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Abstract 

Fiber-reinforced polymers are materials used to recover/strengthen reinforced concrete structures load 
capacity. This material exhibits good mechanical properties with low self-weight. This work performed a series 
of nonlinear finite element analyses in one-way (OW) wall panels with a central cut-out opening, strengthened 
using carbon fiber-reinforced polymer (CFRP). The experimental tests conducted by Mohammed et al. (2013) 
were used as a benchmark. The numerical simulations were carried out in the commercial code ATENA, in 
which the material and geometrical nonlinearities were accounted. As a result, the numerical models 
reasonably predicted the ultimate load of the walls, and all models presented a crack pattern similar to the 
experimental tests, verifying that the CFRP addition caused a more distributed crack pattern. The results 
obtained in this work revealed that CFRP strengthening caused 24-50% enhancement of the ultimate load. 
Additional models were carried out to extend the numerical results and proposed a new equation that can be 
used to predict the ultimate load of OW walls with and without CFRP strengthening. 
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1. INTRODUCTION 

It is known that small cut-out openings in reinforced concrete (RC) wall panels have no particular effect on the load 
capacity. Although this statement seems a consensus among the researchers, Popescu et al. (2015) explained that the 
existing literature is not clear the limits classifying an opening as small. Standards codes such as CEN (2004) and AS 3600 
(2018) recommend that an opening can be ignored if its height is less than 1/3 of the wall height or its area is lesser than 
1/10 of the wall area. On the other hand, Brazilian provision codes, such as NBR 16055 (2012), recommends that openings 
with dimensions smaller than twice the wall thickness can be dismissed from any further verification or strengthening. 

The removal of a large amount of concrete and reinforcement can produce undesirable effects on RC panels. 
According to Popescu et al. (2015), an opening may change the wall stress distribution, influencing its structural behavior. 
As a consequence, some studies have reported reductions in bearing capacity and modification of the failure modes. 
Guan et al. (2010) reported the opening length is more significant to the wall strength than its height, which contrasts 
with the fact some standards do not take into account the length as a parameter. Furthermore, Fragomeni et al. (1994) 
noticed the concrete portions above and below openings behave similarly to beam strips, whereas lateral edges are 
similar to columns. 

Saheb and Desayi (1990) performed one of the first systematic experimental studies on one-way (OW) walls with 
opening, assuming that the load capacity of a wall with an opening ( c

uoP ) is a linear reduction of an identical solid wall 
load capacity ( c

uP ). Therefore, they introduced Eq. (1) based on an empirical analysis for predicting the ultimate load of 
walls with an opening, in which the linear coefficients k1=1.25 and k2=1.22 were originated from experimental curve 
fitting. The identical solid wall's load capacity ( c

uP ) follows from ACI 318 (1977). The opening parameter α takes into 
account the horizontal dimension and projection of the opening, also its position within the wall (see Figure 1), calculated 
according to Eq. (2). 
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uo uP k k P  (1) 
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In the following years, other researchers made their contribution by adjusting the parameters of Eq. (1) according 
to newly obtained data, where are worthy mention works carried out by Doh and Fragomeni (2006), Guan et al. (2010), 
Mohammed et al. (2013). The effects of lateral restraints in two-way (TW) walls and high strength concrete were 
incorporated into the linear coefficients k1 and k2. Furthermore, Guan et al. (2010) proposed a modification on parameter 
α, accounting for the number of openings, dimension and position towards the vertical direction. 

 
Figure 1 Geometric properties for calculating the parameter α. 

The externally bonded (EB) carbon fiber reinforced polymer (CFRP) provided well results by restoring or increasing the 
strength of several structural elements such as beams, columns, and slabs (Azevedo 2008, Floruţ et al. 2014). Its application on 
RC wall panels has shown to be able to reduce the effect of cut-out openings. Hansen et al. (2009) reported the advantages of 
this strengthening technique: low weight to high strength ratio, good mechanical properties, and easy application. 

