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ABSTRACT 

In this work experimental and numerical investigations were conducted on seismic 

behaviour of steel plate shear wall systems (SPSW) with and without cut-outs. Medium

scale specimens with moment-resisting connections between beam and columns and 

specific edge connections for fish plates were designed and constructed. The specimens 

were subjected to the cyclic quasi-static load. A loading system and proper lateral 

bracing unit was designed and built to apply the loading history according to ATC-24 

protocol. 

Nonlinear finite element analysis models with dynamic formulation were developed to 

analyse test specimens. The results were validated with available published test results 

from other researchers. After validation, the model was used for estimating the 

maximum load required for testing of specimens. The efficiency of the method was 

finally proved by comparing the pushover and hysteresis analysis results with tests 

carried out in Kingston University's lab. 

The test series comprised frame-only, steel plate shear wall with two different types of 

steel plate and corresponding specimens with circular cut-outs in the steel plates, GFRP

steel Sandwich Shear Walls (GSSW) with different GFRP lay-up, GSSW with cut-outs and 

finally the steel plate shear wall with cut-out and optimally designed steel stiffeners. The 

specification of boundary members and the type of connections was kept unchanged in 

all specimens. 

The effectiveness of utilising the GFRP plies and steel stiffeners for improving the 

seismic performance of steel plate shear walls with and without cut-outs was explored. 

The effectiveness of these methods for enhancing the initial stiffness and ultimate load 

capacity of specimens with no noticeable requirements for increasing flexural stiffness 

for columns was verified. 
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1. INTRODUCTION 

1.1. General 

Shear walls are common lateral load resisting system. They are used to reduce in-plane 

force effects applied along the height of a building produced by both wind and 

earthquake loads. Currently, reinforced concrete is widely used to construct shear walls. 

However, experimental and numerical studies during last three decades have 

demonstrated that steel plate shear wall (SPSW) system is an effective alternative to 

reinforced concrete shear walls. In general, SPSW system comprises of a thin steel plate 

wall, two boundary columns and horizontal floor beams. Steel plate shear wall systems 

consist of a high initial elastic stiffness followed by yielding of steel plates under tensile 

stress. After developing diagonal tension fields within the steel plates, the frame 

develops localized plastic hinges until the ultimate strength of the system is reached. 

This performance of the system occurs after a gradual deterioration in strength at 

relatively large displacements. The inherent ductility of the system creates a large 

energy dissipation capacity of the SPSW system. 

Use of steel plate shear walls is more cost effective than the other lateral load resisting 

systems (Timler and Ventura, 1999). SPSWs are much lighter than the commonly used 

reinforced concrete shear walls, as they reduce both the gravity loads and seismic forces 

(Kristeva, 2010, 56-storey l.A. Live hotel). This aspect significantly reduces the 

foundation cost and practical complications (Lee et aI., 2010, 75-storey Jinta Tower). 

Despite the benefits of SPSWs they are not widely used. Many previous experimental 

and analytical studies have shown that the flexural stiffness demand of columns in a 
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SPSW are both complex and, for typical systems, extremely large. SPSWs also have a 

lower flexural stiffness relative to concrete walls, which makes more challenging the use 

of this system. Introducing relatively large cut-out into the infill plate, causes significant 

reduction in initial stiffness and other seismic parameters of SPSWs. 

The current research conducted to investigate the effects of relatively large cut-outs on 

seismic behaviour of SPSW system. The preliminary research has suggested practical 

methods to improve the performance of SPSW with cut-outs. Test results and FEA show 

that contribution of beam element for anchoring diagonal tension field action has 

increased. This contribution of horizontal boundary element could reduce flexural 

stiffness demands for columns. 

1.2. Objectives 

The main objectives of this research work are as follows: 

1. Increasing the initial stiffness and ultimate-load capacity of SPSW systems without 

increasing flexural stiffness for vertical boundary members. 

2. Assessing the effects of cut outs on the seismic behaviour of SPSW systems. 

3. Improving the seismic behaviour of SPSW systems with cut-outs. 

4. Developing a finite element method for simulating and analysing the SPSW systems 

with and without cut-outs. 

1.3. Scope 

To achieve the research objectives, the following actions were taken; 

First, a loading system was designed and constructed to apply the cyclic quasi-static 

load. Loading history was defined according to ATC-24 protocol. The quasi-static cyclic 

test provides detailed information on the stress flow in the steel plate and boundary 

members, load-displacement measurement data at critical locations, stiffness, ductility, 

energy dissipation capacity and strength degradation for test specimens. 
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FE models were developed for simulating SPSW systems and the results were initially 

validated by available test results from literature. The method was subsequently used 

for further studies. The accuracy of the models was confirmed by comparing test results 

with FEA results. 

From the literature review it was found that increasing the strength or stiffness of steel 

plate and practical construction considerations leads to design of strong columns for 

SPSW systems. In this research, GFRP-steel sandwich shear walls were designed and 

manufactured not only to improve the seismic performance of steel plate but also to 

decrease the flexural stiffness demand of vertical boundary members. 

For evaluating the contribution of a beam element for bearing the diagonal tension field 

action, the vertical displacement for the mid part of the beam element during the cyclic 

loading was monitored and recorded. For this purpose, an innovative sliding

measurement system was developed. 

The effectiveness of laminating GFRP plies on steel plate for improving the performance 

of systems with and without the cut-outs was proved based on test and FEA results. 

The final part of this research dealt with the application of optimally designed steel 

stiffeners for improving the seismic behaviour of SPSW systems with cut-outs where 

longitudinal and transversal stiffeners were welded on one side of the steel plate. 

1.4. Outline of the thesis 

This section provides an overview of the thesis organisation. 

Chapter 2 provides a revision of numerous past research studies performed on SPSWs. 

