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Received 12 February 2020 Abstract: The present Work simulates and e.malyzes numerica!ly two one-way walls (OW) wi_th a cer}tfal
Accepted 30 May 2020 unforeseen cut—out—openmg, which were prev101_151y tested experlmentally. The models are b_ased in th.e Finite

Element Method and consider nonlinear behavior of the concrete material, such as hardening/softening and
fracture. The first wall model was analyzed without any type of strengthening whereas the second one was
strengthened using externally bonded CFRP along the opening edges. The strengthening modeling process
was discussed through three different approaches suitable for unidirectional CFRP wrap. Load results were
presented with load-displacement and load-strain curves that evidenced the flexural behavior of these
structures. The crack pattern and failure mode observed showed good agreement with reported literature. The
CFRP strengthening presented a small influence in the load capacity for big opening size.
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Resumo: O presente trabalho simula e analisa numericamente duas paredes de uma dire¢do (UD) com
abertura nao prevista, as quais foram testadas previamente de forma experimental. Os modelos se baseiam no
Método de Elementos Finitos e consideram o comportamento ndo linear do concreto, como o
endurecimento/amolecimento e fratura. O primeiro modelo de parede foi analisado sem reforgo estrutural,
enquanto o segundo foi refor¢ado com PRFC colado externamente envolvendo a abertura. O processo de
modelagem do reforgo ¢ discutido através de trés diferentes abordagens que sdo adequadas a tecidos
unidirecionais de PRFC. Os resultados de carga sdo apresentados em graficos carga-deslocamento e carga-
deformagdo que evidenciam o comportamento a flexdo desses elementos. O padrao de fissuragdo e modo de
ruptura observado mostra boa concordancia com o reportado na literatura. O refor¢o com PRFC apresentou
uma pequena influéncia na capacidade de carga para a maior abertura.
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1 INTRODUCTION

Reinforced concrete structures are subjected to the creation of openings for different purposes. When this change in
the element's continuity is foreseen on the original project, it is usually employed additional steel bars near the openings,
intended to strengthen the structure. However, there are cases in which the openings are not anticipated. The cut-out
openings are referred to the removal of both concrete and reinforcement after the wall was casted, thus limiting its
strengthening possibility.
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In general, cut-out openings are a result of incompatibilities between projects (mechanical, electrical, and
plumbing), construction faults and architectural modifications to adapt existing structures to the users' needs and current
standards. According to Popescu et al. [1], in recent years, there has been increasing interest in enlarging spaces by
connecting adjacent rooms through creating openings in existing solid walls.

Walls can be constructed with various support conditions that influence its deflected shape, crack pattern and
strength when an axial load is applied. There are two wall types related to the support condition (see Figure 1). The
panel can be restrained at the top and bottom only, behaving in one way (OW), or it can also have lateral side restrains,
behaving in two-way (TW). Ho et al. [2] described OW walls as elements that deform along the loading direction
showing a single curvature. In contrast, TW walls deform along with both the horizontal and vertical directions with
double curvature, commonly encountered in core walls of high-rise buildings.

One-way (OW) Two-way (TW)

Restraining member

£
E

crack pattern - - - deflection shape

Figure 1. One-way and two-way behavior of axially loaded RC walls. Adapted from Popescu et al. [11].

The structural behavior of wall panels has been subject of numerous experimental and numerical studies. Saheb and
Desayi [3] and Doh and Fragomeni [4] focused in provide more reliable and accurate wall design equations based in
experimental tests. Robinson et al. [5] evaluated design methodologies applicable to pre-cast RC panels and concluded
that current design equations underestimated the load capacity of slender RC walls. Fragomeni et al. [6] showed that
the RC wall design equation given in the ACI 318 [7] code fails to recognize any contribution to load capacity from the
side restrains in TW walls.

There are two main methods of designing reinforced concrete walls (RC walls) found in standards codes: (1) a
simplified design method and (2) column-theory based method. The simplified methods are based on empirical
formulations obtained through experimental tests and are found in CSA A23.3 [8]; AS 3600 [9]; ACI 318 [10].
Although the easy and direct application, this method lacks a more generalized scope once it results from experimental
adjustments. The methods based in the column theory comprises a more refined calculation considering stress-strain
compatibilities and the equilibrium of the element cross-section. The column-theory based method represents a viable
alternative that provides more accurate results according to Popescuetal. [11] and can be found in
ABNT NBR 16055 [12] and EN 1992 [13]. In the case of RC walls with cut-out opening, no straightforward methods
to evaluate the ultimate capacity was found in standards codes.

