Introduciendo la Eq. 5 en la Eq.3:

1
y” = E\/ 1+ y’z (6)
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En la Eq.6 c es la constante de la catenaria (c = H/w) e y”’ es la segunda derivada de y respecto de x. La
solucién de esta ecuacion diferencial es la ecuacion de la curva catenaria:

x+a,

y=cCosh( >+a2 (7)

4. DISENO Y ANALISIS ESTRUCTURAL DEL ARCO DE TAQ-I KISRA

Se pretende simular numéricamente la forma ideal de equilibrio del arco de Tag-i Kisra sometida
Unicamente a compresion. Para ello se va a suponer que adopta la forma de una cadena invertida
sometida a su peso propio (peso constante por unidad de longitud) y unos pesos adicionales que
representan aquellas regiones que tienen un mayor peso. De esta manera, la forma de equilibrio
resultante sera una serie de catenarias unidas unas con otras en los puntos de aplicacién de las cargas
puntuales. Cada uno de estos segmentos de catenaria tendran el mismo valor de H al no haber cargas
exteriores horizontales.

4.1. Distribucidén del peso propio

El peso propio del arco se introducira de dos formas [7]: como peso constante por unidad de longitud
de arco (area punteada de la Fig.4) mas una serie de cargas puntuales (flechas en Fig.4). Todos los
pesos indicados se encuentran expresados por metro lineal de ancho de arco. El origen de
coordenadas se encuentra situado en el punto medio del espesor del arco en la seccién marcada por
el eje de simetria de la Fig.1 (punto medio entre los extremos de los apoyos del arco). El area rayada
tiene un peso por unidad de longitud de w = 2310 kg/m, con un espesor medio de 1.78 m [7]. Los
valores de las cargas puntuales W; junto con las coordenadas del centroide de cada porcidn de arco P;
se encuentra recogidas en la Tabla 1.

29.63

20.2 20.2

Figura 4. Distribucion del peso propio del arco de Tag-i Kisra (dimensiones en m).
Adaptado de [7]

Tabla 1. Puntos de aplicacion del peso propio del arco [7]

W (kg) x, (m) Vp (m)
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W,
W..,
W3
W,
W,
W3
W,
W,.s

29,03
30,405
19,955

1,764

7,121
13,642
42,88
21,025

-15.81
-17.11
-17.44
13.50
14.40
15.25
16.76
17.32

-18.57
-24.38
-28.15
-11.47
-13.75
-17.85
-23.52
-28.16

4.2. Equilibrio de fuerzas en los puntos de aplicacién del peso propio

La catenaria es la forma de equilibrio de un cable sometido a un peso constante por unidad de
longitud. Si de un punto cualquiera se le cuelga un peso puntual, la geometria resultante pasa a ser la
de dos catenarias unidas en dicho punto de aplicaciéon de la carga. Es por ello que la forma de

equilibrio del arco resultante serd una sucesion de catenarias.

Como a priori no se conoce la geometria de las catenarias, los puntos de aplicacién del peso propio
son incégnitas del problema. Para reducir el nimero de incégnitas, se va a suponer que la
coordenada y de los puntos donde se aplican las cargas son conocidas y coinciden con las propuestas
en [7] (ver Tabla 1). Las coordenadas x,, de cada uno de los puntos de aplicacion de carga se calculan
imponiendo equilibrio de fuerzas en dicho punto. En la Fig.5 se muestra el equilibrio de fuerzas en un

punto genérico P;.

Catenaria i

Figura 5. Equilibrio de carga

Catenaria i+1

Imponiendo equilibrio horizontal y vertical en el punto P;:

280

D Fu=0Hi=Hyy =H

s en un punto genérico P; de aplicacion de carga. Dicho
punto se encuentra entre dos catenarias consecutivas i y i+1. Adaptado de [7]

(8)
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ZFV=0—’Vi+Wi= i+1 (9)

La componente vertical V; correspondiente a la tensién T; de la catenaria i se puede expresar como:

Vi = Hi Tan(ai) (10)

El valor de Tan(a) coincide con el valor de la pendiente de la curva en el punto P; (xw;, ¥pi) que es igual
a ¥/ (xwi) (ver Eq.7 para x = xy;). Asi, la Eq.9 puede reescribirse como:

yi (ewi)H + W; =y (xyi)H (11)

4.3. Equilibrio general

La configuracion de equilibrio global del arco de Tag-i Kisra se va a calcular basada en la distribucion
de peso propio propuesta en [7]. Todas las catenarias consideradas tienen una carga por unidad de
longitud w = 2310 kg/m. Como no hay ninguna carga exterior horizontal, el valor de H es constante
para todas las catenarias (siempre se cumple la Eq.8) y, consecuentemente, el valor de la constante ¢
también serd la misma (ver Eq.7). Considerando el origen de coordenadas de la Fig.4, la expresion
matematica de la catenaria genérica i es la siguiente:

X+ aq;
y =c Cosh (—c 11) + ay; (12)

llI ”

Las catenarias que queden a la izquierda del origen de coordenadas se identificardn con el prefijo
(left) y las que queden a la derecha con “r-” (right). Para obtener la forma de equilibrio final se debe
de invertir la secuencia de catenarias para estar sometida Unicamente a compresién

Debido a la distribucidon de peso propio considerada en [7], aparecen 10 catenarias (4 en el lado
izquierdo y 6 en el derecho). Cada catenaria tiene 3 incégnitas (c, a4, a). Como se ha comentado
anteriormente, la constante c es la misma para todas las catenarias, por lo que hasta ahora se tiene
un total de 19 incégnitas.

Por otra parte, cada punto de aplicacién de cargas proporciona 3 ecuaciones. Las coordenadas del
punto de carga P; (xw;, V) que conecta las catenarias i y i+1 (ver Fig.5) tiene que cumplir las
ecuaciones correspondientes a ambas catenarias (y{Xw) = Vpi € Yi1(Xwi) = Vpi, Primera y segunda
ecuacion respectivamente). Aqui aparece una nueva incégnita: el valor de la coordenada x de
aplicacién de la carga x,; (ya que se supone que la coordenada y de los puntos de aplicacidon de
cargas es conocida, ver Tabla 1). Sin embargo, se puede expresar el valor de x,; en funcién de las
variables de la catenaria i utilizando la primera ecuacion. La tercera ecuacidn que introduce el punto
de carga es el equilibrio vertical de fuerzas (Eq.11). Como la primera ecuacion se ha utilizado para x,,
cada punto de cargas introduce 2 ecuaciones, que suman un total de 16 ecuaciones.

Al final el problema presenta 19 incégnitas y 16 ecuaciones. Para resolverlo es necesaria la
consideracidn de 3 condiciones de contorno impuestas por el disefiador. En [7] se consideraron las
siguientes condiciones:

1. Lacatenaria del extremo izquierdo pasa por el punto medio del apoyo izquierdo.
2. La catenaria del extremo derecho pasa por el punto medio del apoyo derecho.
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3. La coordenada vertical del vértice de la catenaria central con respecto al origen de

coordenadas considerado es 0.

4.4. Formas de equilibrio considerando distintas condiciones de contorno

Para obtener un mayor conocimiento del comportamiento estructural del arco de Tag-i Kisra se van a
considerar unas nuevas condiciones de contorno distintas a las propuestas en [7]. Estas nuevas
condiciones de contorno se recogen en la Tabla 2 y en la Fig.6.

Tabla 2. Condiciones de contorno consideradas

Condicion 1

Condicion 2

Condicion 3

ccii A (0, 0.68) G (-16.54,29.64) 1 (16.38,29.64)
cc12 B (0, 0.23) G (-16.54,29.64)  1(16.38,29.64)
cc13 C(0,0) G (-16.54,29.64) 1 (16.38,29.64)
ccl4 D (0, -0.23) G (-16.54,29.64)  1(16.38,29.64)
c.C.15 E (0, -0.68) G (-16.54,29.64) 1 (16.38,29.64)
cc21 C(0,0) G (-16.54,29.64)  1(15.15, 29.64)
c.c2.2 C(0,0) G (-16.54,29.64) K (17.61,29.64)
c.c3.1 C(0,0) F(-17.66,29.64) 1 (16.38,29.64)
c.c3.2 C(0,0) H(-15.24,29.64) 1 (16.38, 29.64)

Figura 6. Esquema de puntos de condiciones de contorno

Los puntos A, B, C, ..., K referidos en la Tabla 2 estan situados en la geometria del arco como muestra
el esquema de la Fig.6. En las condiciones de contorno C.C.1.1 a C.C.1.5 la catenaria del extremo
izquierdo pasa por el punto medio del apoyo izquierdo y la catenaria del extremo derecho pasa por
el punto medio del apoyo derecho. Ademds, la catenaria central debe de pasar por la interseccién del
eje Y con el borde superior del arco (C.C.1.1), tercio superior del espesor del arco (C.C.1.2), centro del
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espesor (C.C.1.3), tercio inferior del espesor (C.C.1.4) y borde inferior (C.C.1.5) del arco. Respecto a
las condiciones de contorno C.C.2.1 y C.C.2.2, en ambas configuraciones la catenaria del extremo
izquierdo pasa por el punto medio del apoyo izquierdo y la catenaria central por el punto medio del
espesor del arco en el eje Y. Ademas, la catenaria derecha pasa por los puntos situados a un tercio
del espesor del arco en el apoyo derecho (ver Fig.6). Finalmente, en ambas condiciones de contorno
C.C.3.1 y C.C.3.2 la catenaria del extremo derecho pasa por el punto medio del apoyo derecho y la
catenaria central por el punto medio del espesor del arco en el eje Y. La catenaria del extremo
izquierdo pasa por los puntos situados a un tercio del espesor del arco en el apoyo izquierdo (ver
Fig.6).

Las configuraciones de equilibrio de cada una de las condiciones de contorno consideradas estdn
recogidas en la Fig.7.

(a) (b)

(c)
Figura 7. Configuraciones de equilibrio considerando distintas condiciones de contorno: (a)
Condiciones de contorno 1; (b) Condiciones de contorno 2; (c) Condiciones de contorno 3

En la Fig.7 la linea discontinua representa la linea media de la geometria del arco. El error cuadratico
medio existente entre las formas de equilibrio obtenidas y esta curva media se encuentran recogidas
en la Tabla 3.

Tabla 3. Error cuadratico medio de las formas de equilibrio obtenidas respecto a la linea media de la
geometria del arco
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Error cuadratico

medio
C.C11 0,80
C.C.1.2 0,65
Cc.C13 0,63
C.C1.4 0,67
C.C.1.5 0,85
Cc.c21 1,96
C.C.2.2 1,95
C.C3.1 1,12
C.C3.2 2,56

Como se puede observar en la Tabla 3, la forma de equilibrio que mas se asemeja a la linea media es
la C.C.1.3 (la considerada inicialmente en [7]). Se puede concluir que el modelo estructural propuesto
en [7] es compatible con la forma real del arco. Ademads, se puede comprobar que la gran mayoria de
las formas de equilibrio obtenidas tienen una tendencia a desplazarse hacia la derecha del arco,
mostrando una asimetria respecto al eje Y. Esta asimetria puede venir dada por el propio disefio del
arco o puede ser resultado de otros hechos (efecto del viento, deterioro de la estructura con el
tiempo, etc.).

5. CONCLUSIONES

El arco de Tag-i Kisra es el mayor arco de mamposteria no reforzada de vano Unico en el mundo,
construido alrededor del aiflo 540 D.C. En este trabajo se ha realizado un analisis estructural del arco
para tratar de entender su configuracién de equilibrio sometido a su peso propio. La configuracion de
equilibrio se basa en una serie de catenarias unidas las unas a las otras con pesos en las uniones
simulando pesos adicionales. Distintas configuraciones de equilibrio se han obtenido introduciendo
distintas condiciones de contorno en el problema de equilibrio. Los resultados muestran que el
modelo de catenarias propuesto en [7] modela de forma correcta el comportamiento estructural del
arco. La gran mayoria de las catenarias correspondientes a las condiciones de contorno consideradas
muestran una clara asimetria respecto al eje Y. Esto concuerda con la geometria del arco, que tiene un
mayor espesor en la parte derecha.
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ABSTRACT

The present study deals with the definition of a numerical model able to describe the actual dynamic
behaviour of an historical slender structure: the bell tower of Santa Maria di Loreto Church in Mola di
Bari (Bari, Italy). Thus, a dynamic experimental campaign has been performed during which the
oscillations due to environmental actions have been recorded. Subsequently, such data have been
elaborated by means of operational modal analysis methods operating both in the frequency and in the
time domain. The identified modal properties have been utilised to update a finite element model of
the bell tower in order to match the experimental results. A nonlinear static analysis has been
performed on the validated finite element model with the aim of evaluate the structural behaviour
under seismic actions.

Keywords: Masonry structure, Operational modal analysis, Finite element model, Nonlinear static
analysis.

1. INTRODUCTION

In the last decades the conservation and the structural safety assessment of the historical heritage have
become an central issue for the modern societies as a consequence of the collapse of important
structures during the recent seismic events. Therefore, the researchers have focused their attention on
the prevention of these collapses and on the evaluation of the actual dynamic behaviour of such
structures. However, the definition of a model able to predict the dynamic response of the examined
structure is needed to establish the possible interventions and to help the decision makers to manage
such patrimony.

However, usually due to the presence of damage, cracks or degradation and to the lack of
documentation, the definition of a refined numerical model is quite difficult and cannot be done
without an extensive experimental campaign. In this field, the approach able to give information on the
global behaviour of a structure and which is not destructive, is the one which make use of the vibrations
induced by environmental actions [1]-[12].

The aforementioned tests have been performed on the bell tower of Santa Maria di Loreto in Mola di
Bari (Italy), and the modal properties have been identified. On such basis, in the present paper a 3D
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refined finite element model of the bell tower is discussed. Finally, a nonlinear static analysis has been
carried out on the validated finite element model in order to evaluate the seismic performance of the
structure.

2. THE BELL TOWER OF SANTA MARIA DI LORETO CHURCH

The Santa Maria di Loreto Church was erected between the XVII and XVII century and it was realized in
soft calcarenite stone. The church is located at the southern outskirts of the town in front of the sea.
The bell tower (shown in Fig. 1) is aligned with the main facade and connected to the church by an
opening located at the base of the tower. It has a total height of 38.3m and it is connected to the church
for 9.53m. It has a square transversal section with a side of about 6.3 m and it is composed by the
classical three bodies (fig. 2) : the first body has no windows and arrives to the belfry. The wall thickness
of the first body is about 2 m.

a) b) c) el
Figure 1. Bell tower of Santa Maria di Loreto (Mola, Bari, Ialy). (&) North view. (b) Main fagade (c) Plan
view.

The second body houses a steel box structure on which four bells and the swinging mechanism are
located. The second body has a window with rounded arch on each facade and it has a wall thickness
equal to 1.6m. The third body is characterized by pillars on the corners and it has a wall thickness of
about 0.85 m. The tower shows good preservation conditions at the first body, however at the second
and third bodies (Figure 3) it presents degradation due to the atmospheric exposition, as it stands near
the sea.

Third
body
38,3 &
i Bell’s level Second
= Ij;‘ _________ body
First
body
0,00 ]
b) c)
Figure 2. Bell tower of Santa Maria di Loreto (Mola, Bari, Italy). (a) East view. (b) West view (c) vertical

section.
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3. THE DYNAMIC TESTS AND THE OPERATION MODAL ANALYSIS

Dynamic tests have been performed on the bell tower on the 21th April 2016, during a sunny and windy
day. The experimental setup was composed by 10 PCB (Model 393B04) uniaxial piezoelectric
accelerometers. These sensors were connected through 4 synchronized digital acquisition (compact
DAQ 9188 with 8-slot) systems to a laptop by an Ethernet cable, which was positioned at the base of
the bell tower. The signal conversion and the data acquisition were managed using a laptop in the
framework with a data acquisition software developed in the labview programming code (Labview
2012). The uniaxial accelerometers have been installed in order to record the components of the
vibrations along two orthogonal axis in each monitored point of the bell tower. In detail, five points of
the structure have been monitored, located at three different levels [13][14]; in fig. 4 the positions and
orientations of the sensors are sketched.

Figure 4. position and orientation of the 10 uniaxial accelerometers.

Four tests of fifteen minutes have been recorded under environmental loads with a sampling frequency
of 1024 Hz.

All the available data have been analysed by means of two operational modal analysis techniques: the
Curve-fit Frequency Domain Decomposition (CFDD) , which operates in the frequency domain, and the
Stochastic Subspace Identification (SSI) which operates in the time domain [15]. For all the considered
tests and the methods, a good repeatability of the identified first three natural frequencies is obtained
(see for more details [13][14]), making confidence about the accuracy of the results. Consequently, in
Table 1 the average values of the identified frequencies are reported.
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Table 1. Average values of the identified frequencies

# mode Frequency [Hz]
1 1.694
2 1.754
3 5.330

4. THE NUMERICAL MODEL

In order to predict the dynamic response of the examined bell tower, a numerical model has been
defined on the basis of the visual inspection of the tower and of the available documentation. The
model has been realized by means of Strauss software [16]. It has been assumed the bell tower fixed at
the base. The walls of the tower have been modelled through 3498 shell elements of the type QUAD4
which are defined by means of 4 nodes each one with three degrees of freedom [16]. The masses of
the vertical structural elements have been automatically computed by assuming the weight per volume
unit p =1500 kg/m?3, moreover, the masses related to the stairs and the floors have been assumed
lumped at each corresponding level. The masonry has been modelled as a homogenous material with
a Young’s modulus equal to 1500 MPa (fig. 5).

In order to model the interaction between the church and the bell tower, pinned beams have been
introduced along the directions of the church walls; such beams have a fixed length (i.e. 20 cm) and
transversal section (i.e. a circular transversal section with diameter equal to 0.254 m for the pinned
beams along the x direction, and diameter equal to 0.127m for the ones along the y direction) while the
elastic modulus has been evaluated by matching the experimental results.

Figure 5. Finite element model of the bell tower of Santa Maria di Loreto (Mola di Bari, Italy).

