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Abstract 

Shear walls are very efficient structural elements to resist lateral seismic disturbance. Despite the aforementioned seismic 

performance, recent investigations report that they have suffered from significant structural damage after recent seismic 

activity, even for those complying with seismic provisions. These deficiencies in resistance and deformation capacities 

need to be explored. This study considers the influence of plastic length 𝐿𝑝 , concrete compressive strength 𝑓𝑐28 , 

longitudinal reinforcement ratio 𝜌𝑙, transverse reinforcement ratio ρsh, reduced axial load 𝜈, confinement zone depth CS 

and focusing on the geometric slenderness 𝜆. The parametric study has been conducted through NL pushover analysis 

using Peform3D software. The chosen coupled shear-flexure fiber macro model was calibrated with well-known cyclic 

experimental specimens. The paper points out the discrepancy between the two well-known codes EC8 and ASCE/SEI 

41-13. In fact, the value of the slenderness ratio (𝜆)  that trigger the beginning of a purely flexural behaviour 

recommended by EC8 (𝜆 > 2) is very different from the value of the ASCE/SEI 41-13 (𝜆 > 3) without accounting for 

the effect of the reduced axial force. Finally, it was found that RCW capacities are very sensitive to 𝑓𝑐28, 𝜈, 𝜌𝑙, 𝐿𝑝 and 

less sensitive to ρsh and CS. However, (𝜆) is the most decisive factor affecting the NL wall response. A new limit of 

slenderness and appropriate deformations of rotations are recommended to provide an immediate help to designers and 

an assistance to those involved with drafting codes. 
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1. Introduction 

Reinforced concrete (RCW) structural walls have commonly been used as building lateral force-resisting elements 

in regions of moderate-to-high seismic hazard, for providing an adequate stiffness and sufficient strength to ensure an 

elastic seismic response and an adequate ductility to dissipate energy. Structural RCW are defined as ductile, when 

they have the ability to deform inelastically corresponding to their displacement ductility μΔ. Despite the 

aforementioned seismic characteristics, technical investigations conducted after recent earthquakes in 2003 (Algeria) 

[1], 2010 (Chile) and 2011(Mexico), showed that the recorded structural damage (crushing, rebar buckling, and lateral 

instability) in concrete shear walls exceeded the level recommended by seismic regulations, even when there was 

compliance to design provisions [2]. Thus, questions have been raised about current design provisions and current 

understanding of the determinants of NL behaviour of RCW. This paper seeks to extend the understanding of the main 

parameters that influence NL behaviour of RCW and advocates that a performance-based approach, where 

performance goals rely on limit states based on damage levels, should be taken. 
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Therefore, a large volume of experimental data from tests on plan RCW subjected to in plane loading and 

documented over the past two decades was gathered [3] and utilized as a reference in the calibrating process of the 

numerical model for both macro-model and finite elements. This paper focuses on the NL behaviour of the ductile 

RCW structures. According to the value of the aspect ratio (lw/hw) structural walls are classified in three main groups: 

 Ductile shear walls: When a wall’s aspect ratio (lw/hw) is greater than two, and designed to ensures that plastic 

hinges can form at predetermined localities called confined zones (displacement ductility μΔ≈ 4) 

 Shear walls of limited ductility: When ductile flexural hinges cannot develop in structural walls, seismically 

induced shear forces assume a more important role (displacement ductility μΔ = 1.6). 

 Walls designed for elastic response: When the Principe of strength is the main parameter in the design process 

and response of the structure remain elastic during the expected earthquake (displacement ductility μΔ= 6). 

The numerical simulation has been conducted using Peform3D software. Two type of macro model elements of 

RCW are implemented in the program; Shear wall element and General wall element [4]. The shear wall element 

consists of vertical fibers and concrete shear layer (conventional shear) as shown in Figure 1(a). While the General 

Wall element is used to model axial force, bending, and shear strength (conventional shear) in addition of the diagonal 

compression struts that can transmit shear force and consider the contribution of reinforcing steel to the shear strength 

through interaction with the fiber layers. In our case, we had to choose the general wall element to simulate the 

interaction between the shear and flexure. The chosen coupled shear-flexure fiber macro model was calibrated with 

well-known cyclic experimental specimens. 

The study revealed, that the lateral capacities of the concrete shear walls are sensitive to the concrete resistance 

(fc28), the reduced normal force (ν), the longitudinal reinforcement ratio (ρl) and the extent of the plastic hinge (Lp); 

while they are less sensitive to the transverse steel ratio (ρsh) and confinement zone depth CS. The slenderness ratio (λ) 

was, however found, the most decisive factor affecting the seismic NL wall behaviour expressed in terms of the aspect 

ratio (height to length, hw/lw). We point out the existence of a discrepancy between the two well-known codes EC8 [5] 

and ASCE ASCE/SEI 41-13 [6] in the definition of the slender wall. In fact, the value of the slenderness ratio (λ) that 

trigger the beginning of a purely flexural behaviour recommended by EC8 (λ > 2), is very different from the value of 

the ASCE/SEI 41-13 (λ > 3), in addition, to being expressed as the ratio of (hw/lw) neglecting the reduced axial force ν 

effect. To understand this discrepancy, we had explored the range between the slenderness ratio (λ) values of the two 

well-known codes and a new limit of λ is proposed. Moreover, deformation limit state values (θIO, θLS, θNC) for a 

normally reinforced section are recommended, since the values given in the relevant literature treat the lightly and 

heavily reinforced cases. The chosen value 0.5Lw of plastic hinge given by the codes is also discussed 

The present paper is organised into five sections. The first section introduces the existing problem and outlines the 

research question and main objectives of this study. The second section presents the main modelling concepts 

commonly used by researchers. In Section 3, four commonly used experimental models, selected from the relevant 

scientific literature, have been used to calibrate the adopted numerical model. The fourth section deals with the 

parametric study by considering the main parameters that influence the NL behaviour of RCW while proposing some 

control tools that can be used to help the structural designer. The last section is devoted to the general conclusions and 

recommendations of the study. 

2. Modeling 

There are two main families of models used in the numerical simulation of the inelastic response of concrete shear 

walls structures [7]. 