Saheb and Desayi [14] reported the first systematic study of concrete walls with openings, tested in OW and TW
action that investigated the influence of various parameters on the ultimate load. In their study, the authors introduced
Equation 1 to calculate the new load capacity P, after the creation of an opening. This equation considers the position
and size of an opening in the wall by means of the coefficient a, which is obtained according Figure 2. The constants
ki and k; advent from the linear adjustment of experimental results, whereas P<,. is the ultimate load of an identical
panel without opening computed following the ACI318 [10].

e = (kj =k ) By, (D

uoc

Recent research has shown that the strength of these panels can decrease dramatically as a function of the size of
the opening (Guan et al. [15]; Doh et al. [16], Popescu et al. [1]). Consequently, modifications have been made in
empirical formulas to consider the presence of the opening that assumes a linear relationship between the reduction in
the wall strength and the opening size.

Rev. IBRACON Estrut. Mater., vol. 14, no. 1, 14108, 2021 2/18



M. A. Silva, R. A. S. Diaz, L. C. Almeida, and L. M. Trautwein

I Gl _G2_ G3 '
o ® [ | F
- f
. Lt, L
& A G1, center of gravity of the panel with opening;
-1 Gl* G2e¢ | G3* -A G2, center of gravity of the panel without opening;
G3, center of gravity of the opening

a, distances between the centers of gravity of panels
. L, » with and without opening;

L, lenght of the panel;

L, lenght of the opening;

L t, thickness of the panel.

Figure 2. Opening parameter a for the method proposed by Saheb and Desayi [14].

Strengthening methods have been employed to recover load capacity in cut-out opening walls. There are traditional
methods to strengthen wall panels, such as increase element thickness and to create a frame around the opening using
reinforced concrete [5]. The difficulty of execution associated with the materials weight and time consuming are the
main disadvantages of these two methods. Carbon fiber reinforced polymers (CFRP) have presented as alternative
strengthening material and become common in civil engineering as available rehabilitation method on several types of
structures. Hansen et al. [17] highlight that CFRP advantages lie on the low weight to high strength ratio, good
mechanical properties, and the easy application techniques.

Nowadays, we evidence a lack of procedures about how calculating the amount of CFRP needed to strengthen cut-
out opening walls and predict its update load capacity. Enochsson et al. [18] introduced a rational method to obtain the
CFRP cross-section area to strengthening RC walls with cut-out opening. The method was originally proposed to
strengthen RC slab and is based on BBK04 [19] recommendations. However, it has been used in experimental studies
of RC walls (Lima et al. [20], Mohammed et al. [21]).

Mohammed et al. [21] performed a series of experimental tests in OW wall panels to predict the ultimate load of
strengthened walls. As the outcome of their research, the authors presented a formulation to predict the ultimate load
adjusted to CFRP strengthened walls with opening. Additionally, they noted that when CFRP was placed on 45° at the
opening corners, load capacity was higher than when it was placed along the opening corners. Also, the strengthening
efficiency was reduced when the opening size increase.

Numerical studies have assisted in understanding the behavior of strengthened wall panels better. However, they
considered a perfect rigid connection between concrete and CFRP. This paper presents different aspects of numerical
modeling strengthening, considering the interface between materials. In addition, it contributes to showing the structural
behavior of strengthened OW wall through load-displacement and load-strain curves. The developed models used as
reference the experiments reported by Mohammed et al. [21].

2 EXPERIMENTAL

The studied RC walls were tested by Mohammed etal. [21] and their dimension was 800x400x40 mm
(heigh:length:thickness), supported by two hinged steel plates with 20x400x40 mm located at its top and bottom edges.
In the walls center was created an unforeseen cut-out-opening without additional reinforcement bars. Two tested
specimens were identified by WO4a and WO4b (strengthened) in which the nomenclature refers to the opening size
and the belonging wall series. One layer of reinforcement was placed centrally within the wall cross-section mainly to
avoid offset creep and shrinkage effects in the concrete. It was composed of 5 mm diameter steel bars in each direction
with a spacing of 60 mm. The average yield strength was 478 MPa and elastic modulus of 205 GPa.