In the literature, the studies regarding strengthened RC wall panels are often related to retrofitting of structures 
damaged by seismic events where the shear forces are predominant. The benefits of strengthening shear walls with 
opening using FRP material are shown in several works (Li et al. 2013, Todut et al. 2015, Mosallam and Nasr 2017, 
Husain et al., 2019). A few investigations have focused on the structural behavior of strengthened self-bearing walls with 
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openings. Among them, it can be highlighted experimental tests of Mohammed et al. (2011) on OW walls, and Lima et al. 
(2019) on both OW and TW walls. 

As an outcome of their research, Mohammed et al. (2013) proposed Eq. (3)-(4) for predicting the load capacity of 
OW walls with openings, with and without CFRP strengthening, respectively. The equations were obtained by linear 
regression of the experimental data. It must be mention that Mohammed et al. (2013) used the same reference concrete 
strength for calculating the load capacity of all identical solid walls without opening (𝑃𝑃𝑢𝑢𝑐𝑐). Therefore, the linear coefficients 
were influenced not only by the opening but also by the difference of concrete strength between the tested specimen 
and the identical solid wall. 

(1.227 0.803 )c c
uo uP Pα= − ⋅ ⋅  (3) 

(2.0765 2.1186 )c c
uoc uP Pα= − ⋅ ⋅  (4) 

This paper performs a series of nonlinear finite element analysis (NLFEA) in OW wall panels with opening and CFRP 
strengthened, addressing the development of a methodology for analyzing the behavior of these structures. Two series 
of walls tested by Mohammed et al. (2013) were selected, including cases with and without strengthening. In addition, 
it proposes a new equation for predicting the load capacity of strengthened walls with a central opening based on the 
compression axial strength and parametric numerical analysis. 

2. Reference experimental tests 

The RC walls tested by Mohammed et al. (2013) had dimensions 800×400×40 mm with a central opening of different 
sizes, resulting in slenderness (ℎ 𝑡𝑡𝑤𝑤⁄ ) and aspect ratios (ℎ 𝐿𝐿⁄ ) of 20 and 2, respectively. Figure 2 illustrates the geometry 
of typical RC walls studied in this paper. Loading and support steel plates were placed at the top and bottom edges to 
avoid premature cracking due to stress concentration. A uniform distributed load and the reaction acted eccentrically to 
the wall mid-plane (tw/6), and the lateral edges were unrestrained, allowing the OW behavior. The openings had 
dimensions of 5%, 10%, 20%, and 30% of the panel's area, identified by the numbers 1, 2, 3, and 4, respectively. 

The walls were separated into two series, A and B, having four specimens each. Series A represented the not 
strengthened case, whereas series B had the EB CFRP along with the edges of the openings, in both faces of the wall. The 
following nomenclature was adopted to identify the walls: WO1a - WO4a (series A) and WO1b - WO4b (series B), in which 
the number indicates the opening's size and the small-cap letter regards the belonging series. For instance, specimen 
WO2a refers to series A with the opening 2, and specimen WO3b refers to series B (strengthened) with the opening 3. 

 
Figure 2 Dimensions and rebar layout. 

A single reinforcement layer of 5 mm rebars was placed in the wall mid-plane preventing premature cracking due 
to creep and shrinkage, providing steel ratios of 0.005% and 0.009% in the vertical and horizontal directions. The average 
proof yielding strength and modulus of elasticity of the rebars were 478 MPa and 205 GPa, respectively. The cylinder 
compressive strength (fc) was estimated according to Table 1. The mean value of the tensile strength (ft), Young's modulus 
(Ec) and Poisson's ratio (ν) of the concrete were 1.46 MPa, 21 GPa, and 0.21, respectively. Full details of the reference 
models can be found in Mohammed et al. (2011) and Mohammed et al. (2013). 
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Table 1 Average compressive strength of concrete. 

