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Abstract

Masonry structures are constructions made of discontinuous blocks that require unique numerical methods incorporating contact,
friction, and cohesion models for their analysis. Given the large number of aging structures of this type still in use, there is a demand
to combine these numerical methods with optimization algorithms to help in structural health monitoring. This paper combines
discrete and finite methods with genetic algorithms for parametrizing two masonry structures. The first is a bridge with a large
number of blocks, the material properties of which are estimated with a small error. Since the loads are low, the mortar’s properties
are irrelevant. The second is a buried ogival vault; starting from only four pieces of experimental data from the literature and related
with the failure loads, the material and contact properties are calculated. From them, many other failure loads are again iteratively
calculated and favorably compared with the rest of the data. To further validate the inverse problem, the computed properties are
used for several runs of the same vault but under different loads, obtaining again an almost perfect agreement with the experiments.
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1. Introduction

The masonry bridge is the most ancient structural typol-
ogy in the history of humanity that has reached our days due
to its excellent durability, a consequence of the high stiffness
and strength of stones, [1]; in addition, its geometry produces
only internal compressive forces, without tractions. Hence, a
great legacy of masonry bridges currently in service must be
maintained and preserved. Most of these bridges were built
during the last two centuries due to the birth and subsequent
growth of road and rail transport, [2, 3]. In the last decades,
new demands on higher speeds and loads, especially from lo-
comotives, railcars, or heavy traffic, have made it necessary to
verify their structural capacity using computational tools capa-
ble of detecting the partially degraded mechanical parameters.

The structural behavior of masonry is highly nonlinear due
to its inner discontinuous nature, composed of stone or brick
blocks that interact by friction and contact. These interactions
are the key to the stability of the structure and its static and
dynamic response. Many approaches have been undertaken to
analyze the behavior of masonry arches: from Vitruvius [4] in
the first century B.C. to the graphic methods of the XIX century
[5], but in general not taking into account the internal discontin-
uous behavior. Later, semi—empirical methods from the report
[6] or with linear and nonlinear elasticity [7] emerged in the
XX century. However, these methods are only suitable for very
simple structures with behavior that can be considered linear.

For analyzing the mechanical response of systems composed
of discontinuous blocks or particles, advanced computational
methods such as the Discrete Element Method (DEM), [8], were
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developed in the late years of the 1970 decade. DEM is a nu-
merical tool initially conceived for soil mechanics and geotech-
nical applications. Their responses result from multiple interac-
tions due to contact and friction; these contacts are among rigid
or elastic bodies, initially soil particles or rocks. The similar-
ities between the behavior of rocks and masonry made the ex-
tension of DEM to the latter straightforward. Therefore, DEM
has already been applied to masonry for relatively simple ge-
ometries, such as static analysis of arches [9] although under
several loading configurations [10]. Increased computation ca-
pabilities have allowed it to extend DEM to complex two— and
three—dimensional structures such as buildings and domes un-
der static and dynamic regimes: [11, 12, 13]. An alternative
to analyzing masonry is utilizing the discrete macro—element
approach [14]. However, its ability to represent internal strain
fields is limited.

Parallel to the development of DEM, the NSCD method
from [15] and the Finite Element Method (FEM) with contact
interfaces [16] were formulated for problems involving inter-
actions between rigid/elastic bodies. However, their applica-
tion requires very high computational cost making them less
advantageous. The DEM is appropriate for analyzing problems
focused on precisely representing kinematics and interactions
between bodies. However, its accuracy for calculating defor-
mations/stresses inside an elastic body is inferior to that of the
FEM, [17].

To overcome these limitations, DEM and FEM have been
coupled to analyze contact interactions and internal elasticity,
respectively, with a reasonable computational cost. The out-
come is the combined Finite—Discrete Element Method (Fem-
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Figure 1: For prescribed displacement 1.5 [mm)] at the top of the wall: experimental crack progress, left; FemDem crack progress, center; Tresca stress, right; red

maximum of 3.43 [MPa] with a blue minimum of 0.