2.1. Microscopic Models 

The models are based on the finite element method and are particularly useful when studying the local behaviour 

of structures. The concrete wall is discretized by a set of finite elements. The use of this type of model provides local 

responses which faithfully reflect the observations and results of experimental tests [8-11]. However, for highly 

redundant systems, the computation time becomes prohibitive (convergence problems). Their use in modelling 

therefore becomes a choice to be discarded. 

2.2. Macroscopic Models 

Compared to microscopic models, macroscopic models are relatively simple and numerically efficient with a 

reduced computation time. Their accuracies and areas of use vary significantly from one model to another. Their 

implementation and their use in calculations must be done appropriately so that the results obtained will be 

representative and agree with those obtained from experiments [12-15]. The main macroscopic models widely 

implemented in numerical simulation are summarized [7]: 
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 Vertical-Line-Element Model (VLEM) or (Pier model); 

 Three-Vertical-Line-Element Model (TVLEM); 

 Multiple-Vertical-Line-Element Model (MVLEM); 

 2-D Shear Panel Element Model (2-D SPEM); 

 Equivalent Truss Model (ETM); 

 Fiber-Based Model (Figure 1a); 

 The multi-layer shell element. 

2.3. Modeling of RCSW using a Fiber Element Macro-model 

The fiber element is idealized by discretizing the cross-section into a series of fiber, where each fiber is assigned a 

uniaxial hysteretic or simple model, simulating flexural or combined (bending-shear is introduced by the strut effect) 

(Figure 2a). This discretization is based on two main numerical approaches; the first based on displacement [16, 17] 

and the second on force [18, 19]. The displacement approach requires a fine meshing and considerable computation 

time. The force-based approach, on the other hand, depends on the choice of force interpolation functions that satisfies 

the global equilibrium of the section, thus considerably reducing the computation time. However, the results have been 

found to be less accurate than obtained by the first approach [20]. It should be noted that classic fiber models could not 

capture the NL behaviour of walls mainly controlled by shear deformations, as a result, they had to be modified in 

order to include the shear effect. 

2.4. Categorization of Concrete Shear Walls (ASCE /SEI41-13)  

The behaviour of RCSW is defined function of the geometric slenderness value λ (height/length). 

 RCSW or parts of walls are considered as slender (controlled by bending) if λ greater than 3.0. 

 Reinforced concrete walls or parts of walls are considered short (governed by shear) if λ is less than 1.50 and 

those between 1.5 and 3.0 are influenced by both bending and shear. 

2.5. Modeling Aspect 

It is recognized that distributed-plasticity beam-column models with fiber sections [20-22] provide a more accurate 

approach to simulate NL behaviour RC walls than lumped-plasticity models under both static and dynamic loads [18], 

because they can capture the variation of axial force in the axial-flexural interaction. This behaviour can be expressed 

by shear, bending, or combined shear-bending [7]. Since classic fiber model cannot capture the NL behaviour of squat 

walls mainly controlled by shear. Thus Fiber models must be modified to overcome this shortcoming. To better 

capture the shear effect (conventional and distortional), the macro-model used for the simulation is based on the fiber-

based element with consideration of the strut effect; however, the shear induced by the normal force is neglected. An 

ultimate deformation for vertical steel is introduced to avoid an out of plane effect. The modelling work was carried 

out using the Perform3D software [23]. 

2.6. Modeling Data  

The fiber behaviour laws are introduced through a uni-axial trilinear force-deformation curve (Inelastic 1D 

Concrete material, Inelastic Steel material Non-Buckling). These laws reflect the behaviour of the material starting 

from the elastic phase, passing to the elastoplastic to plastic stage until reaching failure or total loss of strength. The 

RCW is discretized on two main families of steel and concrete fibers (Figure 1b), where its Behavioural law is 

introduced: 

 Behavioural law of concrete - steel (Figure 1c);  

 Energy degradation factors Concrete – Rebar (Figure 1d); 

 Shear from diagonal  compression (Figure 1e); 

 Inelastic behaviour law of the material under the effect of shear is introduced in different ways; 

 Perform3D uses two methods of modelling wall elements. The first is called "Shear Wall, inelastic section, 

suitable for slender walls ", and the second is called "General Wall, inelastic section, used to introduce the effect 

shear through the strut effect ", suitable to model squat walls. The shear effect is introduced by a force-strain 

curve (Figure 1f); 

 Y Point: yielding point, significant beginning of the behaviour NL; 

 U Point: ultimate strength point reached; 
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 L Point: ductility limit point, significant beginning of strength loss; 

 R Point: point where the minimum residual strength is reached; 

 X Point: point where the deformation becomes very large, and the analysis must stop. 

 

 

 

 

 

 

 

 

 

 

 

    

Figure 1c. Behavioural law of concrete – steel 

   

Figure 1d. Energy degradation factors Concrete – Rebar 

              

Figure 1e. Shear from diagonal compression        Figure 1f. Shear effect (PERFORM Action-Deformation) Relationship) 

Figure 1. Modeling steps with Perfrom3D 

2.7. The Degraded Loop (Trilinear Case) 

 Two extreme shapes (Figure 2) may represent the trilinear degraded loop [23].  

 The elastic stiffness is equal to the non-degraded value (Figure 2a), giving a minimum elastic range and a 

maximum strain hardening range.  

Cross Section 
= 

Concrete 

Fibers 
+ 

Steel Fibers 

Figure 1b.discretization of concrete and steel into fiber 
Figure 1a.Fiber-Based Mode 
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 The hardening stiffness is equal to the non-degraded value (Figure 2b), resulting on a maximum elastic range and 

a minimum strain hardening range. 

 PERFORM allows to control the elastic range, using the Unloading Stiffness Factor. A factor of 1.0 gives a 

maximum unloading stiffness and minimum elastic range. A factor of -1.0 gives a minimum unloading stiffness 

and maximum elastic range. The default is midway between these extremes [23]. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Table 1. Material cyclic energy dissipation factor [24] 

 

 

 

 

 

Shear stiffness = 0.1Gc Acw [24]; Where GC = 0.4EC gross area 

3. Model Calibration 

Four experimental models (Figure 3; and Table 2) selected from the relevant scientific literature, namely SW1-1, 

and SW1-2 [25], RW2 [26] and PW1 [27]; the most commonly used were taken as references for the calibration of the 

adopted numerical analysis model. It should be noted that the limits introduced in the macro-model are those taken 

from the references. 

