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ABSTRACT: The paper presents a discussion of the inelastic dynamic magnification of 

seismic shear forces in coupled walls having two piers with rectangular cross-sections. A 

parametric study was performed in order to extend the expressions previously proposed 

for cantilever walls and incorporated into Eurocode 8. The parameters include the number 

of stories (8, 12 and 16), the model for the stiffness of the coupling beams (independent 

or dependent on the strength), the coupling intensity index, and the shape of the spectrum 

(EC8 - Soil C and constant). The results obtained with the proposed expressions were 

compared with the results of inelastic response history analyses. 

The results are somewhat conservative, in particular for the high flexible walls. 

Corrections, accounting for the possible flexural yielding of piers in the upper stories 

improve the results. Amplification strongly depends on the shape of the spectrum, but it is 

quite insensitive to coupling intensity.  

Three different models for the distribution of the global shear force to individual piers 

were studied. Most frequently used model, which allocates the shear force in proportion 

with the flexural capacity of each pier at the base, proved to be very conservative. The 

closest match with the results of the inelastic response analysis was obtained when only 

the shear force due to the first mode was redistributed according to the flexural capacity 

at the base of the individual piers and the shear forces due to the higher modes were 

equally distributed to both piers.   

1 INTRODUCTION 

Two topics related to the inelastic shear response of RC structural walls are simultaneously addressed 

in this paper – the inelastic shear magnification and the distribution of the global shear force among 

the piers. 

The inelastic shear amplification was first recognized and published already in 1975 within the pio-

neering paper of the New Zealand engineers (Blakeley et al. 1975). An important step forward was 

made by (Eibl and Keintzel 1988, Keintzel 1990). Studies at the University of Ljubljana (Rejec et al. 

2012) confirmed and improved his formula, which is at the present included in Eurocode 8 – EC8 

(CEN 2004). Comprehensive review and bibliography of the related work is given in (Rutenberg 

2013). However, most contributions are directly valid for cantilever walls only. For example, there is 

no explicit guidance in Eurocode 8 (as well as in most other codes) how to evaluate the shear amplifi-

cation in the piers of the coupled walls. Related research is therefore important. 

After the shear force was evaluated for the global system of a coupled wall, this force is still to be dis-

tributed among the individual piers. In the case of the realistic inelastic response, this distribution is far 

from being adequately understood and standard procedures based on the results of the equivalent elas-

tic methods may lead to considerable errors. 

 

Parametric study of the inelastic response of coupled walls was therefore performed to address the 

mentioned problems. In particular, the shear amplification factors and the redistribution of the shear 
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forces between the piers were studied. The following parameters were varied: geometry of the system, 

number of stories, design spectrum, design period, overstrength, coupling effect and the way how it is 

defined. The amount of the results exceeds the available space in this paper. Therefore, only some 

most important and typical results for selected cases of the study are presented. 

Design expressions for practical use have been proposed and verified by comparison with the results 

of the parametric study. 

2 SHEAR FORCE AMPLIFICATION FOR CANTILEVER WALLS – BRIEF OVERVIEW 

OF THE PREVIOUSLY PUBLISHED RESULTS 

Current design procedures use seismic force reduction factors to account for the capacity of the 

structure to dissipate energy through yielding. However, if suitable corrections are not introduced, 

these procedures grossly underestimate the actual shear forces developed in structural walls during 

inelastic response. This is due to two main factors – flexural overstrength and the amplification of the 

higher modes effect in the inelastic range. To account for this amplification in cantilever walls 

Keintzel (1990) proposed to use shear amplification factor ε (see the references given in the 

introduction for more detailed background): 

             (1) 

where VEd,K = design shear force at the base of the wall according to Keintzel; VEd’,1 = design shear 

force at the base corresponding to the fundamental vibration mode;  = shear force amplification 

factor at the base of the wall according to Keintzel; q = seismic force reduction (behavior) factor; γRd 

= model uncertainty/overstrength factor for the design flexural resistance; MRd = design flexural 

resistance at the base; MEd = design bending moment at the base; β(T1) = response spectrum 

amplification factor that corresponds to the period of the fundamental mode; βmax = maximum 

amplification factor corresponding to the plateau of the spectrum; 0.1  approximately represents (ξ2/ξ1)
2
 

and ξi = modal mass participation factor for the mode ―i‖.   