The updating procedure performed with the aim of match the experimental results, gave the
subsequent result: a Young’s modulus equal to 3000 MPa for the pinned beams along the x direction,
and Young’s modulus equal to 40000 MPa for the ones along the y direction. In Table 2 the comparison
between the experimental and numerical first three natural frequencies is shown.

Table 2. Comparison between the experimental and numerical frequencies

+ mode Experimental Frequency Numerical Frequency Differences
[Hz] [Hz] [%]
1.694 1.683 0.6
1.754 1.758 0.2
5.330 5.579 4.6
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a) First mode b) Second mode ¢) Third mode

Figure 6. Numerical (blue) and experimental (red points) mode shapes of the bell tower of Santa Maria di Loreto
(Mola di Bari, Italy).

In fig. 6 the comparison between the experimental and numerical first three mode shapes are shown.

The comparison between the experimental and the numerical modal parameters allows to consider the
model able to describe the actual response of the bell tower.

5. THE NONLINEAR STATIC ANALYSIS

In order to evaluate the seismic performance of the examined bell tower, a nonlinear static analysis has
been performed on the validated finite element model. In detail, the study has been carried out taking
into account several hypotheses on the interaction between the bell tower and the church. As
prescribed by the Italian building code [17], horizontal forces acting along the principal axes and
concentrated at the lumped structural masses have been applied to the 3D finite element model of the
bell tower. The forces are evaluated in accordance with the equation (1):

zZiW;
Fi = Fh Zn—

j=

. wa
Wiz with Fh = Sd(Tl) 7 (1)

where Fj is the i-th concentrated force located at the i-th lumped mass; W; is the weight of the i-th
mass, z; is the altitude of the i-th mass respetct to the foundation, S;(T;) is the design horizontal
spectral value for the first natural period of the structure, W is the total weight of the structure, A = 1
and g the gravity acceleration.

The masonry has been assumed having a compressive strength equal to 1.1 MPa and a maximum tensile
strength equal to 0.1 MPa (see fig. 7).
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Figure 7. Constitutive law for the masonry

In order to simplify the treatment, in the following the results of the pushover analysis performed along
the x axis are discussed but similar results can be obtained considering the y axis.

As a first step, two cases have been analysed: the church is able to fully restrain the bell tower up to the
top of the church itself, and the second that there are no effective connections between the church and
the bell tower, thus this one behaves as an isolated tower. In fig. 8 the yellow curve is the capacity curve
related to the case of fully restrained tower and the blue one is the capacity curve for the isolated tower.

—isolated tower

Load factor

——fully constrained tower

0 005 01 015 02 025
Displacement
Figure 8. Capacity curves of the bell tower

Moreover, the pushover analysis has been performed also modelling the interaction between the
church and the bell tower through the pinned beams introduced in section 4.

As aforementioned, the pinned beams model the stiffness contribution due to the church walls, as well
known also these walls may manifest a nonlinear behaviour, consequently a correct evaluation of the
nonlinear response of the bell tower has to take this behaviour into account. Therefore, a nonlinear
static analysis has been performed also assuming a nonlinear constitutive law for the pinned beams. In
detail, such constitutive laws have to guarantee in the elastic range the same elastic modulus evaluated
through the updating procedure described in section 4, while the maximum compressive and tensile
strengths have to be evaluated in accordance with the real behaviour of the church walls. As an
experimental evaluation of these values was not possible, three different hypotheses have been done:
the first is that the maximum compressive strength is equal to 7.0 MPa, the second assumes the
maximum compressive strength equal to 3.5 MPa and the third equal to 0.7MPa; moreover, the tensile
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strength has been set equal to 1/10 of the maximum compressive strength. In figure 9 the constitutive
laws of the pinned beams aligned with the x axis for the first hypothesis are shown.

Stress MPa

Strain

Figure 9. Constitutive law of the pinned beams acting along the x axis.

In fig. 9 the capacity curves evaluated for the three hypotheses are shown. As it can be easily seen, all
the evaluated capacity curves are placed between the before evaluated capacity curves, consequently
these latest ones can be considered as limit cases of the nonlinear static response of the bell tower.
Moreover, the capacity curves related to the cases of maximum compressive strength equal to 7 MPa
and 3.5 MPa are quite close each other and to the ones related to the case of fully restrained tower, it
can be observed that only a significant reduction of the maximum compressive strength implies a
substantial change of the capacity curve (see the capacity curve for the maximum compressive strength

0.7 MPa in fig. 10).

09

02

07

06
—isolated tower

05

——fully constrained tower

——pinned beams f=7MPa
pinned beams f=3.5 MPa

——pinned beams f=0.7MPa

Load factor

0 005 01 015 02 0.25
Displacement
Figure 10. Capacity curves for the bell tower

On the basis of the aforementioned considerations, the subsequent evaluation of the seismic
vulnerability has been carried out by taking into account the capacity curves evaluated for the two limit
cases. In order to evaluate the equivalent Single Degree of Freedom bilinear system, the subsequent

variables are introduced:
* __ f * g _ xmi®;
F* = - d* = - where T = S (2)

In fig. 11 the capacity curves in the plane (F*, d*) and the equivalent bilinear curves are shown.
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Figure 11. Equivalent capacity curves and bilinear curves of the bell tower of Santa Maria di Loreto
(Mola di Bari, Italy):a) fully restrained bell tower; b) isolated tower.

The periods of the equivalent single degree of freedom systems are 0.575 s and 0.831 s for the case of
fully restrained and isolated tower, respectively. is The Italian building code [17] prescribes a behaviour
factor equal to 2.25 while the pushover curves gives the values of 2.58 for the fully restrained case, and
2.66 for the isolated tower.

6. CONCLUSIONS

The present paper deals with the definition of a reliable 3 D finite element model of the bell tower of
Santa Maria di Loreto in Mola di Bari (Italy). The model has been defined through an updating procedure
performed with the aim of matching the results of a dynamic experimental test.

The validated finite element model has been utilised to study the influence of the interaction between
the bell tower and the church on the nonlinear static response of the structure.
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ABSTRACT

The Eurocodes’ specifications for the check of footbridges under human dynamic loads are being
subjected to a profound revision in order to clarify the load models that should be used for vibration
serviceability limit state assessment. Thus, this paper aims to compare the load models for vertical loads
existing in different codes, focusing on those proposed in the JRC report “Design of Lightweight
footbridges for Human Induced Vibrations”. The load models included in the report are used in a case
of study (Veterinary Faculty footbridge, Madrid) to analyse their application to a real structure model
and their interaction with a structural analysis software (SAP2000). The practical issues associated with
each load models will be discussed and different methods are analysed to implement them in a finite
element model of a footbridge structure.

Keywords: footbridges, human dynamic models, Eurocodes, human-induced vibration.

1. INTRODUCTION

The Eurocodes’ specifications for the check of footbridges under human dynamic loads are being
subjected to a profound revision. New proposals on study for a novel version of the chapter 5.7 of the
EN 1991-2 [1] include a series of load models taken from existing codes and design guidelines.

The implementation of these load models in the structural analysis software implies a certain degree of
complexity since pedestrian streams and individuals or groups of runners on the structure have to be
simulated. This paper explores the possibilities offered by one of the most widely spread structural
software (SAP2000) for evaluating the structure’s response to these kinds of loadings. This paper is
focused on the vertical component of the vibration movements, and consequently, only the models
describing the vertical actions on the structure will be addressed.

First, a brief comparison of the codes and guidelines currently used to evaluate vibration limit state is
presented. Then the dynamic models in the JRC’'s document “Design of Lightweight Footbridges for
Human Induced Vibrations” [2] will be summarised. This load models will be applied on a finite element
model of Veterinary Faculty footbridge which is described in section 4. Finally, the results will be
discussed on the basis of the existing dynamic studies for this structure [3], [4].

1Department of Continuum Mechanics and Theory of Structures. E.T.S.I. de Caminos, Canales y Puertos,
Universidad Politécnica de Madrid (SPAIN). jJ.canada@alumnos.upm.es (Javier Cafiada)

2ITAP, Ell. Universidad de Valladolid (SPAIN). ali@eii.uva.es
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2. LOAD MODELS IN CODES AND DESIGN GUIDES FOR PEDESTRIAN FOOTBRIDGES

Footbridge structures are commonly designed to comply with the requirements contained in the
applicable codes. The codes specify the loading actions that the structure will have to withstand and
the criteria to check both safety (ULS) and serviceability (SLS) of the footbridge. The vibration limit state
is usually assessed by limiting the maximum acceleration of the structure under a given set of dynamic
loads. The limit values of the acceleration, both vertical and horizontal, vary form one code to another.
A summary of the values proposed by several different codes and design guides can be found in Casado-
Sanchez et al. [5].

There are two common methods to obtain the predicted acceleration for a given structure in order to
compare it with the standards’ values. The first one consists in the use of simplified expressions that
allow to estimate the values of acceleration from the characteristics of the structure, such as those
contained in the British Standard BS 5400, Part 2 [6] and the Eurocode 5, Part 2 Annex B [7], which,
although it was developed for wooden structures, can be applied for any footbridge. The second
method requires the definition of a set of dynamic loads that have to be applied on the structure. These
load models are defined in different codes and design guides. The following paragraphs summarize
some of them.

2.1. Eurocodes

The Eurocodes include several chapters that apply to the verification of the vibration serviceability limit
state (VSLS) for pedestrian bridges. The most general, is chapter 5.7 of EN 1991-2. Third paragraph of
current version, states only that appropriate dynamic models should be defined, leaving any further
definition of these for the National Annex of each country or for each project. It also refers to the
chapter A2.4.3 of EN 1990-A2 [8]. This chapter indicates that the design situations should be selected
depending on the pedestrian traffic considered on the individual footbridge during its working life and
it proposes the presence of a group of about 8 to 15 people walking normally as the persistent design
situation. Moreover, it explains that other traffic categories, such as streams of pedestrians or
occasional festive events might be associated with persistent, transient or accidental design situations
and should be specified when relevant. The definition of these last situations is responsibility of the
owner or authority.

2.2. 1SO 10137-2007 Basis for design of structures — Serviceability of buildings and walkways against
vibrations

Annex A of the International Standard ISO 10137:2007 [9], proposes a series of load models for dynamic
actions caused by human motion. These include repetitive coordinated activities, walking or running,
ascending and descending of staircases and human impacts. The forces induced on the structure by a
person jumping, walking or running are represented by a Fourier series:

Fv(t) = Q(l + Zfl:l an,vSin(ZT[ft + ¢n,v)) (1)

In the preceding equation Q is the static load of the participating person, fis the frequency component
of the repetitive loading, ¢, is the phase angle for the n™" harmonic, a,,, is the numerical coefficient
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corresponding to the n" harmonic and representing the load dynamic factor, and k is the number of

harmonics that characterize the forcing function in the frequency range of interest. A similar expression
is used for horizontal actions. The document proposes values for the common range of forcing
frequencies and for the numerical coefficient or dynamic load factor (DLF) a. It also suggests a phase
shift of 90° for harmonic contributions below the resonance frequency of the structure as a conservative
approach.

ISO 10137:2007 introduces a coordination factor that affects the forces induced in the structure to
evaluate the effect of the simultaneous action of a group of N people and to account for the
synchronisation of their actions. For uncoordinated walking or running, the proposed expression for the
coordination factor is:

C(N) =+N/N (2)
2.3. FIB Bulletin 32: Guidelines for the design of footbridges

Chapter 5 of FIB Bulletin 32 2005 [10] is devoted to the dynamics of footbridge structures. Paragraph
5.2.2 defines a factor of synchronisation “S” that allows to compute the acceleration induced by the
action of a group of pedestrians. This value is obtained differently for bridges with low and high
pedestrian density, respectively.

The guide also gives values for the common range of frequencies for pedestrian movements and
rhythmic exercises. The load model for walking induced vertical loads is also described in the article
5.3.3.1 of the FIB Bulletin 32, in terms of a Fourier series with a slightly different formulation from that
of the I1SO 10137:2007:

F(t) = F, + Y; F;sin(2mif;t — @;) (3)

The document also includes the load model proposed by the prenorm of Eurocode 1, Part 1, which has
been deleted in the most recent versions of the Eurocodes. The model is divided into three parts to
allow for different pedestrian configurations. The single pedestrian load model is the same as in the
British Standard BS 5400, Part 2 [6] and the Ontario Highway Bridge Design Code OHBDC ONT 83 [11].

2.3.1. Single Pedestrian Load Model (DLM 1)

The dynamic action consists of a pulsating stationary force with vertical and horizontal components. It
represents the effect of a pedestrian with a weight of 700 N walking at a velocity expressed in meters
per second of 0.9 times the step frequency. The amplitude of the dynamic load is taken equal to the
first harmonic of the ground reaction force measured under the action of a walking pedestrian. The
value adopted for the vertical DLF is 0.4. The frequencies are chosen to match the fundamental
frequencies of the structure and the load is applied at the most unfavourable position.

2.3.2. Load Model for a Pedestrian Group (DLM 2)

It accounts for the effect of a group with a limited number of pedestrians walking uncoordinatedly. The
synchronisation of frequencies and phases is considered through the synchronisation factor k, and kj
which are a function of the excitation frequency. A mass of 800 kg is applied at the same point as the
force to represent the influence of the pedestrians on the dynamic properties of the bridge.

CMMoST 207 299



Discussion on dynamic load models of pedestrian loads for footbridges
Fourth International Conference on Mechanical Models in Structural Engineering
Madrid (Spain). 29 nov-01 dec 2017.

2.3.3. Load Model for a Continuous Pedestrian Stream (DLM 3)

It assumes a density of 0.6 pers/m?2. The action is applied as a uniformly distributed area load with
vertical and lateral components. The load should only be applied to the unfavourable areas of the bridge
depending on the mode shape. An additional evenly distributed mass of 40 kg/m? is to be considered
on the same area. The synchronisation factor also applies.

2.4. SETRA Technical guide, Footbridges: Assessment of vibrational behaviour of footbridges under
pedestrian loading

The technical guide on footbridges of SETRA of 2006 [12] introduces a load model for pedestrian
streams which is the basis of those included in the JRC’s “Design of Lightweight Footbridges for Human
Induced Vibrations”, and will be explained more in detail in the next section. It fundamentally consists
in substituting the pedestrian stream by the action of an equivalent number of pedestrians walking
equally distributed on the structure at the same frequency and in phase. The sign of the loading matches
the sign of the mode at every point. A synchronisation factor (¥) is used to account for the risk of
resonance depending on the matching between the excitation frequency and the natural frequency of
the structure.

Appendix 2 of the SETRA guide describes the proposed load models for walking and running pedestrians.
The modelling of the walking pedestrian load is again based on the Fourier transformation of the ground
reaction force under the action of a person walking, resulting in a formulation in accordance with that
of the FIB Bulletin 32. Concerning running, to account for the discontinuous contact with the ground,
the vertical component of the load is represented by a simple sequence of semi-sinusoids. However,
this case is considered non-relevant due to the brief period the joggers remain on the deck.

3. JRC 2009 DESIGN OF LIGHTWEIGHT FOOTBRIDGES FOR HUMAN INDUCED VIBRATIONS

The Joint Research Centre’s report on Design of Lightweight footbridges for human induced vibrations
is the result of two European research projects funded by the Research Fund for Coal and Steel (RFCS):
“Advanced Load Models for Synchronous Pedestrian Excitation and Optimised Design Guidelines for
Steel Footbridges — SYNPEX” [13] and “Human induced vibrations of steel structures — HIVOSS” [14].

The design procedure proposed in the report begins with the definition of the design situations. The
definition of these situations is made by the client together with the consultant, accounting for the
predicted traffic classes and corresponding required comfort levels.

The design process regarding vertical vibrations will be fully addressed in a case of study, Veterinary
Faculty footbridge, in the next sections. However, the mains steps to be followed are explained
hereafter.

In a first step, the natural frequencies of the structure have to be calculated to check if they fall in the
critical range corresponding to the usual frequencies of the human actions. The critical ranges for
natural frequencies are from 1.25 to 2.3 Hz for vertical and longitudinal vibrations, and from 0.5 to 1.2
Hz for lateral vibrations. The second harmonic of the pedestrian loads might excite footbridges with
natural frequencies between 2.5 and 4.6 Hz. The effect of the added mass of the pedestrians on the
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structure is taken into account to obtain the natural frequencies when it exceeds 5% of the total mass
of the structure.

The next step in the design process is the assessment of the design situation, defined as “set of physical
conditions representing the real conditions occurring during a certain time interval”. Each design
situation will relate to an expected traffic class and the corresponding comfort level. The traffic classes

are given in Table 4-3 of the JRC report, which is summarised in Table 1.

Table 1. Pedestrian traffic classes and densities

Density d

Traffic Class (P = pedestrian) Description Characteristics
Tc1 Group of 15 P; Very weak traffic  (B=width of deck; L=length of deck)
d=15P/(BL)
Weak traffic Comfortable and free walking.
TC2 d=0.2 P/m? Overtaking is possible. Single
pedestrians can freely choose pace.
TC3 d=0.5 P/m> Dense traffic Still unrestricted walking. Overtaking

can intermittently be inhibited.

Very Dense traffic Freedom of movement is restricted.
TC4 d=1.0 P/m? Obstructed walking. Overtaking is no
longer possible.

Exceptionally dense Unpleasant walking. Crowding

TC5 d=1.5 P/m? traffic begins. One can no longer freely
choose pace.

The comfort classes are defined in Table 4-4 of the JRC report, which is shown in Table 2.

Table 2. Defined comfort classes with common acceleration ranges

Comfort Class Degree of comfort Vertical Qiimit Lateral Qiimit
CL1 Maximum < 0.50 m/s? < 0.10 m/s?
CL2 Medium 0.50 — 1.00 m/s? 0.10-0.30 m/s?
CL3 Minimum 1.00 — 2.50 m/s? 0.30-0.80 m/s?
CL4 Unacceptable discomfort >2.50 m/s? >0.80 m/s?

One of the critical aspects for the design of a footbridge structure is the damping value to be used for
the dynamic calculations. The JRC proposes a series of minimum and average values for the damping
ratio for various materials. These values increase considerably for large vibrations.