Table 2. Cross sectional characteristics of sample 

Designation Dimensions (mm) λ fC28 (MPa) LC (mm) υ 

SW 1-1 2000x1000x125 2.0 30 200 0.214 

SW 1-2 2000x1000x125 2.0 30 200 0.428 

RW 2 3660x1219x102 3.0 43.64 172 0.07 

PW 1 3660x3050x152 1.20 36 521 0.10 

 

 

SW 1-1 and SW 1-2, Sample 

 
 

 
 
 

Material state Y(yield) U(ultimate) L(loss) R(residual) X(rupture) Unloading Stiffness factor 

Concrete 1 0.4 0.4 0.1 0.1 - 

Steel 1 0.4 0.4 0.1 0.1 1 

(a) Minimum Elastic Range            (b) Maximum Elastic 

Range  
Figure 2. Extreme Cases, Before U point 

Fiber model - SW 1-1 et SW 1-2 
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RW2, Sample 

 

 

Fiber model - RW 2 

  

PW 1, Sample 

 

 

Figure 3. Idealized cross section of samples 

  

Fiber model - PW 1 
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Figure 4. a) Experimental SW 1-1 vs. Perform3D-Simulation  

  

 
 

Figure 4. b) Experimental SW 1-2 vs. Perform3D-Simulation  
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Figure 4. c) Experimental RW 2Vs Perform3D-Simulation 
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Figure 4. d) Perform3D-Simulation vs. Experimental PW 1 

The theoretical curves obtained from the macro-model (Figures 4a to 4d) retrace faithfully the cyclic behaviour of 

the tested specimens: SW 1-1, SW 1-2, RW2, and PW1. The results presented in table 3 show that the model reliably 

captures the points representing the limit states in strength and in deformation of the experimental models since 

negligible average deviations are registered (strength 2.5 % and 0.5 % in deformation). 

Table 3. Comparative results 

Designation λ v Vth (KN) Vexp (KN) Vth/Vexp δuth (mm) δuexp (mm) δuth /δuexp Eth/Eexp 

SW 1-1 2 0.214 183.2 187 0.98 20.37 20.35 1 0.87 

SW 1-2 2 0.428 218.7 223.8 0.98 20.6 22.40 0.92 1.035 

RW 2 3 0.07 174 170 0.97 55.6 54 1.03 1.23 

PW1 1.2 0.10 835 858.4 0.97 55.6 54 1.03 1.097 

However, if the energy is considered as a control tool, an average deviation of 12.3% is registered. In this context, 

Kappos [28] reports that a difference of 11% is recorded between the numerical and experimental curves. It can be 

concluded that the chosen macro-model, guarantees a remarkable reliability and is therefore used in the following 

parametric investigation. 

4. Parametric Study  

The study takes into consideration the parameters influencing the sectional capacity, namely:  

 The concrete strength fc28 (20-25-30-35-40 MPa). 

 The longitudinal steel ratio ρl (0.5, 1, and 2%); weakly, moderately and heavily reinforced. 

 The transverse steel ratio ρsh (0.5, 1 and 2%), weakly, moderately and heavily confined section. 

 The reduced axial stress ν (0.1, 0.20, 0.25, 0.3 and 0.35), weakly, moderate and heavily loaded section. 

 The extent of the confined section Cs (0.144, 0.392, 0.5).  

 The extent of the plastic hinge Lp and the geometric slenderness λ (1, 1.5, 2, 2.5, 3, and 3.5) which affect the 

behaviour of the structural member. 
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The presented results in this paper were selected from the obtained numerical ones in accordance with the 

requirements of the RPA99 [29] by considering the following limits: 

 The concrete strength fc28 (25, 30 and 35 MPa), which are common values in Algeria; 

 The slenderness ratio λ (2.5 and 3.5) representing the combined bending-shear and purely flexural effects; 

 The reduced normal force ν (0.10 and 0.25) extreme values considered by the RPA99 [29]; 

 The longitudinal reinforcement ratio ρl (0.5%, 1% and 2%); 

 The confining reinforcement ratio ρsh (lightly confined, moderately confined and highly confined);   

The length of the plastic hinge was taken as Lp = 0.5Lw. 

Material Limit states 

The parametric study is carried out by considering the behaviour laws of the materials used, namely: 

   

Figure 5. Confined concrete, not confined (Mander’s models) and steel (trilinear) 

Confined concrete: Y: (0.6fcc/Ec, 0.6fcc), U: (0.75εc, 0.6fcc), L: (1.25 εc, 0.6fcc) or:  

 Y Point: first yielding point, the beginning of significate NL behaviour;   

 U Point: ultimate point of strength reached; 

 L Point: ductility point limit, the beginning of significate loss of strength; 

Not confined concrete; Y: (0.6fc/Ec, 0.6fc,), U: (0.002, fc), L: (0.003, 0.6fc); Steel (trilinear): The ultimate 

deformation of the steel is taken a priori εsu = 0.30 and in order to avoid the out-of-plane instability phenomenon the 

deformation in the strength steel is limited to: 

yc

2

0

w
2

sm 3
l
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                                                                                                                                                (1) 

tw: thickness of the wall; l0 : buckling length of the wall, is taken generally equal to the extent of its plastic length; 

[29]and limited to 0.5Hw.  

The parameter cξ was originally proposed by Paulay and Priestley [30] as: 

 20.5 1 2.35m- 5.53m 4.70   c m                                                                                                                (2) 

Mechanical ratio of the resistance reinforcement in the confined area 
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end end  can be written: 
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4.1. Limit States for Bending Behaviour (Yielding and Ultimate) 

To evaluate the ductility capacity of the elements it becomes necessary to determine the yielding and ultimate 

displacement. The first limit may not have a well-defined point due to the nonlinear behaviour of materials. Several 

definitions have been adopted by researchers in the field to evaluate the yielding displacement [31]. The yielding 

displacement of the equivalent elastoplastic system which has a reduced stiffness or secant stiffness is determined by 

reaching the first yielding of the steel or for a force 𝐹𝑦 =  0.75 𝐹𝑚𝑎𝑥. Nonlinear elastic behaviour is due to cracking 

of the concrete. The latter definition is considered by R. Park [31] as the most realistic one as it has been adopted in 

cyclic quasi-static loading tests by leading researchers in the field from different countries USA-New-Zealand-Japan-
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China. Nowadays, this approach continues to be adopted [31, 32]. Therefore, it is retained for the rest of the study, i.e. 

the yielding displacement is assumed to be achieved if one of the two conditions is reached first: 

 The yielding of the longitudinal reinforcement.  