Chapter 3 describes the finite element method used to predict the behaviour of 

specimens during the test program. The models were validated with the results of 

British Columbia tests on the SPSW system. The method was then applied to analyse the 

specimen with cut-outs. Variety of cut-out dimensions, thickness of steel plate and 

application of steel stiffeners were considered in the model. 
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Chapter 4 provides detailed information about the manufacturing of test specimens, 

design and construction of the loading system for applying the cyclic quasi-static load to 

the test specimens and the design and construction of the lateral bracing system. The 

coupon test results, outlining of instrumentations, design of the innovative sliding 

measurement system, introducing the utilisation of imaging techniques via infrared 

thermal camera for localisation of delamination in sandwich panels are also described in 

this chapter. The testing of a trial specimen is the final section of this chapter. This test 

was used for checking the loading system, data acquisition system, instrumentations 

and the suitability of connections between test specimen and reaction frame. 

Chapter 5 describes the quasi-static experimental program and corresponding FEA 

results for all specimens. Test programme includes the frame-only specimen, steel plate 

shear wall with two different types of steel plate and GFRP-steel sandwich shear wall 

specimens with different configurations of sandwich panels. Detailed discussion of the 

behaviour of specimens during the test program, instrumentation and data acquisition 

system, as well as the loading protocol and individual results for each test are presented. 

The application of imaging techniques for detecting the possible delamination of 

sandwich panels and comparison of the results obtained from experimental tests and 

finite element analysis are also presented in this chapter. 

Chapter 6 describes the program of experimental and numerical studies on steel plate 

shear walls with cut-outs. The effects of cut-outs on the essential parameters of seismic 

performance of specimens such as initial stiffness, ultimate load capacity and energy 

dissipation capacity are investigated using the test results and corresponding FE analysis. 

Two different methods are suggested for restoring the design characteristics of 

specimens. The use of GFRP plies with specific attention to the results obtained in 

chapter 5 and the optimal design of longitudinal and reversal steel stiffeners. 

Chapter 7 presents comparative studies of various tests and discusses the results, 

assessing the FE method for estimating the behaviour of test specimens. 

Chapter 8 provides a summary of the research program, the key conclusions of the 

research and recommendations for future research. 

Page 4 



2. LITERATURE REVIEW 

2.1. Introduction 

Over the last three decades numerous research programs have been conducted on Steel 

Plate Shear Walls. Experimental and theoretical studies have demonstrated that 

properly designed SPSWs are an effective and economical system in comparison with 

other steel systems, such as reinforced concrete elevator cores and shear walls (Agelidis 

and Mansell, 1982; Timler, 199B-b) for resisting lateral loading due to either wind or 

earthquake loads. Steel plate shear walls have been used in a number of buildings in 

North America and Japan as lateral load resisting system. In early designs, shear buckling 

of steel plate was prevented by utilising either appropriately thick steel plate or heavily 

stiffened steel plate. In recent years, however, the idea of using the post-buckling shear 

strength of steel plate has gained wide attention from researchers and designers. 

Under cyclic loading, diagonal tension fields are formed within the steel plate which acts 

like diagonal action in braced frames. This kind of behaviour of SPSW completes the 

truss action and thus it is efficient for control of lateral drift in buildings. In other words 

when shear panels are designed properly, the load-resisting mechanism changes from 

in-plane shear to inclined tension field after buckling of the shear panel. 

A conventional steel plate shear wall is comprised of boundary members including 

beams, columns and steel plate (Figure 2.1). 
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Figure 2.1: Typical steel plate shear wall system 

There are various types of steel plate shear walls such as stiffened and un-stiffened stee l 

plate, shear and rigid beam-to-column connections, perforated and non-perforated stee l 

plates and welded and bolted steel plate to boundary members (Figure 2.2). 

Steel Plate 
End Be7 \ 

"'--... 
I 
\ 

---

a Frame elevation 
b 

Horizontal and 
Vertical Stiffeners 

Column 

c. D!tall for v.alls wth stifferers 

Figure 2.2: Scheme of steel plate shear wall with details depicting an un-stiffened steel 
plate and steel plate with multiple stiffeners (From Kharrazi, 2005) 
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A steel plate shear wall acts like a vertically oriented plate girder in which the steel plate 

acts as the web, the columns act as the flanges and the storey beams act similar to 

transverse stiffeners (Figure 2.3). However, there is a difference between equations 

governing the behaviour of plate girders and steel plate shear walls, because noticeable 

stiffness of boundary elements in steel plate shear walls affect the post buckling 

behaviour of the system. 

- t==::::t 

- t==::::t 

-- ..... ---4 - t==::t 

.. I== =f - 1=== 

II II 

Plate Girder Steel Plate Shear Wall 

Figure 2.3: A comparison between plate girder and typical steel plate shear wall 
(Astaneh-Asl, 2001) 

Due to a significant effect of cut-outs on behavior of SPSWs, researchers have done 

theoretical and experimental studies on SPSWs with cut-outs (Purba, 2006; Roberts and 

Sabouri-Ghomi, 1992b; Vian, 2005). Cut-out existence in the steel plate reduces the 

loading bearing capacity of the system, while out of plane deformation of steel plate 

increases significantly. 

According to National Building Code of Canada (NRCC 2005) seismic design of steel plate 

shear walls is classified as type D (Ductile) or type LD (limited Ductile) plate walls. Design 

of ductile SPSWs is based on the capacity design criteria to provide sufficient capacity of 

energy dissipation of seismic energy. For limited ductile plate walls limited capacity of 

energy dissipating is required. One of the seismic design requirements in the Canadian 

steel design standard CAN/CSA S16-01 (CSA 2001) and current AISC provisions (AISC 

2005) is that SPSWs be designed in accordance with capacity design principles. Capacity 
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design for SPSWs is based on tension yielding of the steel plate prior to the columns 

attaining their factored capacity. 

In general, SPSWs are categorized based on their performance, se lection of structural 

and load-bearing system, and the presence of stiffeners and perforation (Kharrazi, 

2005). 

