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Abstract

The repair and rehabilitation of Reinforced Concrete (RC) structures affected by the
corrosion of their reinforcement is a complex task. The estimation of the residual
structural capacity of corroded RC structures is becoming a crucial factor in the
decision-making process of repair or demolition. Many researchers have studied the
effects of reinforcement corrosion on the load capacity of RC beams (Bernoulli or B-
Regions) but little attention has been paid to disturbed or D-Regions. This piece of work
presents a procedure for the assessment of the residual structural capacity of D-Regions
in RC members. The bond deterioration between steel and concrete, the reduction of the
cross-sectional area of reinforcement, the deterioration of the concrete area of the cross-
section and the softening of concrete has been taken into consideration. The accuracy of

the method has been tested with experimental results which exist in relevant literature.

Keywords: Disturbed regions. Reinforced concrete. Corroded reinforcement. Residual

capacity. Anchorage length.
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1. Introduction

Despite having many advantages, Reinforced Concrete (RC) members have one very
significant weakness: corrosion of steel reinforcement. More than a few RC structures
have been demolished before the end of their originally estimated useful life due to the
corrosion of reinforcement and numerous corroded RC structures are currently in
service, with or without being repaired. In this regard, the inspection, repair and
rehabilitation of existing RC structures affected by corrosion have become very
important in construction. Accordingly, the assessment of the residual capacity of a
corroded RC structure is a key task that reflects the current state of the structure.

Under normal circumstances, concrete provides protection to reinforcing steel through
both its high alkalinity (chemical protection) and its dense and relatively impermeable
structure (physical protection). The corrosion rate of rebars shows the efficiency of
protection against corrosion [1]. Corrosion is caused by the attack of chloride ions that
penetrate into the concrete matrix or by the carbonation of the concrete cover (or a
combination of both). The carbonation and/or chloride attacks cause the alkaline
concrete environment to deteriorate, disrupting the thin oxide layer that covers the steel
bars (known as the passive layer). This is the starting point of the corrosion process.
Among many other negative effects, corrosion causes a reduction of the cross-sectional
area of reinforcing bars [2], cracking of the concrete cover [3], reduction of the bond
strength between the reinforcing steel and the concrete [4—6] and softening of the
concrete [7]. All these effects acting together can weaken RC structures, thereby
reducing their load-carrying capacity and their service lives. Authors present a holistic
analysis of the deterioration due to the corrosion of D-Regions as a function of the crack
width in such a way that it provides the residual capacity of the D-Region. This has not

been performed before and is presented in this work.
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The structural evaluation of an existing RC structure is a complex task. The use of
Destructive and Non-Destructive Tests (DT and NDT, respectively) in the
determination of the current conditions of RC members increases the accuracy of
structural evaluation. However, in most cases, the use of DT is not possible due to the
length of time it takes and the damage caused to a structure. To a lesser extent,
something similar occurs with NDT[8]. In this case it is because most of these tests
require special equipment and techniques that are often not readily available[9,10].
Numerical analyses have also been applied to study the crack propagation, particularly
in layered materials as in[11,12]. On the other hand, deterioration indicators such as
concrete cracks and the loss of concrete cover can easily be evaluated by visual
inspection or using simple NDT. This information provides the engineer with crucial
information about the real state of the structure.

An important aspect to be considered when applying an assessment method of the load
capacity of a potentially corroded structure is the type of region to be studied. It is
known that all RC structures consist of D (Disturbed or Discontinuity) and B (Bernoulli
or Beam) regions. In B-Regions it is assumed that plane sections remain plane after
deformation (linear strain distribution) whereas the strain distribution in D-Regions is
significantly nonlinear [13].

