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SUMMARY 
 
The structural behavior of high seismic performance walls subjected to reversed cyclic lateral loading 
were studied by testing large-scale framed shear wall specimens and numerical modeling.  The cyclic 
constitutive relation of reinforced concrete and OpenSEES finite element code were adopted in numerical 
model.  The walls were designed with 45° reinforcements.  The numerical solutions agree well with the 
experimental results.  The results show that the pinching effect, which frequently existed in the 
conventional shear walls, is remarkably improved in the new design high seismic performance walls.  The 
larger steel ratio in the shear walls with 45° reinforcements induces less pinching effect.  In addition, 
most of the maximum load, ultimate displacement, ductility factor, and energy absorption capacity of 
these new design framed shear walls are higher than the conventional ones.  The new design shear wall 
possesses high potential to improve the seismic performance of buildings.   
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INTRODUCTION 
 
Framed shear walls are extensively used as the components of earthquake resistance buildings.  However, 
the conventional shear walls, which the reinforcements are in vertical and horizontal directions, frequently 
possess pinching effect in the load-displacement curves.  The pinching effect will reduce the energy 
dissipation capability of wall.  The improvement of conventional shear wall to reduce the pinching effect 
sounds an essential research. 
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Benjamin and Williams [2] performed a series of tests on low-rise framed shear wall (Height/Width = 
0.57) subjected to monotonic loading.  They proposed a formula to predict the elastic-plastic load-
displacement curves, and obtained the structural stiffness at various loads.  Yamada et al. [13] tested a 
low-rise framed shear wall (Height/Width =0.44) by monotonic loading.  They proposed a displacement 
model, and studied the parameters of wall thickness and steel ratio of wall.  Barda et al. [1] presented tests 
on low-rise walls with boundary elements.  They studied the parameters of vertical steel of boundary 
elements, horizontal and vertical steel of wall, and height to width ratio.  Mau and Hsu [10] investigated 
the shear behavior of framed walls and proposed a formula to predict the strength of walls.  Mo and Kuo 
[11] presented a displacement control test on small-scale framed shear wall subjected to reversed cyclic 
lateral loading.  They studied the parameters of structural dimension and concrete strength.  The 
experimental results were compared with solutions obtained by truss model and IDARC software, and a 
large deviation was found between test and analytical results.  These aforementioned shear walls are 
conventional walls.  Recently, Mansour and Hsu [9] presented the experimental results of reinforced 
concrete elements under cyclic shear.  They found that when the reinforcements are parallel to the 
principal directions of the element, there is almost no pinching effect in the load-displacement curves.  
These experimental results show that the orientation of reinforcements will affect the structural behavior 
of wall elements.   

   
This study investigates the structural behavior of high seismic performance walls subjected to reversed 
cyclic lateral loading by testing large-scale framed shear wall specimens and numerical modeling.  The 
cyclic constitutive relation of reinforced concrete [8] and OpenSEES finite element code [4] were adopted 
in numerical model.  The walls were designed with 45° reinforcements.  Four large-scale specimens, 
including mid-, and low-rise high seismic performance framed shear walls were presented.  The 
experimental results were compared with those of four corresponding conventional specimens worked by 
the authors previously [3].    

 
EXPERIMENTAL PROGRAM 

 
Experimental Setup 
Fig. 1 shows the schematic configuration of the test setup.  Each specimen was bolted at the steel 
foundation, which was then connected to the strong floor.  A manually operated hydraulic jack with a 
loading capacity of ± 1500kN and a stroke of ± 200mm supplied the lateral force.  A reversed cyclic 
loading history was adopted, as shown in Fig. 2.  The experiment was first load-controlled when the 
applied lateral force was smaller than the yield load or three times of the crack load.  Afterwards, the 
experiment was transformed to displacement-control.  The lateral displacements were measured by linear 
variable differential transformers (LVDT) and the force was measured by load cell.  The measured force 
and displacement were collected by TDS-302 data logger.  The experiment was monitored by the load-
displacement curve. 
 