Table 2.1: Categorization of Steel plate shear walls based on performance 
characteristics and expectations (Kharrazi, 2005) 

P('rformance 
Characteristic Performsnce Expectations or SP\\, haractcristics 

Lateral Load ani 

T~'pe of Loading carried -:L=-a_te'"7ra_I _L-:oa_d_+_\-:-~-:-al_I's-:D-:e_a_d _Lo_a_d_(o_r_s_o _c3_II_ed_50_%_o _G_ffi_v.-.:itY=--Lo_a_d:..,.) ____ _ 
by SPW Gravity + Lateral Loads 

Structural System 

Stiffener Spacing and 
Size 

Single wall wilh alld without infill Columns 

Coupled \\'all with and without infill Columns 

Po. t.Buckling effect can be seen in the sub panels 

Panel buckles with the stiffeners globally 

Stiffeners produces sub.panels which can be categorized a thick panel 

Web plate yields before critical elas!ic buckling occurs (!hick plate) 

\\eb Plate Bchaviour 
Web plate buckles elastically, develops po !-buckling tension fie ld. then yields (thin 
pl ale) 

\ ith perforations 

Web Plate Perforlllions Without perforations 

2.2. Chronological development of steel plate shear walls 

2.2.1. Early research on steel plate shear walls (1973-1999) 

Takahashi et al. (1973) conducted the first extensive experimental work on SPSWs. The 

main objective of their research was to test the suitability of different configuration of 

stiffeners on the behaviour of stiffened steel plates. The research program comprised 12 

quarter-scale one-storey specimens and two full -sca le two-storey specimens, which 

were tested under quasi-static cyclic loading. The aspect ratio of 12 specimens was 1.33 

with a width of 1200mm, a height of 900mm and a thickness of 2.3mm, 3.2mm and 

4.Smm for steel plates. In order to simulate relatively pure shear behaviour in the steel 

plate, the specimens were loaded in diagonal direction. The connections between 

boundary members had an extremely stiff bolted connection. For quarter scaled 
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specimens the width and spacing of stiffeners on one side or both sides of the steel 

plate were the main parameters of focus within this research program. All specimens 

had vertical or vertical and horizontal welded stiffeners on one or both sides of the steel 

plates with the exception of the control specimen. Based on the outcome from this 

portion of tests three different types of behaviour were observed (Takahashi et aI., 

1973): 

i. Global buckling of the steel plate due to the lack of flexural stiffness of the 

transverse stiffeners; 

ii. Local buckling of sub-plates due to large spacing of stiffeners and sufficient 

stiffness of associated stiffeners; 

iii. Specimens with stiffeners mounted to both sides were more stable in comparison 

to specimens with stiffeners only on one side. 

All specimens were stable and ductile and drift angle in some cases exceeded 0.1 radians 

under cyclic loading (Figure 2.4). Hysteresis curves, post buckling behaviour, effect of 

stiffeners, and effect of stiffness and spacing on seismic behaviour of the specimens 

were investigated in the first part of the test program. They recommended that the 

stiffeners should be designed so that buckling occurs in the sub-plates, whilst global 

elastic buckling of the steel plate is prevented. 

In the second part of the test program, the attempt was made to construct and test two 

full scale single-bay 2-storey stiffened steel plate shear wall specimens as part of 32-

storey building. One specimen represented the steel plate shear wall with cut-out and 

the other one without cut-out. The thickness of the steel plate was 4.5 mm and 6 mm, 

respectively. They concluded that conventional shear theory could be used to calculate 

strength and stiffness of stiffened steel plate shear walls. As part of this research 

program, a full-scale specimen was modelled analytically utilising elastic-perfectly plastic 

material model with von Mises criterion. The analytical result was in good agreement 

with test results. 
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Shear 200 
slress 
(MPa) 

(a) n. liffened 

Shear 200 
sIre .. 
(MPa) 

-200 

(b) Heavily sl iffened 

Figure 2.4: Hysteresis behaviour of (a) An un-stiffened SPSW and (b) Heavily stiffened 
SPSW (Takahashi et al., 1973) 

Mimura and Akiyama (1997) studied the behaviour of un-stiffened steel plate shear 

walls. They developed an analytical method to predict monotonic and hysteretic 

response of SPSWs. This load-displacement model was pursued further at the University 

of Alberta. In the model proposed by Mimura and Akiyama (1997) the overall capacity of 

the system was computed based on well-established elastic buckling theory of plates 

with the pined boundary assumption. They assumed that the elastic buckling of steel 

plate occurs prior to ultimate shear strength of steel plate and then diagonal tension 

field act as load resisting mechanism (Wagner, 1931). In other words, the ultimate 

strength of the system can be determined by considering the force required for elastic 

buckling of steel plate and post buckling strength of steel plate plus strength of 

boundary elements. Figure 2.5 illustrates the monotonic load-displacement diagram for 

a steel plate shear wall for elastic-perfectly plastic behaviour of the surrounding 

elements. 

Q 

timal l oad 
Utimate Wall Load 

Utimare 
F, ...... Load -

~-----------------~'-----------~nM 

~--Fnnn. 

Figure 2.5: Monotonic load-displacement behaviour of an SPSW showing contribution 
by frame and steel plate (Mimura and Akiyama, 1997) 

Page 10 



CHAPTER 2: LITERATURE REVIEW 

Based on above mentioned monotonic load-displacement behaviour of the system, 

Mimura and Akiyama (1997) made several assumptions in order to develop a theoretical 

hysteresis model as shown in Figure 2.6. The main assumptions of this model are: 

i. Diagonal tension field angle within the steel plate is constant at 45°; 

ii. Poisson's ratio was assumed to be 0.5; 

iii. Deformation that required re-forming the diagonal tension field while reversing 

the applied load is equal to half of the plastic deformation from the previous cycle. 

a 

B H 

shear Yield load --

--_ .. ,- critical buckling 
C shear load 

Figure 2.6: Hysteresis model proposed by Mimura and Akiyama (1997) 

Thorburn et al. (1983) noted that although thin steel plate buckles in the very early stage 

of loading, the system can carry noticeable load due to post buckling behaviour of steel 

plate. Thorburn et al. (1983) introduced an analytical model to study the shear 

resistance of un-stiffened SPSWs using Wagner's theory of pure diagonal tension 

(Wagner, 1931). They named it "strip model", because in this model the shear panel is 

represented as a series of pin-ended strips oriented parallel to the diagonal tension field 

at the angle a from the vertical axes (Figure 2.7). 
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Figure 2.7: Strip model representation of a single storey SPSW (Thorburn et al., 1983) 

The tension field angle was derived by using the principle of least work applied to the 

one-storey one-bay shear panel which is surrounded by beams and columns subjected 

to pure shear. The inclination angle of diagonal tension field was derived using equation 

below: 

tan 4a = 
I 

Lw 
+--

2Ac 

I 
hw 

+
Ab 

2.1 

where l is the frame width; w is the steel plate thickness; h is the storey height; Ac is the 

cross sectional area of the column and Ab is the cross sectional area of the beam. 