Series A fc (MPa) Series B fc (MPa) 

WO1a 15.99 WO1b 14.97 

WO2a 13.94 WO2b 17.08 

WO3a 15.57 WO3b 18.24 

WO4a 15.79 WO4b 15.06 

For the walls with strengthening, the CFRP material was bonded along with the opening with a 60 mm width and 
250 mm anchorage length initiated from the opening's corners. In cases where the anchorage length available was small, 
the CFRP was extended until the panel's edge. The experimental tests reported the load capacity, crack pattern, and 
failure mode of the wall panels. No information regarding the panel stiffness or the CFRP strain through the loading 
process was found in the reference paper to evaluate the structural behavior. 

3. Finite element modeling 

In this study, the NLFEA was performed using the computational programs ATENA (version 5.6.0) and GiD (version 10.0.9). 
ATENA, which has been developed by Červenka Consulting, is the core of the finite element processing and post-processing, with 
constitutive relationships capable of considering the material nonlinearities, such as tension and compression cracking, crushing, 
and yielding. The theory basis of ATENA is presented by Cervenka et al. (2020). GiD has been developed by the International 
Center for Numerical Methods in Engineering (CIMNE) and works as a pre-processor used to define the model properties and 
generate the finite element mesh. More information regarding GiD can be found in Coll et al. (2018). 

The concrete nonlinear behavior is represented by the CC3DNonLinCementitious2 model implemented in ATENA. 
The concrete uniaxial constitutive law combines a fracture model for cracking (tension) with a plasticity model for 
concrete crushing (compression), as shown in Figure 3(a). In this case, the Rankine tensile criterion governs the fracture 
process based on a smeared crack approach that can be coupled with fixed and rotating crack models. In the tension 
softening, the current concrete tensile strength is a function of the crack width. The exponential crack opening law 
proposed by Hordijk (1991), depicted in Figure 3(b), was used to define the tension softening. Also, the simulations 
employ a refined crack band formulation proposed by Cervenka et al. (1995), in which the crack band's size derives from 
the element's projection in the direction of the crack. 

The concrete crushing is based on the general formulation of Menétrey and Willam (1995) considering the failure 
surface's movement depending on the value of the strain hardening/softening parameter. Furthermore, the failure adopts a 
fictitious compression plane model that is normal to the direction of the compression principal stress. The strain is based on 
the equivalent plastic strain and the hardening/softening law is set up on the uniaxial compression test (see Figure 3(c)). In 
general, the plastic model is non-associated since the plastic flow is not perpendicular to the failure surface. 

 
Figure 3 Constitutive model for concrete. 

By taking advantage of the double symmetry condition (x and y axis), the model covered 1/4 of the original RC wall 
reducing the computational cost. Figure 4 represents typical models of strengthened and not strengthened wall cases 
with the corresponding boundary conditions. The loading plate was connected to the wall by a master-slave condition 
providing a perfect rigid contact. On top of the loading plate, the load was applied through a uniform vertical 
displacement (y-axis) acting in an eccentric line (tw/6). This line also had the out-of-plane displacement (z-axis) restrained. 
Besides, vertical and horizontal displacements were restrained in the bottom and right edge of the model, respectively. 
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Monitoring points recorded the displacement and strains at predefined locations which help to evaluate stiffness 
and stress distribution. The vertical reaction was taken on the bottom surface of the model. 

The reinforcement layer was modeled considering a discrete approach using two-nodes truss elements, placed on 
the wall mid-plane. These elements were embedded in the concrete assuming perfect bond condition. The walls of series 
B were modeled with EB CFRP along with the opening in both tension and compression faces. A perfect bond condition 
also linked the concrete with strengthening material. 

 

Figure 4 Typical model with mesh representation and boundary condition. 