Once all the precedent stages have been fulfilled, the maximum acceleration has to be computed for
each relevant design situation. Three different methods are proposed: SDOF Method, Finite Element
Method and Response Spectra Method. Only the two first require the application of dynamic load
models.

The harmonic load models proposed by the JRC report are based on the definition of an equivalent
number of pedestrians for streams, following the concept presented in SETRA guidelines. A stream of n
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random pedestrians is represented by an idealised stream of n’ perfectly synchronised pedestrians that
cause the same effect on the structure. The idealised stream acts as a distributed harmonic load along
the deck. It is always applied following the shape of the relevant mode of vibration of the structure. If
the mode presents sags of different sign, the load is applied with the corresponding sign in each of
them. The distributed harmonic load is given by the following expression:

p(t) = P X cos(2rfst) xn' X (4)

in which P is the component of the force due to a single pedestrian with a walking step frequency f,
which is assumed to be equal to the footbridge natural frequency under consideration. P is taken as 280
N (0.4x700 N) for vertical loads, 140 N for longitudinal loads and 35 N for lateral loads.

The equivalent number of pedestrians n’ is calculated differently for traffic classes from TC1 to TC3 and
for traffic classes TC4 and TC5. The report states that when a stream becomes dense, the correlation
between pedestrians increases, but the dynamic load tends to decrease, as walking becomes more
difficult. The expressions giving the equivalent number of pedestrians are:

For classes TC1 to TC3 (density d < 1.0 P/m?): n' = 108/5xn [m2] (5)
s

For classes TC4 and TC5 (density d > 1.0 P/m?): n' = 185Vn [m?] (6)
S

The  factor accounts for the probability that the footfall frequency approaches the critical range of
natural frequencies under consideration. It is given by the figure in Table 4-8 of the JRC report (see
Figure 1).

Vertical and longitudinal Lateral

=== 1. Harmonic

ssmn 2. Harmonic

os}— 1 L L AL L leaa..

o.' "’
0 - - > 0 »
0 1.25 1.7 21 2325 34 42 46 Frequency 0 0,507 1.0 1,2 1,7 21 24 Frequency
Figure 1. JRC 2009 Design of lightweight footbridges for human induced vibrations. Table 4-8. Reduction

coefficient

The appendix of the JRC report proposes additional load models for a single pedestrian, for a jogger and
for intentional excitation by small groups. Walking is represented by a Fourier series similar to Eq. (1).
This periodic force is not stationary, it moves with a constant speed along the deck. The value of the
walking speed is taken from the results of the SYNPEX project and it is given by:

ve =1271f; — 1 (7)

Different values for the Fourier coefficients used to describe the forces produced by walking pedestrians
are given in the report, including those proposed in the SYNPEX project.
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The proposed load model for joggers consists of a single load moving across the bridge at a certain
speed. In this case the suggested value is 3 m/s. The moving load follows the expression hereafter:

P(t.v) = P X cos(2rft) xn' Xy (8)

in which P is the force component due to a single jogger, with a value of 1250 kN, f is the natural
frequency under consideration and n’ is the equivalent number of joggers. A group of joggers is
considered to be perfectly synchronised in frequency and phase with the natural frequency of the
bridge, therefore n’ is taken equal to n, the actual number of joggers. The reduction coefficient ¢ has
the same meaning as for the pedestrian streams, but different values, that are given in Table 9-2 of the
JRC report (Figure 2).

A
1
0 1.9 2.2 2.7 35 Freq
structure
Figure 2. JRC 2009 Design of lightweight footbridges for human induced vibrations. Table 9-2. Reduction

coefficient ¢

It is proposed to simplify the action of the joggers by applying the harmonic load stationary at the point
corresponding to the maximum displacement amplitude of the shape modes.

4. CASE OF STUDY: VETERINARY FACULTY FOOTBRIDGE

Veterinary faculty footbridge is a structure located in Madrid, Spain, at kilometre 6 of the A-6 highway.
It allows pedestrian traffic between Veterinary Faculty and “Ciudad Universitaria” campus over the
highway.

This footbridge has been previously studied in [3], in which the dynamic properties of the structure
were obtained experimentally, and in [4], in which a finite element model of the footbridge, and its
updating according to experimental results, was developed.

4.1. Description of the structure

It consists of a metallic beam with hollow trapezoidal cross section 61 cm high and 80 to 150 cm wide.
A 10 cm thick concrete slab covers 42.70 m of a total length of 45.65 m. The beam is embedded in a
concrete pylon at the campus end, creating a semi-rigid joint. Two cables depart from the top of the
pylon and support the structure close to mid-span. At the Veterinary Faculty end, there are a simple
and an inverted support spaced 2.65 m. Fig. 3 below shows a general view of the structure. A more
detailed description of the footbridge can be found in [3] and [4].
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Figure 3. Veterinary Faculty footbridge [15]

The deck surface accessible for pedestrians is of 40 m?.
4.2. Description of the model

The finite element model used for the analysis was originally developed in SAP2000 [16] by Rodriguez
Aguilar, its complete description can be found in [4]. Only its key features will be discussed here.

The beam is modelled using shell elements for flanges and webs with 1 meter length in the longitudinal
direction. Transverse diaphragms are disposed with a 3 m spacing.

Masses in the structure are obtained from materials’ density and their respective volumes. An additional
distributed mass on the structure is used to represent the dead loads of the railings and other elements
of the superstructure. This additional mass was adjusted in order to match the model frequencies with
those obtained experimentally. The total mass of the structure is estimated in 73.23 t.

Concerning the boundary conditions, vertical movement is restrained at the simple support on the
Veterinary Faculty side. For the inverted support, both vertical and transverse displacements are fixed.
The embedment in the pylon is represented by springs with rotational stiffness capacity. Translation
movements are restrained at this section. Finally, the effect of the cables is introduced in the model
through linear springs with vertical and longitudinal stiffness at the connection point of the cables in
the beam. The stiffness values of all the spring elements in the structure was subjected to a model
updating process that aimed to match the mode shapes obtained in the finite element model with the
ones observed during the experimental tests.

304 (MMoST 2017



Cafada, Javier’; lturregui, Carlos®; M. Diaz, lvan'; Garcia Palacios, Jaime H.'; Goicolea, José M.*;
Lorenzana Iban, Antolin?

Figure 4. Veterinary Faculty footbridge model in SAP2000

4.3. Load models application
4.3.1. Design situations

The design situations considered in the case of study are listed in Table 3. Since this paper focuses on
the implementation of the load models more than on the actual assessment of the VSLS, the comfort
class is not defined for each of the design situations, nor its expected occurrence during the lifetime of
the structure. A brief comment about these aspects will be included in the final conclusions.

Table 3. Pedestrian stream design situations

Number of
Traffic Class Density um e'r ° Mass of Pedestrians Mass percentage

pedestrians

TC1 0.25 P/m? 15 1200 Kg 1.60 %

TC2 0.2 P/m? 12 960 Kg 1.30%

TC3 0.5 P/m? 30 2400 Kg 3.30%

TC4 1.0 P/m? 60 4800 Kg 6.55 %

TC5 1.5 P/m? 90 7200 Kg 9.83 %

It is observed that, due to the surface width of the deck being considerably small, the traffic class TC-1
is more conditioning than the class TC-2. Therefore, it should be chosen which of the two represents
best the pedestrian traffic on the footbridge. The calculations for classes TC-4 and TC-5, which introduce
an additional mass superior to the 5 % of the mass of the structure, will be carried out taking into
account the effect of the mass of the pedestrians on the natural frequencies of the structure. It is
included in the model as a uniformly distributed mass over the accessible surface of the deck.

Additionally, situations with a jogger passing over the structure have also been calculated.

4.3.2. Natural frequencies

The natural frequencies of the vertical vibration modes of the structure are calculated using the
eigenvector analysis tool in SAP2000. Twelve modes are obtained, but only the ones corresponding to
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vertical flexural vibrations are studied. The natural frequencies for the first three modes of vibration of
interest for each case are shown in the table below.

Table 4. Natural frequencies, linear calculation

Case First vertical mode Second vertical mode Third vertical mode
TC1,TC2,TC3 Jogger 1.8298 Hz 4.4809 Hz 8.6768 Hz
TC4 1.7887 Hz 4.3836 Hz 8.4834 Hz
TC5 1.7691 Hz 4.3358 Hz 8.3914 Hz

As expected, the frequencies diminish when the mass increases. The first two vertical modes of
vibration of the structure are illustrated in Fig. 5.

Figure 5. Vertical vibration mode 1 (left) and mode 2 (right)

4.3.3. Damping

A constant damping ratio of 1 % is taken for all modes, based on the experimental results in [3]. The
mean value proposed by the JRC for composite structures is 0.6 %. Depending on the type of analysis
developed in SAP2000 the damping model varies. Differences will be commented for each case.

4.3.4. Pedestrian streams

The load models corresponding to traffic classes from TC-1 to TC-5 are introduced accordingly with the
indications of chapter 4.5.1 of the JRC report. The frequencies of both the first and the second modes
fall in the critical range (see Fig. 1). Independent load cases have to be defined for each. The parameters
defining this load models as shown in Eq. (4), Eq. (5) and Eq. (6) can be found in Table 5.

Table 5. Pedestrian stream load parameters

Case Mode P Frequency (1] n’
TC1 1 280N 1.8298 Hz 1.000 0.0697
2 280N 4.4809 Hz 0.072 0.0697
TC2 1 280 N 1.8298 Hz 1.000 0.0624
2 280 N 4.4809 Hz 0.072 0.0624
TC3 1 280 N 1.8298 Hz 1.000 0.0986
2 280 N 4.4809 Hz 0.072 0.0986
TC4 1 280 N 1.7887 Hz 1.000 0.2388
2 280 N 4.3836 Hz 0.135 0.2388
TC5 1 280 N 1.7691 Hz 1.000 0.2925
2 280 N 4.3358 Hz 0.165 0.2925
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The intensity of the load, in kN/m?, is calculated following the expression of Eq. (4) using these
parameters:

p=Pxn' xy (9)

The harmonic load is applied uniformly distributed over the deck surface, with the sign corresponding
to the mode shape, as it is shown in Fig. 6.
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Two different analysis are developed in SAP2000 to verify the consistence of the results. The first is a
steady-state analysis: a frequency domain analysis of the stationary response of the structure with the
frequency of the harmonic load ranging from 0 to 5 Hz. The second does a linear modal integration in
time (modal analysis and modal superposition) for the harmonic load vibrating at the natural
frequencies of the structure previously calculated. A sine function in time, with the period related to
the mode of vibration of the structure, is defined within SAP2000 to reproduce the harmonic behaviour
of the loading.

Figure 6. Distributed load for m})de 1 (left) and mode 2 (right)

For the steady-state analysis the damping matrix is given by a displacement-based model as follows:
D = wC = w(aM + BK) (9)

This allows to define a constant damping ratio for all modes, in this case 1 %, by adopting zero for the
mass coefficient, and twice the damping ratio for the stiffness coefficient. For the modal integration
analysis, the damping is also taken constant for all modes, which can be directly specified in the SAP2000
load case.

The curve frequency-acceleration obtained for a point at mid-span of the structure (point of maximum
displacement) from the steady-state analysis for the case TC-1 is shown in Fig. 7.
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Figure 7. Vertical acceleration for frequencies from O to 5 Hz, TC-1 pedestrian stream

The results of the linear modal integration in time are shown in Fig. 8 for 60 second duration analysis.

AR

Time (s)
Figure 8. Vertical acceleration from 0 to 60 s, TC-1 pedestrian stream

As it can be observed from Figs. 7 and 8, both analysis lead to very similar results. Given that the
pedestrian stream is considered to happen in a sustained manner, the resonance value obtained from
the steady state analysis is likely to be reached.
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It must also be pointed out that the value of the reduction coefficient ¢, which is frequency dependant,
has been kept constant for the steady state analysis. This means that only the acceleration value at
resonance has actual sense regarding the JRC report formulation.

Similar calculations for the remaining traffic classes result in the maximum vertical accelerations
corresponding to excitations acting at the frequencies of the two first modes of vibration of the
structure. The values obtained are summarised in Table 6.

Table 6. Pedestrian stream load parameters

Mode Vertical Comfort Level Expected Occurrence
Case .
Acceleration
TC1 1 1.086 m/s?
Medium Daily
2 0.924e-3 m/s?
TC2 1 0.971 m/s?
Medium Daily
2 0.826e-3 m/s>
TC3 1 1.535 m/s?
Minimum Rarely
2 1.306e-3 m/s?
TC4 1 3.551 m/s?
Unacceptable Unexpected
2 5.699e-3 m/s?
TC5S 1 4.257 m/s?
Unacceptable Unexpected
2 8.390e-3 m/s?

Acceptable levels of comfort are only verified for traffic classes from TC-1 to TC-3.

4.3.5. Application of the load model for joggers

As it has been previously commented, the action of a person running on the structure can be
represented by a moving load applied on the deck. Implementing such a load in a structural analysis
software is not always easy, that is the case for example of SAP2000. The JRC proposes a simplified
approach where the load is considered stationary, it does not move, and applied at the point of
maximum displacement. Both approaches have been studied, and the results will be commented
hereafter.

In the case of Veterinary Faculty footbridge, the natural frequencies of the structure fall out of the
critical range for running pedestrians. This has been ignored for the following analysis and the reduction
factor ¢ has been taken equal to one and the excitation frequency equal to that of the first mode of the
structure for all the calculations. These assumptions pretend to make it possible to effectively test the
application of the proposed load models. Therefore, the intensity of the load will be 1250 kN for a single
pedestrian. The expression of the punctual harmonic load is given by Eq. (8).

The stationary application of the load at the maximum displacement point has been analysed again with
the two methods used for pedestrian streams: steady state analysis and modal integration. For the
steady state analysis, the range of frequencies studied ranges from 1.6 to 2.5 Hz. For modal integration,
a sine function in time with the corresponding natural frequency of the structure has been applied
during 55 s. The results in terms of vertical acceleration are shown in Fig. 9 and Fig. 10.
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Figure 10. Vertical acceleration from 0 to 60 s, running loading

Other than the similarity of the results obtained with both methods, it can be inferred from Figs. 9 and
10 that the time of application of the load is of vital importance to determine the maximum value of
the vertical acceleration that structure will suffer. To account for this effect, the modal integration
calculation has been repeated limiting the time of application of the load to the time a jogger will need
to run along the deck at the proposed speed of 3 m/s. Considering a length of deck of 40 m, the load
will only act for 13,3 s. Consequently, the steady state analysis does not seem appropriate for the jogger
case because the information about the time of application of the load is lost. The jogger case should
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be considered transient. Taking into account this fact, Fig. 11 shows the acceleration plot. The value
obtained for the vertical acceleration, when limiting the application of the load to 13.3 s, is reduced
from 2.035 m/s? to 1.60 m/s>.
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Figure 11. Vertical acceleration from 0 to 60 s, running loading considering the time on the structure.

In an effort to reproduce more accurately the effect of the moving load representing the jogger, while
maintaining the simplicity of a stationary load applied at the point of maximum displacement, a new
load model is defined. In this case, the intensity of the load is corrected taking into account the shape
of the mode of vibration of the structure. The position of the load on the deck is calculated considering
the velocity of the jogger and the intensity of the load applied is affected at each instant by a coefficient
reflecting the ratio between the mode’s amplitude at the point where the moving load would be
considering its movement, and the amplitude of the mode at the point where it is effectively being
applied. This method is further explained in [17]. The results are shown in Fig. 12.
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Figure 12. Vertical acceleration from 0 to 60 s, running loading considering the time on the structure.
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It can be observed that the maximum value of the vertical acceleration is notably inferior to that
obtained previously without the modulation of the load (35% reduction).

Finally, the complete load model for the jogger, considering the movement of the load, has been
implemented in SAP2000. To introduce the moving load, the load history at each node of the structures’
model has to be defined. The choice of the nodes that will be loaded is done by defining “Paths” in
SAP2000. Then the definition of the load history for each node is done in MATLAB [18], and later fed
back to SAP2000. In its movement along the structure, the load is applied at only one node at each time.
This is implemented by defining a step function for each node with value equal to unit whereas the
position of the load, computed as a function of its velocity and the time passed, is comprised in the
tributary length of the node, and null otherwise. This tributary length is taken as half the distance to
the contiguous nodes at each side of the considered node. The step function for each node is then

multiplied by the harmonic component of the load as defined in Eq. (8). The load history for a node is
shown in Fig. 13.
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Figure 13. Load history for a Veterinary Faculty footbridge model node

Once the load history for each node of the Path has been defined, a single load case is created by adding
the loads applied in all the nodes in the path. The calculations are done by directly integrating in time
the effects of the load (Direct integration method). SAP2000 allows different methods to be used to

compute the integration, in this case the Hilber-Hughes-Taylor method has been adopted. The
integration coefficient used is a = 0, which is equivalent to the Newmark method with  =0.25and y =
0.5 (trapezoidal rule).

For direct integration in time using SAP2000, it is not possible to define a constant damping ratio for all

modes. Instead, the Rayleigh damping model is used, fixing the mass and stiffness coefficients to obtain
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a damping ratio of 1 % for the two first modes of vibration of the structure. For Veterinary Faculty

footbridge, the values of these coefficients are: mass coefficient 0.1633; stiffness coefficient 5.04e-4.

The results obtained with this method are quite similar to those of the previous calculations as Fig.14
illustrates:
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Figure 14. Vertical acceleration from 0 to 60 s, running loading

The results in terms of maximum vertical acceleration of the mid-span point for the different methods
implemented above are compared in Table 7. Note that the three methods consider the time on the
structure. It seems that the overestimation of the acceleration value when applying the simplified
stationary load might be excessive and lead to a conservative design.

Table 7. Results comparison

Stationary load Stationary modulated load Moving load

1,60 m/s? 1,04 m/s? 1,06 m/s?

To check the validity of the method used to implement the moving load in SAP2000, this same method
has been applied to a simply supported beam spanning 40 m, and the results compared to the analytical
solutions. Table 8, summarises the results in terms of maximum displacement obtained for the different
calculations on the simply supported beam.