In the wall WO4b, strengthening was provided by externally bonded (EB) CFRP unidirectional wrap bonded along
the opening in both faces. The average value of concrete strength was measured at the age of testing the wall panels
using cube specimens. For these walls, the concrete compressive strength was 19.73 MPa on WO4a and 18.83 MPa on
WO4b. The cylinder compressive strength was assumed 80% of cube compressive strength. Tensile strength (f;) was
estimated by the mean value of the three cylinder splitting tests and adopted equal 1.46 MPa. Modulus of elasticity (£)
and Poisson (v) ratio of the concrete cylinder were 21 GPa and 0.21, respectively. The wall panels were tested using
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one 30-ton hydraulic jack that transmitted a uniformly distributed load across the top support plate through a 20 mm
diameter steel bar at an eccentricity of t/6.

Figure 3 illustrates the RC walls studied in this paper. The experimental tests provided the load capacity, crack
pattern and failure mode of the wall panels. Full details of the reference models can be found in Mohammed et al. [21].
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(a) WO4a (b) WO4b
Figure 3. Dimensions, rebar layout and CFRP strengthening of the experimental RC walls.
3 NUMERICAL MODEL

The nonlinear finite element software ATENA Studio (version 5) and GiD (version 10) were used in the present
study to investigate the behavior and ultimate strength of two RC wall structures. In these finite element programs, the
constitutive relationships implemented can simulate the behavior of reinforced concrete structures, including cracking,
crushing and reinforcement yielding. GiD was used as a pre-processor of the numerical simulation where the models
were built and input files for ATENA were created. Afterward, post-processing analysis was carried out in ATENA,
which provided deformed shape, stress and strain diagrams.

The present study is based on the two experimental wall panels: WO4a and WO4b (strengthened). Nomenclature
adopted in the developed models was kept equal experimental, but information about the employed mesh type was
added as suffix part.

Loading and support plates of 20 mm thickness and 400 mm width were modeled at the load application and reaction
lines. Elements CClsoTetra simulated the steel profiles employed to prevent premature failure due to high stress
concentration in the concrete. Maximum element dimension was set 40 mm. Contact connection between plates and
the concrete was considered perfect bond without the possibility of slip.

The wall geometry was equal to experimental and the model was divided into CClsoBrick elements. This element
combined with constitutive material allows for plastic deformation, cracking in three orthogonal directions, and
crushing. The most important aspect of this element is the treatment of nonlinear material properties Pizzocchero [22].

Reinforcement was modeled as discrete elements (CCIsoTruss) positioned in the wall middle plane. The bars
presented uniaxial behavior in their own direction governed by a bi-linear stress-strain curve with mechanical properties
set equal to the experimental test. The bars diameter was 5 mm with average proof yield strength of 478 MPa and
modulus of elasticity of 205 GPa. A perfect bond condition was considered between the concrete and the reinforcement,
so dowel effect was neglected.

For the solution of the nonlinear iteration problem, an iterative Newton-Raphson method was chosen, where the
load was applied incrementally. Convergence parameters used to obtain the solution for each load increment was set
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1%, 1% and 0.01% corresponding to the displacement, residual force, and energy errors, respectively. A controlled
vertical displacement (0.8 mm) was divided into load steps (100), which acted on an eccentric line in the top plate.
Monitoring points measured displacements and strains at points of interest that are presented in the results.

Figure 4 illustrates a typical wall model and its boundaries conditions. These conditions and the loading scheme
were imposed in accordance with the experimental test. The bottom plate had a support line that prevented z and y
displacements and kept free rotation around the x-axis, whereas the top plate had a loading line that prevented z
displacement. The positions of the loading line and bottom support line were set to match the eccentricity associated
with the experimental tests.

Incremental

displacement z-axis restrained
y-displacement

o o
o <
z
v 40
.
.
I » | z-axis and y-axis

l o230 l
400

Figure 4. Typical model developed of OW wall.

restrained

The constitutive model that simulated the concrete was CC3DNonLinCementitious2, which is fully incremental and
capable of reproducing material and geometrical nonlinearities, both considered. It combines constitutive models for
tensile (fracturing) and compressive (plastic) behavior illustrated in Figure 5. The fracture model is based on the
classical orthotropic smeared crack formulation and crack band model. It employs the Rankine failure criterion,
exponential softening, and it can be used as rotated or fixed crack model. The hardening/softening plasticity model is
based on Mentrey-Willam failure surface Cervenka et al. [23].