Some of the assumptions that researchers took into account are as follows: 

i. The proposed strip model was based on hinged connection between horizontal 

and vertical boundary elements; 

ii. The analysis was limited to elastic material behaviour; 

iii. Columns are assumed to be infinitely flexural stiff to ensure a uniform distributed 

tension field over the steel plate; 

iv. The compressive stress perpendicular to the diagonal tension field is insignificant; 
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v. The horizontal boundary elements are assumed to be infinitely stiff. This 

assumption is valid for floor beams with steel plates both above and below the 

beam. 

Strip members could be able to transmit only the tension force and each member was 

assigned to an area equal to the product of the strip width and the plate thickness. The 

researchers considered 10 strips for each shear panel and demonstrated that 10 strips 

could be sufficiently precise presentation of the behaviour of tension field. The Canadian 

steel design standard (CAN/CSA S16-01) recommends the strip model as a design tool 

for 5P5Ws. 

In order to simplify the iterative process of designing a SPSW, Thorburn et al. (1983) 

described a Prat truss model, which is known as an Equivalent Brace Model (Figure 2.8). 

This model is used to simplify the steel plate as a single diagonal tension spanning 

between beam-to-column joints of the frame. 

Figure 2.8: Equivalent Brace Model (Thorburn et al., 1983) 

The model is based on rigid boundary elements and represents the stiffness 

characteristics of the tension field in the steel plate. The proposed equation for the area 

of the equivalent brace is shown below: 

A = wLsin2a 
2sin<l> sin2<I> 

where <p is the acute angle described by brace and columns. 

2.2 

CAN/CSA 516-01 (Clause 20.2) recommends the Equivalent Brace Model as a preliminary 

design tool for SP5Ws. 
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In order to assess the effects of steel plate thickness, storey width and height and also 

vertical boundary element stiffness on the behaviour of un-stiffened SPSW, Thorburn et 

al. (1983) conducted a series of parametric studies. They found that: 

i. There was a linear relationship between panel stiffness and the thickness of steel 

plate, which means an increase of steel plate thickness, causes the stiffness of the 

panel to increase; 

ii. There was an inversely linear relationship between storey height and panel 

stiffness; 

iii. For certain vertical boundary elements, by increasing the panel width the panel 

stiffness was decreased. This result is valid up to a certain limit of panel aspect 

ratio. After reaching the panel aspect ratio of 1, the increase of panel width caused 

an increase of panel stiffness. 

Timler and Kulak (1983) tested a full-scale, single-storey and one-bay SPSW specimen 

with steel plate thickness of Smm and aspect ratio of 1.5 to verify the adequacy of the 

strip model proposed by Thorburn et al.(1983). Due to the test set-up in this research, 

the columns were the horizontal boundary members while the beams were the vertical 

boundary members. The specimen consisted of two panels, both 3750 mm wide and 

2500 mm in height. The interior beam of the specimen incorporated moment-resisting 

beam to column connection, while pin jOints were placed at the exterior ones (Figure 

2.9). The specimen was tested in two stages. During the first stage the frame was 

statically loaded with three complete cycles up to its maximum allowable serviceability 

drift limit of hs/400 or 6.25 mm according to Canadian Standard Association, (CSA-S16.1-

M78) 1978. In this stage the specimen remained in the elastic region and then during 

the second stage it was tested under monotonic loading to determine the ultimate 

capacity. The test set-up did not include gravity loads to the columns. 

Timler and Kulak (1983) noted that the inclination angle for tension field under the 

service loading varied along the centre line of steel plate between 44° and 56°, but at 

the yield load level the overall value of inclination angle along the steel plate centre line 

was consistent with the analytical results. The researchers noted that the performance 
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of SPSWs and, subsequently, the magnitude of inclination angle along the steel plate 

centre line are dependent on flexural stiffness of vertical boundary members. They 

modified the Eq.(2.1) for, (1, proposed by Thorburn et al. (1983) to take into account the 

flexural stiffness of columns. The modified equation is: 

1 
Lw 

+--
4 2A 

tan a = 1 + hli{_l- + _C_h_3
_) 

Ab 360IcL 

2.3 

Ie is the second moment of inertia for the column and all other parameters are as 

defined earlier in Eq. (2.1). 

There was a good agreement between predicted and measured magnitudes of the steel 

plate stresses, load-deflection response and axial strain. The discrepancies found in the 

results using the Thorburn et al.(1983) equation for (1 were insignificant. However, it was 

recommended that the revised Eq. (2.3) be used in order to gain higher accuracy when 

computing the inclination angle for the diagonal tension field. Due to the lack of panel 

above the top beam which could introduce tension fields in the opposite direction in 

comparison to panel below, the required flexural stiffness for the top panel beam is 

different from interior beams. The equation for the inclination angle was interpreted for 

the top panel of SPSWs. Similar to the previous equation pinned connection was 

assumed between the beam and columns. See below: 

2.4 

where Ib is the second moment of inertia of the beam about the axis orthogonal to the 

web of the beam. 

As a result, the simplified strip model developed by Thorburn et al. (1983) predicts 

reasonably the overall load-deflection behaviour of specimens. The predicted elastic 

stiffness of specimens using this model was slightly higher than the measured value. 
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Figure 2.9: One-Storey test specimen (Timler and Kulak, 1983) 

Tromposch and Kulak (1987) tested a full-scale single-storey two panel un-stiffened 

SPSW specimen under the quasi-static fully reversed cyclic loading (Figure 2.10). The 

specimen was simi lar to that tested by Timler and Kulak in 1983. The major differences 

between the two specimens are as follows: 

i. Change in the bay dimension to 2200 mm in height and 2750 mm in width; 

ii. Bolted beam-to-column connection; 

iii. Thinner hot rolled steel plate with 3.25 mm thickness; 

iv. Stiffer beams; 

v. The columns were pre-loaded prior to the loading of specimens through high 

strength pre-stressed rods and anchored at both ends of the columns. 
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mmll&h pfa, 
2150 
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Figure 2.10: SPSW as tested by Tromposch and Kulak (1987) 

Due to the restriction of the hydraulic actuator system, the specimens were loaded up 

to approximately 67% of their ultimate capacity cyclically in twenty eight cycles. 