Table 8. Analytical and SAP2000 comparison for a simply supported beam

Case Stationary load Stationary modulated load Moving load
SAP2000 model 0.0268 m 0.0183 m 0.0184 m
Equivalent SDOF model 0.0262 m 0.0183 m -
Continuous beam model 0,0261 m 0,0183 m 0,0183 m
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It is observed that the results for the moving load on SAP2000 estimate accurately the behaviour of the
simply supported beam. The values reflected in Table 7 were obtained for a length of discretization of
1 m, and good convergence was observed for smaller element lengths. It must be pointed out that the
modulated load method offers also very good estimations of the beam behaviour with a reduced
computational effort.

5. CONCLUSSIONS

This paper has presented a summary of the different load models contained in some of the most
relevant design codes representing the vertical loads of pedestrian traffic on footbridges. The different
codes show very similar approaches for the definition of the load models. The SETRA guide and the JRC
report, both include a load model representing pedestrian streams based on the substitution of the real
traffic by an equivalent number of perfectly synchronised pedestrians.

The load models in the JRC guidelines have been applied to the case of study of Veterinary Faculty
footbridge using the structural analysis software SAP2000. While the models for pedestrian streams do
not imply excessive complexity for their implementation in the software, the definition of the moving
load representing a person running on the structure requires external calculations, in this case
developed in Matlab, as well as an extensive work importing and exporting data. A simplified approach
using a stationary load which value is modulated accounting for the relevant mode shape seems much
easier to implement and accurate enough.

Regarding the behaviour of Veterinary Faculty footbridge, it has been shown that for the heavier traffic
classes it does not comply with the comfort requirements. Although, the experimental studies
conducted on the structure [3] proposed 0.192 P/m? as value for the expected pedestrian density on
the structure. This value is close to that defined for TC-2, 0,2 P/m?, for which the corresponding comfort
level following the JRC report guidelines would be medium (CL-2). The same study verified that the
natural frequencies of the structure were not easily excited by a person running, which is in accordance
with the critical range defined in the JRC report.

Future development of this study could address the horizontal load models for lightweight footbridges.
Also, a more in-depth comparison with the experimental results seems necessary to better understand
the behaviour of the structure and to check the results obtained with the different load models. This
would require more precise numerical models and model updating techniques than those used for this
study. Finally, the proposed methods for the implementation of the load models should be applied to
other cases of study to validate the process and verify their adaptation to distinct types of structures.
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ABSTRACT

In this work, experimental tests carried out on San Julian’s stone samples (a calcarenite with which are
constructed almost all the historical buildings of the city of Alicante, Spain) were made to assess the
effect of FRP retrofitting after high temperature damage. Samples were exposed to real fire in the
facilities of the Provincial Consortium of Firemen of Alicante. Besides, two different cooling methods
were used: dry cooled at room temperature and fast cooling by spraying with cold water. In addition,
two different FRP wrapping systems were used: carbon and glass unidirectional fibre fabrics, both
embedded in epoxy resin. Fire-damaged specimens suffered a remarkable loss of strength and stiffness,
greater in water cooled samples. The FRP jacket changes the mechanical behaviour and stress-strain
curves showed an approximately bilinear response, with compressive stresses at failure in the order of
50 MPa and ultimate strain between 3-4%.

Keywords: FRP, confinement, fire-damaged, high temperature, stone.

1. INTRODUCCION

Una buena parte de los edificios histdricos que componen nuestro patrimonio estdn construidos con
piedra. En muchas ocasiones se requiere intervenir sobre sus elementos estructurales por diferentes
motivos: rehabilitaciones, cambios de uso, mejora de su respuesta ante acciones sismicas o refuerzo
tras un incendio u otras acciones accidentales.

Entre las distintas técnicas de intervencion, una de las mas habituales es el refuerzo de elementos
comprimidos por confinamiento. Tradicionalmente estos refuerzos se han venido realizando con
elementos metalicos o encamisados de hormigén, si bien en los ultimos afos se ha desarrollado
notablemente la técnica del confinamiento mediante la aplicacion de [dminas de polimeros reforzados
con fibras (FRP). Estos materiales presentan evidentes ventajas respecto de los sistemas tradicionales
de acero u hormigdn gracias a sus elevadas prestaciones mecanicas, no incrementan las cargas sobre la
estructura ni alteran las rigideces originales de sus elementos, son materiales inalterables que apenas
requieren mantenimiento, los productos son facilmente transportables y manipulables y permiten una
reduccion de medios y plazos de ejecucion.

1 Department of Civil Engineering. University of Alicante (SPAIN). luis.estevan@ua.es (Corresponding author)
2 Department of Civil Engineering. University of Alicante (SPAIN). fi.baeza@ua.es
3 Department of Civil Engineering. University of Alicante (SPAIN). sivorra@ua.es

CMMoST 207 317



FRP confinement of fire-damaged calcarenite samples
Fourth International Conference on Mechanical Models in Structural Engineering
Madrid (Spain). 29 nov-01 dec 2017.

El confinamiento mediante FRP ha sido ampliamente estudiado en las ultimas décadas para el caso de
elementos de hormigdn [1,2], lo que ha permitido el desarrollo de diferentes guias y codigos de disefio
a disposicion de arquitectos, ingenieros, investigadores o aplicadores en todo el mundo [3,4].

En comparaciéon con la informacidn disponible para el caso del hormigdn, los estudios realizados en
elementos de piedra o mamposteria son, por el momento, muy escasos. En la mayoria de las
investigaciones publicadas se ha trabajado con piezas de diversas geometrias formadas por fabricas de
ladrillo de diferente naturaleza [5,6]. Sin embargo, apenas se han encontrado referencias para el caso
de elementos de piedra [7].

Por otro lado, la pérdida de propiedades fisicas y mecanicas de los materiales pétreos tras la exposicion
a elevadas temperaturas también ha sido objeto de numerosas investigaciones en los ultimos afios. En
la mayoria de los estudios se analizan muestras de piedra sometidas a niveles de temperatura variables
mediante el empleo de hornos eléctricos en laboratorio [8,9]. Sin embargo, las referencias en caso de
exposicién a fuego real son muy escasas [10].

Reuniendo los resultados de las dos lineas de investigaciéon expuestas en los pdrrafos anteriores, se
plantea el estudio del refuerzo por confinamiento con FRP de elementos pétreos comprimidos tras la
exposicion a elevadas temperaturas. Actualmente pueden encontrarse algunos estudios realizados en
elementos de hormigdn [11]. Sin embargo, las referencias en el caso de piezas de piedra o mamposteria
son practicamente inexistentes [12] y en ningln caso sobre elementos expuestos a la accidn de fuego
real. Se considera importante ampliar el campo de conocimiento en este sentido, pues este tipo de
refuerzos pueden suponer una técnica muy adecuada para el caso de soportes de piedra en edificios
histéricos que puedan haber quedado afectados por la accién de un incendio.

2. PROGRAMA EXPERIMENTAL

En este estudio se ha trabajado con probetas de piedra de San Julian, una calcarenita con la que estan
construidos la mayoria de los edificios histéricos de la ciudad de Alicante. Las muestras proceden de los
sondeos realizados para las obras de los tuneles del tranvia en la Serra Grossa, al noreste de la ciudad.
Se prepararon un total de 36 piezas cilindricas, con un didametro de 72 mm y 180 mm de altura, a fin de
mantener una relacion altura/didmetro de 2.5.

Algunas muestras se dejaron intactas como material de referencia y otras fueron sometidas a la accion
de fuego real en las instalaciones del Consorcio Provincial de Bomberos de Alicante. En un contenedor
destinado a ensayos y entrenamiento de los bomberos se generd un fuego controlado mediante la
ignicion de material combustible. Se instalaron sensores en distintos puntos que permitieron registrar
las curvas de temperatura en el interior del contenedor, donde se alcanzaron valores maximos del orden
de 850 °C. Se realizaron dos ensayos diferentes a fin de evaluar la influencia del sistema de extincidon
ante un eventual incendio: en el primero se mantuvieron las muestras durante 24 h en el interior del
contenedor enfridndose lentamente hasta alcanzar la temperatura ambiente, mientras que en el
segundo se procedid al enfriamiento brusco de las probetas mediante rociado con agua fria en el
momento en que el fuego se encontraba plenamente desarrollado. En la Fig. 1 se muestran distintas
imagenes de los ensayos realizados: probetas sometidas a la accidn del fuego en el interior del
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contenedor (a), proceso de rociado con agua fria para enfriamiento brusco de las muestras (b) y estado

de las mismas a unos 25 °C una vez finalizado el proceso (c).

Figura 1. Diferentes fases de la exposicion al fuego de las probetas de piedra en las instalaciones del Consorcio
Provincial de Bomberos de Alicante: etapa de calentamiento (a) y diferentes tipos de enfriamiento, rdpido
mediante rociado de agua fria (b) o lento mediante enfriamiento natural (c).

Tras la exposicion al fuego de las probetas, se procede al refuerzo de las mismas mediante
confinamiento con FRP. Se ha empleado matriz de resina epoxi y tejidos unidireccionales de fibras de
carbono (CFRP) o vidrio (GFRP). Las caracteristicas mecdanicas de los materiales compuestos fueron
medidas de manera experimental, para lo cual se prepararon 5 probetas de cada tipo, de dimensiones
25x250 mm, que fueron ensayadas a traccién de acuerdo a la norma ASTM D3039 / D3039M-14 [13].
Los resultados se resumen en la Tabla 1, junto con los datos proporcionados por el fabricante para los
tejidos y la resina epoxi.

Tabla 1. Propiedades de los materiales empleados en el refuerzo de las muestras.

Tejido fibra  Tejido fibra Resina

Propiedad carbono ! vidrio ! epoxi ! CFRP* GFRP*
Gramaje (g/m?) 300 900 - - -
Espesor (mm) 0.166 0.480 - 0.81 1.08
Resistencia a traccidén (MPa) 4830 2560 40 637 539
Mddulo de elasticidad (MPa) 230000 80700 1400 56078 25344
Alargamiento en rotura (%) 2 3-4 1.8 1.16 2.21

1 Datos proporcionados por el fabricante
2 Valores medios obtenidos experimentalmente

El proceso de aplicaciéon del refuerzo se resume en 5 etapas. Inicialmente se procede al cepillado y
limpieza de la superficie lateral de la probeta. A continuacién, se aplica mediante brocha una capa
uniforme de resina epoxi en dicha superficie. Seguidamente se coloca una capa de tejido unidireccional
de fibras de carbono o vidrio, que se dispone con un solape de 60 mm, lo que representa un porcentaje
aproximado del 25% del perimetro de la probeta. Sobre el tejido se aplica una nueva capa de resina
epoxi, prestando especial atencidén a la zona de solape. Finalmente se aplica presién mediante un rodillo
ranurado de manera que la resina fluya a través de las fibras del tejido y éstas queden completamente
impregnadas, cuidando que no queden burbujas de aire que puedan comprometer la resistencia del
encamisado. Una vez reforzadas las probetas, se respeta un plazo minimo de curado de 7 dias antes de
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proceder a su rotura, siguiendo las recomendaciones del fabricante. En la Fig. 2 se muestra el proceso

de refuerzo de una de las probetas mediante CFRP.

Figura 2. Procedimiento de refuerzo de las probetas mediante encamisado con CFRP.

Las probetas reforzadas fueron sometidas a rotura por compresién uniaxial en una prensa de 300 kN
de capacidad. Los ensayos se realizaron a una velocidad constante de 0.5 kN/s hasta rotura. Para el
control de las deformaciones longitudinales se instalaron dos extensémetros en el plato superior de la
prensa, mientras que las deformaciones transversales fueron obtenidas mediante dos galgas
extensométricas por probeta, colocadas a mitad de altura y en puntos diametralmente opuestos. Los
datos fueron registrados a una frecuencia de muestreo de 5 Hz mediante un equipo de adquisicién de
datos HBM Spider 8. En la Fig. 3(a) se muestran algunas probetas instrumentalizadas y listas para su
rotura; en la Fig. 3(b) se detalla la prensa empleada en los ensayos y los dispositivos de medida de las
deformaciones.

Figura 3. Probetas instrumentalizadas listas para su rotura (a) y dispositivos empleados en los ensayos (b).

Los ensayos se planificaron en base a 9 series compuestas por 4 probetas cada serie, tal y como se
resume en la Tabla 2. Para la identificacion de las diferentes muestras se ha adoptado la siguiente
nomenclatura: la primera letra indica el sistema de refuerzo aplicado, N (sin reforzar), C (confinamiento
mediante CFRP) y G (confinamiento mediante GFRP); las siguientes letras representan el proceso de
exposiciéon al fuego, N (sin exposicién), FD (exposicion a fuego real con enfriamiento lento) y FW
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(exposicion a fuego real con enfriamiento brusco); los nUmeros finales identifican el nimero de probeta
en cada serie.

Tabla 2. Tipos de refuerzo y exposicion de las muestras ensayadas.

Serie Probetas? Refuerzo Exposicion al fuego

01 N.N.XX No No

02 N.FD.XX No Si, enfriamiento lento
03 N.FW.XX No Si, enfriamiento brusco
04 C.N.XX CFRP No

05 C.FD.XX CFRP Si, enfriamiento lento
06 C.FW.XX CFRP Si, enfriamiento brusco
07 G.N.XX GFRP No

08 G.FD.XX GFRP Si, enfriamiento lento
09 G.FW.XX GFRP Si, enfriamiento brusco

1 Se preparan 4 probetas por serie, XX = 01, 02, 03, 04

3. RESULTADOS

En la Fig. 4 se muestran los modos de rotura de las probetas sin reforzar (a) y confinadas con CFRP (b)
o GFRP (c). Las probetas no reforzadas manifiestan una rotura fragil, con agrietamiento
fundamentalmente en la direccién axial de la pieza. Las probetas confinadas presentan una rotura
explosiva, subita y sin previo aviso, con rotura de las fibras en la direccidn perpendicular a las mismas y
aproximadamente en la zona intermedia de la pieza; el material pétreo se muestra fuertemente
disgregado y siempre aparece una fina capa adherida a la cara interior del encamisado, lo que pone de
manifiesto la gran capacidad de adherencia de la resina epoxi empleada.

Figura 4. Modos de rotura de las probetas sin reforzar (a) y confinadas con CFRP (b) o GFRP (c)

Los resultados de los ensayos a compresion uniaxial se resumen en la Tabla 3, en la que se indican los
valores medios de tensién y deformacion de rotura obtenidos en cada serie de 4 probetas, asi como los
coeficientes de variacién correspondientes (CV), a fin de evaluar la precision alcanzada en dichos
ensayos. Los incrementos de tensidn y deformacion de rotura se han calculado respecto de las series
equivalentes sin confinar, con el objeto de analizar la eficacia cada uno de los sistemas de refuerzo
empleados.
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Tabla 3. Tensién y alargamiento de rotura para cada combinacién de calentamiento y refuerzo.

Tensidn de rotura Deformacion de rotura
Serie Probetas Acu (%)*  Asu (%)*
ou (MPa) CV (%) &u (%) CV (%)
01 N.N.XX 19.84 6.97 0.21 2.29 - -
02 N.FD.XX 6.94 8.54 0.84 11.19 - -
03 N.FW.XX 5.90 20.60 0.69 15.14 - -
04 C.N.XX 54.60 5.53 3.48 16.53 275 1657
05 C.FD.XX 52.23 10.57 3.64 9.75 752 433
06 C.FW.XX 52.40 1.13 3.63 9.02 888 526
07 G.N.XX 49.43 9.32 3.96 21.75 249 1885
08 G.FD.XX 49.68 8.51 4.21 12.63 716 501
09 G.FW.XX 46.31 9.64 4.54 22.48 785 658

* Incrementos calculados con respecto al valor sin refuerzo con el mismo tratamiento térmico.

3.1. Efecto de la velocidad de enfriamiento

En primer lugar, se discutira el efecto del tipo de enfriamiento en las resistencias residuales de las
muestras calentadas bajo condiciones de fuego real. En la Fig. 5 se han incluido las curvas tensién-
deformacién de cada una de las muestras que se ensayaron sin aplicar ningun refuerzo exterior con
FRP. Se han representado tanto deformaciones longitudinales (acortamientos) como transversales
(alargamientos, aunque expresandose estas Ultimas como valores negativos). Los resultados obtenidos
con las probetas control, es decir, sin calentar ni reforzar, mostraron una baja dispersion, tal y como
muestran las curvas representadas en la Fig. 5(a), y el CV por debajo del 7% para la tensidn de roturay
del 2.3% para el acortamiento Ultimo (segun Tabla 3). En este caso las deformaciones registradas
mostraron un comportamiento practicamente lineal hasta la rotura, que se produjo para una tension
media de 19.8 MPa, con un acortamiento en rotura del 0.2%.

Las curvas correspondientes para las probetas calentadas con fuego real (Tmsx = 850 °C) se incluyen en
la Fig. 5(b) y 5(c), respectivamente para los casos de enfriamiento lento dentro del contenedor o
enfriamiento rapido mediante rociado de agua fria. Logicamente, en ambos casos la dispersidon de
resultados aumenta, solo ligeramente en el caso de enfriamiento lento (pasando de un CV para la
tensién de rotura del 7% hasta un valor del 8.5%), mientras que en el caso de enfriamiento con agua
fria casi se triplica (llegando al 20.6%). Ademds, en ambos casos la dispersién de las deformaciones en
roturas paso del 2.3% hasta valores entre el 11%y 15% (Tabla 3). La resistencia a compresion de la roca
sin reforzar bajo hasta los 5.90 y 6.94 MPa, lo que se corresponde con una resistencia residual del 29.7%
en caso de enfriamiento rapido con agua, y del 35.0% si se deja enfriar de forma natural. Por otra parte,
las deformaciones en rotura se vieron aumentadas hasta tres y cuatro veces del valor de la roca sana.
Sin embargo, en este caso la tendencia vista para la tensidn de rotura se invierte, siendo las muestras
enfriadas lentamente las que mayor deformacién presentaron (8.4%), mientras que las rocas mas
danadas por un enfriamiento brusco rompieron sélo a una deformacién del 0.69%. En cualquier caso,
la pérdida de rigidez en el material resulté notable, como puede obtenerse comparando las curvas de
la Fig. 5.
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Figura 5. Curvas tension-deformacion para muestras de calcarenita sin reforzar: (a) probetas de control sin
calentar; (b) probetas quemadas y enfriadas lentamente; (c) probetas quemadas y enfriadas con agua.
En todos los casos se representan las curvas de cuatro muestras diferentes ensayadas, con sus deformaciones
longitudinales (positivas) y transversales (negativas).