 The intersection of the line Fmax and the line through the origin and the theoretical value Fy=0.75Fmax. The 

ultimate limit state is assumed to be reached for whichever of the two conditions comes first ; After a 20% drop 

in strength, for a force Fu=0.8 Fmax or if the transverse or longitudinal steel fails or if the longitudinal steel 

buckles. 

4.2. Limit States for Shear Behaviour (Distortion)  

The residual performance within an earthquake damaged structure can be assessed through the observed damage 

levels, in order to take a decision about its immediate occupation, repair or its safety against collapse. In this context, 

Teroaka et al. [27] conducted a research work on 33 specimens of interior joints and drew a map relating the level of 

seismic performance with distortion and structural damage (shear angle and crack width). 

γA: is the limiting distortion (LD) for good serviceability (0.04%); γB: LD for easy repair (0.4%); γsl: LD for loss of 

serviceability (0.5%) and γc: LD for difficult repair (1.0%). The schematic relationship between distortion-damage and 

residual seismic performance (serviceability, repair and collapse safety), assumed to vary linearly respectively. The 

distortion of the panels is mainly caused by the extension of the diagonal due to crack propagation and not to the 

compression of the concrete in the other direction. This extension can be controlled by the transverse reinforcement 

and the resistance reinforcement; Teroaka et al propose the following limits [33]: 

 Distortion for easy repair 0.4%; 

 Distortion for difficult repair 1.0%.  

Using experimental data from 240 cyclic loading tests conducted on short walls, Epackachi at al. [34] recommend 

0.5% distortion for yielding and 1% for limit distortion. The acceptance criteria for non-linear procedures formulated 

for shear-controlled elements by [32, 3] respectively are: 

 IO= 0.4%; LS = 0.60% and CP = 0.75%.  

 IO= 0.4%; LS = 0.75% and CP = 1.0%. 

In this context and to avoid difficult repair, Graham Powell’s [4] limiting distortions are adopted for the rest of the 

study are taken as follows: 

 Du= 0.4%, Dx= 1.2%, DL= 0.75%, DR= 1.0% and no stiffness reserve is considered after yielding. 

5. Influencing Parameters 

5.1. Extent of the Plastic Hinge 𝑳𝒑 

The plastic hinge is usually defined, as that section of the structural element, where plasticisation of concrete in 

compression and yielding of steel in tension zone has occurred, causing section rotation under constant ultimate effort. 

The shape of plastic hinges, changes from concentrated zone for linear element, to a spread area such as shear walls. It 

is found that plastic zone length is only slightly sensitive to boundary element reinforcement ratio, shear span ratio and 

axial load level (which reduces slightly the spread of plasticity along the wall); but it is significantly affected by the 

wall length and wall height [35]. The ultimate deformation capacity of a component depends on the ultimate curvature 

and plastic hinge length. Many researchers have proposed equations for the plastic hinge length LP of RC shear walls 

to simulate the ultimate displacement [29, 34]. Theses equations formulated as a function of the length of the wall, the 

axial load υ, the moment-shear ratio M/V and the material characteristics. However, seismic code provisions 

recommend generally a value depending on the length of the wall (ex. Lp = 0.5Lw).The influence of the plastic hinge 

length Lp, on the seismic performance of RCSW was highlighted in a previous work [36] where the combined effect 

of shear-flexure was considered. The numerical investigation was conducted for a variable plastic length values. The 

obtained results show that Lp affects the behaviour of the structure, the member and the material. The main 

conclusions drawn from this work are summarised as follows: 

Global Behaviour   

The obtained results show an appreciable gain in strength and deformation proportional to the length of the plastic 

hinge. This gain increases linearly until it reaches the value of Lp = 0.63 Lw (α=10) where it remains unchanged 

(Figure 6e). It reaches 69% in deformation and 58% in strength compared to those obtained for Lp = 0.25Lw (α=4). 

The deformation and strength value (Figure 6e) obtained while using the normative value (Lp = 0.5Lw, α=8) are up to 

14% for strength and about 6% for deformation, compared to the particular value of Lp = 0.63Lw. 
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a. Base shear b. Global drift 

 
 

c. Ductility d. Effective damping 

 

e. Capacity’s gains resistance-deformation. 

Figure 6. Global behaviour 

The curves show that the ductility is significantly influenced by the variation of the plastic hinge length. It goes 

from a medium class of ductility (Figure 6e) for Lp = 0.378Lw (α=6) to a high class of ductility for Lp = 0.5Lw (Figure 

6e). The recorded gain is about 18% for Lp = 0.63Lw compared to Lp = 0.25Lw. 

Behaviour of the Element  

The rotation of the element increases proportionally with the length of the plastic hinge Lp, until it reaches its 

maximum value for Lp=0.63Lw (Lp=10tw) (Figure 7a). This specific point illustrates the ultimate limit state, 

maximum rotation-minimum resistance. After this critical limit, the results become irrational, for the rotation decrease 

and the resistance increase (abnormal went back) (Figure 7b, 7c). 

c) 
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a. Rotation capacity b. Moment capacity  

 

c. Moment - Rotation 

Figure 7. Sectional behaviour 

Effective Damping 

In practical applications, the maximum inelastic displacement is the most sought-after parameter, which is directly 

related to ductility. The equivalent linearisation method evaluates this displacement as the maximum displacement of a 

linear elastic system with lower lateral stiffness and higher damping coefficient than those of the inelastic system [37].  

