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ABSTRACT 
A number of stress-strain relationships for concrete and expressions to calculate the plastic hinge length 

(lph) have been suggested for fiber-based analysis of RC walls. However, no consensus exists regarding 

the appropriate modeling combination to accurately reproduce the flexural response. Three reinforced 

concrete walls with different end confinements were numerically modeled to study the effects of stress-

strain relation of concrete and the equivalent plastic hinge length on the load-drift relations. Best 

combinations of stress-strain relationship (for concrete) and lph are identified for the walls considered. 

Keywords: concrete confinement, fiber model, response sensitivity, plastic hinge length, stress-strain 

relationship 

 

 

1. INTRODUCTION 
 

     Reinforced concrete (RC) walls are one of the 

most commonly used structural systems for mid- and 

high-rise buildings. Despite their widespread use, RC 

walls suffered severe damage in recent earthquakes, such 

as the 2010 Maule (Chile) Earthquake and the 2011 

Christchurch (New Zealand) Earthquake, some even 

leading to the collapse of the building [1]. 

Reconnaissance studies following the earthquakes have 

reported that the damages were primarily caused by 

insufficient confinement and detailing in the end regions. 

These observations have highlighted the need for proper 

detailing of RC walls to improve the deformation 

capacity under seismic load. Following these events, a 

number of experimental and analytical studies have been 

conducted to develop guidelines for end region 

confinement of RC walls [1-3]. 

     In the last two decades, several numerical 

modeling approaches have been developed to simulate 

the flexural response of RC walls [4-6]. Among them, 

the fiber-based modeling approach, in which the wall 

cross-section is discretized into fibers and the fiber 

response is defined by uniaxial stress-strain relationships 

of concrete and reinforcement, balances the accuracy 

and computational efficiency for design applications. 

The accuracy of the fiber-based model is primarily 

controlled by the stress-strain relationships used for the 

concrete. A number of stress-strain relationships and 

empirical expressions have been proposed to 

characterize the response of unconfined and confined 

concrete in RC members [7-10]. However, there is no 

consensus regarding the appropriate stress-strain 

relationship for simulating the flexural response of RC 

walls. A comparative study evaluating the influence of 

different stress-strain models of concrete on the global 

(load-deformation) response of walls is still lacking. 

     Beam-column elements with distributed-plasticity 

formulation produce non-objective (or mesh-sensitive) 

responses when used to simulate the softening response 

of structural components [11, 12]. Modified integration 

methods have been proposed as a workaround for this 

mesh sensitivity issue, where the integration weight of 

the most-strained integration point is scaled to match the 

equivalent plastic hinge length, lph [12]. This 

workaround necessitates an appropriate value of the 

predefined length lph. Although several empirical 

expressions have been proposed to obtain the lph of RC 

walls, the existing expressions produce different values 

of lph. The appropriate lph for RC walls is still a topic of 

debate among researchers, and the choice of one value 

over the other is highly subjective. A study comparing 

the global response obtained using different expressions 

for lph can shed light on the expected range of responses 

from the fiber-based analysis.  

     The present study addresses the issues highlighted 

in the previous paragraphs by comparing the load-

deformation response obtained using different 

combinations of concrete stress-strain relationship and 

lph. The simulated responses are compared with the 

experimental results of three RC walls with different end 

confinement tested in the author’s research group. The 

best combination of the stress-strain relationship and lph 

for the selected walls is identified. The results presented 

will help to make appropriate modeling choices for the 

design and analysis of RC walls. 

 

2. TEST SPECIMEN PROPERTIES 
 

     Three specimens (MC, SC, HN) tested under 
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Table 1 Properties of wall specimens 

 
hw/lw: aspect ratio, hw: wall hight, lw: wall length, Ach: the area of confined end region (values in parentheses are the 

confined region dimensions measured between stirrups centerlines), percentages correspond reinforcement area ratios.

reverse cyclic loading with different end region 

confinements were selected for this study [13]. These 

walls (40%-scale specimens) have the same shear span 

ratio (1.37) and two different axial load levels (0.1Agf'c 

and 0.2Agf'c). Here Ag is gross cross-section area and f'c 

is compressive strength of concrete. Reinforcement 

details and mechanical properties of concrete and 

reinforcement of the wall specimens are summarized in 

Table 1 and Table 2, respectively. For more details of 

the experimental results and observations please refer to 

reference [13]. 