3.1. Baseline analysis 

For solving the nonlinear system of equations, the iterative solution procedure employed the Newton-Raphson method 
limited to 30 iterations, tangent stiffness predictor, and line search technique. The convergence error tolerances were set 1% 
for displacement and force and 0.01% for energy. Besides, the conditional break criteria interrupted the processing if the error 
was above 10% for displacement and force equilibrium, and 100% for energy between incremental steps. 

The baseline models used the constitutive material CC3DNonLinCementitious2, which combines fracture and plastic 
behavior of the concrete, and generates the basics parameters based on the fib-Model Code 2010. Table 2 summarizes 
the main concrete parameters adopted in the baseline analysis. This material was applied to solid elements CCIsoBrick 
with linear (8 nodes) and quadratic formulation (20 nodes), tested in the next section regarding the mesh objectivity. 
Loading plates were modeled with an isotropic constitutive material CC3DElastIsotropic presenting linear-elastic 
behavior. This isotropic material adopted Young's modulus and Poisson's ratio, 210 GPa and 0.3, respectively, and was 
applied to solid elements CCIsoBrick of 8 nodes. 

The rebars constitutive material CCReinforcement assumed an elastic-perfectly plastic behavior, which was applied 
to truss elements (CCIsoTruss) of 2 nodes. Young's modulus and yield strength of this material model were 205 GPa and 
478 MPa, respectively, with 2.52% ultimate strain. 

Table 2 Main parameters adopted for the concrete's constitutive model. 

Parameter Baseline analysis Observation 

Compression strength (fc), MPa Table 1 - 

Tension strength (ft), MPa 0.3 (fc+8)2/3 fib Bulletin 65 (2010) 

Young's modulus (Ec), MPa 21500 ((fc+8)/10)1/3 fib Bulletin 65 (2010) 

Poisson's ratio (ν) 0.20 - 

Fracture energy (Gf), N/m 73 (fc)0.18 fib Bulletin 65 (2010) 

Tension soft. law Exponential Hordijk (1991) 

Crack model Fixed direction Cervenka et al. (1995) 

Onset non-lin. behavior, (fc0) MPa 2.1 ft - 

Comp. strength red. due to crack 0.80 Dyngeland (1989) 

Compression soft. law Linear - 

Critical plastic disp., (wd) mm 0.50 van Mier (1986) 
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4. Mesh discretization 

A mesh study was performed in the models of series A (not strengthened series), investigating mesh objectivity and 
result convergence. This study focused on the models WO1a and WO4a representing the cases with a small and large 
opening. The element's dimension varied according to Table 3, and addressed the linear and quadratic shape functions 
in the CCIsoBrick elements. The first letter of the mesh types stands for the shape function adopted: L (linear) or Q 
(quadratic). Due to the bending effect, the models adopted five layers of elements through the wall thickness. 

Table 3 Mesh properties. The nomenclature used for the element's dimension (abc) in millimeters is illustrated in Figure 5. 

Mesh type Total nodes Total elements Element dimension (abc) Element type 

LA 5454 4115 10×10×8 CCIsoBrick8 

LB 1770 1200 20×20×8 CCIsoBrick8 

LC 1116 700 30×30×8 CCIsoBrick8 

LD 816 480 40×40×8 CCIsoBrick8 

QA 20362 4115 10×10×8 CCIsoBrick20 

QB 6426 1200 20×20×8 CCIsoBrick20 

QC 3973 700 30×30×8 CCIsoBrick20 

QD 2859 480 40×40×8 CCIsoBrick20 

 
Figure 5 Finite element types and nomenclature used in Table 4. 

The numerical response of out-of-plane displacement versus load is shown in Figure 6 for each mesh type. In the 
referred figure is also indicated the ultimate loads from the experimental tests (WO1a-100kN and WO4a-73.7kN), and 
the theoretical loads (WO1a-94kN and WO4a-53.1kN), calculated according to Eq. (1). The mesh types with linear 
interpolation elements presented a general trend (see Figures 6(a) and 6(c)), in which the ultimate loads converged with 
the mesh refinement. In turn, the discretization influenced these model's stiffness once the coarse mesh (LD) had the 
smallest out-of-plane displacement at the ultimate load. The mesh types with quadratic elements showed a reduced 
mesh sensitivity (see Figure 6(b) and 6(d)) and all models presented similar stiffness. 