Design of Specimens 
Fig. 3 shows a primary stress analysis of mid- and low-rise homogeneous elements subjected to horizontal 
force.  A rightward horizontal force is applied at the upper right corner of the element.  It is found that the 
principal directions are not fixed.  The angles of principal directions change smoothly from left side to 
right side.  Around the central region, the principal directions are 34.1° to 55.9° for mid-rise element, and 
38.7° to 51.3° for low-rise element.  Referring to Figs. 3a and 3b, there are nearly parallel patterns of 
principal directions for both mid-rise and low-rise elements.  Most of the principal directions in the central 
region are approximately 45°.  At the first attempt, the high seismic performance walls are designed by 
adopting 45° reinforcements in this study. 
 



Four high seismic performance specimens including mid-, and low-rise shear walls subjected to reversed 
cyclic lateral loading were presented.  These specimens were two mid-rise framed walls with 45° 
reinforcements (MWFD1, MWFD2), two low-rise framed walls with 45° reinforcements (LWFD1, 
LWFD2).  The dimensions of all columns and beams were 250mm × 250mm and 300mm × 400mm, 
respectively.  The #5 steel bars (diameter of 16 mm) were adopted for both beam and columns.  The 
height and width of mid-rise shear walls were 2000mm.  The height and width of low-rise shear walls 
were 2000mm and 2700mm, respectively.  The wall thickness of all specimens was 120mm.  Table 1 
summarizes the properties of all specimens.  The reinforcement layout of representative specimens are 
presented in Fig. 4. 
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Fig. 1 Schematic configuration of experimental 

setup 
 

Fig. 2 Loading history 
 

  
(a) Principal direction of mid-rise element 

 
（b）Principal direction of low-rise element 

Fig. 3 Fundamental analysis of principal direction 
 

 



  
（a）Specimen MWF1 [3] （b）Specimen MWFD1 

 

 
 

（c）Specimen LWF1 [3] （d）Specimen LWFD1 
Fig.4 Reinforcement layout of representative specimens 

 
Table 1 Specimen cross-section and reinforcement properties 

Specimen Dimension of 
specimen 

 Dimension of wall a Column 
(mm× mm) 

cρ   

 H  
 (mm) 

W   
(mm) 

 
wH  

(mm) 
wW  

(mm) 

  

Vertical steel 
Bars 
(mm)  

Horizontal steel 
Bars 
(mm) 

MWF1[3] 2400 2500  2000 2000 250×250 4-D16 #3@170  #3@230 

MWFD1 2400 2500  2000 2000 250×250 4-D16 13-D10, spacing 200mm, with 45° 

MWF2[3] 2400 2500  2000 2000 250×250 4-D16 #3@230  #3@230 

MWFD2 2400 2500  2000 2000 250×250 4-D16 11-D10, spacing 218mm, with 45° 

LWF1[3] 2400 3200  2000 2700 250×250 4-D16 #3@170  #3@230 

LWFD1 2400 3200  2000 2700 250×250 4-D16 16-D10, spacing 204mm, with 45° 

LWF2[3] 2400 3200  2000 2700 250×250 4-D16 #3@230  #3@230 

LWFD2 2400 3200  2000 2700 250×250 4-D16 14-D10, spacing 258mm, with 45° 

a Thickness of all walls is 120 mm. 



 
NUMERICAL ANALYSIS 

 
Constitutive Relation of Reinforced Concrete Element 
Referring to Fig. 5, the modified Kent & Park model for stress-strain curves of concrete confined by 
rectangular hoops [12] is adopted for beam-column element.  The loading and unloading path is followed 
the model of Karsan and Jirsa [7].  A bi-linear constitutive relation (Fig. 6) is chosen for the reinforcement 
of beam-column element. 
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Fig. 5 Modified Kent & Park model for stress-
strain curves of concrete confined by rectangular 
hoops 

 

 
Fig. 6 Bi-linear stress-strain curves for steel with 
reversed loading 

 