Some parameters that were not determined experimentally were calculated using the fib Model Code 2010 (2013)
equations and GiD recommendations (see Table 1.) Basic parameters were maintained equal to experimental values.
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Figure 5. Fracture-plastic constitutive model of the concrete. Adapted from Cervenka et al. [23].

Table 1. Constitutive relation of the concrete material.

Compressive strength (MPa) fe=-0.85 feu
g Tensile strength (MPa) £i=03f23
Elastic modulus (MPa) E=21500 (f/10)'”
Onset nonlinear behavior (MPa) foo=-2.1f
- Plastic strain ep=fcl E
g Fracture energy (N/m) Gr=T73f. 018
© Critical compressive displacement (mm) wa=0.5
Compressive strength reduction Ferea=0.8

3.1 Mesh models

Initially, the concrete mesh was investigated on the non-strengthened wall (WO4a) using 12 different meshes that
were divided into linear and quadratic groups, each one with six models with particular solid elements in the analysis.
Linear group was discretized by CClsoBrick elements of eight nodes, while quadratic group used the same elements
but with 20 nodes. Six mesh configurations were tested in each group, which were named A (fine mesh) to F (coarse
mesh). As an example, the model WO4a-F corresponds to the non-strengthened wall where mesh type F is adopted in
the concrete.

Taking the WO4a-C model as reference, a second analysis was performed for the strengthened model (WO4b) using
three different mesh types of mesh for the CFRP discretization, varying between meshes 1 (fine), 2 (medium) and 3
(coarse). As an example, the model WO4b-C2 indicates the strengthened wall where mesh type C is adopted in the
concrete and mesh type 2 in the CFRP. Table 2 presents the geometric properties of the meshes analyzed.

The use of solid elements with linear approximations is susceptible to the so-called locking effect that arises mainly
in bending-dominated situations and in the limit of incompressibility Reese et al. [24]. Thus, the developed models

Rev. IBRACON Estrut. Mater., vol. 14, no. 1, 14108, 2021 6/18



M. A. Silva, R. A. S. Diaz, L. C. Almeida, and L. M. Trautwein

used four elements along the wall thickness to reproduce properly the bending/buckling through vertical load and to
reduce the locking effect.

Table 2. Finite element model meshes.

Element Mesh type 1t w h
WO4a-A 10 10 10

WO4a-B 10 20 20

WO4a-C 10 30 30

WO4a-D 10 40 40

WO4a-E 10 50 50

WO4a-F 10 60 60

WO04b-C1 - 10 10

WO4b-C2 - 20 20

WO4b-C3 - 30 30

! finite element dimension in millimeter; ¢, thickness; w, width; 4, height

3.2 Strengthening modeling

3.2.1 CFRP

Three strengthening approaches were studied in this paper, all of them can represent the orthotropic nature of CFRP
wrap with unidirectional fibers correctly. Experimental results were used to validate numerical models in terms of
ultimate strength, crack pattern and failure mode. The ultimate strength represented the maximum load that the model
was able to resist.

The first approach modeled CFRP as 2D membrane elements with composite material properties. This type of
element works in-plane stress state and can reproduce compression and tension effects. However, it did not consider
strengthening flexural stiffness. The material CCCombinedMaterial allows combining a brittle material with internal
reinforcement. This is exactly the situation in the CFRP wrap, which consists of a brittle epoxy resin and a carbon fiber
reinforcing net. The carbon fibers are considered as smeared, thus only its average effect is treated.

The second approach used 2D shell elements that accounts for the bending stiffness of CFRP wrap. Nevertheless, a
major contribution of this effect was not expected due to the small thickness of the wrap (1mm). Epoxy resin can use
the fracture-plastic material CC3DNonLinCementitious2 as the basic shell material and the carbon fibers are included
as special reinforcement layers. This approach requires the carbon fibers position, which in this case, was in the middle
of the element thickness.

Finally, 3D shell elements were used to model CFRP. These elements are particularly useful for structures that
combine solid 3D elements and shell elements because they do not imply any additional shell kinematic constraint that
would harm an adjacent 3D solid element. They are designed for bent shells and to analyze these structures. They
require far fewer finite elements compared to a similar analysis using standard hexahedral elements.

All the above cases need mechanical properties of epoxy resin and carbon fibers that may be difficult to find.
Tables 3 and 4 contain the wrap parameters used in this paper. Some of them were found in manufacturer catalog Mapei
[25] while others estimated according to Sajdlov [26].