Dem) of [18], a numerical tool widely used in recent years in
the field of rock and geomechanics, [19]. FemDem is also ad-
vantageous for the analysis of masonry structures to overcome
the above limitations, as shown in the collapse analysis of static
[20] or of dynamic [21, 22, 23] walls and arches.

Masonry structures were primarily built in times without
scientific structural knowledge but with a deep inherited con-
structive background. As mentioned, it is essential to quantify
the mechanical parameters of the structures for their preserva-
tion. Several techniques have been developed to identify me-
chanical parameters based on minor destructive tests based on
localized extraction of small samples [24]. But often, it is diffi-
cult to access the areas of interest of the structure, or due to spe-
cial conservation restrictions; the extraction is prohibited. To
overcome this drawback, advanced non—destructive techniques
allow proper monitoring of mechanical parameters. Installing
monitoring systems on masonry bridges makes it possible to
follow the parameter evolution and detect structural problems,
which may lead to masonry damage or collapse, [25].

The information provided by the monitoring system (dis-
placements, accelerations, vibration frequencies...) can be com-
plemented with FEM simulations using an inverse problem for
a correct analysis and decision—making of the structural health
of the masonry bridge [26]. However, as argued before, FEM
does not consider the discontinuous nature of masonry. There-
fore, processing the information with a numerical method, such
as FemDem, able to model discontinuities is necessary. In ad-
dition, replacing sensor measurements with a numerical simu-
lation is a valid strategy to provide initial data for a FemDem-—
based inverse problem in theoretical developments. This method-
ology provides qualitative insight into the future ability of the
inverse problem to detect mechanical parameters and automat-
ically detect possible defects.

DEM has been used outside structural mechanics in combi-
nation with inverse/optimization algorithms for micro—parameter
calibration of granular and cemented materials, [27, 28], and
the optimization of the shape of bucket elevators, [29]. But at
this time, and as far as we know, the application of DEM or
FemDem to identify mechanical parameters in discontinuous
masonry structures has yet to be found in the literature.

Following this line, the current paper presents an inverse

problem for identifying the mechanical parameters of a ma-
sonry bridge and an ogival masonry vault using FemDem in
combination with Genetic Algorithms (GA). Two FemDem para-
metric models will be developed, the first depending on elastic
parameters for a masonry bridge and the second on elastic and
contact parameters for a similar masonry ogival vault. Before
applying the inverse bridge problem, a parametric study based
on direct FemDem simulations is performed in Section 3.1 to
analyze the influence of the elastic and contact parameters on
the distribution of vertical displacements at the bridge top.

To check the FemDem capabilities for the direct cases, a
preliminary validation towards an experimental case taken from
the literature is presented in Section 2. The first inverse prob-
lem is studied in Section 3 and focuses on identifying the Young
modulus, Poisson ratio, and density of a masonry bridge, al-
ready studied in [30] but for other objectives. This identifica-
tion is formulated with an objective function constructed from
the displacements measured at the bridge contour. In Section 4,
the second inverse problem computes an ogival vault’s contact
parameters (friction, cohesion, penalty spring, and fracture en-
ergy). The objective function is now constructed in terms of
internal stresses and kinetic energy, being able to discriminate
between collapse due to two instability types or compression
failure.
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Figure 2: Numerical FemDem and experimental distributions for the TU Eind-
hoven wall. Displacement d vs. reaction force F at the top nodes

For both cases, the objective functions are minimized using



a GA capable of finding the optimal parameters with a reduced
number of cases. Due to the lack of experimental data in the
first problem, the displacements on the bridge contour are cal-
culated by direct FemDem simulations with a given set of pre-
defined elastic parameters to be subsequently estimated by the
GA. For the second case, a collection of safety coefficients and
experimental limit loads of ogival vaults from [31] is used.

E 4 M P Pn Pt
[GPa]  [-] [[] [kgm’] [GN/m] [GN/m]
16.7 0.15 0.75 2400 82 36

Table 1: Stone and equivalent mortar material properties for the shear wall of
TU Eindhoven taken from [32]; user—chosen penalty parameters.