The design of B-Regions is well established in current structural practice codes, such as
the European [14] and North American ones [15], based on the classic beam theory. D-
Regions, which occur in zones close to corners, supports and concentrated loads such as
corbels and deep beams, can be designed with Finite Element Analysis (FEA) as in [16]
or alternatively with the Strut and Tie Method (STM)[13,17]. The STM is a design
method based on the lower-bound theorem of limit analysis for D-Regions in RC

structures. This method idealizes the structural behavior of a particular D-Region as a
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system of struts (compression members) and ties (tension members) connected in nodes
(nodal zones). STM is included in Eurocode 2 (EC2) [14], AASTHO Bridge Design
Specifications [18] or ACI-318 [15]where some conditions on the definition of the truss
and on the calculation of the capacity and dimensions of its members are established.
Even though reinforcement corrosion has a considerable impact on the structural
behavior of both B- and D-Regions, the effect of corrosion on the residual capacity of
B-Regions has been covered much more extensively in relevant literature[7,19-21] than
that of D-Regions[22,23].

In Carbonell-Marquez et al. [20] authors proposed a procedure for the assessment of the
residual capacity of corroded B-Regions. In the present work, which corresponds to the
second part of the research, a procedure for the assessment of the residual capacity of
D-Regions in existing RC structures with corroded reinforcement is proposed. The
inputs of the method are the non-deteriorated or initial state of the structure (geometry
and reinforcement layout) and the actual geometry, properties of materials and
corrosion crack map (distribution and widths of the main concrete cracks due to
corrosion). The method is presented in detail together with an example. Finally, the
proposed procedure is verified by the comparison of its results with the corresponding
ones from experimental results existing in relevant literature. The present study, in
conjunction with the previous analysis of B-Regions, allows the effect of the corrosion

in the actual capacity of concrete structures to be evaluated.

2. Structural modelling of corrosion effects in D-Regions
All the corrosion-induced negative effects considered in the analysis of a corroded D-
Region are explained separately. All the aspects involved in the deterioration of D-

Regions can be expressed in terms of the geometry and the cracking pattern (i.e.
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distribution and widths of the main corrosion cracks) of the RC member as described in
the following subsections.

2.1.Loss of cross-sectional area of steel rebars

A direct consequence of steel corrosion is the loss of the cross-sectional area of rebars.
The corrosion of the reinforcement can occur in an uniform form and/or in a localized
form [24]. Uniform corrosion (the most common type) leads to a homogeneous steel
cross-section reduction. On the other hand, localized corrosion or pitting consists of a
local iron dissolution that produces holes and cavities in the bar. This last type of
corrosion may cause a higher radial pressure on the surrounding concrete than with the
uniform one, accelerating the corrosion process [24]and making it more difficult to
detect and prevent.

The corrosion level, y, is usually calculated by using the original or uncorroded mass m
of the rebar and the corresponding mass after the corrosion process mi.,, obtained by

removing the corrosion products, see Eq. (1).

m‘l)rr
= 1)

Therefore, assuming as constant the steel density, the reduction of cross-sectional area,

AA;, of the corroded steel bar is determined as a function of its corrosion level y as:

AAS = AS _ACOI”I” = ZAS :> ACO}"V = AS (I_Z) (2)

where A and 4., are the uncorroded and corrosion-affected rebar areas, respectively.

According to this, the corrosion-affected rebar diameter ¢, can be expressed as:

ACUFV:AS_AAS=AS(1_Z):>¢C()}'V:¢V1_Z (3)
with ¢ the diameter of the uncorroded steel bar.

In existing RC structures, the use of Eq. (3) to estimate the corrosion level would imply

the careful extraction of bars or coupons from the corroded member, which is risky,
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costly and time consuming. Hence, an indirect computation of the corrosion level y
based on data obtained by a simple visual inspection of the corroded structure is very
interesting from a practical point of view. Experimental results in the literature show
that the surface crack width is closely related with the corrosion level of the steel
bars[25,26]. Based on the results of two naturally corroded RC beams in a saline
environment, subjected to wetting and drying cycles over periods of 14 and 17 years,
Vidal et al. [26] proposed an empirical expression that relates the corrosion-induced
rebar cross-section reduction 44, (mm?) to the width of corrosion-induced longitudinal
cracks, w (mm):

w=0.0575(Ad, — A4, ) 4)

where 44,y is the reduction of the area of the cross section that initiates cracking
expressed in mm”. As defined 44,, in Eq. (2), 44, can be also expressed as a function
of the corrosion level that initiates corrosion cracking yy (i.e. 4450 = ypAs).