Afterwards configuration of the loading system was modified and the pre-load of the 

columns was removed, then the specimen was loaded monotonically. Tearing of welds 

was observed in several corners of the steel plate during final loading stage (Tromposch 

and Kulak, 1987). 

The hysteresis graph introduced by the specimen was pinched but stable. Figure 2.11 

illustrates the hysteresis model proposed by Tromposch and Kulak (1987) to predict the 

hysteresis behaviour of an un-stiffened SPSW which was based on the previous research 

conducted by Mimura and Akiyama (1977). 
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Figure 2.11: Load-Displacement hysteresis model (Tromposch and Kulak, 1987) 

Thorburn et al. (1983) conducted further parametric studies with fixed and pinned beam 

to column connections to assess the ability of system for dissipation of energy. They 

concluded that the frames with fixed beam to column connections could absorb three 

times more energy in comparison with the frame with simple pinned beam to column 

connections. Researchers analysed the SPSW using strip model with both pined and 

fixed beam to column connections and compared to test results. The strip model with 

fixed connection provided an upper bound solution and a lower bound solution with 

pinned beam to column connection. The test specimen result fell in between the two 

extremes. The strip model with pined boundary elements underestimated the initial 

stiffness of the system by 40% and ultimate capacity of the system by 16%, while the 

model with fixed boundary element connections underestimated the initial stiffness by 

17% and overestimated the ultimate capacity of the system by 11%. The researchers 

also concluded that the eccentricity of fish plates in respect to boundary members has 

no noticeable effect on the performance of SPSW. 

Chen (1991) conducted a test program on ten quarter scale, 3-storey, single bay SPSWs. 

Specimens were subjected to cyclic loading which consisted of 24 fully reversed cycles. 

The beams to column connections were either simple or fixed connections. Steel plate 
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thickness values ranged from 0.76 mm to 2.66 mm (Figure 2.12). Displacement control 

method was used for all specimens with maximum drift of 2% or 50 mm. Test results 

verified a high initial stiffness, good ductility and noticeable energy dissipation capacity 

for SPSW systems. 

33" 

"'--49"--

L.-_ 12@5"----..I 

W4 x 13 COLUMN 

S3 x 6.7 BEAM 

STEEL PLATE 
(TlUCKNESS VARIBS, CONTINUOUSLY 
WELDED TO BEAYS Ie COLUMNS) 

1 = 0.0299" 
t = 0.074'1' 
1 :: 0.1046" 

BEAM-TO-COLUMN CONNECTION 
TYPE J TYPE 2 

------3/4" BASE PLATE (CONTINUOUSLY 
WELDED TO BEAH &c COLUMNS) 

Figure 2.12: 3-storey model used by Chen (1991) 

Roberts and Sabouri-Ghomi (1991) conducted a series of 16 small scale quasi-static 

cyclic loading test on slender un-stiffened shear panels without cut-outs and with 

centrally placed circular cut-outs to investigate their load-displacement characteristics. 

Steel plate thicknesses were 0.54 mm, 0.83 mm and 1.23 mm. The thinnest plate was 

made of aluminium alloy and the rest of them were made of steel. The dimensions of 

steel plate were 300 mm by 300 mm and 300 mm by 450 mm for square and rectangular 

panels respectively. 

The steel plate edges were clamped to boundary members by two rows of 8 mm high 

tensile bolts. Boundary members were connected to the servo-hydraulic testing 

machine grips with two diagonally opposite pinned corners (Figure 2.13). 
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small scale shear 
panel specimen 
without opening 

Figure 2.13: Servo hydraulic testing machine (Sabouri-Ghomi and Roberts, 1991) 

Tensile load was applied diagonally to specimens until the panel experienced an elastic

perfectly plastic behaviour. After that, the specimen was subjected to the same 

magnitude of compressive load. This procedure was continued until gaining at least four 

complete cycles of load-displacement cycles by gradually increasing diagonal 

displacement. All panels indicated stable behaviour, but the hysteresis loops were 

pinched (Figure 2.14). Typical hysteresis loops presented by Roberts and Sabouri-Ghomi 

(1992a) indicate that the specimens show ductility of more than seven without 

significant decrease in strength. They investigated the effects of perforations of steel 

plate on the strength and stiffness of the system. 
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. Test S t2 (C ,=1 0, Ca=1 3) b. Test SW3 (c...,=1 0, C ,:1.4) 

c Tes SW14 (c",,=1 0, C-oz=1 2) d les SW15 (C .. ,=1 .0, Co.2=1 4) 

Figure 2.14: Comparison between analytical model prediction and experimental 
results (Sabouri-Ghomi and Roberts, 1991) 

Based on the experimental results, they proposed an approximate reduction factor for 

perforated panel with a single hole in equation demonstrated below: 

Vyp.perf = K perf = [1_ DJ 
V yp Kpanel b 

2.S 

Vyp.perf/Vyp and Kperf/Kpanel are the ratios of strength and elastic stiffness, respectively for 

a perforated panel specimen with a single hole to un perforated panel. Roberts and 

Sabouri-Ghomi (1992a) concluded that the strength and stiffness of wall will decrease 

linearly with an increase in (l-D/b) as shown in Figure 2.1S. 
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. "i<.:"'" . 
1.0 dI~ 1.0 d ~ • • 
0.8 0.8 I 
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0.2 0.2 

0 0.2 0.4 0.6 0,8 1.0 (l.DIb) 
() 0.2 0.4 0.6 0.8 1.0 (l.{l1b) 

Figure 2.15: Effect of circular perforation on strength (left) and stiffness (right) of shear 
panel (Roberts and Sabouri-Ghomi, 1992a) 

Based on test results, Roberts and Sabouri-Ghomi (1991) proposed an analytical model 

for predicting the hysteresis behaviour of shear panel with pinned connection to rigid 
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boundary members. It should be noted that presence of rigid boundary elements was 

the main reason for linear relationship between the parameters in these graphs. 