2. Eindhoven masonry wall

One of the common validations for DEM software is the
TU Eindhoven experiment. A shear masonry wall of 1.08 x
0.9 [m] is studied in this section according to the indications of
[32]. The wall is simplified to a 2D geometry with bricks of
dimensions 220 X 60 [mm] in a running bond pattern. These
bricks include two halves of the mortar thickness, and in turn,
this mortar is simulated by a contact interface between bricks.
The material properties for stone are Young modulus £ and Poi-
son ratio v are listed in Table 1; for mortar, they are friction co-
efficient ¢ and the numerical parameters normal and tangential
penalties p,, p;.

A constant and vertical pressure of 0.8 [MPa] is applied to a
top rigid beam, and its vertical position is locked; see Figure 1.
Subsequently, a controlled horizontal displacement is induced
in this beam, and the force necessary to apply is measured.

Figure 1 left shows the experimental crack, starting at the
top right and running through the wall with an approximate an-
gle of 45°. The crack obtained from the FemDem simulation of
the central figure starts in the same position and follows a sim-
ilar direction. The differences could be because, to save com-
puter time, in FemDem the breakage of the bricks has not been
activated. Finally, Figure 1 right shows the equivalent Tresca
equivalent stresses (only inside blocks) that a similar wall with-
out failure would have.

The force—displacement evolution is presented in Figure 2;
the numerical and experimental results are very similar, con-
firming that the model reproduces reality well. The small dif-
ference at the end of the distribution, around 19% respect to the
experiment, can be attributed to the mentioned impossibility of
the brick breaking internally in the numerical model.

3. Masonry bridge with semicircular arch

In this section, a representative one—span masonry bridge
is studied. The arch is semicircular with dimensions drawn in
Figure 3, and it is discretized into 212 blocks with size 1 x 0.5
[m]. Most of the blocks in the walls are rectangular, but in the
arch, they are slightly trapezoidal; by this arch, they are trian-
gular, making the mesh continuous between the wall and arch

as in real masonry structures. To prevent rigid body motions,
the bridge is clamped at its base to simulate a strong founda-
tion, and it is hinged at the sides to simulate the rest of the
terrain. The blocks are internally divided into one to four fi-
nite elements with a total of 529; this additional discretization
permits precise calculation of the elastic field. Most of the com-
putational time is invested in iteratively solving the hundreds of
contacts between blocks. Given that only initial collapses will
be taken into account and to reduce the CPU time for contact,
a map of possible contacts only among neighboring blocks has
been implemented to reduce the search substantially.

The objective is to detect this structure’s material and nu-
merical parameters with the inverse problem. However, due to
the lack of experimental data, a set of standard “real parame-
ters” from the literature listed in Table 2 will be initially as-
signed. The parameters not already defined in Section 2 are
cohesion c, fracture penalty p, energy fracture G, and tensile
and shear strengths f;, f; of the mortar.

E v H P Pn P
[GPa] [-] [] [kg/m’] [GN/m] [GN/m]
32 0.15 0.7 2500 298 30
¢ 14 Gy i fs
[MPa] [GN/m] [MPa] [MPa] [MPa]

6 14.1 8.5 210 780

Table 2: Mechanical properties of stone and mortar for the masonry bridge
inverse problem.

3.1. Parametric analysis

A parametric analysis is carried out in this subsection to
obtain a preliminary knowledge of the parameters’ influence
on the structural response, with initial values from Table 2 and
ranges listed in the following figures’ legends.

The influence of the elastic coefficients E and v on the verti-
cal displacement A of the nodes at the top of the bridge is shown
in Figure 4 a) and b) under the gravity force. As expected, E
has a strong influence on A, with higher displacement for low
values of E and vice versa, see Figure 4 a). The influence of
v is unclear since large variations do not imply significant dis-
placement changes. Again under gravity, v mainly influences
the blocks’ horizontal displacement (not the vertical), which
friction restricts. Only for the blocks close to the arch, A is
important, and consequently, v has a small overall influence in
the vertical movement, see Figure 4 b).