3.2.2 Interface

A possible failure mode of a reinforced concrete element strengthened in flexure with externally CFRP occurs in
the boundary area between fiber and matrix, a so-called peeling failure, which causes the fiber to slip from the
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surrounding matrix Taljsten [27]. In this case, it is necessary to include interface connection on strengthened models
considered as contact volume with zero thickness.

Table 3. Mechanical properties of epoxy resin.

Epoxy resin

/. (MPa) 65 Gr (MN/m) 100
£ (MPa) 30 eep (%) 0.084
E (MPa) 2500 f:0 (MPa) 40

Table 4. Mechanical properties of CFRP.

Epoxy resin
1y (MPa) 4800 ecu (%) 2.1
E (GPa) 230 p (%) 0.167

The present work used CClsoGap elements to simulate the interface between the concrete and the CFRP. The
discretization of these elements required compatible finite element meshes, therefore the boundary surfaces
(concrete/CFRP) need to have coincident nodes to make interface use possible. The strengthened models had elements
with different mesh sizes at the interface edges. Thus, it was necessary to create an auxiliary surface with identical structure
as the CFRP to match the nodes. A perfectly rigid connection was admitted between the concrete and this auxiliary surface
while interface connected the auxiliary surface and the CFRP wrap. This procedure is illustrated in Figure 6.

Identical structure

Concrete
(CClsoBrick)

Auxiliary surface Interface CFRP wrap
(CClsoGap) (CClsoQuad)

Figure 6. Strengthening process of the developed models.

The constitutive material for interface element (CC3DInterface) is illustrated in Figure 7, which is based on Mohr-
Coulomb criterion with tension cut-off. The relation for a general two-dimensional case is given in terms of tractions
on the interface planes, relative sliding and the opening displacements. Parameters as tensile strength (f;), shear cohesion
(c) and friction (m,) describe real physical properties and can be obtained by pull-off tests, single and double direct
shear tests, among others. Otherwise, they may be estimated according to Sajdlov [26].

The coefficients K, and K, denote the initial elastic normal and shear stiffness, respectively. Normal and tangential
stiffness can be estimated based on the stiffness of the adjacent finite elements. There are two additional stiffness values
that need to be specified in the ATENA input denoted as K, mi» and K, i, that are required for numerical purpose. These
values are used only after the failure of the element to preserve the positive definiteness of the global system of
equations. Theoretically, after the interface failure, the interface stiffness should be zero, which would mean that the
global stiffness would become undefined. This minimal stiffness is recommended to be about 0.01-0.001 times the
initial stiffness according to Gholamhoseini (2018). The values of interface parameters adopted in developed models
are presented in Table 5.
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Figure 7. Constitutive model of interface element. Adapted from Gholamhoseini [28]

Table 5. Interface constitutive parameters.
_ Cohesion, ¢ (MPa) 0.110
8 Friction, . 0.300
Tensile strength, f; (MPa) 0.370
Gl Normal stiffness, Kun (MN/m?) 7.108
5 Tangential stiffness, Kiv (MN/m?) 7.10°
g Normal residual stiffness, Kymmin (MN/m®) 7.104
Z Tangential residual stiffness, Kimin (MN/m?) 7.104
4 RESULTS

4.1 Mesh sensitivity

Non-strengthened wall (WO4a): Table 6 presents a summary of the ultimate load obtained from the finite element
mesh analysis (P,”") and the comparison with ultimate experimental load (P,*?) and theoretical prediction (Py..°) using
Equation 1. The structural behavior was investigated through load-displacement and load-strain curves obtained from
monitor points. Figure 8 shows the displacements and strain measured in linear (8-nodes) and quadratic (20-nodes)
models before the ultimate load is reached.

Table 6. Ultimate loads obtained from non-strengthened models with 8 and 20 nodes elements.

8-nodes element

20-nodes element

Mode RN gk e B (kN) e e
WO4a-A 53.44 0.73 1.01 49.93 0.68 0.94
WO4a-B 55.21 0.75 1.04 49.18 0.67 0.93
WO4a-C 57.53 0.78 1.08 48.63 0.66 0.92
WO4a-D 59.78 0.81 1.13 48.32 0.66 0.91
WO4a-E 64.33 0.87 1.21 47.83 0.65 0.90
WO4a-F 68.25 0.93 1.28 47.66 0.65 0.90