Finally, Eq. (4) can be combined with Eq. (2) in order to obtain a relationship between
the corrosion level, y, and the width of corrosion-induced longitudinal cracks, w(mm):

w

=0.05754 ( y - S y=—-:-"=
v (r=n)or=4555a

Xo &)

Rodriguez et al. [2] proposed a model that correlates the loss of cross-sectional area
with the corrosion attack penetration or reduction of the radius of the cross-sectional

rebar y so that the effective diameter of a rebar can be expressed as:

Do ==Y (6)
where « is a corrosion parameter with value equal to 2 in case of uniform corrosion and
with value between 4 and 8 in case of pitting corrosion [27] (see Figure 1). Naming y,as
the value of the attack penetration that initiates cracking, combining Eqgs. (3) and (6), a

relationship between yy and the corresponding corrosion level y, can be stated:
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(7)

¢0 ¢c0rr

Figure 1. Reduced section of the steel bar produced by uniform (a) and localized (b) corrosion.

Adapted from [2].

Alonso et al. [28] proposed an empirical formulae to obtain the corrosion penetration
that initiates cracking, yy (mm), as a function of the distance between the outer surface
of the concrete and the corroded longitudinal steel bar ¢ (mm) and the uncorroded

diameter ¢ (mm):
c -3
Vo = 7.53+9.32; 10 (8)

Finally, combining now Egs. (5), (7) and (8) the corrosion level can be estimated based
on information about the original reinforcement configuration (¢ and @) and visual

inspection(w) as:

2
=2 1-11-%]753+9325 |107 ©)
0.05754, ¢ ¢

with w, ¢ and ¢ expressed in mm and 4, in mm®. Once the corrosion level y is
estimated, the loss of cross-section of the corroded rebar A, can be calculated by
means of Eq. (2).

2.2.Bond strength model for corroded bars

Eurocode 2 provides formulation to design or evaluate the anchorage in sound

reinforced concrete members. According to this standard, the design anchorage length/;,
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(all the correction factors equal to 1) for a rebar with diameter ¢ is:

— ¢O-sd

=47 (10)

where oy, is the design stress of the reinforcing bar at the anchorage section and f5; is
the ultimate bond stress, defined in EC2 as:

Joa =2.25m,11, fuug (11)
In Eq. (11), f..s is the design value of the concrete tensile strength,7; is a coefficient
related to the quality of the bond condition and the position of the bar during concreting
and 77, is a coefficient related to the diameter of the rebar.

A direct result of corrosion is the modification of the anchorage capacity of rebar given
the reduction of bond strength. Many different models to relate bond strength with
corrosion of reinforcement have been proposed by researchers[25,29,30]. Barghava et
al. [31,32] proposed an empirical model based on data from flexural tests of specimens
with stirrups (Al-Sulaimani et al.[33]) and without stirrups (Stanish et al. [6]and Chung

et al. [4]), see Figure 2 and Eq.(12).

p ( ) RS S for y <1.5% 12
o \E) =00 =11 346 1% 1 for 4 >1.5% (12)
14 b A Al-Sulaimanietal. [33] | | 14
AL‘A a & Stanish et al. [4] ]
12 A O Chungetal. [6 412
P I iAAA A 9 s ]
1.0 410
5 2 °
<5 08 H o 4038
2 F 1 for y <1.5%
B 0or 1346 €% for y>15% & 7 00
8 I
04 | 104
£ oo
02 F 402
0.0 I P SRR NI RN R SR R R | 0.0

0 2 4 6 8 10 12 14 16

Corrosion level x (%)

Figure 2. Normalized bond strength R as a function of corrosion level y for experimental data of

flexural tests. Adapted from [31,32].
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The normalized bond strength R in Eq. (12) is defined as the ratio of the corrosion
affected bond strength (f»4 o) to the original bond strength (f4), see Eq. (13).

ot cor =R Jra (13)
Model Code 2010 (MC2010) [34] proposed a reduction of the bond strength of
corroded reinforcement in function of the corrosion-induced crack width w. In Figure 3,
the normalized bond strength R (in percentage) obtained from Eq.(12) and the upper and
lower limits proposed by MC2010 have been plotted against the corrosion crack width
for comparison. In Figure 3, Eq.(12) has been plotted in conjunction with Eq. (9) for

¢=30mm, 0=2 and ¢$=20, 25 and 32 mm.