At first glance it seems that EC8 uses the same formula. However, EC8 misleadingly uses notation 

VEd’ instead of VEd’,1. Consequently many designers erroneously use the total base shear instead of the 

shear corresponding to the fundamental mode only. This and subsequent corrections (Rejec et al. 

2010) led to the formula, which has been used in the present research: 

         (2) 

This formula implies that the first term of Keintzel’s formula cannot be greater than the elastic force 

corresponding to the first vibration mode. Also the overstrength is defined by comparison with the 

design moment corresponding only to the first vibration mode. 

3 PARAMETRIC STUDY 

3.1 Outline of the research 

Unlike isolated cantilever walls, coupled wall systems are characterized by a larger number of 

parameters and uncertainties, i.e. coupling intensity, coupling beam stiffness, design approach, shear 

force distribution between piers. This makes the analysis of the coupled wall systems much more 

complex. Therefore, a large number of inelastic response analyses of a representative coupled wall 

were made. Relevant design formulas and procedures were proposed and verified by the results of the 

analyses. It should be admitted, however, that the presented study is still very limited in scope – 

addressing only one wall with one row of openings and rectangular piers. 

 



3 

3.2 Wall geometry, materials and design parameters 

The wall consists of 2 coupled rectangular piers bw / 450 cm as shown in Figure 1. 

 

Figure 1 - Section of the coupled wall 

The rectangular cross section of the coupling beam is 100 cm long and 95 cm high. Three walls – 8, 12 

and 16 stories high were analysed. 

Table 1. Geometry and loading of an individual pier 

Wall 

No. 

Number 

of 

stories 

Story 

height 

Pier 

lenght 

Pier 

width 

Wall 

to 

floor 

area 

Floor 

area 

Area 

loading 

Tributary 

weight 

Story 

axial 

force 

Ns H lw bw Aw/Af Af qf mˑg N 

- - (m) (m) (m) (%) (m
2
) (kN/m

2
) (kN) (kN) 

1 8 

3 

4.5 0.25 1.5 75 

13 

975 325 

2 12 4.5 0.30 1.75 75 975 325 

3 16 4.5 0.35 2.0 75 975 325 

Wall loading was calculated based on a constant story loading of 13kN/m
2
. The story axial loading 

was considered to be one third of the story lateral weight. Concrete C30/37 and reinforcement S500 

were assumed. 

EC8 type 1 soil C spectrum and PGA 0,25 g were used in design. A constant spectrum was also used 

to enable the study of the influence of the spectrum shape. 

For the dynamic inelastic analysis a number of 14 artificial spectrum compatible accelerograms were 

used for each design spectrum shape (Figure 2). Rayleigh damping model with mass and initial 

stiffness proportional damping for the first and third modes, with 5% damping ratio, was assumed. 

 

 

Figure 2 - Elastic response spectra with 5% damping for the 14 artificial accelerograms used for each of 
the response spectrum shapes 
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3.3 Design procedure 

The wall was designed according to EC8 for high ductility class (DCH), considering the behavior 

factor  for regular coupled wall systems. In few cases the maximum 

compression shear capacity of the wall VRd,max was not completely achieved. Also the minimum level 

of the design force was not considered to obtain more clear trends in results. 

The flexural capacity was designed at the system level, considering that the system overturning 

moment capacity has to be greater than the overturning moment obtained by the equivalent elastic 

analysis. However, shear design was done at the element level in order to prevent shear failure. 

3.4 Inelastic response analysis 

Analyses were performed in OpenSees. The walls were modeled using beam-column force controlled 

fiber elements, with one element over a story height and 5 integration sections over an element height. 

No interaction was considered between flexural and shear behavior, elastic behavior in shear was 

assumed. 

3.5 Coupling intensity 

Coupling intensity is certainly one of the key parameters, but there are several ways how to define it. 

Here it is defined as the ratio of the overturning moment taken by the coupling beams, over the total 

overturning capacity of the system. 