3.2. Efecto del refuerzo con FRP

Una vez se ha determinado la respuesta del material sin reforzar a los diferentes tipos de enfriamiento,
la siguiente variable de estudio a considerar es la eficacia del refuerzo de las probetas con FRP, y si
existen diferencias significativas entre el uso de los dos tipos de fibras en su fabricacién (CFRP o GFRP).
Para este fin, la Fig. 6 incluye las seis graficas correspondientes a cada una de las condiciones de
preparacion restantes (series 4 a 9 en la Tabla 2), habiéndose aplicado una camisa de refuerzo de FRP
en todas ellas una vez enfriadas hasta temperatura ambiente.

Comparando las curvas sobre rocas sin calentar, Fig. 6(a) y 6(b) para laminados de carbono y vidrio
respectivamente, se aprecia ya a simple vista un cambio de comportamiento respecto al comentado en
el apartado anterior (Fig. 5). En este caso, las probetas reforzadas presentan una rama de
comportamiento plastico inexistente en muestras sin confinar. En ambos casos, la rama elastica se
produce hasta tensiones del orden de 30 a 35 MPa, comenzando posteriormente la rama de
plastificacion hasta alcanzar deformaciones en rotura del 3.5% (CFRP) o 4% (GFRP). Esta mejora en la
ductilidad queda mas clara al compararla con la deformacion en rotura de la roca sin refuerzo que fue
solo del 0.2%. Por otra parte, los limites eldsticos observados estan alrededor del 150% respecto de la
tensién de rotura del material no confinado. Mientras que la camisa de FRP de refuerzo aumento la
resistencia de las probetas hasta el 275% (CFRP) o el 250% (GFRP) respecto del valor de la roca sin
reforzar (19.8 MPa, Tabla 3). Por tanto, las probetas con una capa de laminado de carbono resistieron
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tensiones de hasta 54.6 MPa, que fueron sdlo de 49.4 MPa en caso de refuerzo con fibras de vidrio. Esta
mejora de prestaciones como material de confinamiento se debe a las mejores caracteristicas
mecanicas del laminado de carbono como se indicaba en la Tabla 1. Por ultimo, las muestras con CFRP
también presentaron una mayor rigidez en su rama elastica.
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Figura 6. Curvas tension-deformacion para muestras de calcarenita reforzadas: (a) CFRP sin calentar; (b) CFRP
con enfriamiento lento; (c) CFRP con enfriamiento rapido; (d) GFRP sin calentar; (e) GFRP con enfriamiento
lento; (f) GFRP con enfriamiento rdpido. En todos los casos se representan las curvas de cuatro muestras
diferentes ensayadas, con sus deformaciones longitudinales (positivas) y transversales (negativas).
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Asimismo, se puede observar patrones de comportamiento similares para las series sometidas a un
enfriamiento natural, Fig. 6(b) y 6(e), o para las rociadas con agua fria (enfriamiento brusco), Fig. 6(c) y
6(f). En ambos casos se comprueba la eficiencia de las fibras para devolver al material dafiado (tras ser
expuesto a fuego real con temperaturas de hasta 850 °C) a un buen comportamiento mecanico,
llegdndose a obtener resistencias practicamente idénticas a las del material no expuesto al efecto del
fuego. Si se comparan los valores medios reflejados en la Tabla 3, |a resistencia a compresién de las
probetas con CFRP alcanzé 54.6 MPa (no quemadas), 52.2 MPa (enfriamiento lento) y 52.4 MPa
(rociadas con agua fria). Las resistencias analogas en muestras reforzadas con GFRP fueron 49.4 MPa
(no dafiadas), 49.7 MPa (enfriamiento al aire) y 46.3 MPa (enfriamiento rapido). En este ultimo caso,
incluso las muestras con enfriamiento lento presentaron mayor resistencia que otras no quemadas,
pero en cualquier caso, resulta necesario considerar la alta dispersion (CV casi del 10%) inherente al
ensayo de materiales pétreos, y especialmente con exposicion directa al fuego. A pesar de ser capaces
de recuperar la tension de rotura del material tras sufrir la exposicién al fuego, el dafio si produjo
cambios en el comportamiento mecanico, reduciendo el mdédulo de elasticidad y el limite elastico, y
aumentando ligeramente la deformacién en rotura de las muestras.
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Figura 7. Curvas tension-deformacion para probetas sin reforzar (a) y confinadas con CFRP o GFRP (b).
Muestras sin quemar (N) y expuestas a fuego real con enfriamiento lento (FD) o brusco (FW).

A modo de resumen, en la Fig. 7 se ha seleccionado una curva correspondiente a cada una de las series,
representando esta vez solo las deformaciones longitudinales para facilitar la comparacion entre las
distintas condiciones de refuerzo y exposicion al fuego. En la Fig. 7(a) se puede observar la pérdida de
resistencia y rigidez, y el aumento de la deformacidn que sufren las muestras de piedra no reforzadas
al quemarse, independientemente del tipo de enfriamiento realizado. En la Fig. 7(b) se representan las
curvas de las probetas reforzadas con los diferentes tratamientos térmicos empleados; puede
comprobarse como todas las muestras alcanzan tensiones de rotura similares, aunque si se aprecia una
clara bajada del mddulo de elasticidad en las piezas sometidas a la accidn del fuego.

4. CONCLUSIONES

Las muestras de calcarenita empleadas se calentaron hasta 850 °C empleando fuego real, y enfridndose
de forma natural o mediante rociado con agua fria, para posteriormente ser reforzadas con una camisa
de material compuesto con fibras de vidrio o carbono y resina epoxi. Tras realizar ensayos de rotura a
compresion de todas las muestras, y completar la discusidn de resultados correspondiente, se pueden
resumir las siguientes conclusiones:
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En primer lugar, el método de enfriamiento no tiene excesiva influencia en la resistencia de las muestras
sin refuerzo de FRP, ya que las tensiones de rotura residuales (una vez enfriada la roca) estan entre el
30 y 35% respecto del valor de la roca sana. Sin embargo, las deformaciones en rotura si se vieron
aumentadas hasta el triple o el cuadruple de su valor original.

Este patrén de comportamiento se repite en las muestras reforzadas, no existiendo diferencias
significativas entre los distintos tipos de enfriamiento. Por el contrario si se registraron ligeras
diferencias entre ambos tipos de laminados de refuerzo. Las rocas encamisadas con laminados de
carbono presentaron resistencias superiores, mientras que sus homdlogas con fibras de vidrio
mostraron una mayor deformacién en rotura.

En cualquier caso, la principal consecuencia del refuerzo de este material pétreo con FRP fue que,
independientemente del dafio sufrido por la roca, su resistencia a compresidon queda garantizada por
el confinamiento con materiales compuestos, dependiendo su valor Unicamente del tipo de refuerzo
empleado y no del dafio real sufrido por la probeta.
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ABSTRACT

This paper presents an automatic tool for students’ personal work and competences assessment that
has been applied in the course Mechanics of Structures with groups of more than hundred learners and
for more than seven years. It is based on Multiple Questions Sheets (MQSs) adapted to an e-learning
environment to complement the study of concepts currently implemented in AulaWeb (Web self-
assessment tool developed by the ETSII-UPM, Madrid, Spain, to train engineers). With this tool it is easy to
focus students’ attention on the desired concepts while avoiding tasks that are not directly related to
the desired learning like editing text, drawing figures or preparing presentations. As a result, study and
continuous assessment activities can be easily and quickly generated and automatically corrected.

Keywords: Teaching method, Mechanics of Structures, e-learning, engineering competences, continuous
assessment.

1. INTRODUCTION

The incorporation of new technologies to the engineering practice has led to the emergence of new
technological fields considered important enough to be added to the university education, although its
teaching is difficult to perform efficiently in the traditional way. For example, the computer use in
structural engineering implies the extensive use of finite element calculation for which there is
sometimes insufficient quality control of the results. Therefore, certain traditional methods used to
calculate element forces should leave place in lectures for other activities that can improve the capacity
for this task. Also, to bring uniformity to the engineering training among different countries, and
especially in the European Space for Higher Education (ESHE), there is a current tendency towards
learning based on competences and capacities (Bologna Declaration). Hence, it is necessary to update
the traditional teaching method in order to ensure that students acquire basic concepts and are able to
develop correct models and interpret results. Besides, the evolution of technological knowledge implies
that students should attend classes covering new topics, like plastic materials. As a result, some classical
subjects, like Mechanics of Structures, have seen reduced their number of lecture hours. Therefore, it
is important to develop new tools that can continuously help students in their study and avoid any loss
of main concepts. This should be done regardless of the number of students and imply no work overload
for the instructor.
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In 2004, the course lecture load of the course Mechanics of Structures at the Escuela Técnica Superior
de Ingenieros Industriales of the Universidad Politécnica de Madrid (ETSII-UPM) was reduced from ten
to approximately five ECTS (Europe Credit Transfer System). It was necessary to rearrange the concepts
and calculation methods, in an effort to avoid any omission, and to define the activities and tasks for
the student’s personal work in order to reinforce the efficiency of lectures. In addition, the number of
students increased to more than one hundred in 2012. After reviewing the works of other authors, a
method that seeks to address all these aims was developed and tested using an special tool that allows
to define several activities for the students related to the main concepts in the course, avoiding the
correction effort and promoting questions to be solved on tutorship.

In the classical approach, teaching activities put the emphasis on concepts and methods. At present,
however, all learning activities should embrace the competences philosophy and transmit their
corresponding concepts. There are numerous studies attempting to identify the competences that each
student profile should develop and the subjects in which those competences should be gained, as well
as studies assessing their learning. As Walther et al. [1] show, the engineering education is a complex
process in where a range of influences outside the realm of explicit instruction contribute to the
development of students. Instructors have to adapt the teaching-learning process with the aim of
achieving a high degree of synergy between what is learned in the classroom and what actually satisfies
the needs of the labor market. With this purpose, several works have appeared that attempt to define
the competencies that students should acquire at university [2, 3, 4]. As Ball et al. [5] point out, the
identification and validation of a set of global competencies ordered by their importance for
engineering students also seeks to drive corporations to increasingly use a collaborative engineering
process and teams to operate on a global scale.

Besides, the development of new technologies has significantly influenced the way in which teachers
and students relate. The rapid evolution of computers and the Internet in recent years, in addition to
the reduction in their costs, has made their access available to a large number of students. Hence, it is
a requirement in many universities, whether at home or in their classrooms. This change in the way of
interacting between the faculty and students is followed by another change in teaching methodology
that has been adopted for some subjects that are taking advantage of automatic tools, distance
learning, virtual labs, etc.

Currently, the implications of the use of several technologies are being studied in different groups of
learners and there is a strong tendency to design new computer tools as new teaching methods that
suit them. Such questions as the following arise: How is the continuous assessment done? What kind of
works do students do? How is the effectiveness of the new tools being assessed? At what level is the
Internet used? The teacher who wants to modify his teaching method and joins e-learning will seek a
compromise between the complexity of the environment used and the time and dedication needed to
develop the method.

In general, when more complex tools aimed at learning more specific skills are desired, the time and
effort required for their development and implementation is greatly increased. For example, to
generate exercises that assess student's programming ability, a tool has been developed that compiles
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the program written by the student and compares some parameters, so that it is able to correct the
program even if the solution is not unique [6, 7].

In many realms, especially in engineering, on-site practices developed in a laboratory remain central to
students learning [8]. Sometimes, they also use some complex programs that, although not their main
use, provide support to assimilate the desirable concepts [9]. There are often guidelines that help to
prepare the practice and should be assimilated in advance by the student to attain maximum
performance. In some cases, this means completing an initial test that represents an important
correction effort for the teacher.

Frezzo et al. [10] emphasize that simulation environments are able to provide science and engineering
students the possibility to interact with complex systems that otherwise would not be within their
reach. Virtual practices are some of the most complex and specific works that use e-learning platforms.
They attempt to simulate interactive labs with direct support to students covering different concepts
and subjects. Many distance learning tools are being used to explain different experiments. These
include those noted by Garcia-Beltran et al. [11] about industrial laser applications and techniques, and
by Hashemi et al. [12], about the measurement of metal hardness and several calibration procedures.
Other works attempt to cover in greater depth how to design the e-learning platform and the
methodology used to show these experiments online [13, 14]. Nevertheless, there are some questions
about their advantages versus traditional physical practices [15]. Sometimes the effort required to learn
the handling procedure of the tool leads the student on a path that fails to materialize in the desired
assimilation of concepts that the teacher seeks and the desirable practice of outcomes analysis.

This paper presents some of the tools used since 2006 in the half-year course of Mechanics of Structures
at the ETSII-UPM for fourth year Mechanical Engineering students. The main guidelines are: (1) to focus
the study on the basic concepts needed to cover the objectives for industrial Engeneering and (2) to
offer the students the tools necessary to develop their Personal Weekly Work (PWW) on an e-learning
platform (Aula-Web) with self correction capacity in a way that tutorships will be strengthened without
an excessive correction effort by teachers.

2. METHODOLOGY
2.1. Didactic objectives

The program objectives for Industrial Engineering Degree of Spanish universities cover two main
educational aims for their students:

1. They should acquire knowledge of the scientific and technological aspects of: mathematical,
analytical and numerical methods in the engineering, physical foundations, electrical
engineering, energetic engineering, chemical engineering, mechanical engineering, mechanics
of continuous media, automatic electronics, manufacture, materials, quantitative methods of
management and industrial computer science, which qualify them for the learning of new
methods and theories, and provide with versatility to adapt to new situations.

2. They should develop the aptitude to solve problems with initiative, creativity, critical reasoning,
and to report and transmit knowledge, ability and skills in the field of the industrial engineering

An important effort has been done since 2006 in the Department of Structural Mechanics and Industrial
Constructions of ETSII-UPM for the assessment of one of the competences related to the Industrial
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Engineering Degree, namely the "ability to apply scientific, mathematical and technological knowledge
in systems related to the engineering practice." The associated indicators which allow a specific
measurable statement identifying the performances required to meet the outcome are collected on
table 1.

Table 1. An Industrial Engineering competence and its indicators (ETSII-UPM)

Competence

Ability to apply scientific, mathematical and technological knowledge in systems related to
engineering practice

Indicators

1 Identify and describe the fundamental scientific, mathematical and technologic principles
applicable to various systems and processes
Identify the specific objectives proposed in the system

3 Formulate models that describe the system’s behavior according to the identified
objectives

4 Solve models following the most appropriate procedures

5 Evaluate the validity and reliability of the model solution applied

The subject selected to implement the methodology is Mechanics of Structures (4.8 ECTS). It is included
in mechanics of continuous media and covers structures with line elements, with and without bending,
and axisimetric shell elements, using equilibrium equations for isostatic cases and the stiffness matrix
method as an introduction to the Finite Element Method (FEM). The procedure used is based on the
preparation of self-assessment material that covers the competences following the indicators. Its
specific purpose is to guide student learning in several activities outside the classroom, so in-classroom
lessons are complemented. During the 14 weeks, more than one hundred students can attend many
optional activities that are directly related to the concepts and methods that students should learn.
Those activities can be classified in three groups: modeling seminar, physical model and numerical
model practices and application to examples used in other subjects. On table 2 are collected the main
educational goals followed by some didactic material used for each activity.
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Table 2 Educational goals used to define activities in Mechanics of Structures

Ne¢ Educational goal

Basic knowledge in the use of a computer program (FEM): Modeling Seminar

Modeling systems
Use of basic magnitudes
3 Virtual practice with audiovisual material: Review of concepts about structural typology

Development of laboratory practices with physical and numerical models

Previous study of the practice material and results prediction
5 Analysis of results obtained during the practice

Application to other subjects: Multidisciplinary

Review of concepts about physical models
7 Identification of elements in a set
8 Performing exercises with an important role of units

2.2. MQS: a tool for student's personal work

In attending to the current tendency that reduces the time for lectures, it has become very important
in Mechanics of Structures to guide the student’s personal work. This have been managed including
complementary activities to cover some aspects of learning and testing its efficiency by some exercises.
These activities have been proposed as off-site tasks complementary to on-site lectures. They are
focused on intensifying some concepts and on reviewing the teaching material that doesn’t need to be
covered in the class room. Examples of off-site practices include reviewing information on audiovisual
media, with a subsequent exercise that checks if the proposed concepts have been well understood,
and executing activities with computer programs, using a subsequent exercise to check the results and
ensure that the analysis has been conducted correctly.

For large groups of students, the number of exercises that should be corrected increases significantly
and an automatic tool becomes very useful as an aid in this task. Complex questionnaires with several
formats and special designs are used in this regard. These exercises are quite different from those
obtained with a random selection of simple questions database. Firstly, they differ due to the type of
questions in the same exercise (i.e., texts, numbers, drop-down menus, etc.). Secondly, despite the
necessary randomness, it is necessary to ensure that the same concepts are proposed to every student.
To develop and update all of the exercises, it is important to have guidelines for their definition. The
starting point is the Multiple Questions Sheets (MQSs). Every MQS is defined as a group of questions
that covers different concepts with a concrete educational purpose and is chosen in relation to a specific
competence. Each of these sheets can be very versatile, allowing the inclusion of: single-selection
queries, in which one option should be chosen from those listed in a drop-down menu; multi-selection
queries, in which there is more than one correct option; and numeric queries, where the answer is a
numeric result that can be corrected using an exact solution or a variable margin. With an effective
definition of the MQS, it is possible to use a database and, depending on different criteria, select some
of them for each student to create a Personalized Sheet (PS) that can be similar for some students, but
not exactly the same.
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More than 25 basic MQS have been developed for this subject (Mechanics of Structures), some of which
have been used with different databases. Only eight are presented below according with the
educational goal on table 2: three correspond to those used for the modeling seminar, two for the
laboratory practices; and three more show the multidisciplinary material used in conjunction with other
subjects. All the developed material is based on eight forms implemented with java programs which use
ASCI files and jpg files for figures.