Normalized bond strength R (%)

700} MC2010[34]
— Upper limit
i — Lower limit
80+
60+
40t
I Egs. (12) & (9)
i @32
20t @25 %
s @20 o._
0.5 1.0 1.5 2.0 2.5

w (mm)

Figure 3. Comparison of the model proposed by Barghava et al. [31,32] and MC2010 [34].

It can be seen in Figure 3 that the normalized bond strength given by Eq.(12) is almost
the same than the one proposed by MC2010 for w < 0.4 mm. For high degree of
corrosion, the limits established by MC2010 are considerably greater than the value
obtained from Eq.(12) whereas than for values of crack widths in the range 0.4 - 0.6 mm

Eq.(12) overestimates the residual bond stress respect of the MC2010. Without loss of
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generality, the expression for the normalized bond strength given by Eq.(12) has been
adopted here.

In the expression of the anchorage length given by Eq.(10), two parameters are
susceptible to be affected by corrosion: the diameter of the rebar and the bond strength,
which are reduced according to Eq.(3) and Eq.(13), respectively. The corrosion-affected

anchorage length, /54 .., can be obtained from Eq. (10) as:

Brorr Osdcorr
lbd,corr = %ﬂ (14)
f;Jd,wrr

where 0;4c0n<fya 1s the design stress of the reinforcing bar at the anchorage section but
affected by corrosion. From a structural point of view, the effect of corrosion can be
balanced by increasing the anchorage length [20] but this is not always possible. Such is
the case of D-Regions, in which the anchorage length /, is limited by the available
distance as it is shown in Figure 4. For this reason, the way which has been proposed
for estimating the loss of bond strength due to corrosion in D-Regions is by calculating
the maximum stress that the reinforcing bar can withstand with the actual anchorage

length, /, (see Figure 4), but in corroded conditions, oy, o (s€€ Eq. (15)).

Strut

Tie

Ly

Figure 4. Example of available anchorage length limited by the geometry of STM.

) 4
Gs,corr = Mln (¢_ bebd,wrr ’ f:vd J (1 5)

corr

10
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In Eq. (15) an upper limit has been imposed because the value of ;4.0 cannot be
higher than the yield stress of the reinforcement bar, f..

It should be considered that the bond strength loss considered in this section indirectly
supposed uniform corrosion. A safe assumption for the case of localized corrosion.

2.3. Softening effect in cracked concrete

Uncracked compressed concrete has exhibited higher compressive strength and stiffness
than cracked concrete in compression [35]. This effect, called compression softening, is
related to the principal tensile straing; and average tensile strain &3 (see Figure 5 (a) and
(b)). Both tensile strains form a right angle with the direction of the principal
compression strain & causing cracking. In the particular case of D-Regions, Tjhin and
Kuchma [36] stated that any disturbance in the struts significantly affects their capacity.
These disturbances include initial cracks, parallel or inclined, in the strut axis and

tensile transverse stress or strain (such as that produced by a crossing tie).

@ b,

Figure 5. Average strains in a cracked RC element. Example of D-Region (deep beam): (a) strain
perpendicular g and parallel & to the concrete strut axis; (b) average concrete strain at plane of

cross-section &;.
Corrosion-induced softening is mainly associated with the average tensile strain &;

(perpendicular to the principal compressive strain &, see Figure 5 (b)) produced by rust

11
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accumulation which causes longitudinal micro-cracks [7]. According to Coronelli and
Gambarova [7], the compressive strength of concrete affected by softening due to

corrosion cracking /. is given by the following expression:
SO =G (16)
where ., 1s a factor called softening coefficient defined as:

1

1+K 5 (17)
&

gcorr -

c0
In Eq. (17), K is a coefficient related to the roughness of the bar and its diameter
(according to Cape [37] K = 0.1 for medium-diameter ribbed bars) and & is the
concrete strain corresponding to the peak compressive stress f...