Mean 59.75 0.81 1.13 48.59 0.66 0.92
Std. dev. 5.62 0.08 0.11 0.85 0.01 0.02

IpeP —737kN ; 2P, = 53.1kN , calculated according Equation 1.
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It is noted in Table 6 linear elements had load capacity ranged between 73% and 93% of experimental results.
However, when the numerical result was compared with theoretical, computed with Equation 1, the ratio of the ultimate
loads was non-conservative and varied between 1% and 28%. In general, linear models also obtained higher loads when
compared with quadratic elements models. Model type WO4a-F (coarse mesh) was the one which most fitted
experimental result and achieved 68.25 kN. Besides that, ultimate load increased proportionally to element dimension
in linear models. Figure 8a shown finer meshes had the out-of-plane displacement (D1) increased which resulted in less
stiffness models. On the other hand, coarser meshes presented a brittle behavior caused by the crack opening inside the
element. Due to high mesh dependence obtained, linear models (8-nodes elements) were dismissed for the other
analyses.

120 120
—@— W0da-A —@— WOda-A
—— W04a-8 —— WO4a-8
-— WO4a-C —aF— W04s-C
100 —4—woaaD 100 —4—Wosa0
WO4a-E WO4da-E
WO4da-F WO4da-F
80 x 80 Exp
Eq. (1) Eq. (1)
z z
1= vl Z2 g [
hel b=
@ \ s | 1 _ ! ___ 1 ___l_ \ -
o Q
o ‘ pou /'_? Dl
o |3 40+ o1 1
v
l 20/ l
t L t
ol
6 8 10 12 0 2 4 6 8 10 12
D1 [mm] D1 [mm]
(a) 8 nodes (b) 20 nodes

Figure 8. Out-of-plane displacement of non-strengthened models for different mesh sizes.

Quadratic models (20-nodes) presented low dependence of the element discretization on the structural behavior.
The ultimate loads of the numerical models were practically constant and ranged 65-68% of experimental. Furthermore,
the numerical models' results showed reasonable agreement with theoretical load (Equation 1), in which the ratios
varied between 90-94%. The behavior was different of linear group because the fine mesh (WO4a-A) obtained higher
capacity.

Despite of the lack of experimental data regarding the stiffness of the wall in Mohammed et al. [21] and
Mohammed et al. [31], the out-of-plane displacement (D1) of the numerical models was approximately 4 mm and all
models showed similar stiffness (Figure 8b). The mesh type of WO4a-C with quadratic elements was chosen for the
strengthened models analysis, when considering the reasonable agreement between the ultimate load of numerical
models and theoretical prediction, and also the crack pattern by the time ultimate load was reached in the numerical
models.

The Table 7 presents the load results of strengthened models (WO4b). CFRP mesh discretization did not
cause a significant influence on model strength. It was possible to have a better understanding of stress and
strain distribution on CFRP when fine mesh type WO4b-C1 was used, provided by the elevated number of
elements. Besides that, the computational cost, in this case, was significantly increased and took approximately
four hours to complete analysis, whereas coarse mesh consumed a few minutes. The coarse mesh WO4b-C3,
however, violated conditional break criteria of force equilibrium when modeled with membrane and 3D shell
elements. The ultimate load remained among 61-63% of experimental. Lima et al. [29] obtained similar results
(64%) using software ABAQUS, however, the authors used a perfectly rigid connection instead of interface
elements in contact with concrete/CFRP.

Table 7. Ultimate load results of the three approaches used to model CFRP strengthening.

Model Membrane 2D shell 3D shell
Puo"™(kN) Puo""(kN) Puo""(kN)
WO4b-Cl1 51.73 50.15 50.23
WO04b-C2 51.51 50.17 50.15
WO04b-C3 35.98 50.17 50.27

2P, = 82 kN
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Figure 9 shows the load-strain curve of different approaches used to simulate strengthening. Monitoring points G1,
G2 and G3 used to record strain were placed 5 mm inside the wall to avoid interference with external CFRP. In general,
all strengthened models presented similar behavior and load capacity. Monitor G1 recorded the horizontal strain in the
opening middle span. Figure 9a shows the load interval (30-35 kN) where two vertical cracks appeared near the opening
edges and caused a reduction of the horizontal tension strain. Monitors G2 and G3 were fixed at the same localization
but on opposite faces of the wall, in a way that one should be in tension and the other in compression, respectively. The
vertical strain recorded by these two monitors are presented in Figure 9b and 9c. It is possible to note that, by the time
the ultimate load was reached, the horizontal cross-section of 3D shell model was predominantly compressed. The G2
monitor of 3D shell model showed 0.07 tension strain which is small when compared with the membrane and 2D shell
models, 0.20 and 0.30, of tension strain, respectively. Hence, the compression in the 3D shell model was higher than in
the other two models and the neutral axis was near the tension face, which could be explained by the admission of the
flexural stiffness of these elements. The G3 monitor showed that when the ultimate load was reached, the maximum
compression strain was 0.15%;thus, the concrete did not crushed at this point.
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Figure 9. Load-strain behavior of strengthened models.