     All three specimens have the same height, length, 

and wall thickness, but they have different confined 

areas in the end regions. Figure 1 shows the 

reinforcement details of the walls. The crack pattern of 

the walls at the peak load is shown in Fig. 2. All three 

specimens exhibited a flexure-controlled response. 

 

Table 2 Mechanical properties of concrete and 
reinforcement 

 
 

 

3. NUMERICAL MODEL 
 

     Fig. 3(a) shows the schematic of fiber-based 

model used in the present study. A force-based beam-

column element with six integration points is used to 

model the wall. The modified Gauss-Radau integration 

scheme [12] was used to scale the integration weight of 

the bottommost integration point to match the specified 

plastic hinge length, lph. Elastic shear deformation and 

flexural deformation were considered in numerical 

model, but the effect of pull out of longitudinal 

reinforcement was neglected. All analyses were 

conducted using the open-source computational 

framework OpenSees. 

 

3.1 Stress-strain relationship of concrete 
     The wall cross-section was discretized into 

unconfined and confined concrete regions, as shown in 

  

 
 

Fig. 1 Reinforcement details of the specimens 
 

 
 

Fig. 2 Crack pattern at peak load (schematic for 
lower-half of the specimens) 

 

Fig. 3(b). For the unconfined concrete, the stress-strain 

relationships of Kent-Park [7] and Mander [8] were 
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considered for evaluation (Fig. 4(a)). In the Kent-Park 

model, concrete's residual stress is retained even after it 

reaches the ultimate strain. In contrast, the Mander 

model completely disregards the contribution of 

concrete once it reaches the ultimate strain, mimicking 

the spalling of cover concrete. 

     For confined concrete, four commonly used 

models to obtain the stress-strain relationships of RC 

members (viz., Kent-Park [7], Mander [8], Sheikh [9], 

and Saatcioglu [10]) were selected. Fig 4(b) compares 

the stress-strain relationship obtained according to the 

four approaches for specimen HN. Confined concrete 

strength is calculated with the equation 𝑓𝑐𝑐
′ = 0.85𝐾𝑠𝑓𝑐

′ 

in Sheikh model. Here, 𝑓𝑐
′  is compressive strength of 

concrete and 𝑓𝑐𝑐
′   is confined concrete strength. The 

model uses a reduction factor of 0.85 for the concrete 

compressive strength. Also, a parameter Ks is used to 

calculate the concrete strength gain due to linear lateral 

reinforcement. For specimen HN, the strength 

enhancement factor Ks was approximately 1. Thus, 

confined concrete strength did not increase, on the 

contrary, a 15% decrease was observed in the strength 

since it was multiplied by 0.85. It is observed that the 

Sheikh model yields the lowest confined concrete 

strength, whereas the Saatcioglu model generally yields 

larger concrete strength compared to the other models. 

Regarding the post-peak response, Mander model tends 

to have more gradual strength-degradation, whereas the 

Saatcioglu model gives steeper degradation. These 

differences are expected to influence the lateral load-

deformation response obtained from the analysis. The 

hysteretic behavior of each concrete model was based on 

the loading-unloading rules developed by Yassin [15]. 
 

 
 

a) Model schematic 
 

 
 

b) Section discretization 
 

Fig. 3 Details of the numerical model 
 

3.2 Stress-strain relationship of reinforcement 
 A bilinear stress-strain relationship with post-

yield hardening ratio of 0.05 was used for the 

longitudinal reinforcement. Hysteretic behavior of the 

reinforcement was defined according to the Menegotto-

Pinto rules. 

3.3 Plastic hinge length 
 Numerous empirical expressions are available to 

calculate plastic hinge length of RC walls [14]. The five 

most commonly used expressions for lph are summarized 

in Table 3 [16-20] for discussion. Here, Lw is wall length, 

k is a parameter to reflect the spread of plasticity, He is 

effective height of the wall, dbl is the diameter of the 

longitudinal reinforcement, fye is the expected yield 

strength of reinforcement (fye=1.1fy), f'c is compressive 

strength of the concrete, ALR is axial load ratio, and ρsh 

is the transverse reinforcement ratio. 