3. MQS FOR MODELING SEMINAR

The MQSs that cover the indicators three and five of those defined in Table 1 do emphasis on the basic
knowledge about the structures modeling by means of a finite element computer program. The MQSs
related to the goals one and two of Table 2 are collected in one exercise that is proposed periodically,
which is focused on increasing the modeling competences and helps in the continuous evaluation.
Another MQS from those presented is related to a virtual practice in which students watch some videos
that cover simple concepts about structural typology.

3.1. Modelling systems

The first MQS (Fig. 1) assesses the student’s ability to formulate models that describe the system
behavior according to the identified objectives (Indicator 3 of Table 1). From among the 20 different
cases defined in a database, one PS is proposed to each student. It presents a photo of a structure to
be modeled with a finite element program. There are several tables that the student should complete
marking only some boxes. With this format, students are asked to decide which elements should be
used for the model of the different parts of the structure, the physical variables required for its
definition and the types of results that the element can present (i.e., forces and stresses) including
always the units.

On the first occasion on which students are required to complete these MQSs, they must deal with
difficulties such as the type of questions and the information included. The benefit is that, since the
beginning of the subject, all of the structure types are present, as in a commercial program and, after
16 MQSs, they have become part of the students’ knowledge.

334 CMMoST 2017



Jacobo Sanchez', José Antonio Parra?, Jesus Alonso® and M? Consuelo Huerta*

FEM: STRUCTURAL MODEL DEFINITION

Complete the next sheet
using the letters A and B
for each element in the
image and assuming a
load of 120kg hung on
each chain:

A-Chain

B-Red structure

ELEMENT’S BEHAVIOUR

EE T ENE | - -
8 [js i [fs [l s s s [
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FORCES AND STRESSES
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Figure 1. Systems modeling MQS: element types and variables in a structural model.

3.2. Use of basic magnitudes

The second MQS (Fig. 2) focuses on the student's ability to evaluate the validity and reliability of the
model solution applied (Indicator 5 of Table 1). Three different profiles of structural elements are
presented in the PS, from among the seven defined in a database. Students should select the one that
is consistent with the stress distribution and obtain the resultant forces on the section or, otherwise,
obtain the stress distribution from the section forces.
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FORCES AND STRESSES

The people in charge of structural calculations in a company have dropped some stress
verification sheets, which are now out of order. You have some of these sheets and have
to identify what type of structure it is and calculate the forces or stresses, depending on
the known data.

Element type: SHELL |~ Figure: c [+

BAR a

BEAM2D b

BEAM3D :

SHELL

SOLID2D

SOLID3D

h (1un) b (mum) ([t (o) Coordinates v (mm) z (mm)
a. [|Circular Tube (12 12 0.6 Point 1 0 6
b.|[Solid bar - - 6 Pomt 2 6 0
¢. [Sandwich 12 - 0.6 Point 3 -6 0
Figure a. Figure b. Figure c.

¥

Stresses Point 1 IPoint 2 |Point 3 [Forces INx [Ny [Nxy |[Ox Qy
(Mpa) Value
oy [UnitssD - |- |- - -
s, [Forces Qz Mx My Mz |Mxy
o, Value 14.58
. (Unts(SD) |- |- o Nm -

Figure 2. Use of basic magnitudes MQS: relationship between forces and stress distributions.

3.3. Virtual practice with audiovisual material: Review of basic concepts

Fig.3 shows an MQS applied to a task related to audiovisual review as a post exercise. Students have to
review an audiovisual material and an MQS related to the covered concepts is proposed. This is a
complement to the virtual practice guiding the student learning during the execution of off-site
activities. Some multi-selection queries that are chosen randomly from a questions database are set
out. Each question has different true/false queries, which also are chosen randomly from a queries
database that is attached to each question. This MQS is the most similar to the questionnaires tools.
The main difference is that each question is selected from a group that tries to cover one concept
including several options for the phrases in such a way that every student has his/her own different PS
with all important concepts. These Ps possibly contain some common questions but in different order.
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Structures in our world:
1. Why wood is a useful material for large structures?
True [-] Because it does not degrade.

True [-] Because it withstands tensile stresses.
Flase -] Because it is easy to find in nature.

- [-| Because it has a low density.

2. What is the aim of the foundation?

True [+] To transmit the weight of the structure and the loads to the ground.
Flase -] To protect the prestressed concrete reinforcement.

To avoid potential instability of the structure depending on the soil type.
#EES T To absorb the torsional efforts of the structure.

Figure 3. Virtual practices MQS: checking the concepts learnt in an off-site practice.

4. LABORATORY PRACTICES WITH PHYSICAL AND NUMERICAL MODELS

Another interesting field of application of this procedure is in student laboratory practices. When some
teaching material is available (usually a practice outline), it is relatively easy to define MQSs which
provides guidance on the most relevant aspects. In Mechanics of Structures a previous exercise is
designed following three specific steps: (1) a review of the objectives and phases of the practice; (2) an
identification of the used equipment; and (3) an estimation of results (solving simple problems). After
the laboratory practice a post exercise is proposed with: (4) a summary of the practice with the analysis
of some specific data and (5) queries about the important concepts.

4.1. Previous study of the practice material and results prediction

For lab practices, a previous exercise that forces students to prepare for its execution can increase the
benefit obtained during the activity. Inducing students to read and study the practice guide is often
enough. They review in advance the theoretical aspects that they will use, the equipment to use and
the different phases into which the activity is divided. In some occasions, the student must use a
computer tool in the on-site activity to immerse himself more deeply in some theoretical concepts. In
this case, carrying out a simple numeric exercise before the practice would induce him to use this tool,
thereby avoiding elemental problems during the activity and preparing a prediction of the
measurements.

Six practices are included in Mechanics of Structures: two from the laboratory with physical models and
four undertaken in front of the computer with numerical models. Fig. 4 shows the MQS used in a
previous exercise of the first practice in which the model concept is worked with simple tests correlated
with numerical models. For each student (PS), four images appear and the student should complete the
attached table with the objectives, the equipment used and the order of execution of each different
activity that was going to be carried out in the on-site practice. This MQS is designed to cover steps 1
and 2.
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In this practice, you are going to carry out activities in four stages. Fill out the attached
table taking into account the group you could be assigned. Indicate which image is
representative of each stage.

Group: 5
2 Degrees of Xylophone Stroke with cricket bat Crankshaft
Freedom
Kl
[ ]
Kl
[ |

i 3315 Hz
1 2 3 4
|Slage Image Name Objective Tools Schedule
I - :| Continuous systems modeling E| Length of model and boundaries E| - E - E|
111 - 3 Discrete systerns modeling 3 Mass model and DOF associated 3 Chronometer :] - B
v - 3 Cemplex systems medeling 3 Forced vibration and rescnances 3 I :J'achnmalar - B
v - E| Modal test E| Dynamics characteristics: standard tastzl Thermometer - B
Stroboscopic lamp
Accelerometer

Micrometer
None

Figure 4. Previous study of a practice material and results prediction.

4.2. Analysis of results obtained during the practice

After the on-site practice, a new exercise is proposed to check each student’s level, to reinforce the
most important concepts and to cover the results analysis. In many engineering practices, not only the
numerical data measured in a test or obtained from a calculation are important, but also the students
should interpret their meaning.

Fig. 5 shows an MQS applied to a post exercise of a numerical modelling practice using the matrix
stiffness method with a commercial computer program. Numerical data obtained during the execution
of the on-site practice are requested, assuming a range of values for the correct answer (usually 5%).
There are also several simple selection queries with a drop-down menu that differ for each student (PS),
but are organized so that they are always asked for the same concepts. This sheet is designed to cover

step 4 and 5.
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PRACTICE III: CANTILEVER BEAM

P .
@ Analyze the results obtained
7 in the exercise using the
z next load value:
4 L ™
P(N)=6
1. Deformed shape — Stiffness
\Vertical displacement (absolute value) of the free node in case 1 1.27e-3 m
In both cases, vertical displacements differ in more than just the ratio cubed of lengths. False E
”In case 2, the rotation is severely affected by the hypothesis of Timoshenko. False E
2. Efforts and Reactions Faise |
'The bending moment (absolute value) in section 2 for the load case 2 Mnrjw
'The shear force is constant throughout the beam. E
'The bending moment is zero at the free end of the beam. [=]

Figure 5. Analysis of results obtained during the practice.

5. RESULTS

The methodology applied to Mechanics of Structures has achieved successfully the objectives pursued.
For the PWW of each student, 76 MQS should be worked around the different activities associated to
different educational goals, similar to those indicated in Table 2. Every activity is usually checked by
exercises, each of which consists of several MQSs that are based in certain templates but are proposed
several times using different databases. On the whole, the MQSs are proposed via Aulaweb in the 35
exercises scheduled throughout the 14 weeks of the course. The knowledge acquired is checked in a
specially designed exam called “Skill and Knowledge Joint Test” that is evaluated on ten points. A
threshold of four points is necessary to add the mark achieved in the PWW, which is a maximum of 2
points. Two MQSs, that are similar to those proposed during the course in the modeling seminar, are
included in this exam for a maximum of 2.2 points. Apart from that, three more exercises examine the
application of equilibrium laws in articulated structures, the use of the stiffness matrix method in rigid
nodes and the calculation of isostatic forces in axisymmetric tanks.

It is observed that a 90% of the students have more than 0.5 points in their PWW mark but the
percentage of them that have more than 1.2 points are similar to the percentage that passed the exam.
In the same way, almost all years the percentage of students attending the lectures is similar to those
with more than 1.2 mark on the PWW and probably use the method for continues study. The high
guantity of equivalent single personalized questions answered by each student at the end of the course
is near 1100 proposed in a specific didactic way and shows the efficiency of the proposed tool that
induce the student work without any correction effort to the teacher.

6. CONCLUSIONS

It has been more than seven years since the methodology using MQS was initiated for the subject of
Mechanics of Structures at the ETSII-UPM. About 35 exercises are proposed every year as off-site tasks
to guide the students’ personal work throughout the course, focusing on intensifying some concepts
and on reviewing the teaching material that does not need to be covered in the lecture room. Hence,
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76 MQSs have been developed with special emphasis on the students’ work, avoiding any additional
effort not directly related to the kind of learning that is sought for the activity. From those, eight
representative examples have been selected and presented according with the competence and the
educational goals of the subject: modeling seminar, laboratory practices and multidisciplinary
application. An important point is that every MQS has been defined with a concrete educational
purpose selecting a group of questions that covers the desired concepts with some alternatives for each
guestions to allow differences between students. The main effort is the definition of the MQS because
the implementation is easy with an ASCI and jpg files for the database

The MQSs are proposed in an accessible environment for the students through the Internet in Aulaweb
making use of the new e-learning technologies. The most important aid for the methodology is a
computer tool that corrects the MQS automatically, allowing better use of the teachers’ time and
encouraging tutorships. The final mark obtained by students correlates highly with the personal work
mark during the last five years and the analysis of the opinion polls for the same years also shows the
effectiveness of this teaching method.
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ABSTRACT

The non-degeneracy condition for the free-standing pre-stressed pin-joined structures leads to
several solutions which correspond to different relationships between the force-length coefficients
adopted for the bars. Some of these solutions lead to full structures whereas that others ones
correspond to folded shapes, in which nodes and bars overlap. It has been proven that it is not
possible to obtain structures of the same family from purely geometric criteria.

From stability and global elastic buckling criteria has been proved that folded forms are more stable
than the complete ones of the same family and can withstand a higher level of pre-stress. The
stability improves and pre-stress level withstood increases if redundant elements are removed.

A matrix expression of the geometric stiffness matrix usually used in structures is presented in
function of the blocks of the equilibrium matrix which correspond to the Cartesian coordinates
defining the affine space.

The maximum pre-stress level which this type of structures can withstand is determined as the lower
eigenvalue of the buckling problem.

Keywords: pin-joined free-standing structures, tensegrities, geometric stiffness matrix, stability,
maximum pre-stress.

1. INTRODUCCION

Las tensegridades son un caso particular de estructuras articuladas con todos los nodos libres y con las
barras sometidas a esfuerzos que, al no existir cargas exteriores, estan autoequibrados. Estas
estructuras estan formadas por cables, elementos a traccién, que dan continuidad a la estructura y
por barras comprimidas que, en el caso de las tensegridades, constituyen un sistema discontinuo con
la peculiaridad de que dos barras comprimidas no pueden confluir en el mismo nodo.
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Las tensegridades suelen ser tanto estdtica como cinematicamente indeterminadas y para su cdlculo
se admite que no se produce plastificacidon ni pandeo, que todos los nudos son articulados y que el
area de la seccién transversal es constante.

Dadas las peculiaridades de este tipo de estructuras, principalmente su poco peso asi como su
caracter modular y desplegable, las tensegridades han sido aplicadas en las Ultimas décadas a campos
tan diversos como biologia [1], robdtica [2] o ingenieria aeroespacial [3].

En este articulo se estudia la relacién entre distintas estructuras que se han englobado en “familias”.
La peculiaridad de las estructuras de una misma familia es que todas surgen de un mismo patrén
topoldgico pero la duplicidad de nodos y elementos da lugar a distintas formas de equilibrio. La
familia de tensegridades que se estudia en este articulo incluye el octaedro expandido, ampliamente
estudiado en el contexto de este tipo de estructuras [4][5]. En este articulo se analiza la estabilidad y
se propone una formulacion matricial para la matriz de ridigez geométrica tradicionalmente empleada
en estructuras. El nivel méximo de pretensidon a las que se puede someter este tipo de estructuras se
fija como el menor autovalor del problema de pandeo.

2. CONFIGURACION DE EQUILIBRIO Y TENSIONES AUTOEQUILIBRADAS.

A diferencia de las estructuras convencionales, en las que los grados de libertad de algunos de los
nodos estan restringidos, en las estructuras que se analizan en este articulo las posiciones de los
nodos en la configuracidon definitiva son incégnitas y, por tanto, las ecuaciones de equilibrio
constituyen un problema no lineal en el que la configuracidon de equilibrio —o posiciones definitivas de
los nodos- y las cargas axiales a las que estan sometidas las barras estan relacionadas entre si.

Puesto que no se consideran cargas exteriores aplicadas, los axiles de las barras constituyen un
sistema de fuerzas autoequibrado.

Uno de los métodos mas extendidos para obtener la configuracién de equilibrio de este tipo de
estructuras es el Método de Densidad de Fuerzas [6,7] (FDM), que linealiza las ecuaciones de
equilibrio imponiendo que las relaciones fuerza-longitud en los elementos sean constantes.

Las ecuaciones de equilibrio se pueden expresar de forma matricial como [8, 9, 10]:

Dx=0
Dy =0 (1)
Dz=0

siendo D la matriz de densidad de fuerzas, definida como: D = C'TQC (Y R™") y x, yy z los vectores de
las coordenadas de los n nodos de la estructura. La matriz C es la matriz de conectividad de la
estructura que tiene tantas filas como elementos, m, y tantas columnas como nodos, n.
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Si el elemento k une los nodos iy j (con i<j ), entonces:

+1 si or=i
Ckr={ -1 si rsj (2)
0 sir#i,j

La matriz Q es la matriz diagonal del vector q que contiene los coeficientes fuerza-longitud de los m
elementos, q=(91,9z...,gm).

La dimensién espacial de la tensegridad esta relacionada con el rango de la matriz de densidad de
fuerzas (Eq. 1), Rank(D). Es evidente que Rank(D)<n, puesto que han de existir soluciones de x, y y z
distintas de la trivial. Si la tensegridad se va a desarrollar en el espacio de dimension d, se ha de
verificar que:

rank(D)=n—(d +1) (3)

Hernandez-Montes et al. en [10] proponen obtener los valores de g; requeridos para que se satisfaga
la Eq.(3) a partir de la resolucidn del sistema de ecuaciones:

a(q,...,q,)=0 para i desdel ad ()
donde a; son los coeficientes del polinomio caracteristico de la matriz D expresado como:

p(A)= A" +a, A7 4. +ad (5)

A partir de la resolucidon del sistema dado por la Eq.(4) se obtienen diferentes soluciones de gj, algunas
de las cuales conducen a formas completas y otras a formas plegadas [10]. En éstas ultimas varios
nodos y elementos se superponen y, por tanto, la configuracion de equilibrio de una forma plegada de
la estructura se podria haber obtenido a partir de otra topologia con un nimero menor de nodos y
elementos.

Para determinar si la configuracion de equilibrio de la estructura para un valor concreto de g;obtenido
del sistema de ecuaciones de la Eq.(4) da lugar a una forma completa o plegada es necesario obtener
el espacio nulo de la matriz D, ker(D), definido como el subespacio de los vectores v} R" que verifican
Dv=0. Si el espacio nulo en 3 dimensiones (d=3) queda definido por los vectores:

Vi :{Vm Vig, *o ’V1n}

e N ®
Vy = {V317 Vi, o ’V3n}
Vy :{V41’V42= "'vV4n}
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Una forma muy sencilla de programar para comprobar que la forma de la tensegridad es completa

consiste en verificar que no se repite ninguna combinacion {vw VooV ,v4k} para k=1, 2, ..., n.

3. GRADOS DE INDETERMINACION ESTATICA Y DINAMICA DE UNA TENSEGRIDAD

En relacién al equilibrio de la tensegridad, éste se puede expresar matricialmente como:
Aq=0 con AeR"™" (7)
Siendo A la matriz de equilibrio, definida para d=3 como:

A, C" diag (Cx)
A=A (= C" diag (Cy) (8)
A, C" diag (Cz)

y g un vector columna que contiene los coeficientes fuerza-longitud de las barras de la estructura.