4.2 Assessment of eccentricity in the ultimate load

The load eccentricity has a significant influence on the strength capacity of RC walls affecting the ultimate load and failure
mode (ElMetwally et al. [30], Doh and Fragomeni [4]). Experimental tests reproduced in this paper handled eccentricity in
the order of millimeters, which may be difficult to control. Using its experimental value (6.66 mm), the developed models
obtained the ultimate loads presented in Tables 6 and 7. These results were lower than ones in experimental tests, therefore a
parametric study was made with varying load eccentricity to investigate its influence on load capacity.
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New numerical models were executed, varying the load eccentricity of WO4a-C and WO4b-C1 (CFRP
strengthened, membrane elements). The eccentricity was varied from 2.6 mm to 6.6 mm (experimental), with
increments of one millimeter. The load-strain behavior of these models is presented in Figure 10.
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Figure 10. Effect of eccentricity on the structural behavior of the models.

As the loading line approximates the wall middle-plane, compression overcomes flexural behavior in models with
and without CFRP strengthening. In the present work, the eccentricity e> (4,6mm) was the limit in which, below it, the
cross-section was entirely compressed at ultimate load.

The best fit of ultimate load (99% of experimental) occurred when eccentricity was equal to 2.6 mm (e4), which
means 4 millimeters change of experimental report. Thus, the horizontal cross-section in the wall center was entirely
compressed for small eccentricity (e,=2.6 and e3=3.6 mm) and showed also tensile strain for larger eccentricity (e,=5.6
and e;~6.6 mm) (see Figure 10).

To investigate the divergence in the final load, an analytical approach based on ultimate limit state was applied. The
two column strips were joined, and the resulting cross-section used to evaluate the resistance of the wall WO4a. It was
assumed that the resulting cross-section is mostly subjected to the normal force and uniaxial bending. Thus, a moment-
force interaction diagram (see Figure 11) was constructed with the resistances of the materials obtained in the tests and
a parabolic-rectangular for stress concrete distribution in compression. In addition, Figure 11 shows the bending
moment due to the numerical ultimate load (P,"™) considering the initial eccentricity 6.6mm (1st order effect) and the
deflection D1 (2nd order effect); and also the rupture point that occurred in the post-peak. Despite the ultimate load and
the bending moment due to the 2nd order effect is near the cross-section's strength limit, the numerical model did not
fail at this point. The collapse of the numerical wall model happened due to concrete crushing without yielding of the
rebars at the post-peak regime. Therefore, it shows that the numerical model agrees with the analytical results.
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Figure 11. Cross section strength in the column strips.
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4.3 Failure mode

The failure of the models did not occur immediately after reaching the ultimate load. Numerical models showed
softening regime where out-of-plane increased as the load decreased. At certain point, it was observed that major
horizontal cracks in the tension face cause concrete crushing in the compression face of the wall, therefore causing the
failure. The progression until failure is depicted in Figure 12 for the model WO4a-C with original eccentricity (6.6 mm).
As it can be seen in Figure 12a by the time ultimate load was reached, typical flexural strains were concentrated in the
column strips next to the opening and the vertical steel bars were predominantly compressed.

Furthermore, the principal tensile strains were in the span near the opening edges where vertical cracks appeared.
Following Figure 12b, the out-of-plane displacement continued to increase and most of the tensile strains moved from
the opening span to the column strips center causing major horizontal cracks in this area. Consequently, the rebars
experienced tension and the concrete crushing, thus identifying failure in the column strips.
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Figure 12. Collapse of non-strengthened numerical models WO4a-C.

The experimental crack patterns of these walls were described in Mohammed et al. [21]. The authors reported that
cracks before failure were not evident in wall panels with big openings, which was the case of WO4a and WO4b
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(strengthened). They reported those two specimens collapsed due to horizontal cracks initiation near the opening edge
in column strip. Strengthened wall WO4b also presented CFRP peeled off before the structural collapsed happened.

