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ABSTRACT:  
Structural walls are widely used in RC buildings in seismic regions. Moment curvature 
analysis of critical sections of structural walls serve as a powerful tool to assess drift 
capacity of structural walls based on prescribed strain limits for concrete and 
reinforcement, and plastic hinge length. However, the effect of shear stress demand on the 
strain limits in commonly used moment curvature analysis requires in depth 
consideration. 
Structural wall design/assessment and modelling are more complex than that of columns, 
because mechanisms such as shear flexural interaction or shear failures are more 
pronounced in walls. Moreover, under cyclic loading they exhibit failure modes, such as 
shear-compression or sliding shear at the base, which are rare in columns. 
Once a member yields in flexure and flexural plastic hinge forms, its shear resistance 
decreases with increasing inelastic cyclic displacements. In other words, before the 
flexure-controlled ultimate chord rotation or plastic hinge rotation is reached, it can fail in 
lower rotations due to cyclic degradation.  In columns, to account for the effect of shear 
strength degradation in cyclic actions, contribution of concrete in shear strength is 
reduced based on desired curvature ductility of critical section by analytical formulation 
proposed in literature based on test results. However, in structural walls limited test 
results exist to facilitate proposition of such analytical recommendations. 
Hence, this paper seeks to investigate effect of shear demand on the concrete and 
reinforcement strains in critical sections of rectangular structural walls for different drift 
values. A wall section with a given flexural strength and curvature capacity is subjected 
to displacement history by employing micro finite element approach.   

1 INTRODUCTION 

In general, slender reinforced concrete shear walls are governed by flexure, and tend to form a plastic 
flexural hinge near the base of the wall under severe lateral loading. The ductility of the wall will be a 
function of the percentage of longitudinal reinforcement concentrated near the boundaries of the wall, 
the amount and spacing of ties available to confine the core concrete, the level of axial load, the 
amount of lateral shear required to cause flexural yielding, and the thickness and reinforcement used in 
the web portion of the shear wall. In general, before shear failure of a wall, higher axial stresses and 
higher shear stresses will reduce the available flexural ductility and energy absorbing capability of the 
shear wall. 

Plane section remains plane hypothesis, which is commonly assumed in analytical investigation of 
seismic performance of most RC members, is inadequate for analysis of wall sections. In addition, 
there are not many rigorous analytical methods capable of capturing the effect of shear-flexural 
interaction on plastic rotation capacity of structural walls. Moreover, it is quite expensive and difficult 
to conduct extensive experimental tests with different parameters to generalize these effects. Hence, 
numerical studies are considered as a more suitable alternative method of investigating seismic 
performance of structural walls. The numerical method chosen in this paper employs total strain model 
recommended for monotonic analysis in DIANA 9.6 to conduct nonlinear finite element analysis.   
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2 PERFORMANCE LIMITS OF WALLS AND MODELLING REQUIREMENTS 

A reliable analytical model for shear wall element should be able to predict the stiffness, strength, and 
deformation capacity of the shear wall with reasonable accuracy. In a multi-storey shear wall building, 
interaction with other structural and non-structural components should also be included in the model. 
The diaphragm action of concrete slabs that interconnect shear walls and frame columns should also 
be accounted for in the model. However, up to now, such an ideal and complete analytical model for a 
multi-storey shear wall building is thought to be quite complicated and it is common practice to make 
many simplifications and assumptions. As this study aims at investigating the effect of shear stress on 
the performance of an isolated structural wall, the employed numerical model excludes the slabs and 
adjacent beams/frames.  

Modelling parameters and acceptance criteria for performance assessment of flexural dominant 
structural walls are prescribed in FEMA356 (2000), which are listed in Table 1 below. The same 
values are adopted by ASCE41-06 (2007). The above performance limits are defined based on plastic 
hinge rotation (Figure 1-a) at the base of structural walls with flexural dominant behaviour. It is 
important to highlight that the definition of plastic rotation over the hinge length in structural walls is 
quite different from chord plastic rotation (Figure 1-b). However, in some other references such as 
NZSEE-06, the deformation capacity of beam-columns and walls is defined in terms of the chord 
rotation θ, i.e. the angle between the tangent to the axis at the yielding end and the chord connecting 
that end with the end of the shear span (Lv = M/V = moment/shear), i.e., the point of contra- flexure. 
The chord rotation is also equal to the element drift ratio, i.e., the deflection at the end of the shear 
span divided by the length. 