                     (3) 

where  = system coupling intensity;    = design overturning moment taken by the couple of 

axial forces at the base;  = design moment overturning capacity of the coupled system at 

the base;  = distance between the centers of gravity of the piers;  = calculated as the sum of the 

shear forces in the coupling beams along the system height, considering the imposed global plastic 

mechanism and  = design flexural capacity at the base of pier 1 and pier 2, respectively, 

with axial forces corresponding to the imposed global plastic mechanism. 

The upper limit of the coupling intensity was considered to correspond to the situation in which the 

coupling beams remain elastic and one of the piers yields in tension.   

Stiffness of the coupling beams is important both, for evaluating the modal characteristics of the 

system, including fundamental period, but also for the distribution of the elastic forces in the coupled 

system.  However, does the coupling beam stiffness changes with coupling intensity? Or, in other 

words, do natural periods differ for different coupling intensities?  

One approach is to assume that the coupling beams stiffness/period remains constant for all coupling 

intensities, this implies that the stiffness of the coupling beams does not change with their strength and 

that for all the coupling intensities the modal shapes are the same. This approach has been typically 

used in the forced based design. 

The other approach (Priestley et al. 2007) is to assume that the stiffness of coupling beams and the 

natural periods of the coupled wall depend on coupling intensity. This implies that the stiffness of the 

coupling beam depends on the strength, while the yield rotation of the coupling beams remains 

constant.  

Coupling intensity CI was varied from zero to the maximum of one, in 6 levels (0.0, 0.2, 0.4, 0.6, 0.8, 

1.0) by changing the amount of diagonal reinforcement in the coupling beams for all wall 

reinforcement levels. 

If coupling intensity influences mode shapes and periods, the ratio of the modal participation factors 

changes. This should be explicitly considered in the shear force amplification factor: 
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         (4) 

4 RESULTS 

4.1 Fundamental periods of the analysed walls 

Basically 3 typical walls with 8, 12 and 16 stories were analysed. If constant stiffness of the coupling 

beams is assumed, one fundamental period (shown with black triangles in Figure 3) corresponds to 

each of these walls regardless the coupling intensity (CI). If variable stiffness is assumed, the 

fundamental period strongly depends on CI (white triangles in Figure 3) and for the weak coupling it 

is much longer than in the case of the constant stiffness. The information given in Figure 3 is 

important for the discussions in the subsequent sections. 

 

Figure 3 - Values of the fundamental periods for all the analysed walls plotted against coupling intensities  

4.2 Shear amplification 

Two selected results are presented first. In both cases the global shear force (the sum of the shear 

forces in both piers), obtained by the expression (4) is compared to the global shear forces obtained by 

the inelastic response analyses. This ratio is plotted against the fundamental period and the coupling 

intensity index, respectively. Obviously in the case of the assumed constant stiffness of the coupling 

beams only 3 different periods (for the walls having 8, 12 and 16 stories) are identified (see also 

Figure 3). 

In general, formula (4) gives conservative results for the EC8 soil C spectrum, in particular for long 

periods. In general the conservativism is considerably larger compared to the results (not shown here) 

for the cantilever walls (Rejec et al. 2012), where the results given by the formula and the results of 

the inelastic response analysis were very close.  

In the absolute term the amplification is not very much influenced by the assumed model for the 

stiffness of coupling beams (constant or variable). However, in the case of the variable stiffness, 

important indirect effect is induced due to the change of the period. The coupling intensity itself has 

minor influence on the global shear amplification.   

The shape of the spectrum has of course considerable effect on the shear amplification. The proposed 

formula would be uncoservative for the constant spectrum. Additional results (not shown here) for the 

spectrum with very large corner period Tc = 1,6 (used in Romania) showed very good match between 

the proposed formula and the results of the inelastic analyses. 
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Figure 4 - Values of VEd, CW (formula 4) /VIA at the base plotted against the fundamental period and 
coupling intensity for all coupled walls and for the two spectrum shapes 

 

   

Figure 5 - Values of VEd,CW  

(formula 4) /VIA 
Figure 6 - Values of VEd,CW  

(formula 5) /VIA   
Figure 7 - Reduction factor for 

the second mode q2 

As mentioned before the conservatisem of the expression (4) is particularly pronounced for the 16-

stories walls with long periods. This is partly due to the fact that small part of the energy disipation is 

due also to the higher modes. In fact when examining individual resposes of the 16-stories walls, 

several cases of yielding in piers was observed in higher stories. An attempt was made to consider this 

effect by introducing a reduction factor for the second mode, q2 into (4): 

  (5) 

                         (6) 

Reduction factor q2 (Figure 7) depends on the spectral amplification factor at the fundamental period 

β(T1). The results for long period structures considerably improved (Figure 6). But the improvement 

has been only possible in the case of the variable stiffness of coupling beams. The proposed factor is 

valid only for the set of the analyzed walls. Nevertheless, it has been presented here to draw attention 

to the issue of the possible inelastic flexural response due to higher modes and in the higher stories. 

