
 

      JOURNAL OF CIVIL ENGINEERING / Vol. 37 No. 2/ December 2022 65 

FINITE ELEMENT ANALYSIS ON THE NONLINEAR BEHAVIOR OF RC 
SHEAR WALL WITH REGULAR OPENINGS INFLUENCED BY HIGH-

STRENGTH STEEL 
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Abstract: This paper presented a nonlinear finite element analysis of lateral loading RC shear walls with regular openings using 

the 3D-NLFEA program. The RC shear walls model was generated from the available test results in the literature. To model the 

concrete under a complex stress state, a multi-surface plasticity model which combines compression failure surface with tension 

cut-off failure surface was used. The model was intended to look at the load-displacement relationship and the crack pattern 

between the model and the numerical model. In addition to the numerical model verification, parametric studies were carried 

out to investigate the use of high-strength steel (HSS) of the two different grades (Grades 100 and 120) to replace all the normal-

strength steel (NSS) or only some of it. The parametric studies found that the shear wall with the NSS bar demonstrated higher 

stiffness and achieved higher lateral load with the lowest extent of damage (compared to the RC shear wall with the HSS bar). 

On the other hand, using the HSS bar resulted in lower stiffness, lower lateral load, and higher damage region, which was 

expected as more strain is required to yield the HSS bar. 
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INTRODUCTION 

The shear wall is one of the structural components designed 

to withstand lateral loads due to earthquakes and the axial 

forces of the structure. Based on research [1], the leading 

cause of failure of a building's structural system during an 

earthquake is the loss of the ability to withstand lateral 

loads. Therefore, shear walls are widely used to resist high-

rise buildings' earthquake loads. One of the major concerns 

in designing shear walls is the presence of opening such as 

windows, emergency doors, elevators, corridors, 

mechanical and electrical conduits, and other functions. 

Openings in shear walls reduce the stiffness and generate 

stress concentration at the edges [2]. The structure's 

behavior may differ for a large shear wall opening [3]. In 

the worst scenario, the structural system may change [4][5]. 

 On the other hand, as the material technology 

develops, the use of higher concrete compressive strength 

and higher yield strength for the reinforcing bar becomes 

attractive. Using these high-strength materials can 

significantly increase the design efficiency of the high-rise 

building. From [6], using high-strength materials can 

reduce the construction cost, structural element size, and 

possible rebar congestion and improve the building 

structures' quality. Other studies [7] also noted that 

combining HSS and NSS rebar in RC shear walls can 

increase the displacement capacity and provide excellent 

deformation ability compared to RC shear walls with only 

NSS rebar. In contrast with the finding in [7], using HSS as 

the shear reinforcement in RC beams can increase the crack 

width at service load levels. 

 The study of [8], which uses HSS rebar as the shear 

reinforcement in beams, can increase the width of cracks at 

service load levels and showed different failure behavior 

due to the development of flexural compression zones on 

structural members experiencing shear. In this study, using 

HSS as shear reinforcement met the limits of ACI 318-19 

[9] but also showed shear stress failure when the yield 

strength of the shear reinforcement exceeded 600 MPa. 

The material properties of the concrete and rebar used in 

earthquake-resistant RC will significantly affect the 

behavior of the structure [10]. The rebar material properties 

must be within the limits of applicable regulations to 

prevent structural failure [11]. To avoid this, ACI 318-19 

[9] limits the use of reinforcing steel with a yield strength 

of 560 MPa (Grade 80) for flexural reinforcement, shear 

reinforcement, and torsion reinforcement. This limitation is 

due to high strength reinforcing steel resulting in higher 

shear and bond stresses when the load increases. 