 
Figure 6. Comparison of load-displacement curves of meshes A to D with linear and quadratic elements. 
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As expected, an increase in the opening's dimension caused a reduction of the ultimate load from models WO1a to WO4a. 
In the case of models WO1a, the ultimate load revealed good agreement with the experimental result and the theoretical 
prediction by Eq. (1). However, model WO4a resulted in a smaller strength than in the experimental test yet near the 
theoretical prediction. The fact the ultimate load is very sensible to the loading eccentricity may explain the results for opening 
number 4 since its reduction could be implied an increase in the experimental result. According to the simulations, the failure 
of wall panels was caused by excessive bending, which occurred in the softening regime (after reaching the ultimate load). In 
the models was verified concrete crushing and horizontal cracks in the column strip's half-height. 

Based on the conducted analysis, the mesh type LC was chosen for further investigations because it incorporates 
the general behavior of OW walls, also presenting a reasonable agreement with ultimate loads. Table 4 shows the 
ultimate loads of the four walls belonging to the not strengthened case (series A). 

Table 4 Load results of baseline analysis using mesh type LC. 

Wall 
Ultimate load (kN) 𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴

𝑬𝑬𝑬𝑬𝑬𝑬𝑴𝑴𝑬𝑬𝑬𝑬𝑬𝑬𝑴𝑴𝑬𝑬𝑬𝑬 
𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴
𝑬𝑬𝑬𝑬. (𝟏𝟏) 

NLFE model Experimental test Eq. (1) 

WO1a 106.8 100.0 94.0 1.07 1.14 

WO2a 78.8 95.3 72.9 0.83 1.08 

WO3a 69.4 85.0 65.6 0.82 1.06 

WO4a 55.2 73.5 53.1 0.75 1.04 

   Var. 0.0193 0.0018 

   S.d. 0.1391 0.0419 

To evaluate and verify the numerical results, the cross-section strength of the column strip was estimated in terms of 
compression with biaxial bending. Each of the curves shown in Figure 7 represents the bending moment's envelope 
regarding axis x and z, under the corresponding model's compression force. These envelopes take into account the 
mechanical properties of the cross-section and reinforcement layout. As shown in Figure 7(a), the discrete points 
representing biaxial bending from NLFEA are near the limits of the corresponding column-strip, meaning that the models' 
ultimate load is near the strength limit. The uniaxial bending tends to prevail as the opening size increases (see Figure 7(b)). 

 
Figure 7 Cross-section's strength for compression with biaxial bending. 

5. CFRP strengthening modeling 

There are several approaches to simulate CFRP fabric in finite element analysis. Some of them are discussed in detail 
by Silva et al. (2021). In the present study, 2D membrane elements working in a plane-stress state were used. This type 
of element can reproduce compression and tension and has not out-of-plane flexural stiffness. The material constitutive 
model CCCombinedMaterial was employed to modeling the CFRP fabric, which can combine brittle and ductile behavior 
inside one composite material. The brittle behavior corresponds to the epoxy resin involving the carbon fibers, which, in 
turn, exhibit a linear behavior until its rupture. Using this approach, the material model considers the orthotropic effect 
caused by the unidirectional fibers. 
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Some mechanical parameters of the strengthening material might be hard to define since not all of them are always included 
in the manufacturer's catalog, for example the fracture energy and the plastic strain at the peak stress. In this paper, the developed 
models adopted the materials parameters suggested by Sajdlová (2016). Furthermore, the mechanical parameters were obtained 
from Mapei (2014) and are listed in Table 5. According to Mohammed et al. (2011), the experiment showed full composite action 
of concrete and CFRP until the concrete reaches crushing in compression or the CFRP rupture in tension. Furthermore, as the 
tensile strength of the adhesive is usually higher than in the concrete, a thin layer of concrete will remain on the CFRP. In the 
developed models, the concrete and CFRP connection was admitted perfectly rigid using a master-slave condition where the 
nodes from the CFRP mesh (slave) are coupled with the nodes belonging to the concrete mesh (master). This condition assumed 
a critical distance of 0.5 mm between two nodes for connecting them directly. The ones that have larger distances are tied 
together using generalized complex constraints. 