 

  
                                                             

Figure 1- a) Definition of Plastic Hinge Rotation in Shear Wall where Flexure Dominates Inelastic 
Response b) Definition of Chord Rotation 

By employing shell elements to model RC structural walls for nonlinear finite element analysis of the 
walls, the plastic hinge rotation over the plastic zone at the base of wall can be reasonably estimated. 
Thus, the performance limits for structural walls can be assessed and compared with the empirical 
values given in ASCE41-06 tables. Moreover, definition of plastic hinge rotation for walls instead of 
chord rotation is more appropriate to investigate wall interaction with other frames and adjacent 
elements in the model. The line elements commonly adopt the plastic chord rotation definition in their 
formulations which make it impossible to include the wall-frame interaction in the model because 
chord rotation is unable to capture vertical movement when the section yields. 

Table 1 gives the ASCE41-06 modelling parameters and plastic rotation limits for members controlled 
by flexure where P/fc’Ag is the axial load ratio and v is the maximum average shear stress in the 
member normalized with respect to concrete compressive strength √fc. Here Vult is the maximum shear 
force carried by the member. ASCE41-06 adopts the ACI 318-02 requirements for the definition of a 
confined boundary in estimation of plastic hinge rotation capacity. 
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Table 1- Modelling parameters and acceptance criteria in shear wall where flexure dominates inelastic 
response, FEMA 356 

Table 1 indicates that displacement capacity of structural walls where flexural behaviour dominates 
the inelastic response decreases with increasing maximum shear and axial force demand. This implies 
that usable flexural rotation or displacement capacity of structural walls is reduced because of shear-
flexure interaction in nonlinear range.  

On the other hand, strain limits have been defined for concrete in compression and steel in tension at 
different performance limits (serviceability and damage-control limit states) for direct displacement-
based design procedure (Priestley et al., 2007) or other section based analysis. The NZSEE-06 
guideline introduces the usable strain for concrete and rebars to estimate the chord rotation capacity of 
structural walls (not the plastic hinge rotation). For unconfined concrete, εcu= 0.004 can be assumed 
(Priestley and Park 1987), whereas for confined concrete, the ultimate strain is higher. For confined 
concrete, a conservative value is given by Scott et al (1982) as: 

εcu = 0.004 (1 + 1.1 ρsfyt)                                                                                        Eq. 1 

where ρs= ratio of volume of transverse reinforcement to volume of concrete core and fyt= probable 
yield strength of the transverse reinforcement. Alternatively, and less conservatively, the ultimate 
concrete strain for confined concrete may be assumed to be as given by Mander et al (1988). However, 
Kowalski et al (2000) modified the original formulation to increase the ultimate strain as in Eq 2.                        

                                                                                                                             Eq. 2 

 

For flexural behaviour of walls, the values of parameters a and b specified in Tables 6.18 and 6.20 in 
FEMA 356 define the plastic hinge rotation capacity (not the chord rotation capacity) of wall 
elements. Effect of shear demand (or shear-flexural interaction) on plastic hinge rotation capacity of 
structural walls is implicitly implemented in the values provided in the above table. As experimental 
results on walls subjected to intermediate levels of shear stresses (between 0.25√fc and 0.4√fc, MPa) 
displayed extra plastic hinge rotational capacity compared to values specified in those tables, the 

 

Plastic Hinge 
Rotation 
(radians) 

Residual  
Strength 

Ratio 

Acceptable Plastic Hinge 
Rotation(radians) 

Performance Level 

IO 

Component Type 

Primary Secondary 

a b c LS CP LS CP 

i. Shear walls and wall segments  

 
( )

cww

yss

flt
PfAA

'
' +−

 
cww flt

V
'

 Confined 
Boundary1       

   

≤ 0.1 ≤0.25 Yes 0.015 0.020 0.75 0.005 0.010 0.015 0.015 0.020 
≤ 0.1 ≥ 0.5 Yes 0.010 0.015 0.40 0.004 0.008 0.010 0.010 0.015 
≥ 0.25 ≤ 0.25 Yes 0.009 0.012 0.60 0.003 0.006 0.009 0.009 0.012 
≥ 0.25 ≥ 0.5 Yes 0.005 0.010 0.30 0.0015 0.003 0.005 0.005 0.010 
≤ 0.1 ≤ 0.25 No 0.008 0.015 0.60 0.002 0.004 0.008 0.008 0.015 
≤ 0.1 ≥ 0.5 No 0.006 0.010 0.30 0.002 0.004 0.006 0.006 0.010 
≥ 0.25 ≤ 0.25 No 0.003 0.005 0.25 0.001 0.002 0.003 0.003 0.005 
≥ 0.25 ≥ 0.5 No 0.002 0.004 0.20 0.001 0.001 0.002 0.002 0.004 

𝜀𝜀𝑐𝑐𝑐𝑐 = 1.4�0.004 +
1.4𝜌𝜌𝑠𝑠𝑓𝑓𝑦𝑦ℎ𝜀𝜀𝑠𝑠𝑐𝑐

𝑓𝑓′𝑐𝑐𝑐𝑐
� 

3 



limiting average shear stress (in MPa) was increased from 0.25√fc to 0.33√fc to obtain a better match 
with experimental results (ASCE41-06 update, 2007). This is worthy to highlight that in real multi-
storey shear wall buildings the value of shear force may quite higher because of higher mode effects 
and wall-slab-gravity columns interactions or other 3D effects. 