Several analytical expressions relating effective period Teff, and effective damping βeff to ductility μ are nowadays 

evaluable within the relevant technic literature. Figure 6d shows the variation of βeff function of LP while using Iwan's 

relation [38], ( )  1-μ0587.0+05.0=β
0.371

eff . 

Table 4. Resistance and deformation results function of Lp 

Life Safety LS Near Collapse NC 

Lp=βLw 0.189 0.252 0.378 0.5 0.63 0.645 1.26 0.189 0.252 0.378 0.5 0.63 0.645 1.26 

Lp=αtw 3 4 6 8 10 15 20 3 4 6 8 10 15 20 

δy(m) 0.404 0.3 0.287 0.28 0.284 0.426 0.431 0.404 0.3 0.287 0.28 0.284 0.426 0.431 

Vy(KN) 83804 75663 75076 72172 73707 100668 100668 83804 75663 75076 72172 73707 100668 100668 

δu(m) 0.706 0.608 0.768 0.959 1.102 1.1 1.21 0.889 0.775 0.921 1.152 1.31 1.3 1.35 

Vu(KN) 138343 145196 180000 212389 234690 234104 237396 169312 165469 204708 245841 261509 261947 259115 

M(KNm) 110767 110352 109236 101967 96906 94184 94145 104145 105410 101377 88556 79540 83517 83509 

θ(rd) 0.00335 0.00512 0.00778 0.0110 0.0135 0.0131 0.0129 0.00558 0.00720 0.00994 0.0138 0.0166 0.0151 0.0151 

μΔ LS 1.75 2.03 2.68 3.43 3.88 2.58 2.81 2.20 2.58 3.21 4.11 4.61 3.05 3.13 

Drift 1.0232 0.8812 1.1130 1.3899 1.5971 1.5942 1.7536 1.2884 1.1232 1.3348 1.6696 1.8986 1.8841 1.9565 

βeq 5.27 5.93 7.11 8.15 8.69 6.96 7.31 6.28 6.96 7.88 8.95 9.45 7.66 7.77 

βeff 10.27 10.93 12.11 13.15 13.69 11.96 12.31 11.28 11.96 12.88 13.95 14.45 12.66 12.77 

10 - 7954 

0.0166 ,79540 

0.051, 83517 
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Table 5. Gain and deficiency 

  
Life Safety Gain-Deficiency Near Collapse Gain-Deficiency 

Lp=βLw /Lp=αtw 0.5/8 0.63/10 - % 0.5/8 0.63/10 - % 

M(KNm) 101967 96906 1.052 -5.2 88556 79540 1.113 -11.3 

θ(rd) 0.0110 0.0135 0.815 18.5 0.0138 0.0166 0.831 16.9 

βeff 13.15 13.69 0.961 3.9 13.95 14.45 0.965 3.5 

In the same context and taking the specific point 0.63 Lw as a reference, appropriate values characterizing the limit 

state levels (IO, LS and NC) for bending-shear behaviour dominated by flexure and for a reduced normal force ν ≤ 

0.25 (for an usual steel ratio) are proposed, in order to keep sufficient reserve of deformation capacity. 

Table 6. Rotation limits 

 
            v = 0.10                                            v = 0.25 

 
θIO θLS θNC θIO θLS θNC 

ASCE [6] 0.004 0.010 0.015 0.003 0.009 0.012 

FEMA [39] 0.005 0.010 0.015 0.003 0.006 0.009 

 
Under reinforced                                  Over reinforced 

G. Powel [23] 

θIO θLS θNC θIO θLS θNC 

0.005 0.010 0.015 0.003 0.006 0.009 

Proposed 

Normally reinforced  v = 0.25 

0.0033rd 0.0083rd 0.0128rd - - - 

Sectional Behaviour  

The length of the plastic hinge Lp also influences the behaviour of the materials making up the section. The 

variation in the length of the hinge Lp causes a shift of the neutral axis of the RC shear section, leading to two families 

of behaviour grouped and delimited by the normative value of 0.5Lw (Figure 8b). This shift of the neutral axis starts 

from 0.57Lw to 0.68Lw leading to an optimization of the materials (compressed confined concrete) reflecting the 

increase of the compressed concrete area and the improvement of the cross-section rotation. This phenomenon is also 

recorded for concrete and steel materials if the stress state is considered as a control parameter (Figure 8a). 

  

a. Steel stress evolution b. Concrete stress evolution 

Figure 8. Sectional behaviour 

The summary of the results presented shows that the code limit of 0.5Lw is an optimum position, for which it is 

adopted to conduct the rest of the study. 

5.2. Concrete Strength fc28 

The obtained results are gathered (Figure 9) in shear-drift curves categorised according to slenderness λ and 

reduced force ν. It can be seen that slender walls λ = 3.5 exhibit a purely flexural behaviour. The moderately slender 

walls λ = 2.5 show a combined bending-shear behaviour if they are heavily loaded ν = 0.25 whatever the concrete 

strength. This same behaviour is observed if the walls are lightly loaded ν = 0.10, for low concrete strengths (25 MPa). 
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Figure 9. Influence of concrete resistance fc28 

Impact on the strength 

 λ = 3.5 a small resistance gain (about 10%) is recorded regardless of ν.  

 λ = 2.5 a small resistance gain is recorded fluctuating between 23 and 30% for v = 0.10 and between 30 and 50% 

for ν = 0.25, whatever the slenderness value (Table 4) 

Impact on the deformation 

In terms of deformation, fc28 influences the yielding point recording a gain fluctuating between 6% for ν = 0.1 and 

ν = 0.25 if λ = 3.5. For λ = 2.5, this gain varies between 32 and 44% for fc28 = 30 and 35MPa if ν = 0.1, and 82% and 

147% for fc28 = 30 and 35MPa if ν = 0.25. It should be noted that no change in this gain is recorded for a concrete 

strength above 30Mpa (Table 4). The concrete strength affects only the ultimate deformation of the wall having a 

slenderness of 2.5, where a gain of 11.7% is recorded for ν = 0.1. This gain is 29% and 72% respectively for 30 and 35 

MPa of concrete strength and v = 0.25. The same observation is made for the overall ductility where it is the shortest 

wall that is affected.  