According to Coronelli and Gambarova [7], the strain &; can be calculated as:

(18)

b —b ,.
S

where b,, is the increased width by corrosion cracking (see example of a deep beam
cross-section shown in Figure 5 (b)). The increase of the width of a D-Region (b,, — b)
can be approximated by the sum of all the longitudinal crack widths w; formed during
the corrosion of the longitudinal reinforcing bars which intersect the strut.

2.4. Reduction of the concrete area

Rust products formed during the corrosion of reinforcement can cause internal stresses
on concrete due to its volume expansion. This internal pressure results in concrete cover
cracking, delamination and spalling [38-40] that reduce the concrete area.
Consequently, the effective dimensions of the RC element must be considered in order
to account for these effects.

Empirical formulations can be used to calculate the non-damaged cross-sectional area of

concrete. One of these empirical expressions is the one proposed by Higgins et al. [41]

12
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from which the effective width, b.y (see Figure 6), is obtained as function of the original
undamaged beam width (b), the concrete cover (c), the stirrup diameter () and the

stirrup spacing (s):

X =b—2(c+ )+5SS;_ if s,<5.5¢c

(19)
b, =b£(c+¢st ) if s, >5.5¢c

Py e ¥

A

Y ‘\

Figure 6. Plan view of concrete cracking due to corrosion.
In Eq. (19) all the dimensions are in inches (1 in=25.4 mm). Certain precautions should
be taken when using empirical formulations in order to guarantee their suitability for

each particular case.

3. Critical review of the struts design in the STM methodology

In the proposed method it is considered that the reinforcement layout is known when
evaluating the capacity of a particular D-Region. Consequently, the location of the ties
is initially defined. In order to determine the geometry of the struts and the nodes two
different criteria can be followed. In the first criterion the width of the struts is defined
supposing that they are working at the concrete strength capacity (§7.3.6.2 of the Model
Code 2010[34]). On the other hand, the second criterion does not explicitly account for
the struts dimensions based on that the struts are stronger than the nodes: "Since the
compressive stress will be highest at a node there is no need to investigate compression

elsewhere in the strut", from §C.5.8.2.2 AASHTO LRFD-8 [18].

13
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Following AASHTO methodology, nodes are designed according to purely geometrical
conditions: bearing dimensions, reinforcement location and depth of the compression
zone calculated in the interface with the B-Region. The AASHTO philosophy is backed
by the classical Kani's campaign [42] and the experience of the authors [43].
Nevertheless, the latest version of the AASHTO LRFD-8 Bridge Design (2017), with
respect to the previous version of 2012, has modified some of the nodal geometries and
has removed the criteria for the effective breadth of the struts.

A close look to the formulation proposed by MC2010[34] and Eurocode 2[14] reveals
that, except for one case, the reduced concrete compressive strength in struts is always
smaller than in nodes. In this sense no formulation should be needed but just the
AASHTO LRFD-8 assertion quoted above. The said exception is for the case where the
struts is located in an undisturbed uniaxial compression stress state or in a region with
transverse compression.

In view of the aforementioned two options can be taken for the assessment and design
of the struts dimensions: 1) suppose the dimensions suggested by AASHTO and check
that demanded stresses are smaller than the capacity or 2) suppose the dimensions

deduced from the capacity. The former has been taken in this work.

4. Capacity of the D-Region.

An example from Hernandez-Montes and Gil-Martin [44] has been taken to better
explain the procedure proposed for the assessment of the residual capacity of D-Regions
in RC structures. Figure 7 shows the reinforcement layout and the dimensions of the
nodes and the struts. These dimensions have been deduced according AASHTO LRFD-
8 [18]. A detailed explanation for a similar case can be seen in Martin and Sanders [45],

although they followed a former version of the same specifications.