Although an analytical procedure has been proposed in the NZSEE-06 guidelines to estimate the 
curvature capacity of beams and columns due to degradation of shear strength and shear-flexure 
interaction, the application of the provided method in structural walls is to some extent ambiguous.   

 
 

 
 Confinement Ties T8@100mm 

Wall Base Section 
 

Lwall=6 m 
Lv(m)(Shear Span) P 

21.6 0.02fcAg 
18.0 0.02fcAg 
14.4 0.02fcAg 
10.8 0.02fcAg 
8.40 0.02fcAg 

Figure 2- Wall dimension, Section property, Shear Spans  

3. Numerical modelling 

To reliably capture local as well as global behaviour of panel shaped RC elements such as shear walls, 
the use of finite element analysis with suitable elements/models is needed. In this student, push-over 
analysis of wall components is conducted with finite element approach using the commercial package 
DIANA 9.6 based on Total strain model. The behaviour of an identical section of wall is investigated 
under and constant axial force but varying shear stress demand. The dimension and detailed 
specification of the structural walls chosen in this parametric analytical study are shown in figure 2. 
The selected walls are designed according to NZ3101 (2006) provisions. The shear reinforcement of 
wall is provided to meet the shear demand corresponding to the maximum moment capacity of section 
calculated by fibre section analysis including strain hardening. The dynamic magnification factor was 
also considered in shear reinforcement design to prevent any shear failure during the analysis. 
Although mesh sensitivity and verification of finite element model were conducted, results are not 
presented here due to space limitation.  

3.1. Material modelling 

Plane stress elements are employed in the model with two integration points between nodes in DIANA 
9.6. The material stress-strain models used in DIANA9.6 are shown in Figs 3-6. Uniaxial behaviour of 
longitudinal and transverse steels was modelled with a bilinear isotropic hardening using von Mises 
yield criterion (Fig 6). Modulus of elasticity Es of the steel material was taken as 200000 MPa. The 
yield stress and strain hardening was taken as 420 MPa and 0.01Es, respectively. The reinforcement is 
assumed to be smeared in the shell element area through integration points. The stress-strain curves of 
the concrete were calculated using the Mander et. al, (1992) model for unconfined and confined 
concrete in compression (Fig 3 and 4) and tension softening model in tension (Fig 5).  

For the pushover analysis conducted in this study, maximum allowable tensile strain in rebars was 
limited to 0.06 to indirectly account for the effect of low cycle fatigue and other cyclic deteriorations 
in reinforcement bars. Moreover, ultimate displacement obtained from monotonic analysis is 
multiplied by 0.75 to account for concrete stiffness and strength degradation in cyclic loading. 

400
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Ultimate drift is defined based on a post-peak point in the force displacement curve corresponding to 
80 % of the peak strength. 

 

 
Figure 3) Unconfined concrete in compression 

 
Figure 4) Confined concrete in Compression 

 
Figure 5) Concrete in tension 

 
Figure 6) Reinforcement bar 

 

To reduce computation time of the model, nonlinear behaviour is assigned to only the two bottom 
storeys of the structural wall while the upper stories are modelled as linear. Thickness of the wall at 
upper stories was reduced to reproduce cracked elastic flexural behaviour equivalent to 0.5EI. The 
wall model is displayed in Figure 7. 

 

 
Figure 7. Numerical model of wall element 

 
 

Figure 8. Moment curvature analysis 
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4. Results and Discussion 

Firstly, moment curvature analysis is employed to determine the ultimate curvature capacity based on 
above-described material models and fibre section. The moment curvature envelope obtained is shown 
in figure 8. The ultimate strain of confined concrete is applied based on Eq. 2. However, due to very 
low amount of axial load, the moment axial force diagram is in the tension control zone, and the 
ultimate tensile strain of reinforcing bar governs the curvature capacity in all cases. This is different 
from the results obtained by finite element analysis, where the post-peak slope and ultimate strain of 
confined concrete under compression controls the ultimate drift capacity even in walls with very low 
axial forces (tension zone). Therefore, the axial compressive strain of concrete obtained from finite 
element model is also compared in the following figures under varying shear demand.  