Table 5 Properties of the strengthening material. 

Epoxy resin CFRP fabric 

Young's modulus, MPa 2500 Young's modulus, MPa 252000 

Tension strength, MPa 30 Tension strength, MPa 4900 

Compression strength, MPa 65 Ultimate strain 0.02 

Thickness, mm 0.5 Thickness, mm 0.164 

Two situations were analyzed regarding the carbon fibers' compression strength. The first one considered the fibers 
able to support compression, whereas the second had its compression strength neglected. Figure 8(a) presents the load-
displacement curves of these two situations, where the models WO1b* and WO4b* represent fibers not supporting 
compression. It can be noticed a significant reduction of the load capacity when neglecting the compression strength of 
the carbon fibers. Since the failure occurs due to excessive bending with concrete crushing, the compression strength of 
the CFRP absorbs part of the resultant force and enhances the load capacity of the model. Figure 8(b) shows the vertical 
strain in the critical section of strengthened models considering the fibers able to support compression. It was noticed 
all models experienced concrete crushing near the ultimate load. 

Table 6 summarizes the load capacity of the strengthened walls. It can be observed that the numerical loads are 
closer to the experimental ones for the panels with larger openings. 

Table 6 Load capacity of specimens on series B. 

Model 
Ultimate load (kN) Axial strength (Pu/fcAc) 𝑵𝑵𝑵𝑵𝑵𝑵𝑬𝑬𝑵𝑵

𝑬𝑬𝑬𝑬𝑬𝑬.  
Model (NLFEA) Experimental test Model (NLFEA) Experimental test 

WO1b 123.8 149.9 0.5158 0.6246 0.83 

WO2b 119.8 139.1 0.4379 0.5084 0.86 

WO3b 104.2 108.0 0.3578 0.3709 0.96 

WO4b 78.9 82.0 0.3266 0.3394 0.96 

    Var. 0.0050 

    S.d. 0.0707 

 
Figure 8 Structural behavior of strengthened models. 
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Figure 9 shows the axial wall strength as a function of the opening size. Compared to the not strengthened case (series A) 
results, the addition of CFRP enhanced by 24-50% the axial strength of the walls. According to Mohammed et al. (2011) results, 
the wall with the opening size number 1 had the largest enhancement (the ultimate load increased by 50%). In contrast, the NLFEA 
revealed that the wall with the opening size number 4 was the most improved by the strengthening, achieving 43% of enhancing. 
By analyzing the results presented in Figure 9, it is noticed a general trend in which the axial strength is inversely proportional to 
the wall opening size. This trend agrees with the strength of materials' theory once the cross-section of the column strips, which 
bears the load, is reduced by increasing the opening size. However, the comparison of the axial strengths of openings 1 and 2 in 
experimental series A shows that the larger cross-section (opening size 1) achieved a lower load capacity, which can be considered 
unusual if the boundary conditions and load conditions are identical for both panels. 

Lima (2016) warned about the difficulties encountered in experimental tests of concrete walls, which could explain 
the discrepancy observed in the specimen with opening size 1. According to Lima (2016), difficulties arise in obtaining 
the desired eccentricity (tw/6) due to uneven wall thicknesses along the four edges and in each corner of the panel as 
well as the position of the top steel rod which might not be properly located at the required eccentricity (tw/6). 