 Developed countries such as America, New Zealand, 

and Japan have used high-strength rebar with a yield 

strength of up to 700 MPa for earthquake-resistant building 

structures. The use of reinforcing steel with a yield strength 

greater than 420 MPa (Grade 60) may be used if it complies 

with ASTM specifications, following ASTM specified in 

ACI 318-19 [9]. The National Institute of Standards and 

Technology issued a NIST [12] report which discusses the 

terms and conditions for using high-strength reinforcing 

steel in earthquake-resistant building structures. Based on 

this research, reinforcement with ASTM 706 [13] Grade 80 

shows strength and deformation capacity like that of Grade 

60 reinforcement. ACI Regulation [9] Article 18.2.6.1 

states that the use of rebar with a quality of more than 420 

MPa can be used for earthquake-resistant reinforced 

concrete structures is permitted if there was support from 

the experimental tests and detailed analysis. ASTM 

A615M-15 [14] contains specifications for carbon steel 

reinforcement with a quality of up to 690 MPa (Grade 100). 

The use of reinforcing steel with a yield strength of more 

than 420 MPa (Grade 60) can be used if the values for the 

strength parameters of the reinforcing steel were included. 

The use of HSS has advantages and disadvantages, as 

described above, so a combination of HSS and NSS is 

carried out to complement each other's strengths and 

weaknesses. 
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RESEARCH SIGNIFICANCE 

This paper investigates the nonlinear performance of RC 

shear walls with regular openings influenced by HSS. To 

verify the validity of the numerical model using 3D-

NLFEA, the numerical model was confirmed with the 

existing experimental test for shear walls with openings 

built with normal-strength steel. After the numerical model 

can reasonably predict the behavior of the modelled shear 

wall, modification of the shear wall reinforcement using 

HSS and a combination of HSS and NSS were presented. 

 

METHODOLOGY 

The research methodology in this paper consisted of two 

stages. The first stage of this research was model 

verification. At this stage, the analysis is focused mainly on 

the result of the load-displacement relationships and the 

crack patterns. The second stage was the modification of 

the verified model to evaluate the effect of using HSS with 

two different grades (i.e., G100 [Grades 100] and G120 

[Grades 120]) along with the combination of the HSS and 

NSS.   

 

A. 3D-NLFEA MODEL VERIFICATION WITH 

EXISTING EXPERIMENTAL TEST 

For verification purposes, the numerical model using 3D-

NLFEA finite element package was verified with the 

current experimental work carried out by [15]. The 

experimental work in [15] consisted of a shear wall with an 

opening, and the reinforcement was classified as normal-

strength steel (NSS). From [15], only one specimen with 

ID SW8 was investigated. Figure 1 shows the geometric 

configuration of the shear wall in mm. Figure 2 shows the 

reinforcement details. Table 1 and Table 2 show the 

material properties of the concrete and the reinforcing bar, 

respectively. 

 

Figure 1 Geometric of the shear wall 

 

Figure 2 Rebar configuration [15] 

Table 1 Material properties of the concrete 

Average 

Compressive 

Strength 

Average 

Tensile 

Strength 

Compressive 

Strain 

Modulus of 

Elasticity 

(kN/mm2) (kN/mm2)  (kN/mm2) 

0.05 0.003 3.5% 34 

Table 2 Tensile properties of the NSS 

Diameter 
Yield 

Strength 

Ultimate 

Strength 

Modulus of 

Elasticity 

(mm) (kN/mm2) (kN/mm2) (kN/mm2) 

6 0.386 0.551 200 

 

The auxiliary program used to model the geometrical cross-

section of the shear wall structure was SALOME 9.3.0. The 

model consists of solid elements consisting of concrete, a 

25 mm thick steel plate, horizontal reinforcement, and 

vertical reinforcement. The steel plate was used as the 

accumulator plate. The experimental loading is considered 

seismic loading according to FEMA (2002), but in 

numerical modelling, it was assumed to be a monotonic 

loading with displacement control.  

 Figure 3 shows the loading assumption used in the 

numerical model. In Figure 3, the push and pull motion 

from the accumulator was assumed to be rigid, and at the 

top of the shear wall, a uniform distributed load with a total 

magnitude of 50 kN was added. The restraint in the shear 

wall model was assumed to be fixed in all directions 

(Figure 4d). The model has meshed with hexahedron type 

(eight-node hexahedral element), and the mesh size is 25 

mm. 