Impact on ductility 

For λ = 2.5, the overall ductility loss recorded increases with the increase of both of the concrete strength and axial 

force intensity (15% and 27% if ν =0.1 respectively for fc28= 30 and 35MPa and (30% if ν =0.25). 

Table 4. Influence of concrete resistance fc28 

λ =3.5 ν =0.10 λ=3.5 ν =0.25 

Gains 25 30 35 Gains 25 30 35 

V 161.567 178.821 184.332 V 207.009 228.612 236.733 

R 1.000 1.107 1.141 R 1.000 1.104 1.144 

θy 1.000 1.061 1.061 θy 1.000 1.000 1.057 

θu 1.000 1.002 1.002 θu 1.000 1.000 1.000 

μΔ 1.000 0.944 0.944 μΔ 1.000 1.000 0.946 



Civil Engineering Journal         Vol. 7, No. 12, December, 2021 

2058 

 

λ=2.5 ν =0.10 λ=2.5 ν =0.25 

Gains 25 30 35 Gains 25 30 35 

V 210.060 259.536 271.297 V 210.036 280.044 315.060 

R 1.000 1.236 1.292 R 1.000 1.333 1.500 

θy 1.000 1.317 1.439 θy 1.000 1.824 2.471 

θu 1.000 1.117 1.117 θu 1.000 1.291 1.728 

μΔ 1.000 0.848 0.776 μΔ 1.000 0.708 0.699 

 

5.3. Longitudinal Steel Ratio ρl 

The results obtained are grouped (Figure 10), in the form of families of shear-drift curves categorized according to 

the slenderness λ and the reduced force ν. Slender walls λ = 3.5 show a purely flexural behaviour unless the section is 

heavily reinforced ρl = 2%. Moderately slender walls λ = 2.5 show a combined flexural-shear behaviour if they are 

heavily loaded ν = 0.25 regardless of the reinforcement ratio ρl. This same behaviour is also observed if the walls are 

lightly loaded ν = 0.10, for reinforcement rates ρl =1-2% and it becomes flexural if the section is lightly reinforced (ρl 

= 0.5%). 

  

  

Figure 10. Influence of longitudinal steel ratio ρl 

Table 5a. Influence of longitudinal steel ratio ρl 

λ=3.5                           ν =0.10 λ=3.5                              ν =0.25 

ρl(%) V θy θu μΔ V θy θu μΔ 

0.5 112.20 0.00430 0.0205 4.767 163.53 0.00430 0.02050 4.767 

1 148.10 0.00650 0.0199 3.062 194.76 0.00510 0.02050 4.020 

2 208.78 0.00600 0.01730 2.883 210.03 0.00380 0.01386 3.647 

λ=2.5                            ν =0.10 λ=2.5                            ν =0.25 

ρl(%) V θy θu μΔ V θy θu μΔ 

0.5 164.93 0.00500 0.0205 4.100 210.05 0.0030 0.01210 4.030 

1 210.05 0.00390 0.01577 4.044 210.05 0.00161 0.01030 6.398 

2 210.05 0.00280 0.01114 3.979 210.05 0.00161 0.00976 6.062 
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Table 5b. Influence of longitudinal steel ratio ρl (gain) 

λ=3.5 ν =0.10 λ=3.5 ν =0.25 

Gains 0.5 1 2 Gains 0.5 1 2 

V 112.20 148.10 208.78 V 163.53 194.76 210.03 

R 1.000 1.247 1.630 R 1.000 1.156 1.179 

θy 1.000 1.512 1.395 θy 1.000 1.186 0.884 

θu 1.000 0.971 0.844 θu 1.000 0.843 0.765 

μΔ 1.000 0.642 0.605 μΔ 1.000 0.843 0.765 

λ=2.5 Ν = 0.10 λ=2.5 ν = 0.25 

Gains 0.5 1 2 Gains 0.5 1 2 

V 164.93 210.05 210.05 V 210.05 210.05 210.05 

R 1.000 1.273 1.273 R 1.000 1.000 1.000 

θy 1.000 0.780 0.560 θy 1.000 0.536 0.536 

θu 1.000 0.770 0.544 θu 1.000 0.851 0.807 

μΔ 1.000 0.9860 0.970 μΔ 1.000 1.588 1.504 

Impact on the Strength 

A gain in resistance is registered fluctuating between 27 and 63% for ν = 0.1 and 16 and 18% for ν = 0.25 

respectively for λ = 2.5 and λ = 3.5. 

Impact on Deformation  

Longitudinal reinforcement ratio ρl significantly influences the yielding point and the ultimate limit.   

 For λ = 3.5 and ρl = 1%, an increase at the yield point up to 50% for ν = 0.1 and 19% for ν =0.25 is registered. On 

the case of ρl=2% this gain is reduced to 40% for ν = 0.1 and a loss of 12% is registered for ν =0.25.However, the 

ultimate limit records a deficit of deformation from 3 to 16% for ν = 0.1 respectively for ρ l = 1 - 2%, and on the 

case of ν =0.25 a loss of deformation is from 16 to 25% respectively for ρl = 1 - 2%. 

 For λ = 2.5 and ν = 0.1 a significant loss up to 22% for ρl = 1%, this loss is accentuated at 44% for ρl = 2%. For ν = 

0.25 the loss of yielding deformation remains constant; 44 % (Table 5). However, the ultimate limit records a 

deficit from 23 to 46% for ν = 0.1 and from 15 to 19% respectively for ρl 1 and 2% for ν = 0.25. 

Impact on Ductility 

 For λ = 3.5 a registered loss of ductility (from 46% and 40%) for ν = 0.10, and form 15% to 24 % for ν = 0.25 

respectively for ρl = 1% - 2%. 

 For λ = 2.5 again of ductility (from 50% and 59%) for ν = 0.25, and a negligible loss is registered from 1% to 3 % 

respectively for ρl = 1% - 2%. 

5.4. The Reduced Normal Force ν 

The results obtained are gathered (Figure11), in the form of families of shear force-drift curves categorised according 

to slenderness λ and reduced stress ν. 