In order to evaluate the effective strength of post-buckling behaviour in steel plate 

shear walls Caccese et al. (1993) conducted a series of tests on six quarter scale three

storey specimens. The steel plate thicknesses were 0.76 mm, 1.90 mm and 2.66 mm 

with different sort of connections between boundary elements. The storeys width and 

height were 1250 mm and 830 mm, respectively. The quasi-static cyclic load was applied 

to all specimens at the roof level similar to that proposed in ATC-24 protocol (1992) in 

eight displacement increments up to 2% drift at the top of steel plate shear walls. After 

each set of cyclic loading, if specimen was still intact; it was pulled until displacement 

limit of actuator. Figure 2.16 shows test set-up and hysteresis behaviour for Caccese et 

al. (1993) specimens . 

• . .-." 
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3 @ 
2.5111 

.. _ .. 
Q..'t$rr e::. ._,_ .... 

Load . Displacement 

Figure 2.16: Test set-up and hysteresis behaviour of specimens (Caccese et aI., 1993) 

Caccese et al. (1993) concluded that the rigidity of beam to column connections has a 

minor effect on the overall behaviour of steel plate shear wall system. Based on their 

findings, this is due to continuous weld connections between steel plate, surrounding 

beams and columns. They also concluded that for the slender steel plates the inelastic 

behaviour of system is initiated by yielding of steel plate, and the ultimate strength of 

the system is governed by the formation of plastic hinges in the columns. When the 
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thicker plate is used, the failure mode of specimen is governed by instability of columns 

while insignificant increase is achieved for the capacity of system. In other words, the 

use of thicker plates would not necessarily enhance the capacity of steel plate shear wall 

system. 

Following the experimental study, Elgaaly et al. (1993) carried out two computer-based 

models to study the ultimate capacity of specimens under the monotonic loading. In the 

first modelling, a non-linear finite element analysis, including both material and 

geometric non-linearity was carried out. The steel plate and boundary members were 

modelled with shell and beam elements respectively. The finite element results over 

estimated both the initial stiffness and ultimate strength of specimens. The main reason 

for these discrepancies was related to initial out-of-plane deformation of steel plate and 

overall out-of-plane deformation of specimens that occurs during the test procedure. In 

the second modelling, the simple analytical model developed by Thorburn et al. (1983) 

was used to replace the steel plates with diagonal tension members (Figure 2.17). The 

strip model predicted the initial stiffness and capacity of specimens reasonably 

accurately. In this model an elastic-perfectly plastic behaviour was introduced for the 

steel plate material. 

TRUSS 1-18 

COLUMN 1-2 

Figure 2.17: Cyclic strip model (Elgaaly et at, 1993) 
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In order to gain a better prediction for monotonic behaviour of the system using 

Thorburn's strip model, a tri-linear, stress-strain diagram was proposed (Figure 2.18). 

The monotonic behaviour of specimens was predicted accurately using this model. 

Stress, a 

0",2 ----------------.,...----------

E2 Strain,. 

Figure 2.18: Tri-Jinear stress-strain relationship for strip model (Elgaaly et al., 1993) 

In Figure 2.18 the slope of E represents the elastic modulus for steel and E2 is selected 

Young Modulus that provides a good agreement between experimental test and 

numerical results. In this diagram, the stress atyl is corresponds to the load at which the 

steel plate starting to yield. The stress aty2 represents the yield stress for steel plate. The 

magnitude of atyl and E2 was determined empirically, which is depended on slenderness 

of steel plate. 

Xue and Lu (1994-a, b) examined analytical studies on different connection 

configurations of six twelve-storey three-bay steel plate shear wall. The widths of the 

exterior bays and interior bay were 9144 mm and 3658 mm, respectively. The height of 

panels for lowest storey and for the rest of storeys was 4572 mm and 3685 mm, 

respectively. The beam to column connections for exterior bay were moment resisting 

connections while the interior bay contained the steel plate with either rigid or simple 

beam to column connections. Two different connections of steel plate to boundary 

members were considered. In the first scenario the steel plate was connected to 

surrounding beams and columns, while in the second scenario steel plate was only 

connected to floor beams and there is no connection between steel plate and columns. 
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Different thicknesses were selected for shear panels. For bottom, middle and four top 

storeys, the thickness of steel plate was 2.8 mm, 2.4 mm and 2.2 mm respectively. The 

most important parameter investigated in this study was the lateral stiffness of the 

system at design load level because the drift control is the major design consideration. 

In the analysis conducted, steel plate was allowed to buckle or yield, however it was 

assumed that boundary members remain elastic. Boundary members were modelled 

using beam elements while steel plate was modelled by four-node shell elements with 

large deformation capacity. Lateral loads were applied monotonically at the floor levels 

without addition of the gravity loads. 

Results obtained from analytical model for each specimen were compared to a lower 

and upper bound specimens. The lower bound model consisted of moment resisting 

exterior frames and an interior frame with simple beam to column connections without 

steel plate. The upper bound model consisted of moment resisting interior and exterior 

frame with fully welded steel plate to all boundary members of interior frame. Xue and 

Lu (1994a) demonstrated that presence of shear panels caused a significant increase in 

the lateral stiffness of the systems; nevertheless, moment resisting connections in 

interior frame had negligible effect on increasing lateral stiffness. It was also concluded 

that the systems with simple beam to column connections in the bay filled by steel plate 

and shear panels with no connection to vertical boundary members were the most 

economical systems (Xue and Lu, 1994-a). There was no experimental confirmation for 

this conclusion. 

Later, Xue and Lu (1994-b) also conducted a numerical parametric study on a one-bay 

one-storey steel plate shear wall to find out the load-displacement characteristics of 

frame-wall system. The system consisted of simple beam to column connections with 

steel plate connection to the girder only. The width-to-thickness ratio of steel plate and 

the aspect ratio of panel were studied by finite element analysis for 20 different cases. 