 

Figure 3 Loading assumption 

The discretized geometry data was obtained through the 

SALOME 9.3.0 program, where the data was in the form 

of a ".dat" file which would then be inputted into excel and 

became the input file for the 3D-NLFEA program. The 

constitutive model used for concrete was the plasticity 

fracture concrete model, according to the research of [16]–

[23]. While the constitutive rebar model used was bilinear 

stress-strain [5], [24].  
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Figure 4 shows the shear wall model in SALOME. Figure 

4a shows the concrete model. Figure 4b shows the NSS bar 

configuration, and the rebars were shown to be red colored. 

Figure 4c shows the 100 mm thick accumulator plate 

model. Figure 4d shows the solid configuration and lastly, 

Figure 4e shows the discretion of the meshed model. The 

output results were obtained from the lateral load and the 

top displacement. These results would then be compared 

with the experimental results in [15].  

  

(a) Concrete Model (b) NSS Bar Configuration 

 

(c) Accumulator plate model 

 
(d) Restraint Assumption 

 

 

(e) Solid Configuration (f) Meshing Model 

Figure 4 Modeling shear wall in SALOME 

The numerical model's accuracy was evaluated by 

investigating the lateral load covariance at each load level 

(elastic, post-yielding, ultimate, and failure), as shown in 

Table 3 and Figure 5. Table 3 shows the exact values 

obtained from the test result and the numerical model. As 

shown in Table 3, the mean ratio from the elastic to the 

ultimate stage was found to be 0.971, and the covariance is 

1.02 %. The small number of covariance and mean values 

close to unity indicates that the numerical model using 3D-

NLFEA was sufficiently accurate. 

 Figure 5 also shows similar findings where the 

numerical model curve prediction matched the load-

deflection's ascending curve from the test result. The 

anomaly that was found after the ultimate point resulted 

from the assumption of the bilinear model of the 

reinforcing bar. The threshold of the bars' condition when 

buckled or strain hardened should be included in the 

analysis to better predict the response after the ultimate 

point. 

Table 3 Summary of lateral load at each level 

Level 
Lateral load (kN) 

Ratio 
Experimental 3D-NLFEA 

Elastic 23.00 27.82 0.827 

Post Yielding 56.50 57.80 0.978 

Ultimate 70.00 72.61 0.964 

Failure 40.00 73.67 0.543 

Statistical Evaluation from Elastic to Ultimate Stage 

Mean   0.971 

Covariance   1.02 % 

 

 

Figure 5 Lateral load-displacement curve comparison 

 

B. MODIFICATION OF THE EXPERIMENTAL 

MODEL USING HSS REBAR 

To study the effect of using the HSS rebar with G100 and 

G120, the rebar in the verified shear model will be changed 

from NSS to HSS. The quality of the concrete was set to be 

like that in [15]. In total, four models are being 

investigated, which are: the shear wall with the grade 100 

HSS rebar, the shear wall with G120 HSS rebar, the shear 

wall with combination configuration G100 HSS rebar and 

NSS rebar, and shear wall with combination configuration 

G120 HSS rebar and NSS rebar.  

 The material properties of the HSS rebar were 

obtained from ASTM 1035 [25], [26]. The diameter of the 

HSS rebar was adjusted accordingly to maintain similar 

strength of the shear wall. Table 4 shows the material 

properties of the HSS rebar. It should be noted that the 

rebar was modeled using an embedded technique and was 

assumed to have a perfect bond. Figure 6 shows the rebar 

configuration for the whole shear wall made of the HSS 

rebar and the shear wall made of the HSS and NSS rebars 

combined. In Figure 6, the HSS rebar was presented as a 

red-colored line, while the NSS rebar was presented as a 

blue-colored line. 

Table 4 Tensile properties of HSS 

HSS  

Grade 

Diameter 
Yield 

Strength 

Modulus of 

Elasticity 

(mm) (kN/mm2) (kN/mm2) 

100 5 0.690 200 

120 4.5 0.830 200 
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The output obtained from the analysis was the horizontal 

force and the displacement at the top of the shear wall. The 

collected data was used to analyze the strength and stiffness 

of the shear wall. The crack pattern was investigated by 

looking at the strain distribution. The visualization of the 

result was made possible using the ParaView software. 