 
Figure 9 Axial compression strength of the series A and B (strengthened). 

The evolution of the strain in the tension face was assessed in the numerical models. Figure 10(a) shows the 
evolution of the horizontal strain above the opening. A reduction of the strain, that coincided with the rise of the first 
vertical cracks, can be noticed. In the column strip, the cross-section remained compressed until roughly 87% of the 
ultimate load (see Fig. 10(b)). The CFRP presence limited the crack opening and altered the strain path through the wall, 
reflecting an increase of ductility during softening and well-distributed cracks. Considering the mean tensile strength of 
the concrete (1.46 MPa) and the mean Young's modulus (21 GPa), a crack initiates when the strain is around 0.7%, 
therefore in the strengthened models, the horizontal cracks of G3 point initiate near the ultimate load. 

 
Figure 10 Concrete strains measures in the wall's tension face. 

6. Proposed Equation 

Equation 1 presumes that the load capacity with a central opening can be calculated as a function of the capacity of 
an identical solid wall and the opening parameter α. The ultimate load can be divided by the gross cross-section area (Ac) 
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and the compressive strength (fc) to isolate the effect of the opening in the capacity. Hence, the concrete compression 
strength influence resulting from specimens with different concrete strength classes can be removed from this analysis 
by using the axial strength instead of the ultimate load. Table 7 summarizes the results obtained from series A and B 
regarding the experimental tests and the NLFEA. 

Table 7 Strength summary of the analyzed walls. 

Wall Compression 
Strength, fc (MPa) 

Opening 
Parameter, α 

Reference solid 
wall, Pu

† (kN) 
Ultimate load, Puo (kN) Axial strength (Pu/fcAc) 

NLFEA1 Eq. (1)2 Exper.3 NLFEA1 Eq. (1)2 Exper.3 

WO1a 15.99 0.2375 97.90 106.8 94.0 100.0 0.4174 0.3675 0.3909 

WO2a 13.94 0.3375 86.96 78.8 72.9 95.3 0.3533 0.3268 0.4273 

WO3a 15.57 0.4625 95.66 69.4 65.6 85.0 0.2786 0.2633 0.3412 

WO4a 15.79 0.5750 96.83 55.2 53.1 73.5 0.2185 0.2102 0.2917 

WO1b 14.94 0.2375 92.30 123.8 - 149.9 0.5169 - 0.6258 

WO2b 17.08 0.3375 103.72 119.8 - 139.1 0.4384 - 0.5090 

WO3b 18.24 0.4625 109.91 104.2 - 108.0 0.3570 - 0.3701 

WO4b 15.06 0.5750 92.94 78.9 - 82.0 0.3274 - 0.3403 

† - Calculated according to ACI 318 (1977), 1 - Value obtained from the developed models, 2 - Calculated according to Saheb and Desayi (1990), 3 - Reference 
experimental result from Mohammed et al. (2013) 

In Figure 11, the axial strength ratio (axial strength of wall with central opening divided by an identical solid wall) 
versus the opening parameter α is plotted for the experimental and numerical results. The best-fit data curves, calculated 
by the least square method, are also included in each plot. Figures 11(a) and 11(b) show the experimental results by 
Mohammed et al. (2013) for series A and B, respectively, in which can be observed a linear trend as the opening 
increases; however, the best-fit curves slightly diverge from linear coefficients of Equations (3) and (4). As shown in Figure 
11(b), Equation (4) may overestimate the axial strength capacity when the opening parameters α is higher than 0.25. 

The results from the numerical models are plotted in Figures 11(c) and 11(d), with the best-fit curves. For series B 
(strengthening walls), additional models were carried out with two other opening sizes (with α = 0.15 and α= 0.7). The 
best-fit curves equations are presented in Equations (5) and (6), for not strengthened and strengthened models, 
respectively. In comparison with equations (3) and (4), it can be noticed that the proposed equations are conservative. 
Proposed equation tends to diverge from Equation (3) when the opening is increasing in series A; this pattern, however, 
is altered in series B where the same trend is now observed when the opening is reducing, compared to Equation 4. 