14
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Figure 7. Reinforcement layout.

Figure 8 shows the Strut and Tie (S&T) model of the D-Region. The thickness of strut
CD is designed following the AASHTO description of CTT nodes, applied to node C.
Strut BE has been supposed to be centered at 8 cm from the top, so that the thickness of
strut BE is 16 cm. For a fixed value of P (see Figure 8) the thickness of strut BE can be
calculated, being the depth of the compression zone. As P is considered to be a variable,
strut BE thickness could be also a variable, nevertheless in the present work and without
loss of generality it has been considered as a constant. Thickness of strut BE and
geometry of tie EF define the thickness of strut DE. Geometry of the tie AD and
thicknesses of struts CD, DE and BE define thickness of strut BD. Geometry of support

A and thicknesses of struts BD define strut AB (see Figure 8).

8 cm

B E

F
N\ 7
A // N /
5cmL >>/\§ 59 cm
D

T /7

/ .
35 :
cm PN oV F /

! I5cm 20 cm 59 cm

Figure 8. S&T model of the example depicted in Figure 7.
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Solving the S&T model, the axial force N acting on each one of the strut or tie can be
expressed as a function of P, i.e. N=4d;P, being i the number of the strut or tie, see Table

1, where negative sign means tension and positive sign compression.

Table 1. Forces in the truss structure

AB AD BC BD BE CD CF DE EF

Axial Force
N=0.P (kN) 1.43P -1.02P -147P 0.72P 047P 2.07P -147P 141P -1.00P

4.1. Capacity evolution of the ties

The decay of the capacity of the ties is due to effects described in Subsections 2.1 (loss
of area of the rebar as function of the crack width w) and 2.2 (reduction of the bond
stress, function of w)of the present work.

Evolution of the capacity of the ties due to the loss of cross section as function of the

crack width (w) is calculated following the expression:

P(w)=N,(w/3,

N.(w)= fydAi,corr (w) — P(w) (20)

A, o (W) = (L= x (W) 4

The expression of the corrosion level y(w, 4;, @) is given by Eq. (9). For each one of the
ties the A, and ¢ are the initial values of both area and diameter of the reinforcement,
respectively. Because 4, and ¢ are constant y is only function of crack width w, i.e.
x(w).

Evolution of the capacity of the ties due to decay of the bond because of corrosion is
calculated supposing that anchorage length do not vary but the bond stress decreases
taking the value of fs.0». Anchorage of vertical ties (EF and BC) fulfils prescriptions
for anchorage of links and shear reinforcement (e.g. EC2 §8.5) so that deterioration of
bond is only considered for the AD and CF ties.

The evolution of the capacity due to both loss of cross-section and to bond deterioration

16
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of ties can be observed in Figure 9. The flatter part of the curves corresponding to AD
and CF ties shows the behavior due to the loss of cross-sectional area. The steepest part
of these curves corresponds to bond deterioration. Ties EF and BC show steeper curves
than the flatter parts of curves AD and CF because these reinforcing bars are of smaller
diameter, and the loss of cross-sectional area is greater for the same crack width.

It is assumed that concrete cover is 25mm and corrosion is uniform.

Capacity (kN)
350 ¢

300 &
Tie
EF
BC

250 ¢

200 ‘
Reduction of cross-

150+ sectional area
100 ¢ AD
/ CF
500 Bond deterioration
0 s s s s s s s w (mm)

00 02 04 06 08 1.0 12 1.4
Figure 9. Loss of capacity of the ties as function of crack width.

If the thickness of the crack w is supposed to be constant for the entire D-Region, Figure
9 shows that the decay of the capacity is due to the reduction of the cross-sectional area
of tie BC up to a w=0.4mm. Beyond this value, the decay of the capacity is due to bond
deterioration of tie CF. Figure 9 can also be used if different values of w are considered
for each tie of the D-Region, what supposes a greater precision in the application of the
method.

4.2. Capacity evolution of the nodes and struts

Table2shows the classification of each node and thickness of its most stressed side.
According to the AASHTO LRFD-8 recommendations, nodal check is enough to verify
both nodes andstruts. The thickness of the most stressed side times the breadth and the
effective compression strength gives the capacity of both node and strut.