Since the output prepared for the stress in the ParaView 

was in the form of a stress tensor, a simple two-dimension 

principal stress equation was used to investigate the 

principal stress in the shear wall and is: 
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(a) HSS (b) HSS & NSS 

Figure 6 HSS and combination bar configuration 

 

ANALYSIS AND DISCUSSIONS 

A. STRENGTH OF THE SHEAR WALL 

The lateral load and displacement data obtained from 3D-

NLFEA were processed further to see the relationship 

between each model. Figure 7 shows the plotted curves for 

each modified model (NSS, HSS, and a combination of 

NSS and HSS). Table 5 summarizes the lateral load 

capacity for each of the adjusted models. 

 

Figure 7 Lateral load-displacement curve of the modified 

model 

From Figure 7, the shear wall with the NSS rebar 

configuration performs the best in terms of the capacity to 

resist the lateral load (Pu = 73.79 kN). On the other hand, 

the shear wall with the G120 HSS rebar configuration has 

the lowest lateral load capacity (Pu = 62.87 kN). The shear 

wall with the G100 HSS rebar has a lateral load capacity of 

70.45 kN. From the comparisons above, it can be 

concluded that using HSS rebar reduces the ultimate 

strength of the shear wall lateral load-carrying capacity. 

The higher the yield strength of the bar, the lower the shear 

wall lateral load-carrying capacity. This reduction in 

capacity can be easily understood as more damage is 

required to make the rebar yield, thus lowering the 

stiffness, increasing the deformation, and reducing lateral 

load-carrying capacity. 

 As for the shear wall with the combined NSS and HSS, 

the lateral load carrying capacity for the shear wall with the 

NSS and G100 HSS rebars is 73.44 kN, while for the shear 

wall with NSS and G120 HSS rebars is 69.66 kN. From this 

study, it can also be concluded that combining the NSS and 

G100 HSS rebar only yields slightly lower capacity than a 

shear wall made with the NSS rebar only. Therefore, with 

the reduction in rebar area due to replacement from NSS to 

HSS, the structural weight can be less and steel congestion 

at the boundary elements of the shear well can be avoided. 

Table 5 Lateral load carrying capacity of the shear wall 

with different rebar configuration 

Bar Configuration 
Pu 

(kN) 

Percentage of 

Reduction (%) 

NSS 73.79  

HSS G100 70.45 4.53 

HSS G120 62.87 14.80 

Combination NSS (57,3%) + 

HSS G100 (42,7%) 
73.44 0.48 

Combination NSS (57,3%) + 

HSS G120 (42,7%) 
69.66 5.61 

 

B. CRACK PATTERN OF THE SHEAR WALL 

The crack characteristics such as length, width, and 

distance are important indicators of the mechanical 

properties of reinforced concrete structures [28]. The crack 

pattern is obtained by investigating the strain localization 

in the model. The crack patterns that are reviewed are 

cracks that occur because of maximum pull or push loads. 

Figure 8 shows the crack pattern for each of the modified 

models. 

 Based on the result in figure 8, when viewed from the 

configuration of the reinforcement used, the cracks in the 

shear wall with the NSS configuration that occur are mostly 

centered on the base of the wall, where these tend to be 

flexural (horizontal) cracks, but shear cracks also occur. 

Meanwhile, for shear walls with HSS reinforcement 

systems or combinations, the cracks are evenly distributed, 

tending to be shear cracks (diagonal). The greatest damage 

to shear walls occurs in structures with the NSS 

configuration. Meanwhile, the smallest damage occurred 

on the structure with the HSS configuration. For 

combination configurations, it is in between. So, shear 

walls with the same ratio of reinforcement and 

reinforcement capacity, the higher the quality of the 

reinforcement used, the less damage to the structure, while 
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the lower the quality of the reinforcement used, the greater 

the damage to the structure. 