De (8) se deduce que el nimero de estados independientes de cargas axiles -también llamado grado
de indeterminacion estatica, ns- corresponde a la dimensidon de Ker (A), que matematicamente viene
dada por:

n, = Ker(A)=m— Rank(A) (9)
Por otra parte, si H es la matriz de compatibilidad de la estructura se habra de verificar que:
Hd =6 (10)

donde d es el vector que contiene los desplazamientos de los nodos y & el vector que engloba los
incrementos de longitud de los elementos. Consideremos unas cargas externas, F, que introducen un
desplazamiento virtual, Ad, y sea Ad el vector diferencial de incremento de longitud asociado a la
carga axial N. Aplicando el PTV e introduciendo (10):

F'Ad=N"Aé =F'Ad=N'"HAd =F'=N'H (11)
Por equilibrio, se ha de verificar que:

Aq+F=0 =F'=—q"A"=-L'N"A" (12)
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Ignorando el signo en Eq.(12), comparando Eq. (11) con Eq. (12) y sustituyendo en Eq. (10):
H=L'A" 5 L'A"d=% (13)

con L el vector que contiene las longitudes de los elementos de la estructura.

Los mecanismos de la estructura corresponden a movimientos —distintos a los de sélido rigido- que no
producen extensidn o acortamiento de ninguno de los elementos, es decir:

A'd=0 (14)

De la Eq. (14) se deduce que el nimero de mecanismos independientes o grado de indeterminacion
cinematica, nn,, corresponde a Ker (AT) menos 6 —que son los desplazamientos de la estructura en el
espacio tridimensional como sdlido rigido-, es decir:

n, =Ker(AT)=d-n—Rank(A)—6 (15)

Combinando Eq. (9) y Eq. (15) se obtiene la denominada Regla de Maxwell modificada para
tensegridades propuesta por Calladine [11]:

n,—n,=m—-dn+6 (16)

4. ESTABILIDAD.
La estabilidad de una estructura se asocia al minimo local de la energia de deformacién el3stica.

Una vez que los posibles valores de los coeficientes fuerza-longitud de los m elementos se han

obtenido a partir de Eq. (4). La carga axial sobre cada barra, N, se obtiene como: N, =g, - L, . Sise
admite un comportamiento lineal y pequenas deformaciones, la fuerza Ny se puede expresar como:

L-L
N =E Q. - =E -Q- kLo : (17)

3

Siendo Ex y Q« el mdédulo de elasticidad y el drea de la barra k, respectivamente y L, y L(,)C las

longitudes final e inicial, respectivamente, de la barra k.

Sea N el vector que engloba las cargas axiles de todas las barras:

m

N:{Nla"'aNka'“N,}T (18)

CMMoST 2017 347



Families of free-standing pre-stressed pin-joined structures. Some remarks on
stability

Fourth International Conference on Mechanical Models in Structural Engineering
Madrid (Spain) 29 nov-01 dec 2017.

La energia de deformacién de una estructura compuesta por m elementos biarticulados se puede
expresar como:

2
wE -Q (L -1
T TP P Y RN L)

2 k=1 2 k=1 L(,](

(19)

La expresion de la Eq. (19) se puede aproximar empleando los dos primeros términos de expansion
de la serie de Taylor en desplazamientos:

dn al_[ 1 dn dn azn
O,~>—"%d\ +— ——Ldh, dh
% o, 221,21 anon, (20)

Siendo A el vector de coordenadas nodales:

X

A=y z(x], s Xy Vis e 5 Vs 245 ...,Zn)T (21)
z

Operando en Eq. (19), el primer sumando de Eq.(20) se puede re-escribir como:

dn aH dn
2—edh, = X(A-Q)d, (22)

i=1

Siendo Q la matriz diagonal asociada a q y A la matriz de equilibrio definida en Eq. (8).

La energia de deformacién se dice en posicidon estacionaria cuando una variacion infinitesimal de la
posiciéon de los nodos no implica cambio de energia de la estructura, es decir, en un punto
estacionario la derivada de la energia de deformacidon es cero. Segun Eq. (22), la condicién anterior
corresponde al equilibrio de la tensegridad (Eq.(7)):

oIl
2 =A-Q=0
o, Q (23)

En relacién con el segundo sumando de la Eq. (20), teniendo en cuenta las Egs. (19) y (22) y operando
adecuadamente, éste se puede re-escribir como:
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1 dnan ™I 1 EQ
— ——t. dh.dh. =—d\" | 1, ®D + A Diag| — |A” |d\
25; a}\’la}‘/ i Jj 2 ( d lag( L3 j ] (24)

La estructura estard en equilibrio estable si la energia de deformacién presenta un minimo para esa
configuracién, para lo cual la derivada segunda ha de ser positiva. El valor de la Eq. (24) es positivo
para todos los valores de dA siy solo si la matriz K, definida en Eq. (25) es definida positiva.

K=1I, ®D+ADiag(i—?)AT =K, +K,, (25)

La deduccion detallada de las Eqgs. (22) y (24) se puede ver en Zhang y Ohsaki [12] .

La matriz K en la Eqg. (25) es la matriz de rigidez tangente de la estructura, suma de la matriz de
tensiones iniciales o matriz de rigidez geométrica, Kss , y de la matriz de rigidez elastica o
convencional, Keast , que depende de la geometria de la estructura y que no se ve afectada por el
estado de tensiones en sus elementos.

Si los desplazamientos dA en Eqg. (23) corresponden a un mecanismo, el término correspondiente a
Keiast €s nulo por lo que la estructura serd estable si y sélo si K (0 lo que es lo mismo, D) es definida
positiva —i.e.: todos los autovalores positivos-. Esta segunda condicién se denomina estabilidad de
pretensado (“prestress-stability”, PS en adelante) en el contexto de este tipo de estructuras.

Es interesante sefalar que las matrices Keast Y Kss siempre tienen autovalores nulos que corresponden
a los desplazamientos de la estructura como sélido-rigido. Estos autovalores nulos no han aparecido
en la formulacion anterior debido a que, al no implicar variaciones en las longitudes de las barras, no
afectan a la energia de deformacion.

5. SOBRE LA MATRIZ DE RIGIDEZ GEOMETRICA

La matriz de tensiones iniciales o matriz de rigidez geométrica, Kss, dada por la Eq. (25) es la que se
obtiene a partir de la energia de deformacién acumulada en un elemento elastico sometido a carga
axil admitiendo que las posiciones final e inicial estan suficientemente prdéximas, un campo de
deformaciones lineal en el interior de un elemento y considerando el tensor de deformaciones
unitarias de Green-Lagrange [13, 14].

Sin embargo en estructuras es habitual obtener la matriz de rigidez a partir del equilibrio en segundo
orden de un elemento sometido a una carga axil (Fig. 1). Agrupando las fuerzas asociadas a la rigidez
geométrica en forma matricial se obtiene la matriz, referida a los ejes locales del elemento, de la Eq.
(26).
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Figura 1. Fuerzas transversales en una barra biarticulada en 3D para satisfacer el equilibrio en
configuracién deformada

00 0 O 0 O

00 O 0 O

K _N 00 1 -1 0 O
Geom,Local Lo 0 0 -1 0 0 (26)

00 0 0 1 -1

00 O -1 1

Empleando la matriz de transformacién, T, la matriz Keeom,ocal de la Eq. (26) se puede expresar en
coordenadas globales como:

KGeom,Glohal :TTKGeom,LocalT (27)
siendo:
Cos$, . 0 Cos S8, 0 Cos 9, . 0
0 Cos 9, _.. 0 Cos 9, _,. 0 Cos 9, ..
T Cos 9, .. 0 Cos 9, 0 Cos 9, . 0
0 Cos ‘9yl_ e 0 Cos l9yL e 0 Cos 19” . (28)
Cos 9. .. 0 Cos 9. _, 0 Cos 9. .. 0
0 Cos 9. _.. 0 Cos 9. _, 0 Cos S ..

X,

En la matriz de la Eq.(28) 19fo _es el dngulo que forma el eje x-local con el x-global, 19fo , el dngulo

Y

que forma el eje x-local con el y-global, etc.

Adoptando un sistema de coordenadas cartesiano y dextrdégiro se obtiene que:
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ko ke keiz ko ks ke
ko ko koo Keas Ko
K _ E koyy ks kgss Ko
eomGlobat L, koa  kous  Keas (29)
SIM koss  kse
ke
siendo:
(7, =y)+(z-7)
kGll :szz =2 1 12 2 = _kc;lz
0
(x, =), =)
iy =kgoy =— : le o= —kgis =~k
0
(x,—x)(z,—2z)
kis = kgag = _% =—kgis = —Kgas
0
ko =k _(xz_x1)2+(zz_zl)2 -k (29)
G33 T VG44 T Lz - G34
0
=)z, —2z)
kgys = kas = — ? le = —kg1s = —Kgas
0
k _k _(x2_x1)2+(y2_y1)2__k
G55 — Kgee = I = "Kgse
0

La matriz de la Eq.(29) se puede re-escribir en funcién de la matriz de equilibrio de la estructura
definida en la Eq. (8) como:
K

K. +K. +K

Geom,Global  T>Gxy Gyz Gxz
—C" diag (Cy)
Key = Acy diag(%j Ag, siendo A, =| C'diag(Cx)
Olle
v 0, (30)
Kg,, = Ag,, diag(Fj Ag,, siendo A, =| —C" diag(Cz)
C" diag (Cy)
—C" diag (Cz)
K., =A, diag (%j AL, siendo Ay, = 0.,
C" diag (Cx)
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Siendo 0, la matriz cero de dimensién nxm. Gil-Martin et al. [15] dedujeron la expresion

equivalente a la Eq. (30) para el caso de estructuras libres articuladas para el caso de d=2.

Se puede comprobar que la matriz Kss dada por la Eqg. (25) permanece invariable respecto del cambio
de ejes.

Las expresiones de la matriz de rigidez geométrica dadas por las Eq. (25) y (26) difieren en que en la
matriz de rigidez geométrica dada por la Eq.(25) aparece una rigidez axial que no existe en la
obtenida a partir de la Eq.(26). Ademas de que es cuestionable que una carga axil introduzca un
cambio en la rigidez del elemento en la direccién en la que actua, la matriz Kss obtenida a partir de la
Eq.(25) da lugar a problemas de convergencia y a inexactitudes. De hecho, para compresiones
mayores a un cierto valor, la matriz de rigidez geométrica correspondiente a Kss conduce a rigideces
axiales nulas o incluso negativas, lo que carece de sentido fisico (por ejemplo: si

EQ EQ

N<-EQ =k =k, +k, =———-<0)[16].
L L

elast

Por lo comentado anteriormente, en estructuras se suele emplear la matriz de rigidez geométrica
dada por las Egs.(29) 6 (30) en lugar de la Kss dada por la Eq. (25).

6. FAMILIAS DE ESTRUCTURAS: FORMAS COMPLETAS Y PLEGADAS.

Consideremos los grafos de la Fig. 2 que fueron estudiados por Hernandez-Montes et al. [10] y que
corresponden a prisma octaédrico, cubo y tetraedro, respectivamente. Los coeficientes fuerza-
longitud considerados para las barras, g, se indican en la Fig. (2): tres valores para el caso del prisma
octaédrico y dos para cubo y tetraedro.

Resolviendo los sistemas de ecuaciones dados por la Eq. (4) se obtienen las posibles soluciones de q
para las cuales se satisface el equilibrio (Eqg. (7)). Una vez fijado g, los puntos que definen la estructura
se obtienen como una combinaciéon lineal de los vectores base del espacio nulo de la matriz de
densidad de fuerzas D, Ker (D) —Eq. (6)-.
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n=17 & m=40 nN=9 & m=20 n=5& m=10
= (ext,hor — (ext e (ext
qint Qint qint
e (ext,, vert
(a) (b) (c)

Figura 2. Grafos considerados: a) prisma octaédrico, b) Cubo, c) Tetraedro

En la Tabla 1 se resumen los valores de g, ns(Eq.(9)) y nm (Eq.(15)) y se indican, para distintos signos de
g, las condiciones de estabilidad de las estructuras articuladas con nodos libres de la misma familia.
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Tabla 1. Resumen de estructuras de una misma familia correspondientes a los grafos de la Fig. 2.

Grafo Fig. (2.a) Grafo Fig. (2.b) Grafo Fig. (2.c)
1
extror = E(_zqim B \/Eqim ) qaxt,hor = qext,vert = _qint / 2 qext,hur = qext,vert = i /4
g & qext,vert = _qim / 2
1l
g (Forma completa) (Forma plegada) (Forma plegada)
= = ns=1 & Nm=6
o ns=1 & nNm=6 ns=1 & nm=6 s m
M~
i
; . Si g.. >0 : Estable, noPS
! Si g <0: Estable, no Si g, <0: Estable, noPS . Fint
ps’ Si g, >0 : Inestable Si ¢, <0 : Inestable
Si g, >0 : Inestable
qext = _qim /2 qext = _qim / 4
N
. (Forma completa) (Forma plegada)
g
o f— ns=1 & nm=2 ns=1 & nm=2
(o)}
.Ll Si g,, <0 : Estable, no PS Si g,, >0 : Estable, noPS
Si g, >0 :Inestable Si g, <0 : Inestable
o qext = _qint / 4
-
1l
g (Forma completa)
3 === - ns=1 & nm=0
n
3 Si ¢, >0 : Estable y PS

Si g, <0 : Estable, no PS

PS: Prestress-stable (con pretensado estable -definido en Apartado 4-)

En la Tabla 1 se puede apreciar cdmo la eliminacién de los elementos y nodos duplicados conlleva
una mejora en la estabilidad de la estructura. El nimero de mecanismos independientes pasa de 6 a
2 para las dos formas plegadas de la Tabla 1 (Fig. 2.b y Fig. 2.c). En el caso de la Fig. 2.c existe
determinacidn cinematica y la estructura es estable tanto para traccidon interior como exterior
aunque la condicién de superestabilidad (estable y PS) sélo se presenta cuando las barras interiores
son las traccionadas (gin:> 0).

En la Figura 3 se analizan dos elementos de una misma familia de tensegridades. La tensegridad de la
Fig. 3.b, el octaedro expandido, ha sido ampliamente estudiada [5] y a partir de ella se han obtenido
construcciones modulares [4].
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En la Tabla 2 se resumen los valores de g para los que existe equilibrio, los valores de ns, n, asi como
las condiciones de estabilidad de las tensegridades en funcién de los autovalores de las matrices de
rigidez tangente y geométrica.

n=12 & m=30 n=6 & m=15
(a) (b)
Figura 3. Tensegridades de una misma familia. a) Octaedro expandido. b) Octaedro.
En la primera fila de la Tabla 2 se aprecia que la forma completa, correspondiente al tetraedro
expandido, es superestable mientras que la forma plegada del grafo n=12 y m=30 es inestable. De
hecho, por este motivo Tibert y Pellegrino [5] descartan esta solucién. Si los elementos duplicados de

la forma plegada se eliminan (grafo n=6 y m=15), la tensegridad con la topologia de la Fig. 3.b pasa de
ser inestable a ser superestable para la relacion entre coeficientes indicada en la Tabla 2.

Tabla 2. Resumen de las tensegridades de una misma familia (Fig. 3).

Grafo Fig. (3.a) Grafo Fig. (3.b)
qstrut = _3/ 2 QL‘able q.ytmt = _2 qcable
(Forma completa) (Forma plegada)
n=12 & m=30
ns=1 & nm=1 ns=3 & nm=3
Estable y PS Inestable

qstrut = _2 QL'able
(Forma completa)
n=6 & m=15 ---
ns=3 & nm=0

Estable y PS

Sin embargo, el hecho de obtener una estructura a partir de otra por desdoblamiento de barras no
implica que las estructuras obtenidas pertenezcan a la misma familia ni que estén en equilibrio
manteniendo el mismo patrén para los valores de g. Micheletti [4] re-expande el octaedro expandido
(Fig.3.a) para obtener el mddulo a partir del cual construir una pasarela peatonal. La expansion se
consigue aplicando criterios puramente geométricos: duplicando las barras comprimidas e
introduciendo los cables necesarios. El proceso de expansidon se resume en la Fig. 4, en la que aprecia
cémo se van duplicando las barras comprimidas en pasos sucesivos hasta llegar al mddulo final
correspondiente a la tensegridad de la Fig. 4.d.
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Si se impone que sean sélo dos los valores de los coeficientes carga-longitud, uno para las barras
comprimidas y otro para las traccionadas, a partir del sistema de ecuaciones correspondiente a la Eq.
(4) se obtienen los valores de g indicados en la Fig. 4. Para las configuraciones intermedias (Fig. 4.b y
4.c) no existen valores de g distintos de cero que satisfagan las eq. (4) y, por tanto, estas
configuraciones intermedias no son tensegridades aunque Micheletti [4] si las considera como tales.
Ademas, a partir de la comparacion de los valores de los coeficientes de densidades de fuerzas de los
grafos representados en las Fig. 4.a y 4.d es evidente que la configuracién Fig. 4.a no es una forma
plegada de la Fig. 4.d, por lo que se puede concluir que los criterios puramente geométricos no
permiten obtener tensegridades de una misma familia.

/
N
i : T LA S
< HEESES T ™ j =
B |
(a) (b) (c) (d)
Qstrut = _3/2qcable Qstrut = (cable= 0 Qstrut = Qcable= 0 Ostrut ='3/7 Qcable
Qstrut = _2qcable Qstrut =-2.1754 Ccable

Qstrut =-0.5746 Ccable

Figura 4. Expansion del octaedro expandido propuesta por Micheletti. Adaptada de [4].

7. SOBRE EL ESTADO DE PRETENSADO.

Es obvio que la rigidez de la estructura, o de la tensegridad, dependera del nivel de esfuerzos axiles al
gue estén sometidas las barras que la componen [17]. Kebiche et al. [18] llegaron a la conclusién de
gue cuanto mayor es el pretensado inicial mas rigida es la estructura y proponen limitar el valor
maximo del nivel de pretensado para evitar el pandeo de las barras comprimidas, analizadas
como elementos aislados biarticulados.