According to Eurocode 2[14], the maximum stress applicable to the edge of the nodes
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depends on the type of node:

vf., for CCC node
Oramax = KU,y =70.850f,, for CCT node @1)
0.75vf,, for CTT node

In Eq. (21) v=1 —f4/250, being f.; the characteristic compressive strength of concrete

and f.;=f.+/y., being y. the partial safety factor for concrete.

Table2. Nodes characteristics

A B C D E F
Thickness of the most 100 136.8 150 136.8 160 2206
stressed side (mm)
Forceactingin themost | ) p 1 43p o g7p 2.07P 1.41P 1.41P
stressed side
Type of node CCC CCT CTT CCT CCT CTT

The corrosion process produces a decay in the compressive strength of concrete due to
softening and a reduction to the breadth of the struts because of the spalling of the
cover. The first is expressed as function of the crack width while the second is
considered to be a constant (Figure 6). Figure 10shows the capacity of the nodes as

function of the crack width.

Capacity (kN)
800

600 \\IOde
400 \

200

0 w (mm)
0.0 0.2 04 0.6 0.8 1.0 1.2 14

Figure 10. Loss of capacity of the nodesas function of crack width.
Comparison of Figure 9 and Figure 10 shows that in the studied case (D-Region in
Figure 7) the capacity of the struts and nodes are always greater than those

corresponding to the ties.
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5. Experimental example of the proposed approach

In order to check the proposed model an experimental campaign from relevant literature
has been analyzed. In Azam and Soudki [22,46] four RC deep beams with corroded
longitudinal reinforcement were tested up to failure in three point bending. Deep beams
are RC beams with a shear span to depth ratio (a/d) lower than 2.5. Design codes such
as EC2 [14], AASHTO LRFD-8 [18]and ACI-318 [15]recommend S&T model for the
design of RC deep beams because the arch action has a considerable contribution to its
structural behavior. Two of the beams of the experimental campaign carried out in
[22,46] have not transverse reinforcement (L specimens). The other two beams (LS
specimens) have epoxy coated transverse reinforcement to prevent them from corrosion.
Relevant information such as corrosion crack widths, dimensions of the support and
loading plates and reinforcement detailing have been carefully examined.

The S&T model adopted is shown in Figure 11. In Figure 11, the dimension of the strut
at the nodal zones of both the support and the loading plate are computed based on
AASHTO LRFD-8 prescriptions. The capacity of each nodal zone is computed
according to Eurocode 2 (see Eq. (21). Because the aim of the study is the assessment of
the residual capacity of the D-Region, a partial safety factor for concrete equal to one is
adopted (i.e. y~=1). The properties of the RC deep beams are the following [22,46]:
shear span a = 500 mm, effective depth d = 307.5 mm, concrete cover ¢ = 30 mm, beam
depth # = 350 mm, beam breadth b = 150 mm, width of support bearing plates/; = 62.5
mm, width of the loading plate /,= 100 mm, available anchorage length /; ., = 584 mm,
concrete strength f. = 47.3 MPa (authors have considered it to be the expected, or mean,
value of the concrete compressive strength), longitudinal reinforcement 2-25M bars (g=

25.2 mm) and f,= 400 MPa.
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Figure 11. Dimensions of S&T model employed to model the behavior of a RC deep beam. (a) S&T
model, (b) strut anchored by bearing and reinforcement and (c) strut anchored by bearing and

strut.
The residual capacity of the corroded deep beams was estimated following the
procedure shown in the previous section. The values of both experimental, P, and

predicted, P, residual capacities of the four deep beams are in Table 3.

Table 3. Comparison of predicted and experimental residual capacities of RC corroded deep beams

presented in [22,46].