4.3 Shear force distribution between the piers 

In the previous section the total base shear for the coupled wall system was discussed. However, for 
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the design purposes one needs to determine the shear demand in individual piers. 

One approach, which usually yields conservative results, is to distribute the global shear force 

according to the moment capacity of each individual pier at the base, assuming a global plastic 

mechanism (formula 7). This approach is typically used in design. 

Another approach is to distribute the global shear force in relation to the global overturning moment 

capacity as proposed in formula 8. 

The last proposed approach is to distribute the global shear according to the moment capacity of each 

individual pier at the base, but only the shear force due to the first mode, while shear forces due to the 

higher modes are assigned equally to both piers (formula 9). 

                      (7) 

                    (8) 

                   (9) 

In Figure 5 - Values of the ratio between the shear force in the individual pier and the global shear 

force of the system is presented. The black dots represent the results obtained with the relevant 

proposed formula and the white dots those obtained by the inelastic analysis. Of particular interest are 

those for the compression pier. 

Approach 1 – Formula 5 Approach 2 – Formula 6 Approach 3 – Formula 7 

   

Figure 8 - The ratio between the shear force in the individual pier and the global shear force of the system 
at the base (VID pier/VID global or VEd pier/VEd global)  plotted against coupling intensity for the three different 

redistribution methods and the EC8 spectrum 

The simplest formula 7, which is typically used in design, gives very conservative results for the 

compression pier and provides a high level of shear force redistribution between piers. As it can be 

observed the conservativism of the formula 8 tends to increase with the coupling intensity. 

Less distribution of shear between the piers is given by formula 9, which provides relative good results 

for the EC8 spectrum. 

The closest match with the results of the inelastic response analysis is obtained by formula 9. In this 

formula it is proposed that only the shear force due to the first mode is redistributed according to the 
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flexural capacity at the base of the individual piers.  The shear forces due to the higher modes are 

equally distributed to both piers.   

5 CONCLUSIONS 

While most previous studies of the inelastic shear amplification were limited to cantilever walls, this 

study extends the research to a set of simple cantilever walls (8, 12 and 16 stories high) with one row 

of openings and two rectangular piers. Similar expression for the shear amplification as that used for 

DCH (cantilever) walls in EC8 and further modified by Rejec et al (2012) is used as the starting point. 

For the EC8 Soil C spectrum formula (4) gives conservative results, in particular for the long period 

walls. If correction factors, which account for the possible flexural yielding of piers in the upper 

stories of the flexible walls, are used, the results improve. In general, the level of conservativism is 

considerably higher than in the case of cantilever walls.  

However, the results are not conservative for a constant spectrum and should be used with care for the 

spectra with broad plateau (constant acceleration region). 

Two possible definitions of the stiffness of coupling beams were investigated. The first one implied 

that the stiffness is constant and independent of strength. In the other, stiffness depended on the 

strength. Consequently, the periods of the walls changed if the coupling intensity index CI was 

changed. In the absolute term the amplification was not very much influenced by the assumed model 

for the stiffness and the CI in general. However, in the case of the variable stiffness, important indirect 

effect was induced due to the change of the period. 

Shear force and shear amplification was defined on the system level as the sum of the forces in both 

piers. The distribution between the piers was then studied for 3 different models (formulas 7,8, and 9). 

Standard model, which allocates the shear force in proportion with the flexural capacity of each pier at 

the base, proved to be very conservative. The closest match with the results of the inelastic response 

analysis was obtained when only the shear force due to the first mode was redistributed according to 

the flexural capacity at the base of the individual piers and the shear forces due to the higher modes 

were equally distributed to both piers.   
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