  

Figure 11. Influence of axial load ratio  
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Table 6. Influence of axial load ratio ν  

λ=3.5 fc28 = 25MPa λ=3.5 fc28 =30MPa λ=3.5 fc28 = 35MPa λ=2.5 fc28 = 25MPa λ=3.5  fc28 =30MPa λ=3.5  fc28 = 35MPa 

Gains ν =0.25 Gains ν =0.25 Gains ν =0.25 Gains          ν =0.25 Gains      ν =0.25 Gains           ν =0.25 

R 1.315 R 1.305 R 1.293 R 1.000 R 1.147 R 1.282 

θy 0.873 θy 0.843 θy 0.829 θy 0.589 θy 0.765 θy 0.889 

θu 0.993 θu 0.993 θu 0.993 θu 0.667 θu 0.693 θu 0.993 

μΔ 1.138 μΔ 1.179 μΔ 1.198 μΔ 1.131 μΔ 0.906 μΔ 1.117 

Impact on strength 

For λ = 3.5 a considerable gain in resistance is registered (around 30%) when ν shifts from 0.1 to 0.25. However, 

this gain fluctuates between 14.7% and 28.2% respectively for fc28 = 30 MPa and fc28 = 35 MPa when ν shifts from 0.1 

to 0.25 and λ = 2.5. 

Impact on the deformation and ductility 

The increase of ν significantly reduces the yielding rotation: 13 to 17% for λ = 3.5 and ν = 0.25 resulting in an 

increase in overall ductility 14 to 20%. If λ = 2.5 this reduction in yielding rotation passes from 44 and 21% 

respectively fc28 = 30 MPa and fc28 = 35 MPa for ν = 0.25, leading to an increase in ductility of 13 and 11.7%. 

5.5. Transverse steel ratio ρsh  

The results obtained are gathered (Figure 12), in the form of families of shear force-drift curves categorised 

according to slenderness λ and reduced stress ν. 

Impact on strength 

A small gain in resistance is recorded (3-8%) only for λ = 3.5. 

Impact on the deformation and ductility 

For λ = 2.5 ρsh has a small influence on the yielding limit (10 to 12%) if ν =0.1 and no effect for ν = 0.25. The 

ultimate limit is weakly affected (5 to 16%). A loss in the overall ductility is noticed (5 to 10%) for ν = 0.25. It can be 

concluded that the influence of the transverse reinforcement ratio is negligible. 

  

  

Figure 12. Influence of transversal steel ratio ρsh 
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5.6. Extent of the Confined Section CS 

The results obtained are grouped (Figure 13), in the form of shear force-drift curves categorized according to 

slenderness λ and reduced axial force ν. It can be seen that the extent of the confined area has no effect on the strength 

and deformation capabilities of the wall regardless of its slenderness and the bearing axial force. 

  

  

Figure 13. Influence of width of confined section CS 

5.7. Slenderness Ratio λ 

The increase in slenderness ratio λ enhances the element deformability and reduces its stiffness. It delays the onset 

of the yield point:  

 150% is recorded for λ =2.5 and 186% for λ =3.5 for ν = 0.1;   

 65% is registered for λ =2.5, and 175% if λ =3.5 for v = 0.25. 

This results in a significant loss of stiffness; hence a drop in strength of 30% for ν = 0.1 and 7% for ν =0.25. 

Furthermore, the ultimate deformation is also delayed in an appreciable way (sup a 90%) increasing the energy 

dissipation capacity. For lightly loaded RCW (ν = 0.1) flexural behaviour is noticeable for λ = 2.5, however this 

behaviour starts for λ = 3 for heavily loaded ones (ν = 0.25) and be dominant after λ = 3.5. 

  

Figure 14. Influence of the slenderness ratio λ  
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Table 7. Influence of the slenderness ratio λ   

ν =  0.10 ν =  0.25 

λ V δy (%) δu (%) μΔ V δy (%) δu (%) μΔ 

1 210.05 0.002 0.0076 3.45 210.05 0.002 0.0077 3.86 

1.5 210.05 0.003 0.009 3.21 210.05 0.0022 0.0079 3.59 

2 210.05 0.004 0.0105 2.63 210.05 0.0027 0.0084 3.11 

2.5 210.05 0.006 0.0145 2.59 210.05 0.0033 0.0102 3.09 

3 176.58 0.006 0.0151 2.55 210.05 0.0043 0.0147 3.42 

3.5 148.1 0.006 0.0151 2.43 194.76 0.0055 0.0151 2.75 

 

5.8. Compression Strut Effect 

The study of the influence of the compression strut on the behaviour of CRW was carried out using the PW1 model 

(already studied under cyclic effect) for a monotonic load case.it was conducted while varying the geometric 

slenderness (from the squat to slender wall) for two limit values of the reduced axial force 𝜈 =  0.1 and 𝜈 =  0.25 

(from lightly to heavily loaded). This specimen was chosen because of its geometrical dimensions corresponding with 

commonly used RCSW (absence of the scaling effect) and the accessibility of the experimental details. Figure 15 

shows that: 

 The compression strut effect for RCW with slenderness 𝜆 ≥  2 is not significant (gains do not exceed 10%, 

Table 7); 

 λ< 2 is predominantly dominated by shear effect (disturbed zone); 

 λ = 2 can be considered as a demarcation point after which the flexural effect triggers although the shear effect 

remains important; 

 λ > 2.5 the flexural effect varies increasingly (precisely for heavily loaded RCW); the flexural phenomenon 

starts to prevail. The element exhibits a purely flexural behaviour; 

 λ = 3, for lightly loaded case (𝜈 = 0.1);  

 λ = 3.5, for heavily loaded case (𝜈 = 0.25). 