Specimen Peor(kN) P, (kN) P/ Peoyr
L-5% 413.24 476.40 1.15
L-7.5% 355.23 476.17 1.34
LS-5% 413.24 386.17 0.93
LS-7.5% 362.52 422.85 1.17

Figure 12 shows the loss of capacity of the tested specimens, notice that the only
variation among the four beams is the level of corrosion, having the same geometry and
reinforcement layout. The capacity of each component of the D-Region is shown as
function of the crack width w. It can be seen that the decay of the capacity of the RC

deep beam is due to the degradation of node 2 of the S&T model (see Figure 11 (a)).
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The residual capacity of each corroded deep beam is computed following the proposed
procedure. Let us consider for instance the specimen L-7.5%, shown by a circle in
Figure 12. From the corrosion cracking map [46] two crack widths have been taken to
evaluate this specimen: crack width at midspan w, = 1.5 mm and crack width at the
supports nodal zone w, = 0.35 mm. These values are the equivalent crack widths
corresponding to both reinforcing bars obtained as it is indicated in Figure 13.The
capacity of the beam as function of the reduction of cross-sectional area of the tie (see
circle with 3 in it in Figure 12) is calculated considering the crack width at midspan w,,.
On the other hand, the capacity of the beam depending on both, bond deterioration of
the tie (see circle with number two in it in Figure 12) and capacity of node 2 (see circle
with 1 in it, in Figure 12), have been estimated accounting for the crack width at the
supports nodal zone w,. Note that zone 1 is not affected by corrosion. Finally, the
residual capacity of the corroded RC deep beam (specimen L-7.5% ) corresponds to the
minimum of the values defined by circles 1, 2 and 3 of Figure 12 (in this case
P.0»=355.23kN, corresponding to circle 1).The same procedure was applied for the rest

of the specimens (see Figure 12).

. Tie
C ty (kN
21())201,}]( ) Reduction of cross-sectional area —
s Bond deterioration — —
L1 L-5%
O L-7.5%
[ ----—::::=.- A LS — 5%
2001 Strut LS -7.5%
[ Node 1 (CCC) —
0 S R w (mm)

Figure 12. Loss of capacity of the RC deep beams as function of crack width.
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Figure 13. Computation of the equivalent crack width in the tie composed by two reinforcing bars.
According to Azam and Soudki[22,46]the experimental failure mode of the four
corroded deep beams considered in the study was splitting of the strut.Because in the
observations of the mentioned campaign [22,46]the bearing face of node 2 was neither
observed nor considered, in this work nodes are only checked at the interface with the
struts. No tension failure (bond or area reduction) of the corroded tie was observed in
any of the tests in [22,46]. This is due to the good initial anchoring conditions of the
longitudinal reinforcement. Table 3 shows that the predicted failure modes and values
correlated very well with the experimental ones.

Relationships between crack width and corrosion level are used only in two degradation
phenomena: the reduction of the bond strength and the reduction of cross-section area of
the reinforcing bar. Due to this fact, differences may appear when considering the crack

width or the level of corrosion.

6. Conclusions

A general procedure for the assessment of the residual structural capacity of D-Regions
in RC structures affected by corrosion is proposed. The residual capacity is evaluated
for monotonic loading. This method takes into account the reduction of the bond

strength, the reduction of area of the reinforcing bar cross-section, the cracking of the
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concrete cover and the softening of concrete due to corrosion of the reinforcement. The
necessary inputs for the implementation of the proposed procedure are expressed in
terms of parameters that are obtained by Non-Destructive Tests and/or by visual
inspection. The most important inputs of the method are the concrete corrosion-induced
crack widths and their distribution, which can be easily obtained by a detailed visual
inspection of the RC structure.

The anchorage length is a constant value in D-Regions and it cannot be increased. For
this reason, the effect of the deterioration of bond strength between steel bars and the
surrounding concrete has been taken into account by reducing the maximum tensile
stress of the reinforcing bars. The worth of the method has been evaluated through its
application to a real experimental campaign obtaining good similarities between the
experimental and the predicted results. In addition, the computation of the residual
capacity of a corroded RC half-joint has been developed with high detail. The proposed
methodology can be considered as a good tool to assess the residual structural capacity

of D-Regions of RC structures affected by corrosion.
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