  

(a) NSS (b) HSS G100 

  

(c) HSS G120 (d) NSS + HSS G100 

 

(e) NSS + HSS G120 

Figure 8 Crack pattern (strain localization) 

C. PRINCIPAL STRESS IN THE CONCRETE 

The maximum compressive stress in the concrete is 

obtained from the principal stress in the element. The shear 

wall with NSS configuration has 31.76 MPa. While the 

shear wall with the G100 HSS rebar and the G120 HSS 

resulted in 32.16 MPa and 30.01 MPa of compressive 

stress, respectively. For a shear wall with a combined NSS 

and G100 HSS, the maximum compressive stress is 34.40 

while the other one with G120 HSS has a value of 34.72 

MPa. The result of the principal stress was shown in Table 

7. From this section, it can be concluded that as the strength 

of the bar increases, the compressive stress in the shear wall 

concrete was reduced and vice versa. 

Table 6 Maximum principal stress in the shear wall 

concrete 

Bar Configuration 
Principal Stress 

(MPa) 

Percentage of 

Reduction (%) 

NSS 31.76  

HSS G100 32.16 +1.3 

HSS G120 30.01 -5.5 

Combination G100 34.40 +8.3 

Combination G120 34.72 +9.3 

 

  

(a) NSS (b) HSS G100 

  

(c) HSS G120 (d) NSS + HSS G100 

 

(e) NSS + HSS G120 

Figure 9 Hardening parameter 
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D. HARDENING PARAMETER IN THE CONCRETE 

Figure 9 shows the hardening parameter in the concrete. In 

Figure 9, the legend shows the hardening parameter with a 

value ranging from 0.0 to 2.0. An element that has a 

hardening parameter value greater than 1.0 indicates that 

the concrete in that element is at the softening phase while 

if the value of hardening parameter was less than 1.0, the 

concrete is at the hardening phase. As shown in Figure 9, 

the hardening parameter contour that has values greater 

than unity was localized at the corner openings which was 

expected. 

  

(a) NSS (b) HSS G100 

  

(c) HSS G120 (d) NSS + HSS G100 

 

(e) NSS + HSS G120 

Figure 10 Stress distribution of rebar 

E. STRESS DISTRIBUTION ON THE REBAR 

Figure 9 shows the stress distribution in the reinforcing bar 

for each modified model. From Figure 9, the legend was 

adjusted such that the maximum and the minimum values 

show the yield limit for compression and tension 

conditions. Hence, it can be seen that the highest tension 

bar is located at the left part of the shear wall, which falls 

in the tension region. Another interesting finding is that the 

bar stresses in the coupling beam also show tension in the 

top right and the bottom left rebar, as shown in Figure 9. 

The bar condition at that location can be seen to have 

yielded. 

 

CONCLUSIONS 

This paper presented the nonlinear behavior of RC shear 

walls with regular openings influenced by high-strength 

steel using numerical simulation with a 3D-NLFEA finite 

element package. The 3D-NLFEA finite element package 

can reasonably predict the behavior of the shear wall with 

large openings up to the ultimate point. A discrepancy 

between the numerical model and the test result was found 

in the failure point because of using a bilinear stress-strain 

model for the rebar and not considering the buckling of the 

bar during the analysis.  

 The parametric studies by replacing the use of the NSS 

rebar with the HSS rebar showed that by utilizing the HSS 

rebar with the same reinforcement capacity and ratio is a 

decrease in the ability to accept lateral loads by 12.22%. In 

addition, the damage to the shear wall structure is smaller 

than that of the NSS configuration. For stress distribution 

with the use of HSS, the stress that occurs is small, the 

distribution of compressive stress is small and the area of 

concrete that is experiencing crushing is also small. Then 

for the HSS configuration, the reinforcement has not 

melted, while for the NSS configuration and the 

combination of many reinforcements that have yielded. 

The crack patterns that occur on shear walls with NSS 

configuration are flexural and shear cracks, while the crack 

patterns for structures with HSS configuration or 

combination (NSS+HSS) are shear cracks. Most of the 

reinforcement that experiences yielding is the 

reinforcement in the area below the shear wall structure and 

the reinforcement that functions as a concealed column. 
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