Among the five expressions considered, two (Bohl-

Adebar and Kazaz) consider the effect of axial load ratio 

on lph. The ASCE 41-06 equation does not consider the 

  

 
 

a) Unconfined concrete 
 

 
 

b) Confined concrete 
 

Fig. 4 Stress-strain relationships for concrete 
 

Table 3 Descriptions of lph models 
(calculated lph are in mm) 

 

 
 

effect of wall height on lph. Only Kazaz’s equation 

considers the transverse reinforcement ratio in the lph 

calculation. The ASCE 41-06 gives the largest lph (875 

mm) and the Bohl-Adebar equation gives the smallest lph 

(425 mm for SC and MC, 350 mm for HN) for the three 

specimens considered.  

Recommendations MC SC HN

ASCE/SEI 41-06 875 875 875

Paulay&Priestley 642 642 642

Eurocode 8 530 533 532

Bohl&Adebar 425 425 350

Kazaz 499 441 404

Expressions of plastic hinge length
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4. ANALYSIS RESULTS AND DISCUSSION 
 

4.1 Effect of unconfined concrete model 
 Figure 5 shows the comparison of the shear 

force-drift (Q-R) response obtained using the two 

unconfined concrete models. Results for specimen SC 

(which has the smallest confined region; ref. Table 1) 

are presented because this specimen has the largest 

unconfined concrete area. This model used the Kent-

Park relationship for the confined concrete (other stress-

strain relationships were very similar except for the 

Sheikh model) and lph according to Eurocode-8 (as an 

intermediate value). 

 It is observed from Fig. 5 that the unconfined 

concrete models influenced the peak shear force and 

initiation of the strength degradation in the analysis 

(around 0.7% drift). Mander model produced a larger 

capacity due to more gradual strength degradation in the 

stress-strain relationship compared to the Kent-Park 

model (see Fig. 4(a)). However, the Q-R curve exhibited 

more abrupt strength-degradation once the unconfined 

concrete reached ultimate strain. This observation is 

attributed to the fact that the unconfined concrete fibers 

completely lose the capacity in the Mander model, 

whereas they retain some residual strength (20% of the  

  

 
 

Fig. 5 Effect of unconfined concrete model on 
shear force-drift response of specimen SC. 

 

compressive strength) in the Kent-Park model. These 

effects are less pronounced for the other two specimens 

(MC and HN) because of the relatively smaller area of 

the unconfined concrete. Furthermore, the influence of 

unconfined concrete model is more evident for models 

with smaller lph (Bohl-Adebar and Kazaz) as the ultimate 

strain limit is reached at a smaller drift. The Kent-Park 

unconfined concrete model is used for all analyses 

presented in the subsequent sections. 

 

4.2 Effect of confined concrete model 
 Figure 6 compares the shear force-drift response 

obtained using the four confined concrete models for 

specimen HN. This specimen has the largest confined 

region (ref. Table 1); therefore, the simulated response 

is expected to be more sensitive to the choice of the 

confined concrete model. The results presented in Fig. 6 

used lph according to Eurocode-8 (as an intermediate 

value). 

 Analysis results in Fig. 6 are directly correlated 

with the nature of the stress-strain relationships of 

confined concrete shown in Fig. 4(b). The Sheikh model 

(with the lowest confined concrete strength) yields a 

smaller capacity, and the Saatcioglu model (with the 

highest confined concrete strength) yields the largest 

capacity. The Saatcioglu model and Mander model 

produce similar overall monotonic responses. However, 

the Mander model results in a more abrupt reduction in 

capacity once the ultimate strain is reached around 1.4% 

drift. All four models underestimated the envelope curve 

obtained from the experiment.  

 For the other two specimens (MC and SC), similar 

responses are obtained using different confined concrete 

models except for the Sheikh model, which consistently 

produces lower strengths. 

 

4.3 Effect of plastic hinge length 
 Analysis results obtained using different plastic 

hinge lengths (ref. Table 3) are compared in Fig. 7 for 

specimen HN. Confined concrete model of Mander was 

used in the analysis. The plastic hinge length obtained 

according to ASCE 41-06 was not considered, as the 

value was unreasonably large (lph >0.5Hw) for all 

specimens. 

 
 

Fig. 6 Effect of confined concrete model on shear 
force-drift response of specimen HN. 

 

 
 

Fig. 7 Effect of different plastic hinge lengths on 
shear force-drift response of specimen HN. 