Como se ha comentado anteriormente, el estado de pretensado para el cual la estructura esta
en equilibrio corresponde a la soluciéon del sistema de ecuaciones dado por la Eq. (4), a partir del
cual se obtienen una serie de relaciones entre los coeficientes fuerza-longitud de los elementos
de la estructura (ver Tablas 1 y 2 y Fig. 4). Sin embargo, es obvio que debe de existir un valor
maximo de las cargas de pretensado para el cual se producird el pandeo de algin elemento
comprimido o la plastificacion del material, o ambos.
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Para una estructura, el instante en el que se produce el pandeo (inestabilidad eldstica) se puede
expresar en funcién de los desplazamientos como:

I<Elast6+I(Geom8:0 (31)

siendo Keast 1a matriz de rigidez elastica referida a la configuracion original y Kgeom la matriz de
rigidez geométrica definida respecto de un patrén de carga determinado. El vector &= {u, v, w}'

contiene los desplazamientos segun los grados de libertad x, y y z de la estructura.

Puesto que Kgeom €s proporcional a la carga axial en los elementos de la estructura es posible
expresarla como un multiplicador escalar que multiplica a la matriz correspondiente a una carga de

referencia:
KGeom =M KGeom_O (32)

La Eq.(32) implica que la distribucion relativa de las cargas aplicadas a la estructura se mantiene
constante. En el caso de estructuras articuladas de nodos libres no sometidas a acciones exteriores
Kseom_o cOrresponde a las fuerzas axiles autoequilibradas de pretensado obtenidas a partir de la Eq.

(4), es decirr N,=gq,-L,, siendo q; y L; el factor de densidad de fuerzas y la longitud,

1

respectivamente, del elemento i.

Introduciendo (32) en (31) se obtiene el problema de autovalores de pandeo:

(KElast + IUKGeom_O ) 6 = 0 (33)

Y, para que exista solucién no trivial de la Eq. (33) se ha de verificar que:
KElast + IUKGeDm_O =0 (34)

El menor valor de u que verifica (34) se conoce como factor critico de carga de la estructura y es el
factor que determina el maximo pretensado que la estructura puede soportar.

En lo que sigue y sin pérdida de generalidad, para el estudio del pandeo global de la estructura se
adopta como Kgeom la matriz dada por las Egs. (29) o (30) y, con el fin de eliminar los
desplazamientos de la estructura como sdlido rigido, se ha fijado el nodo 1 en x, y y z eliminando
las filas y columnas correspondientes de las matrices Keast Y Kceom.

Adoptando 100 mm? como el drea de la seccidn transversal de todas las barras y considerando un
madulo de elasticidad igual a 200000 MPa se ha intentado resolver el determinante de la Eq. (34)
para las estructuras de las familias de las Tablas 1 y 2 con el programa Mathematica © [19]. Sin
embargo, a pesar de que el nimero de elementos no era demasiado grande no ha sido posible
porque la Eq. (34) es inestable. Por este motivo se ha recurrido a obtener el menor autovalor de

4 —-
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pandeo de las distintas estructuras mediante el software de analisis de elementos finitos ANSYS ©
[20]. Todos los elementos fueron modelizados mediante elementos tipo "link". Las cargas de
pretensado se introdujeron como tensiones iniciales, positivas o negativas, dependiendo de si la
barra estd sometida a traccion o compresion, respectivamente. Los valores calculados con ANSYS
para el multiplicador critico, para una determinada carga de referencia, se resumen en las Tablas 3 y
4,

Tabla 3. Resumen de autovalores de pandeo para las estructuras de la Fig. 2.

Grafo Fig. (2.a) Grafo Fig. (2.b) Grafo Fig. (2.c)
=1
Coeficientes o - G =2 > G =4 >
fuerza-longitud Getor = 1.707 0., =1 0., =-1
Qextern = 0-5 '
N, =-165.73 ~ -
Cargas axiles N —6373 Ny, =-102.25 N,, =6.93
referencia (N) xvher N, =69.99 N, =-3
N, = 16468
n=17 & m=40 1=2939 1="7860 1=3.63x10’
n=9 & m=20 4 =10554 u=371x10°
n=5 & m=10 1=126x10

Tabla 4. Resumen de autovalores de pandeo para las estructuras de la Fig. 3.

Grafo Fig. (3.3) Grafo Fig. (3.b)
Coeficientes eapie =1 > Gearie =1 —>
fuerza—longitud Y strue :_3/2 Dsirie =~ 2
Cargas axiles Nmble =2.165 Ncable =1.732
referencia (N) N, =-50613 N, =—4472
n=12 & m=30 1=1x10" 1=600"
n=6 & m=15 1=13x10

* Estructura inestable (ver Tabla 2)

Puesto que el nivel maximo de pretensado que puede soportar una estructura esta asociado al menor
valor de los autovalores de pandeo, resumidos en las Tablas 3 y 4, la compresion y traccidn maximas
en la estructura se obtendran como:

Ntraar,max = :Lthmcc = /’lqut (Con tht = Max (qiLi ),*:1’2"”,,, y Qt > 0)

Ncomp,max = luNcomp = /uchc (CO}’l chc = Min (qiLi ),':1 2..m y qc < 0) (35)
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De la comparacién de los autovalores de pandeo de las Tablas 3 y 4 es evidente que la mejora en las
condiciones de estabilidad relacionadas con los autovalores de la matriz de rigidez tangente y con el
numero de mecanismos independientes, nn,, (ver Tablas 1 y 2) va asociada a un aumento del valor
critico de la carga obtenida a partir del pandeo global de la estructura.

8. CONCLUSIONES

La condicién matematica a imponer a la matriz de densidades de fuerza de una estructura articulada
de nodos libres para forzar a que se desarrolle en el espacio con una determinada dimensidon d
conduce a distintas relaciones entre los coeficientes fuerza-longitud adoptados para las barras.
Algunas de estas soluciones corresponden a formas completas mientras que otras son formas
plegadas en las que nodos y barras se superponen. Se ha comprobado que no es posible obtener
estructuras de una misma familia a partir de criterios puramente geométricos.

Los resultados presentados confirman que las formas plegadas son mas estables que las completas de
la misma familia y pueden soportar mayor nivel de pretensado. La estabilidad y el nivel de pretensado
se incrementan aun mds si se eliminan los elementos redundantes.

En este articulo se presenta la expresion matricial de la matriz de rigidez geométrica habitualmente
empleada en cdlculo de estructuras combinando los bloques que componen la matriz de equilibrio y
que corresponden a las coordenadas cartesianas que definen el espacio.

El nivel maximo de pretensado que este tipo de estructuras puede soportar se ha determinado a
partir del menor autovalor del problema de pandeo.
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ABSTRACT

Balthasar Neumann was a German Baroque architect with a wide experience on the design and
construction of geometrically singular masonry vaults. Understanding the complex behaviour of this
masonry vaults appears as a fundamental aspect to ensure its proper preservation. It is well known that
historical heritage has to be preserved and different technical analysis are usually necessary to achieve
it. Before performing these analyses, non-destructive techniques are usually an indispensable tool to
provide information about the current structural behavior of the building. The use of ambient vibration
tests and operational modal analysis method are widespread as a process to identify dynamic properties
of historical constructions from a global point of view, but not to identify these dynamic properties of
specific elements. In this paper, these techniques are used to characterize dynamically concrete parts
of the Basilica of the Fourteen Holy Helpers and Chapel of the Wiirzburg Residence, specifically its roofs.

Keywords: Ambient vibration testing, Operational modal analysis, historical construction, non-
destructive technique, masonry structures.

1. INTRODUCCION

El estudio del comportamiento estructural de construcciones histéricas se presenta como un hecho
fundamental a la hora de preservar el patrimonio arquitectdnico. Dicha afirmacidn se acentta alin mas
en elementos estructurales de mayor singularidad arquitectdnica, como las cubiertas histdricas que nos
ocupan en el presente caso de estudio. En este tipo de edificaciones es habitual el uso de complejos
modelos numéricos para caracterizar fielmente su comportamiento estructural. Sin embargo, el mayor
problema reside precisamente en caracterizar los elementos que definen dichos modelos numéricos.
Pequenas modificaciones de algunos de estos elementos conducen a resultados muy dispares,
resultando por tanto fundamental su correcta definicién [1]. En este sentido, encontramos técnicas no
destructivas como las pruebas de vibracion ambiental que resultan de gran utilidad para reducir
considerablemente las diferencias entre el comportamiento estructural del modelo numérico y el real
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de la estructura [2]. A partir de las propiedades dindmicas de un objeto, los valores caracteristicos de
los elementos que definen el modelo numérico del mismo pueden ser actualizados de forma que el
comportamiento dindmico de ambos sea similar. De esta forma, una vez que los pardmetros modales
de la construccidn histérica han sido identificados experimentalmente, los errores existentes en el
modelo de elementos finitos de la estructura pueden ser corregidos.

En el estudio se presenta el uso de pruebas de vibracidn ambiental sobre las cubiertas de dos
construcciones barrocas disefiadas por el afamado arquitecto aleman Balthasar Neumann: La Basilica
de Vierzehnheiligen (de los 14 Santos), y la Capilla del Palacio de Wiirzburg (Fig. 1). Se llevard a cabo un
recorrido por los objetos de estudio para continuar con la caracterizacion dinamica de dichas
construcciones mediante la obtencion de datos con el uso pruebas de vibracién ambiental, y el posterior
tratamiento de los mismos a través de la técnica de Analisis Modal Operacional (OMA). Finalmente se
discutiran los resultados obtenidos y se presentaran las principales conclusiones a los que dichos
resultados nos han conducido.

Figura 1. Basilica de Vierzehnheiligen (<) y Capilla del Palacio de Wiirzburg (=).

2. OBIJETOS DE ESTUDIO

La Basilica de Vierzehnheiligen y la Capilla del Palacio de Wiirzburg, objetos de estudio, se encuentran
integradas dentro de la obra disefiada por el arquitecto Balthasar Neumann [3]. Ambas construcciones
se llevaron a cabo durante el s. XVIIl, enmarcandose por tanto dentro del Barroco Aleman [4]. La basilica
es un edificio exento situado en ciudad de Baviera, en la Alta Franconia, mientras que la capilla se inserta
dentro de un complejo mayor, también disefiado y ejecutado por Neumann, el Palacio de la ciudad de
Wirzburg (Fig. 2).

Figura 2. Vistas exteriores de la Basilica de Vierzehnheiligen (<) y del Palacio de Wiirzburg (=).
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En lo que se refiere a la configuracién arquitectdnica de los objetos de estudio, tanto la basilica como
la capilla presentan una lectura espacial de claro cardcter longitudinal. Ambas construcciones se
organizan mediante la composiciéon de tres celdas consistentes en tres grandes clpulas con base
ovalada de eje principal longitudinal, conectadas entre si por otras, también de planta oval, orientadas

alo largo de un eje transversal (Fig. 3).

Figura 3. Estudio de la trazas de las plantas de la Basilica de Vierzehnheiligen (<) y de la Capilla del
Palacio de Wiirzburg (=).

En cuanto a las cubiertas, la interseccion de dichas celdas se resuelve utilizando el mismo recurso que
desarrolld Christoph Dientzenhofer, es decir, seglin un nervio alabeado generado mediante Ia
interseccion de dos cilindros de distinto diametro [5]. En ambos casos, se tratan, desde un punto de
vista estructural, de falsos nervios de dudosa capacidad portante, ya que Neumann realiza superficies
continuas sin esqueleto estructural. Sin embargo el uso arquitecténico del nervio alabeado que planteé
Neumann en cada una de las iglesias es diferente. Mientras que en la basilica es simplemente un recurso
constructivo, en la capilla se utiliza también como recurso compositivo, ya que organiza los espacios,
marcando donde se encuentra su inicio y su final, idea de secuencia espacial que lleva a cabo mediante
recrecidos de yeso (Fig. 4). Por su lado, en la basilica recurre al uso del color como elemento
compositivo. El blanco utilizado en sus paredes amplifica su plasticidad y dinamismo, asi como su
desmaterializacion (Fig. 4). Estos elementos soportan una cubierta con sombras mucho mas oscuras,
donde la curvatura real de la misma se pierde debido a la falta de perspectiva, lo que refuerza la idea
de una cubierta que levita sobre los soportes verticales.

Figura 4. Vistas interiores de la Basilica de Vierzehnheiligen (<) y de la Capilla del Palacio de
Wirzburg (=2).

Los espacios interiores de ambas iglesias son piezas que se disefian independientemente de su
embalaje. Esto provoca un desconocimiento total de lo que se aloja en el interior de esa caja hasta que
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no pasamos el umbral. El nexo de unidn se realiza a través de las ventanas, elementos cuya disposicidén

estd dominada por la composicion de fachada. Llama la atencion la importante desmaterializacién de
los muros, aspecto unido al innovador concepto sobre el tratamiento de la luz que incluye Neumann en
sus obras.

Por ultimo, destacar que las bévedas de ambas iglesias son superficies de mamposteria que con solo 30
cm de espesor desarrolladas en una Unica capa, llegan a cubrir grandes luces. En el caso de la basilica
las superficies que conforman las bévedas estdn conformada por fabrica de piedray se presentan sin
refuerzo alguno, mientras que en la capilla dichas superficies son de fabrica de ladrillo y se ven
reforzadas en su base por medio del aumento del espesor en 15 cm, refuerzo que también se hace
presente en nervios radiales, los cuales presentan una seccién de 45x45 cm (Fig. 5).

) e R
Figura 5. Vistas de las bévedas de la Basilica de Vierzehnheiligen (<) y de la Capilla del Palacio de
Wirzburg (=2).

P

3. PRUEBAS DE VIBRACION AMBIENTAL Y ANALISIS MODAL OPERACIONAL

Las pruebas de vibracién ambiental estan consolidadas desde hace afios como uno de los principales
métodos experimentales para evaluar el comportamiento dindmico de estructuras a gran escala. La
excitacion artificial de grandes estructuras conlleva una gran complejidad, lo que hace recurrir al analisis
modal operacional (OMA) para la identificacion modal de las propiedades dindmicas de la estructura [6,
7]. Enlos ultimos afios son numerosas las aplicaciones de pruebas de vibracién ambiental que podemos
encontrar asociadas al mundo de la arquitectura. Los buenos resultados obtenidos de estas
aplicaciones, el bajo coste econémico que supone hacer este tipo de pruebas y la no interrupcion del
normal funcionamiento del edificio mientras las pruebas son realizadas, son algunos de los motivos que
han hecho que éstas sean muy populares en los ultimos afios. Sin embargo, en el caso concreto de
construcciones histodricas de fabrica, donde el uso de técnicas no destructivas es un factor fundamental,
los casos de aplicacion de OMA son menos numerosos debido a dificultades afiadidas. Aun menos
extendida es la aplicacidn de la técnica OMA sobre elementos concretos [8, 9].

A continuacidn, se presenta las pruebas de vibracidn ambiental llevadas a cabo tanto en la Basilica de
Vierzehnheiligen, entre el 25 y 29 de julio de 2016, como en la Capilla del Palacio de Wiirzburg, entre el
14y 17 de julio de 2014.

3.1. Modelos de Elementos Finitos Iniciales
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En la Fig. 10 se observan las formas modales asociadas a cada uno de los modos identificados en ambas
iglesias.

Figura 10. Formas modales identificadas en la Basilica de Vierzehnheiligen (<) y en la Capilla del
Palacio de Wiirzburg (=2).

En la basilica, los dos primeros modos identificados son causados por el efecto de las torres, elementos
que por su esbeltez suelen presentar modos de vibracién con frecuencias naturales asociadas bajas en
relacion a construcciones de fabrica (en torno a 1-1.5 Hz). El tercer y el cuarto modo muestran modos
de traslacion transversal y longitudinal, respectivamente, de todo el conjunto de la iglesia, mientras que
el resto de los modos corresponden a modos locales de flexién de las bévedas. Por su lado, en el caso
de la capilla, el segundo modo muestra un modo de translacion longitudinal del conjunto del palacio,
mientras que los otros modos corresponden a modos locales de flexidn de las bévedas.

CONCLUSIONES

En el presente articulo se ha llevado a cabo la aplicacion de pruebas de vibracién ambiental sobre las
bdvedas barrocas de dos construcciones histéricas disefiadas y construidas por el arquitecto aleman
Balthasar Neumann. El objetivo marcado fue caracterizar dindmicamente los objetos de estudio, para
en fases posteriores poder actualizar nuestros modelos de elementos finitos y asi analizar
numeéricamente el comportamiento estructural de las iglesias.

Una vez realizadas las campafias experimentales y el tratamiento de los datos obtenidos en la Basilica
de Vierzehnheiligen y la Capilla del Palacio de Wirzburg, ocho y cinco modos de vibracién fueron
identificados, respectivamente, en un rango de frecuencia de 0 a 7 Hz. Los porcentajes de diferencia
entre los dos métodos de identificacion modal utilizados (EFDD y SSI) siempre fueron menores al 4%, y
el valor MAC de comparacién entre ellos superior a 0.75, lo cual nos asegura la existencia de los mismos.
Todo ello nos lleva a concluir la eficacia que presenta el Andlisis Modal Operacional como técnica para
identificar experimentalmente propiedades dindmicas en elementos concretos, es decir, con un
cardcter local.
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A modo de comparacién, se concluye cierta similitud en el comportamiento modal de las bévedas
estudiadas. Dicha conclusién se extrae de la comparacion entre los modos de flexién identificados en
cada una de las ellas. El primer modo de flexion identificado en cada una de las bévedas presenta una
gran similitud tanto a nivel de forma modal como por el valor de la frecuencia natural asociada.
Mientras que en la basilica el valor de dicha frecuencia asociada al primer modo local de las bévedas
(modo 5) es de 2.79 Hz, en la capilla dicho valor (modo 1) corresponde a 2.77 Hz. Sin embargo, en lo
que se refiere al segundo modo de flexién de las bévedas (modo 6 de la basilica y modo 3 de la capilla),
aunque la forma modal es realmente similar (fig. 10), la diferencia entre los valores de las frecuencias
naturales es significativamente mayor (3.39 Hz en la basilica y 4.46 Hz en la capilla).

Como futuro trabajo, en la actualidad se estdn utilizando las propiedades dindmicas identificadas para
actualizar los modelos tridimensionales de elementos finitos. De esta forma se minimizaria en gran
medida el nivel de incertidumbre inicial