The base moment of the wall was calculated by summation of all internal forces in elements located at 
the base level. This may differ from the moment calculated by multiplying the base shear with shear 
span ratio due to P-Delta effects. This could be quite large when high axial forces are applied on the 
wall. As can be seen from Figure 9, this difference is not very significant in this study because a low 
axial load ratio equivalent to 0.026fc’Ag was applied to all walls.  

It is quite evident from Table 2 that the ultimate drift capacity of structural walls reduces with 
increasing shear demand (lower shear span) even when they have the same moment capacity. As the 
shear demand increased with reducing shear span, the force transfer mechanism induced more inclined 
compression component in the critical elements at the base of the wall (see Figure 10, Figure 11). 

 

Figure 9. Base Moment with and without P-Delta 

 
 

Table 2. Reduction in Ultimate Drift with Reduction 
in Shear Span  

Lv(Shear 
Span) 

Vult/(twLw

√fc) 
Ultimate 

drift 
Total Hinge Rotation 

over first storey 

21.6m 0.080 0.02722 0.0255 

18m 0.096 0.02594 0.0245 

14.4m 0.121 0.02507 0.0237 

10.8m 0.164 0.02287 0.0216 

8.4m 0.210 0.0170 0.0161 

 
Figure 10. Force Transfer Mechanism with Shear 
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Figure 11.Force Transfer Mechanism with Shear 
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Although the wall components investigated in this study have the same amount of shear reinforcement 
and they were designed based on the worst case scenario (i.e. maximum shear span considered for 
dynamic magnification factor and minimum shear span considered for shear equivalent to moment 
capacity of section), as figure 12 indicates that the drift capacity reduced with reducing shear span. 
When shear stress demand on the base section reached 0.164√fc (Lv=10.8m) the drift capacity reduced 
by 15% compared to the wall with the lowest shear stress of 0.08√fc (Lv=21.6m). However, the 
reduction in drift capacity was more pronounced (at 37%) when the shear demand rose to 0.21√fc 
(Lv=8.4m). 

 

 
Figure 12. Shear Span Effect on Drift Capacity 

 
Figure 13. Vertical Compression Strain versus 

Drift 

 

It is evident from Figure 13 and Figure 14 that the average vertical strain (this is different from the 
principal strain as a product of combined vertical, horizontal and shear strains in each 2D element) in 
the critical element at the base wall increases with the shear demand for a given drift. For example, 
vertical compression strain of critical element at 1.5% drift is 0.016 and 0.022 in walls with shear 
demand equivalent to 0.096√fc and 0.21√fc, respectively. Although it is possible to notice that the 
trend in reduction of vertical compressive strain of concrete is close to linear with increasing shear 
demand, extensive parametric study is required to generalize the rule. 

Base curvature of a wall section is another significant parameter in design and assessment of structural 
walls. Because of difficulty in gauging exact base curvature at the base of wall section in experiments 
due to strain profile nonlinearity, experimental instrumentation (gauge length sensitivity) and strain 
penetration, it is common to assume a linear inelastic curvature distribution from point of yielding 
curvature to the base section. Generally, thus generated curvature profile is used in design and 
assessment of wall elements. 

To verify the above hypothesis, Figure 15 shows the curvature distribution along the wall height. The 
curvatures are calculated using the vertical displacement (vertical strain) extracted from the results for 
the two elements located at the extremes of the wall section at different heights. In calculating 
curvature values in each row for a given drift, the strain across different elements in the row was 
assumed to vary linearly. 

Figure 15 indicates that the curvature distribution is not linear over the wall height. Although the 
distribution of curvature in all cases indicate similar trend, it is important to highlight that this study is 
very limited to draw a general conclusion. However, it seems that including other parameters such as 
axial forces, reinforcement ratios, etc. (as additional variables) can change this trend significantly.  
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Figure 14. Vertical compression strain versus drift 

 
     Figure 15. Curvature profile along the height 

 

5. Conclusions 

In this paper, effect of shear demand on strains induced in concrete and reinforcement in critical 
sections of RC structural walls at a different drift levels was assessed by changing the shear span ratio 
of a wall to impose different shear demand. The following conclusions can be made based on the 
results of this study. 

• Plastic hinge rotation capacity (or drift) of structural walls with identical base section (i.e. same 
moment capacity) reduces even when the shear demand is far below the shear strength of wall.  

• The concentration of plastic hinge rotation of multi-storey structural walls over the first storey 
must be accounted for in the model employed in analysing multi-storey shear wall buildings.    

• The maximum vertical compressive strain induced in concrete in the critical base section of a wall 
for a given drift increases almost linearly with the increase in shear demand on the section. 
However, extensive parametric studies are still required to generalize these findings.  

• Although yet to be quantified, it appears that changes can be made on allowable strain limits of 
concrete in compression to compensate for neglecting shear effect on moment curvature response 
of wall sections based on flexural section analysis.  
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