Figure 13 illustrates a typical crack evolution until the rupture of the numerical models with crack opening filter of
0.01 mm. The crack started vertical near the opening edges and advanced in the direction of the support plates.
Afterward, the wall deflection increased, and horizontal cracks appeared in the two-column strips. Although there are
horizontal cracks near the opening edges, the critical crack which caused rupture occurred in the center of column strips.
The critical crack in the experimental test was also horizontal in the column strip but it appeared close to the opening
edge (see Figure 14).
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WO4a

Figure 14. Failure mode in the experimental test. Adapted from Mohammed et al. [21].

The strengthened model (WO4b-C1) showed a primary failure caused by CFRP debonding. This phenomenon was
indirectly observed comparing the vertical strain in models with membrane and 2D shell elements. Figure 15 illustrates
the vertical strain in the concrete and strain in the fiber’s direction of the CFRP wrap. The difference between concrete
strain (£,~0.067%) and CFRP strain (e.,=0.034%) was small at the peak load (see Figure 15a). However, as the out-
of-plane deflection increased, this strain difference was approximately 23 times between the concrete and the CFRP
(see Figure 15b). The stiffness of CFRP is higher than the concrete; hence it presents small deformation, which indicates
a reduction of adherence forces. After this primary failure, the structural collapse occurred like the non-strengthened
model (WO4a-C).

In the strengthened model using 3D shell elements, it was possible to visualize the relative displacement between
the materials when primary failure was initiated. Figure 16 shows the debonding process of WO4b-C1 (3D shell). The
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structural collapse occurred when out-of-plane deflection significantly increased after reaching the ultimate load,
similar to the non-strengthened model (WO4a-C).
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Figure 15. Vertical strain in the concrete and the CFRP material.

5 CONCLUSIONS

The present work showed three different approaches of modeling strengthening with externally bonded CFRP in
case of OW with openings. Additionally, it provides stiffness curves, obtained numerically, that help to understand
better the structural behavior of these elements, which were not provided in recent and limited number of studies
(Mohammed et al. [31], Mohammed et al. [21]; Lima et al. [29]) found regarding a strengthened wall with openings.
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Peak Load

Rupture

i
Figure 16. Relative displacement between the concrete and CFRP using 3D shell elements.

5.1 Nonstrengthened models (WQ4a)

The load capacity of the non-strengthened developed model was not influenced by the mesh discretization when
quadratic elements were used. The models presented similar stiffness through all loading stage. Regarding the lack of
experimental data published about this test, the model behaved as a typical OW wall showing a single curvature in the
panel due to a flexural pattern, with horizontal cracks propagating in the middle of the column strips which lead the
structure to failure. The numerical models could reproduce properly the structural behavior of experimental test. Besides
that, the ultimate load corresponding to WO4a-C (quadratic) model was 66% of the experimental. The comparison with
theoretical prediction presented reasonable results, in which the ultimate load of the developed model achieved 92% of
theoretical. As the dimension involved in the tests made by Mohammed et al. [21] was small, a parametric study made
in this paper shows the relevance of eccentricity in load capacity. The model strength increased by 24% and 50% when
load eccentricity was reduced 2 and 4 millimeters, respectively.

5.2 Strengthened models (WQ4b)

In general, CFRP discretization had a small influence on the load capacity that remained between 61-63% of
experimental. The walls tested in this paper had small ductility due to their reduced dimension; therefore, debonding of
CFRP was less relevant to loading capacity. Similar results can be obtained by adopting fixed contact between CFRP
and concrete as presented by Lima et al. [29] using ABAQUS (64% of experimental). The membrane elements provided
a higher load capacity to the wall model. However, it is still below experimental and as non-strengthened case a small
change on eccentricity could provide better results in terms of load capacity. The collapse of the model occurred after
the failure of the bond between CFRP and concrete, which was noted in the post-peak stage. At this stage, the vertical
strain in the wall face was about 10 times bigger than in CFRP which may indirectly indicate slipping in membrane and
2D shell elements approaches. Furthermore, the 3D shell elements approach was capable of directly reproducing
slipping process between CFRP and concrete. In this case, higher compression of horizontal cross-section in the model
center was noted. For future works, experimental measures are required to compare strains in CFRP and the bond-slip
relation between materials. In addition, larger scale tests and structures that are more ductile may show the relevance
of interface modeling and externally bond strengthening.
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