The researchers found that the variation of width -to -thickness ratio has no significant 

effect on the load-displacement performance of the structure. In their study, the need 

for further investigation related to the effects of width-to -thickness ratio on ultimate 

load capacity of shear panels was emphasised (Xue and Lu, 1994-b). The aspect ratio of 
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the panels had noticeable effect on the performance of shear panels, because the 

development of diagonal tension fields mainly depends on the aspect ratio of shear 

panels. The effect of panel aspect ratio was found significant within the ratio of 1 to 2, in 

which the yield strength capacity of the system increased by as much as 30%. Conversely 

the increase of the panel aspect ratio from 2.0 to 2.5 had no apparent effect on 

enhancing the overall yield capacity of the model (Xue and Lu, 1994-b). 

Nakashima et al. (1994, 199sa, b) studied the cyclic behaviour of a steel plate shear wall 

built with panels made of Low Yield Steel (LYS). Figure 2.19 shows the stress-strain 

diagram for mild steel which is similar to ASTM A36/A36M-97, the stress-strain for high 

strength steel which is similar to As72, Gr. SO, and the LYS developed by Nippon Steel 

(1998) in Japan. 
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Figure 2.19: St~ess-strain diagram of low-yield steel and other steel grades 
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As shown in Figure 2.19, the yield point of LYS is about half that of A36 and its ultimate 

strain is twice that of A36 steel. These specifications cause early yielding of steel plate 

and relatively large energy absorption capacity. The tests conducted on the LYS under 

cyclic loads confirmed stable hysteresis curves and relatively large energy dissipation 

capability (Nakashima et aI., 1994; Nakashima et aI., 199sb). 

The application of Low Yield Steel (LYS) walls in high-rise buildings was studied by Torii 

et al. (1996). In recent years more interest and effort in Japan has been given to use and 
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development of lYS application in high-rise buildings. These research efforts have led to 

design and construction of a number of buildings utilising this system (Yamaguchi et ai, 

1998). The research results for using this system are promising. However, more research 

and development need to be done in this field. 

Sugi and Yamada (1996) conducted experimental test and analytical study on twenty

three one-tenth scaled specimens with a height of 300 mm with and without concrete 

covering. The main focus of this research was the aspect ratio of shear panel from 1:1 to 

1:2, thickness of shear panel from 0.4 mm to 1.2 mm and thickness of concrete. 

Specimens were subjected to monotonic and cyclic loading. In this research specimens 

were made of two adjacent identical panel connected together with a deep beam. The 

specimens were subjected to loading along this deep beam. Similar setup was used by 

Timler and Kulak (1983). The boundary members for all tests were wide flange steel 

sections covered by concrete. Sugi and Yamada (1996) proposed an analytical method 

where the steel plate was replaced with a tension brace. The effective width of tension 

field was suggested to be 2/3 of the storey height. A tri-linear stress-strain relationship 

was considered for brace members. The computer analysis results significantly over

estimated the initial stiffness of system. However, good agreement was achieved for 

overall strength and behaviour of the system. 

Driver et al. (1997, 1998-a) tested a large-scale four-storey steel plate shear wall under 

quasi-static cyclic loading. Beam to column connections for this multi-storey SPSW were 

designed as full moment connection. Total height of specimen was 7.5 m with the width 

of 3.4 m. Thicknesses of steel plates for the first and second storey were 4.8 mm and for 

third and fourth storey were 3.4 mm. Welded connections were applied for connections 

between steel plate to fish plates and fish plates to boundary members. The system was 

subjected to equal cyclic lateral loads at the level of floors and two analogous gravity 

loads were applied at the top of columns (Figure 2.20). 
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Figure 2.20: Scheme and elevation of test specimen with hysteresis curves for first 
storey (Driver et aI., 1997) (photo courtesy of R. Driver) 

In total 30 cycles were performed on the specimen where last 20 cycles were in inelastic 

range. The specimen behaviour was more flexible than predicted by the FE analysis 

model. However, it was robust and demonstrated a high initial stiffness, excellent 

ductility and significant energy absorption capacity. The frame reached an ultimate 

strength (3080 kN) at five times yield deflection where the column locally buckled at the 

base and fractured subsequently. Shortly thereafter the deterioration of the load-
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carrying capacity was gradual and stable. Although premature failure happened at a 

column base, the cyclic behaviour indicated over-strength of 1.3 and a ductility of nine. 

Driver et al. (1997; 1998-b) developed two analytical models to predict the behaviour of 

their test specimen. The first analytical model was developed utilising ABAQUS· 

software which incorporated beam elements for the beam and column members and 

shell elements for the steel plate. Initial imperfections based on the first buckling mode 

of steel plate were included in FE model. As built dimensions and measured material 

properties of the test specimen were included in the model. The residual stresses 

obtained from experiments were included for modelling of boundary elements. A 

monotonic analysis with non-linearity both of material and geometry were conducted 

up to the point at which noticeable yielding occurred in specimen, and thereinafter 

program failed to converge. The analysis results were found to be in good agreement 

with test results but were not able to capture the full capacity of the shear wall. In order 

to solve this problem geometric non-linearity was excluded. The FE results for 

monotonic loading predicted the ultimate strength to be 7% higher than test results 

which occurred at cycle 22. It should be noted that the strength of the model kept 

increasing whereas the strength of the test specimen decreased after cycle 22. The 

initial stiffness of specimen was overestimated by approximately 15% by the model. For 

the cyclic model strength and stiffness prediction were overestimated by similar margins 

as the push-over analysis. This model also did not capture the pinching of hysteresis 

loops which occurred during the test procedure. 

In the second analysis, Driver et al. (1987) proposed a new hysteretic model, which 

consisted of strip model based on the previous work of Mimura and Akiyama (1997) and 

Tromposch and Kulak (1987). In this model the behaviour of the steel plate shear wall 

was divided in two distinct components including the boundary members and steel plate 

(Figure 2.21). 
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Figure 2.21: Hysteresis model proposed by Driver et a!. (1997) 

The strain distribution within the steel plate along a diagonal tension strip is not uniform 

(Elgaaly et al. 1993) and yielding of the strips commence at the boundaries and extends 

towards the centre of the strips. Elgaaly and Liu (1997) based on the model proposed by 

Thorburn et al. (1983) presented a new modelling technique as a concept of strip-gusset 

elements in order to simulate the non-uniform distribution of strain along the length of 

the tension strips. In the proposed analytical method 45° tension strips were connected 

to the surrounding elements by gusset plates. It was assumed that a tri-linear 

relationship governs the relation between stress and strain. The model was developed 

for both bolted and welded plate connections. Comparing these two different types of 

connections, researchers stated that due to slippage and local deformations at 

connections, a bolted shear wall may provide a lower initial stiffness and yielding but it 

does not make a big difference in ultimate capacity of system. Analytical models were 

able to predict the pushover envelope and hysteresis curves of tested specimens 

accurately. 