Regarding the contact parameters, the penalties are slightly
influential, as shown in Figure 5 ¢) and d). These are user—
chosen and numerical (without physical meaning) variables, ar-
bitrarily determined within recommended limits from [18]. There-
fore, the inverse problem can help the user with the choice. The
coefficient y; is more influential, Figure 5 bottom e), since it
controls the relative displacement between blocks, and conse-
quently, high values produce low displacements.

The fracture parameters f;, f;, ¢, py and G, control the be-
havior of the mortar. Their variation does not significantly influ-
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Figure 3: Boundary conditions, dimensions in [m] and FemDem mesh for a symmetric masonry bridge under gravity force. Red numbers represent the nodes for
which displacements are measured; some are duplicated belonging to two adjacent bricks.
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Figure 4: Vertical displacement at the bridge top of Figure 3, function of: a)
Young moduli E and b) Poison ratios v.

ence A since the current analysis is carried out for self-weight,
and the stresses are far from failure. Therefore, these parame-
ters will not be considered in this section, although they will be
essential for cases in which cracks or other damages can occur
(next section for ogival vault).

3.2. The objective function

The development of an inverse problem combining Fem-
Dem and GA is presented to find the elastic parameters and den-
sity automatically. The corresponding objective function f, is
formulated with numerically calculated displacements, depend-
ing on three material parameters stored in the vector Xg{; =
{E,v,p).

As mentioned, since no in—situ measured data is available
for this bridge, a set of numerical displacements obtained from
the simulation of a direct FemDem case will be used instead
of experimental displacements. These displacements are de-
fined as vertical movements ¢¢* at bridge top nodes (i = 1 to

40) followed by arch intrados nodes (i = 41 to 78) as plotted in
Figure 6. The red dots depict the position and numbering of the
nodes and numbers in Figure 3.

The inverse problem is handled in this work by GA, a heuris-
tic optimization method that relies on the fundamental laws of
genetics, [33]. In GA, the laws of natural selection are ap-
plied: superior members survive while inferior members are
removed from a randomly generated population of individuals,
commonly called chromosomes. The range of each variable is
assigned by the user as will be done in Table 6. Among this
population reside the possible solutions for optimal variables,
and each possible one is evaluated with the objective function
defined next. The evolution of subsequent populations is con-
trolled by the genetic operators defined after Eq. 2. During this
evolution, the children populations with the minimum objective
functions replace some of their parent populations. The evolu-
tion continues until a cut—off criterion, the maximum amount of
iterations, or a given tolerance is achieved.

To summarize the GA algorithm, the Figure 7 shows that
with FemDem, a direct case using the real X of Table 3 is
run from a single FemDem simulation, obtaining a displace-
ment vector 67" with one entry for each control node i. These
displacements will constantly be used for comparison, and to
mimic the variations that always appear in experimental mea-
surements, a random noise level of 5% is applied to the standard
deviation of 67",

Value E % P
[GPa]  []  [kg/m’]
Real 32 0.15 2500
Min, 16 0.075 1250
Max. 64 0.2 5000
Optimal | 31.25 0.144 2437

Table 3: Real (initial) values, calculation intervals, and optimized GA results.

Also, with FemDem but with data anf; taken from the GA
population, a set of parameterized vectors 6{ is subsequently
calculated. For each iteration j, Eq. 1 defines the estimation of
the objective function, formulated as the difference between the
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The objective function is usually modified to f, = log(f +
€), where € is a small dimensionless number here adopted as
€ = 107'%, This value guarantees the existence of f, when f
approaches zero and enhances the convergence as explained in
[34].

The inverse problem to identify the “real parameters” can
be stated as a constrained minimization defined as finding a set
X7 that achieves:

min f,(X775) @

The evolution of f, (also called fitness value), along with
the generations and the main parameters of the algorithm, are
controlled by the user—chosen operators:

1. population size: number of seeds at initial iteration j
= 1, that is, of cases dependent on Xan/Z.