 

 Figure 7 shows that the plastic hinge length (lph) 

has a negligible effect on the peak strength but controls 

the drift corresponding to the initiation of strength 
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degradation (or, equivalently, the ultimate drift capacity). 

A smaller value of lph results in earlier strength 

degradation because larger strains are developed, and the 

strain reaches in the post-peak region of the stress-strain 

relationship at a smaller drift compared to a model with 

a larger lph. Accordingly, a small lph (e.g., Bohl-Adebar 

and Kazaz) can underestimate the drift capacity and 

vice-versa. Similar results were obtained for the other 

two specimens (MC and SC). 

 For the specimens considered, lph calculated 

according to Eurocode-8 and Paulay & Priestley 

equations reasonably simulated the envelope response 

obtained from the experiment. The equations proposed 

by Bohl & Adebar, and Kazaz resulted in earlier strength 

degradation than that observed in the experiment. 

 

4.4 Cyclic response 
 The combinations of stress-strain models and lph 

identified to simulate the envelope response of the three 

RC wall reasonably are used in this section to simulate 

the cyclic response. The best combinations of concrete 

model and lph was determined based on comparison of 

peak shear force, residual drift, and overall energy 

dissipation, with the experimental results. The following 

model combinations were found to consistently produce 

good results for the three specimens: confined concrete 

models of Mander or Saatcioglu with the lph calculated 

according to Eurocode-8 or Paulay & Priestley. The 

Kent-Park model was used for the unconfined concrete 

in all analyses. As an example, Figure 8 shows the 

results obtained using one suggested combination using 

the Mander confined concrete model and plastic hinge 

length according to Paulay & Priestley. It is observed 

that this combination reasonably simulated the overall 

cyclic response, including the residual drift and the 

loading-unloading response. However, all considered 

approaches slightly underestimated the envelope 

response of the three specimens, especially for specimen 

HN in the positive loading cycle. Specimen HN had the 

largest confined area and dense shear reinforcement (ref. 

Table 1). One possible reason for the underestimation 

could be that the calculated confined concrete strength 

and ductility enhancement was smaller compared to the 

actual value. More experimental studies on highly-

confined RC walls are needed to verify this proposition. 

 For design applications in which deformation 

capacity of RC walls is required, the drift corresponding 

to the limit compressive strain obtained from Eq. (1), 
proposed by Mander [8], can be taken as the ultimate 

drift capacity. 

 

     𝜀𝑐𝑢 = 0.004  
1. 𝜌𝑠  ℎ𝜀𝑠𝑚

   
                 (1) 

 

In Eq. (1),  𝑠  is the volumetric ratio of transverse 

reinforcement in confined end regions, 𝑓   is the yield 

strength of confining reinforcement, 𝜀𝑠𝑚  is the limit 

strain of confining reinforcement (a value of 0.005 yields 

good agreement with the experimental results [13]) and 

𝑓𝑐𝑐
′  is the confined concrete compressive strength. 

 

5. CONCLUSIONS 

 

 
 

Fig. 8: Cyclic response of the specimens obtained 
from analysis and experiment. 

 
The following conclusions are drawn based on the 

results and discussion presented in this study. 

 

(1) Stress-strain relationship of unconfined concrete 

affects the peak strength and the drift at the initiation 

of strength degradation for RC walls with relatively 

small confined end regions. These effects were less 

pronounced for walls with larger confined end 

regions. 

(2) The Sheikh model consistently gave lower confined 

concrete strength and ductility enhancement among 

the four confined concrete models. As a result, this 

model considerably underestimated the shear force-

drift response obtained from the experiment, 

especially for the specimen with larger confined end 

regions. 

(3) A smaller plastic-hinge length (lph) results in higher 

strains in the wall cross-section and, consequently, 
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earlier strength-degradation in the shear force-drift 

response. The ultimate drift capacity obtained from 

the analysis is very sensitive to the lph used in the 

numerical model. 

(4) For the RC walls considered, the combination of the 

Mander confined concrete model, Kent-Park 

unconfined concrete model, and plastic-hinge 

length (lph) according to Paulay & Priestley yielded 

good agreement with the experimental results. 

Similar results were obtained using Saatcioglu 

confined concrete model and lph according to 

Eurocode-8. 

 

Future studies should verify these findings with the test 

data covering a more comprehensive range of wall 

geometries, material properties, and axial load ratios. 
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