A cyclic stress-strain curves of concrete and steel bars (Figs. 7 and 8) proposed by Mansour and Hsu [8] is 
used to model the shear wall.  Referring to Fig. 8, the prototype cyclic stress-strain curves of embedded 
steel bars is represented by Ramber-Osgood model.  A linear approximation is proposed in this study.  The 
modified equations are as follows.  
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Stage 3  
Three linear lines approximate the Ramber-Osgood curve.  The intersection stresses are 1 0mf =  and 

2 0.65m yf f= − .  The intersection strains 1mε  and 2mε  are 
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Stage 4 
Similar to Stage 3, three linear lines approximate the Ramber-Osgood curve.  However, the intersection 

stresses are 0'
1 =mf  and ym ff 65.0'

2 = .  The intersection strains 1mε ′  and 2mε ′ are 
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Fig. 7 Mansour and Hsu model for cyclic 
smeared stress-strain curves of concrete 

 

 
Fig. 8 Mansour and Hsu model for cyclic smeared 
stress-strain curves of mild steel bars embedded 
in concrete 

 



Element Stiffness of Reinforced Concrete Shear Wall 
Referring to Fig. 9, the crack direction of a concrete element is assumed to coincide with the principal 
direction.  The material stiffness matrix of a plane concrete element (Hsu and Zhu [6]) is    
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where 1cE  and 2cE  are tangent moduli, cG  is shear modulus, 
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1cσ  and 2cσ  are average stress, 1cε  and 2cε  are average strain, 12ν  and 21ν  are Hsu/Zhu ratio,  
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sfε  is average tensile stress of yielded steel, 21ν  is chosen to be 0 in this study.  The material stiffness 

matrix of reinforcement is   
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where ρ i  is reinforcement ratio, and siE  is tangent modulus.  The material stiffness for concrete and 

reinforcement components in the global reference system are written as 
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cψ φ β π θ β= + = − +  for concrete component, and iψ α β= +  for reinforcement component.  The 

total material stiffness matrix for reinforced concrete element is evaluated as   
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The element stiffness matrix can be derived as 
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where [ ]eB  is shape function matrix.   
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Fig. 9 Coordinates systems for reinforced concrete element: (a) global system of reinforced concrete 
element; (b) local system of concrete component; and (c) local system of reinforcement component 
 
Implementation of Nonlinear Analysis 
The object orient program OpenSEES finite element code [4] is adopted in this study.  The 
aforementioned cyclic constitutive relation of reinforced concrete element is developed to be a module of 
OpenSEES.  Referring to Fig. 10, the columns are modeled to be nonlinear beam-column elements, the 
beam is assumed to be rigid, and the shear wall is modeled by four-node isoparametric elements.  The wall 
is divided into 25 elements, and each column is represented by 5 elements.  The nonlinear analysis is 
implemented by displacement control and incremental analysis.   
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Fig. 10 Finite element mesh of reinforced concrete framed-shear wall specimen 
 

RESULTS AND DISCUSSION 
  
Table 2 summarizes the experimental results.  The energy absorption is defined to be the area bounded by 
the envelope of positive load-displacement curve.  The ultimate displacement u∆  is defined to be the 

displacement corresponding the load descended steeply.  This definition is different from the previous 
study [3], which u∆  is defined to be the displacement corresponding to the maximum load. 

 
The crack patterns and load-displacement curves of tested specimens are shown in Figs. 12 and 13, 
respectively.  Fig. 13 shows that the numerical solutions agree well with the experimental results.  The 
proposed numerical model is demonstrated to be capable of analyzing cyclic structural behavior of framed 
shear wall.   
 



Table 2 Summary of experimental results 
Specimen 

cf ′  

(MPa) 
yf  

 Steel in 
column 
(MPa) 

yf  

Steel in 
wall 

(MPa) 

crP  

(kN) 
cr∆  

(mm) 
yP  

(kN) 
y∆  

(mm) 
uP  

(kN) 
u∆  

(mm) 

Ductility 
factor 

( u

y

∆
∆ ) 

Energy 
absorption 
(kN-mm) 