2. crossover fraction: an operator to combine the ge-
netic information from two parents to generate new de-
scendants. It defines the maximum percentage that the X
values are changed at each j.
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Figure 6: Vertical displacement distributions § at the control nodes of Figure 3
for the E, p and v real and optimal values of Table 3.
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Figure 7: Flowchart for the computation of objective function and optimal val-
ues.

3. migration factor: specifies the population fraction
that moves to the new population. Only 20% (for the
bridge case) of the bests in population j move to the new
j+ 1.

As many values of f, as the population size are calculated,
the best value is the minimum of f,, and the mean value is its
average.

3.3. Identification of parameters E, v and p

Section 3.1 found that the only parameters that significantly
influence the mechanical behavior of the bridge under self—
weight are E and v, but to complete the optimization, the den-
sity p is added. This material property has not been considered
in the parametric analyses since it is evident that in a structure
under gravity, the higher the density, the higher the displace-
ments. The evaluation of the three parameters with GA is stud-
ied in this section.

The GA algorithm designs an evolving population, and when
the minimum of Eq. 2 is reached, the solution X°? is assigned
to the current X% listed in the last row of Table 3 with a maxi-
mum error of 4% for v. The initial (named “real”) and assumed
intervals of the three parameters are also given in the table.

Figure 8 shows the convergence of the mean and best f,
when the generations advance. It can be appreciated that at
around generation 36, the calculation converged. Finally, a
comparison between the initial and converged displacements is
plotted in Figure 6, being the differences minimal since the real
and optimized parameters are very similar, as mentioned.

4. Buried ogival vault

The buried ogival vault sketched in Figure 9 is analyzed in
this section. To facilitate collapse, the vault has a thin, angu-
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lar opening of 20° at its peak; its width at the base is 15 [m],
the height 8 [m], and the thickness is variable from 0.5 at the
peak to 1 [m] at the base; the supports are clamped. Experimen-
tal stability results are taken from [31], and a detailed analysis
computed by a refined version of the Discontinuous Deforma-
tion Analysis method is available in [17]. In this article, the ba-
sic stone and mortar parameters were approximately found by
trial and error, not automatically like the present inverse prob-
lem does.

The vault is discretized into only 16 blocks to preserve the
structure’s geometry. This vault is subjected to self-—weight, to
a vertical distributed force g, from an embankment of variable
height A, plus the effect of the related backfill, and to a lateral
thrust g, of the backfill with fixed height H = 8 [m].

Figure 9: Buried ogival vault with variable embankment height /. and equiva-
lent vertical and horizontal forces from Egs. 3.

The expressions of these loads with g the gravity accelera-
tion are from basic formulae of Soil Mechanics:

() = hegye+tH-y)gyr

3

@) = (1-sing;) ¢,()

According to [17], the blocks are considered high strength
and stiffness; see the last three columns of Table 4, with the spe-
cific weight vy, also listed. The backfill is gravel with specific
weight y; and friction angle ¢;. It is considered that the em-
bankment is made out of the same gravel but well compacted;
consequently, an increase of 10% in its specific weight v, is
adopted. Additional mechanical and numerical properties re-
lated to contact and mortar will be defined in Section 4.1.

The experimental data used to compute the parameters is
the collapse modes with their related limit loads. This collapse

Vs )’f Ye ¢f E 4 oy
[ke/m’] [kg/m’] [kg/m’] [°] [GPa] [] [MPa]
2300 1600 1760 30 32 0.15 10

Table 4: Main mechanical properties of stone and backfill for the ogival vault.

can happen for three reasons, with respective zones separated
in Figure 12:

e For low A, < 0.32 [m], the horizontal g, dominates over
the vertical g,. The collapse produces the elevation of the
peak, zone I.

e For intermediate 1.55 < h, < 3.2 [m], the arch is, in prin-
ciple, stable. However, the collapse occurs by breakage
of the blocks under compression, zone II.

e For high 4, > 12.1 [m], g, dominates over g;. The col-
lapse is produced by the descent of the peak, zone III.