 
Figure 11 Curve fitting of the axial strength for a varying opening size. 
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𝜈𝜈𝑢𝑢𝑢𝑢 = (1.44 − 1.529 ∙ 𝛼𝛼) ∙ 𝜈𝜈𝑢𝑢 (5) 

𝜈𝜈𝑢𝑢𝑢𝑢𝑐𝑐 = (1.58 − 1.33 ∙ 𝛼𝛼) ∙ 𝜈𝜈𝑢𝑢 (6) 

7. Crack pattern 

In the RC walls, cracking initiated vertically above the opening and followed towards the loading edge. As the out-
of-plane displacement of the panel increased, horizontal cracks appeared in the column strip, originated in the lateral 
side, and followed towards the opening. In the cases with openings numbers 1 (see Figure 12(a)), the vertical cracks were 
near the vertical axis of symmetry representing the middle span. However, with openings number 4 (see Figure 12(b)), 
the vertical cracks were near the opening's corner, which indicates a change in the stress path. 

Upon examination of Figure 12, the EB CFRP caused a more distributed cracking pattern. In turn, the crack opening 
of the column strip, outside the CFRP region, increased at the ultimate load. All models failed due to concrete crushing 
caused by excessive bending of the column strip, which happened throughout the softening stage for the not 
strengthened cases (series A), and at the ultimate load for the strengthened case (series B). Besides, Mohammed et al. 
(2011) reported the strengthened panels maintained full composite action of concrete and FRP until the concrete reaches 
crushing in compression or the FRP fails in tension. 

Figure 13 shows the crack pattern of the experimental tests after failure reported by Mohammed et al. (2011). The 
authors explained that the cracks initiated vertically, above and below the opening, and followed towards the loading and 
reaction lines. Besides, the major horizontal cracks that caused the failure of the walls were formed at the column strips. 

 
Figure 12 Crack pattern of numerical models for the ultimate load. 

 
Figure 13 Crack pattern at failure based on Mohammed et al. (2011). 

Conclusions 

The following conclusions can be drawn from the NLFEA of the wall with a central opening: 

• Series A: 
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The models were able to reproduce reasonably the ultimate load of experimental test, thus the accuracy increased 
when compared with the theoretical formulation (Eq. (1)) proposed by Saheb and Desayi (1990). A further investigation 
showed the developed models reached the load capacities consistent with the analytical method, using the compression 
with biaxial bending envelope of the cross-section. In addition, it was noted that the biaxial bending is significant for the 
small openings, but not for large openings. Despite Mohammed et al. (2011), Mohammed et al. (2013) and Lima et al. 
(2016) haven't discussed the walls' stiffness, this work presented load-displacement curves for each RC wall from 
numerical analysis. On average, the out-of-plane displacement was 4 mm at the ultimate load, and the failure occurred 
in the softening regime. All not strengthened models failed due to excessive bending with a crack pattern similar to the 
experimental tests. Equation (5) was proposed in which considers the axial strength with an update of the linear 
coefficients k. 

• Series B (CFRP strengthened) 

The ultimate load increased towards the experimental results when the carbon fibers were considered able to 
withstand compression. Overall, the strengthening material improved by 24-50% the load capacity in the numerical 
models. A higher increase occurred in the model with a large opening (opening number 4). Besides, the strengthening 
caused more sparse cracks with limited crack opening, below the CFRP. The failure continued taking place in the column 
strip due to excessive bending, and the concrete crushing occurred near the ultimate load, reducing the softening regime. 
Equation (6) was introduced, in which agrees with the linear pattern of the axial strength ratio from both numerical and 
experimental results, considering the studied opening size range. 
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