MWF1 23.45 390.00 458.72 214.84 0.70 460.09 5.60 537.59 42.97 7.67 20942 

MWFD1 20.77 372.14 428.38 236.18 0.68 424.34 5.32 541.94 40.07 7.53 20550 

MWF2 23.45 390.00 458.72 155.98 0.42 453.22 7.33 515.03 58.84 8.03 26409 

MWFD2 20.77 372.14 428.38 138.18 0.014 412.58 5.09 518.42 35.27 6.93 22985 

LWF1 23.75 390.00 458.72 308.03 0.61 658.25 7.09 808.34 30.32 4.28 21863 

LWFD1 19.89 372.14 428.38 235.2 0.38 686.98 5.92 840.84 48.37 8.17 31976 

LWF2 23.75 390.00 458.72 222.69 0.33 593.51 5.15 736.73 24.14 4.69 15071 

LWFD2 19.89 372.14 428.38 233.24 0.48 643.86 5.04 754.60 35.27 7.00 23189 

 
 
 

  

（a）Specimen MWF1[3] 
 

（b）Specimen MWFD1 
 

 
 

（c）Specimen MWF2 [3] 
 

（d）Specimen MWFD2 



  
（e）Specimen LWF1 [3] （f）Specimen LWFD1 

  

  
（g）Specimen LWF2 [3] （h）Specimen LWFD2 

 
Fig.12 Crack patterns of tested specimens 
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（a）Specimen MWFD1 （b）Specimen MWFD2 
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（c）Specimen LWFD1 （d）Specimen LWFD2 
 

Fig.13 Comparison of numerical results with experimental load-displacement curves 
 

Referring to Fig. 12, the crack patterns of all high seismic performance specimens show no significant 
difference with the corresponding conventional specimens.  However, Table 2 shows that most of the 

maximum load uP , ultimate displacement u∆ , ductility factor, and energy absorption of high seismic 

performance specimens are found to be larger than those of the corresponding conventional specimens.  
 
The ultimate displacement, ductility factor, and energy absorption of two mid-rise framed walls with 45° 
reinforcements (MWFD1, MWFD2) are smaller than the corresponding conventional specimens (MWF1, 
MWF2).  However, referring to Figs. 13a and 13b, the pinching effect is remarkably improved.  During 
test, both MWFD1 and MWFD2 were flexural failure and crushed at the bottom of boundary columns 
(Figs. 12b, 12d).  It was justified that because the vertical components of 45° reinforcements are less than 
the conventional ones, the flexural resistance of MWFD1 and MWFD2 are insufficient.   

   
The maximum load, ultimate displacement, ductility factor, and energy absorption of two low-rise framed 
walls with 45° reinforcements (LWFD1, LWFD2) are larger than the corresponding conventional 
specimens (LWF1, LWF2).  Referring to Figs. 13c and 13d, the pinching effect is remarkably improved.  
Because these two specimens were adopted as subsequently repaired experiment specimens, they were not 
tested to complete failure.  There is no load descended steeply in the load-displacement curve (Figs. 13c, 
13d).  The current ultimate displacement, ductility factor, and energy absorption are supposed to be lower 
than the expected exact ones. 
 

CONCLUSIONS 
 

This study presents the experimental and numerical analysis on structural behavior of high seismic 
performance walls subjected to reversed cyclic lateral loading.  Based on the primary analysis of principal 
direction, the reinforcements of wall were designed with 45° reinforcements.  Four large-scale specimens, 
including mid-, and low-rise framed shear walls were presented.  The experimental results were compared 
with those of four corresponding conventional specimens worked by the authors previously [3]. 
 
The numerical solutions agree well with the experimental results.  The proposed numerical model is 
demonstrated to be capable of analyzing cyclic structural behavior of framed shear wall.  The results show 
that the pinching effect, which frequently existed in the conventional shear walls, is remarkably improved 
in the new design ones.  The new design shear walls possess more percentage of ductile structural 



behavior.  The larger steel ratio in the shear walls with 45° reinforcements induces less pinching effect.  In 
addition, most of the maximum load, ultimate displacement, ductility factor, and energy absorption 
capacity of these new design framed shear walls are higher than the conventional ones.  The new design 
shear walls possess high potential to improve the seismic performance of buildings. 
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