Any embankment height between the maximum and mini-
mum £, implies stability unless £, is intermediate. The Safety
Factor (SF) is then defined as the number to multiply /4, so that
the induced g,, g; provoke failure.

4.1. Definition of the objective function

The mentioned experimental factors SF from [31] are used
as real data to define the objective function. But the reference
does not include the values of the basic material coefficients.
Therefore, the parameters to be optimized are related with con-
tact between blocks p,, p;, 4, and ¢, and with mortar py and
Gy.

Since there are six parameters to optimize, six experimental
data i must be considered to define the objective function. In
turn and to establish the control of GA, each piece of data is
defined by four parameters:

1. Safety factor SF in Figure 12 ordinate.

2. Height of the embankment 4, in the abscissa.

3. Condition type: type = 0 indicates zones I or III (stabil-
ity or instability), and type = 1 indicates zone II (block
cracking or intact).

4. Condition satisfied: fulfil = 1 implies failure; fulfil
= 0 implies intact structure.

Therefore:
e If type =0, fulfil = 0 the vault is stable.
o If type =0, fulfil = 1 the vault is unstable.
o If type = 1, fulfil = 0 the stone is not cracked.
o If type =1, fulfil = 1 the stone is cracked.

Table 5 summarizes the experimental data and correspond-
ing conditions. The first row i = 1 represents the minimum
embankment height for a stable vault: for it, type = 0, and
since the arch must be stable fulfil = 0. A decrease of this /4,



produces instability due to the horizontal thrust, as in the col-
lapse sketch at the bottom—left, zone I of Figure 12. The data
from the second and third rows are in zone II (breakage, type
= 1). Two safety factors are forced for the same h, with un-
broken stone, i = 2 and fulfil = 0, and broken stone i = 3
and fulfil = 1. These two conditions will help the GA to find
optimum parameters with an intermediate and experimental SF
= 3.77. A similar situation occurs for 4, = 6.81 [m] in zone III,
rows i = 4, 5. For i = 6, the vault becomes unstable again for
h, = 12.06 [m] due to the high vertical load, as depicted in the
collapse sketch at the bottom-right, zone III of Figure 12. In
this situation, type = 0, and the arch must be unstable fulfil
=1.

i SF he type fulfil
1 1.00 033 0 0
2 375 200 1 0
3 3.80 2.00 1 1
4 185 6.8l 0 1
5 188 6.81 0 0
6 1.00 12.06 0 0

Table 5: Safety factor SF, height of embankment 4., type of condition and
fulfilment for every i—condition.

For each GA iteration j, six simulations corresponding to
the conditions of Table 5 (pairs of SF and 4,) are run. Once the
six are completed, the outputs are post—processed according to
Figure 10 flowchart, finishing the calculation with the variable
out.

In this diagram, to distinguish between stable and unstable
situations, the total kinetic energy E. of the 16 blocks is com-
puted with FemDem. According to previous direct simulations,
values of E, lower than 10 [J] imply stability: then fulfil =
0 and out = 0. If there is no stability, out is set to E, multi-
plied by a scaling factor: out = E, - 107", The main purpose
of this scaling is to achieve that all outputs have comparable
orders of magnitude. The relevant variable for breakage condi-
tions in zone II is the stress: for a broken stone fulfil = 1, the
maximum stress 07, in any block is greater than the maximum
compressive stress o, both in [MPa]. On the contrary, for non
broken blocks fulfil = 0, o, < o,. If the failure condition
is met, the output variable out is set to 0, while if it is not, out
is set to the difference between o, and o, also scaled to obtain
a similar order of magnitude to E..

Once the six simulations have been completed and all val-
ues of out; have been calculated, the objective function is de-
fined as:

6
f, = log {(Zouti) + 10‘16} )
i=1
In the previous equation, the logarithm function is applied to
avoid zeros and numerical instabilities and the perturbation 10716
to avoid values tending to co.