 

  

 ν = 0.10 ν = 0.25 

Gains 1.0 1.5 2 2.5 3 3.5 1.0 1.5 2 2.5 3 3.5 

V 210.05 210.1 210.05 210.05 176.58 148.1 210.05 210.05 210.05 210.05 210.05 194.76 

R 1.00 1 1 1 0.84 0.7 1.00 1 1 1 1 0.93 

δy 1.00 1.27 1.82 2.54 2.72 2.86 1.00 1.1 1.35 1.65 2.15 2.75 

δu 1.00 1.18 1.38 1.91 1.99 1.99 1.00 1.03 1.09 1.32 1.91 1.96 

μΔ 1.00 0.93 0.76 0.75 0.74 0.7 1.00 0.93 0.81 0.8 0.89 0.71 
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Figure 15. Influence of the compression strut on the NL response of RCW 

Table 7. Influence of the compression strut on the NL response of RCW 

ν =  0.10                      ν =  0.25 

λ V Vstrut Gain (%) V Vstrut Gain (%) 

1.2 807.3 982.08 21.6 829 1013.62 22.3 

1.5 783.3 813.11 3.8 810.5 819.65 1.1 

2 758.85 802.67 5.8 776.23 819.9 5.6 

2.5 728.81 748.47 2.7 739.35 785.65 6.3 

3 670 700.1 4.5 709.2 770.73 8.7 

3.5 605 632 4.5 686.17 754.61 10.0 

 

 
Figure 16. Registered gain due compression strut 

The synthesis of the obtained results gives a clear answer on the limit slenderness beyond which the RCW will 

exhibit a purely flexural behaviour for both loading cases (v=0.1 and v=0.25). It can be concluded that the geometric 

slenderness of 3.5 can be considered as a threshold beyond which the RCW exhibits a purely flexural behaviour. 
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Contrary to EC8 and the ASCE/SEI 41-13 code which recommend a limit slenderness independently of the wall 

position (lightly or heavily loaded cases) and giving values of 2 and 3 respectively for a such behaviour. 

6. Conclusions  

6.1. Extent of the Plastic Hinge 𝑳𝒑 

The plastic length significantly affects the strength and deformation of wall structures for values 0.25Lw ≤ Lp ≤ 

0.63Lw. The strength and deformation gain increases linearly until reaching LP = 0.63lw where it remains unchanged. 

This specific value characterises the ultimate limit state beyond which the obtained results become irrational. The 

normative value of LP =0.5Lw limits the incursion into the plastic domain providing an additional safety margin (20% 

in deformation). The variation of the plastic length causes a shift of the neutral axis of the web section forming two 

behaviour families (𝜎 − 𝜀) delimited by the normative value of 0.5Lw. This shift is more pronounced between 0.57Lw 

and 0.63Lw leading to an optimisation of materials (confined concrete in compression) resulting in a larger confined 

area increasing thus the rotation capacity. Rotation values consistent with Limit state deformations (I.O), (L.S), (N.C) 

for bending-shear behaviour are proposed for a conventional steel reinforcement: θIO = 0.0033rd, θLS =0.0083rd, θNC = 

0.0128rd. 

6.2. Concrete Strength 𝒇𝒄𝟐𝟖  

The increase of fc28 improves the strength (up to 50% gain) of the heavily loaded slender walls (λ=2.5) and 

decreases the ductility (30% of loss is recorded). However, it has no significant effect for slender walls (λ=3.5). 

6.3. Longitudinal Reinforcement Ratio 𝝆𝒍 

The increase in ρl leads to a significant gain in strength (up to a 50% gain) for lightly loaded slender walls (v=0.1 

for λ = 2.5-3.5). Whereas a loss in ductility is noticed (25 and 40%) respectively for v = 0.25 and v=0.1 for (λ = 2.5 -

3.5). The ultimate steel deformation εsu=0.30 is recommended in order to avoid the out-of-plane instability 

phenomenon. 

6.4. The Reduced Axial Force 𝝂  

Reduced axial force ν improves slightly the strength of slender walls only for (λ=3.5). However, it reduces the 

yielding strength leading to a substantial increase in ductility for λ = 2.5. 

6.5. Transverse Reinforcement Ratio 𝝆𝒔𝒉  

For λ = 3.5 ρsh has a small effect on the capacity of resistance for ν =0.1 and 0.25; for λ = 2.5 ρsh has a small effect 

on the capacity of resistance if ν = 0.1 and no effect if ν = 0.25; the transverse reinforcement ratio ρsh has a low effect 

on the deformation capacity. In order to achieve a rational confinement ratio, an effective limit of the transverse 

reinforcement ratio (ρsh =1%) is recommended. 

6.6. Extent of the Confined Section CS  

The extent of the confined area has no effect on the strength and deformation capabilities of the web (regardless of 

its slenderness and its bearing axial force). 

6.7. Compression Strut and Slenderness Ratio 𝝀 Effect 

The effect of the compression strut for RCW with slenderness 𝜆 ≥  2 is negligible (gains do not exceed 10%), 

however, it will be significant for squat RCW where these gains can exceed 20%. The increase in slenderness ratio 

λ, favours the deformability of the wall, reducing its stiffness. It delays the onset of the yield point (ranging from 65% 

to 186%) which leading to a consequent loss of stiffness resulting in a drop in strength. The ultimate deformation is 

significantly delayed (over 90%) thus increasing the energy dissipation capacity.  

It should be pointed out that for lightly loaded shear walls (ν = 0.1) the flexural behaviour is noticeable for a 

slenderness ratio of λ = 2.5 and is dominant for λ = 3.0. However, for those highly loaded (ν = 0.25) this behaviour 

takes effect for λ = 3 and becomes dominant after λ = 3.5. The slenderness ratio describing a purely flexural behaviour 

(introduced as the (Length/width)), omitting the effect of the reduced normal force ν is not realistic. A limit of this 

factor taking into account the effect of the position of the shear wall (light or heavy load case of ν) is proposed λmin ≥  

3.5 × (1-(0.25-ν)). We conclude that the slenderness of λ = 3.5 is a threshold beyond which the RCW exhibits a purely 

flexural behaviour. Finally, it was found that Reinforced Concrete Shear Walls (RCW) capacities are very sensitive to 

the concrete compressive strength fc28, the reduced axial load ν, the longitudinal reinforcement ratio ρl, the Plastic 

Length Lp; while being less sensitive to transverse the reinforcement ratio ρsh and the confinement zone depth CS. 



Civil Engineering Journal         Vol. 7, No. 12, December, 2021 

2065 

 

However, the geometric slenderness λ is the most decisive factor affecting the NL wall response. The purpose of this 

study, is to go towards a future study where the RCW is studied in the context of a whole building taking into account 

the percentage of short and slender walls composing it, in order to propose a global factor behavior function of the 

ductility, λ(ν), the existing percentage of squat and slender walls. 
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