4.2. Identification of contact and mortar parameters
The experimental data from Table 5 are for instability and
breakage; therefore, an inverse problem for identification of

elastic and friction parameters as in Section 3.3 cannot be di-
rectly performed.

The stability parameters are defined at the beginning of Sec-
tion 4.1, and their detection is studied in this section. Minimum
and maximum values of these parameters are chosen from re-
sults of previous analyses and listed in Table 6; the range is
wide since there is no clear idea of the final result. The GA
randomly defines its population from this range and calculates
the f, values according to the variable out of Figure 10. With
it, the optimal values of the last row of the table are defined.

In Figure 11, the evolution of the GA algorithm is shown.
For each iteration, the mean and best values of the population
are plotted; it can be appreciated that the best value descends up
to iteration 77 (dashed red line) when convergence is reached.

Pn Pt H ¢ Pr Gy
[[] [MPa] [N/m]
Min. 1193 1.19 0 1 1 1
Max. 5963 597 25 10*  10* 20
Opt. 5468 3945 043 11.57 975 1.36

Table 6: Intervals and optimal values for the parameter identification of ogival
vault. Penalty parameters p in [MN/m].

The optimal results are within what is considered physical
scope. The relevant penalty parameters p,, p; are five and three
times higher than those used in [17], meaning that a stronger
constraint was needed in the contact algorithm. It is important
to repeat that in this reference, the values were obtained by trial
and error, then the possibility of employing inaccurate values
was high. The friction is relatively low, confirming the assump-
tion of the last reference; finally, the cohesion parameter is very
low, probably because the masonry is dry without mortar be-
tween blocks.

4.3. Optimal parameters’ experimental validation

A set of direct FemDem simulations is carried out to vali-
date the calculated optimal parameters to reproduce the exper-
imental data from [31]. First, the conditions from Table 5 are
directly inserted in Figure 12. Then, direct FemDem cases with
the optimal parameters of the table are run iteratively, incre-
menting the loads g, and g, until collapse is reached; the ulti-
mate loads define SF. The figure shows the evolution of these
SF that perfectly fit the experimental curve; consequently, the
GA can be considered to have converged correctly. The numer-
ical distribution shows that the optimized variables are valid for
all embankment heights, even with relatively few conditions ap-
plied.

An additional direct case using the optimal parameters of
Table 6 is studied for the same vault but under different loading
conditions: a small and constant s, = 0.2 [m] and a point load
in the range F € [0,180] [kN] applied at the peak. Figure 13
compares the SF evolution versus F for experimental and Fem-
Dem data. A good agreement between both results is observed
again despite being a different case. Therefore, using FemDem
plus GA to obtain characteristic parameters can be considered
satisfactory.
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5. Conclusions

In the current paper, a complete numerical tool for parame-
ter detection of masonry structures has been applied to two dif-
ferent ones. The main mechanical characteristic of these con-
structions is contact and friction between blocks; then, discon-
tinuous element methods are necessary. In addition, each block
can be subdivided into internal finite elements, incrementing the
precision for calculating stresses. This combination is called
the FemDem method.

First, a direct parametric study of a bridge helps discern
the more relevant material and contact properties for calculating
displacements. Starting from a direct run of FemDem, the out-
put displacements are modified with noise (as real experimen-
tal results always have), and they are used to detect the bridge’s
internal material and contact properties. A genetic algorithm
for optimizing the number of cases helps the detection. The
obtained properties are very similar to the initial ones, demon-
strating the capability of the inverse problem to evaluate the
future parameters of real bridges with some experimental data
available.

Second, a few pieces of experimental global data are taken
from the literature for a buried ogival vault and used again for
parameter evaluation. These parameters are, in turn, applied to
simulations of the same vault but under other loads, again fitting

very well with the rest of the experimental results.

The current study has certain limitations, such as the high
computational cost associated with structures containing nu-
merous blocks or finely discretized blocks representing internal
fractures. The numerical parameters (penalties) should not be
directly applied to other structures and must be adjusted accord-
ingly. In addition, prior knowledge of the mechanical behavior
of the structure is required.
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