Lubell et al. (1997) conducted cyclic testing on two single panel specimens, SPSW-1 and 

SPSW-2, respectively, and one four-storey specimen SPSW-4 at the University of British 

Columbia. The test specimens were designed as quarter-scale models of a one-bay steel

framed core. In all specimens the joints between beams and columns were moment

resisting connections. Each specimen was tested under a fully reversed cyclic quasi

static load based on ATC-24 (Applied Technology Council 1992) requirements. 
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Steel masses were placed at each storey of the SPSW-4 specimen to simulate gravity 

loading. The single-storey specimens were very ductile, with inelastic deformations at 

about 66y and an approximate over-strength of 1.5. However initial stiffness of 

specimens differed by a considerable value (Figure 2.22). This probably was because of 

the large initial imperfection of specimen SPSW-1 and the higher beam stiffness in 

specimen SPSW-2. In all specimens due to the low flexural stiffness of columns the 

noticeable pull-in behaviour of columns was observed. 

lubell (1997) conducted a series of analytical studies of test specimens. The results for 

the monotonic SPSW-1 were not completely consistent with the test results. lubell 

attributed these inaccuracies to the massive amount of initial imperfections for steel 

plates as well as variation of a throughout the test and finally inaccurate modelling of 

the top beam. The cyclic analysis of specimen SPSW-1 was not pursued because of 

numerical inaccuracies. 

The monotonic analysis for specimen SPSW-2 was in good agreement with the test 

results for initial stiffness, but slightly underestimated the ultimate strength of the 

specimen. Overall behaviour of the cyclic model matched those of the test results 

whereby the cyclic model captured the pinching of the hysteresis curves. The pull-in 

effect which was observed in lubell's tests was discussed by Montgomery and 

Medhekar (2001). They reported that this issue observed in lubell's tests was due to 

inadequate column stiffness and unusual geometric characteristics. 

__ ---SPSW2 

70 

.......... 

Figure 2.22: Envelope curves for one-storey and four-storey specimens (Lubell, 1997) 
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Lubell et al. (2000) conducted a parametric analysis on SPSWs. Based on the 

experimental and numerical results of these studies, researchers stated that the current 

Canadian code provisions e.g. CAN/CSA-S16.2-M94 may not adequately address the 

design issues for multi-storey steel plate shear wall frames including the effect of large 

overturning moments, influence of aspect ratio, and the potential for undesirable 

yielding sequences of the shear wall components (Lubell, 2000). 

Rezai et al. (1999) conducted a shake table test on quarter-scale, 4-storey steel plate 

shear wall to study the seismic performance of multi storey SPSW. The 4-storey 

specimen specifications are presented in Figure 2.23. The thicknesses of steel plates 

were 1.S mm for all panels. An aspect ratio of 1:1 was selected for panels with full 

moment connection between beams and columns. At each storey additional steel plates 

were placed on the beams to simulate a storey mass of 1700 Kg. 
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Figure 2.23 Four-storey Shake table test specimen (Rezai, 1999) 
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Due to limitations of the shake table facilities, the test results remained mainly elastic 

and the nonlinear behaviour of the specimen could not be explored in detail. Thus, the 

discussion and interpretation by researchers focused mainly on the response of the 

specimen in the elastic range. 

In order to determine the frequency of 4-storey specimen, Rezai conducted low

amplitude vibration test. The fundamental frequency of the specimen was estimated to 

be 6.1 Hz. Figure 2.24 shows the test set up for the shake table test. 

Figure 2.24: Shake table test for the SPSW specimen (Rezai, 1999) 

It was found that the first mode was the primary mode of vibration with very little 

contribution from higher modes (Rezai, 1999). From load-displacement plots it was 

found that the majority of the input energy was dissipated by the first floor. The first 

storey was dominated mostly by shear deformation, while the top floor behaved mostly 

as a rigid body rotation about the first floor. For the four-storey specimen a maximum 

displacement ductility of 1.5 was obtained prior to a global instability failure induced by 

yielding of the columns. The specimen also exhibited over-strength of about 1.2. 

The strip model was found to over-predict the elastic stiffness of specimens. The 

discrepancies between the theoretical and experimental results were more dramatic for 
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the four-storey specimen in comparison with single-storey specimens. It was concluded 

that conducting analysis of high-rise steel plate shear walls system one panel at a time, 

as recommended in CAN/CSA-S16.1-94 {1994}, is not a reliable method of determining 

storey displacements and design forces for members. 

An improved analytical model was proposed by this researcher for analysis simplicity 

and is shown in Figure 2.25. The tension-only strips for each panel were placed 

diagonally between opposite corners and from the corners to the mid-span of the 

boundary members, for a total of five strips per panel. The strips were set up in this 

manner to reflect the non-uniformity of a and to reflect the corner stiffness of each 

panel. 

Storey 

slt~ITJiIIf1lIi!jr(mfIli£l~~!I'I!f~~~1 
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Figure 2.25: Scheme of different strip models for analyzing SPSWs 
(a) 'Strip model' used in the Canadian Steel Design Code (CSA, 2000) and 

(b) 'Multi-Angle Strip Model' as proposed by Rezai (1999) 

This proposed model predicted acceptable stiffness results for both pushover and 

dynamic time-history analysis. However, the elastic stiffness and yield strength of the 

specimen were over-and under-predicted by the proposed model. The need for further 

analytical studies using finite element formulation, including both material and 

geometric non-linearity, may be necessary for slender steel plate shear wall specimens. 

It was noted that as the overturning moment to base shear ratio increases, flexural 

deformations dominate the response of the system, especially at the upper floors. This 

transition from shear behaviour to flexural behaviour was shown to be the weakness of 
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the strip model as it fails to reasonably predict the load-displacement behaviour of the 

system. 

2.2.2. Further developments on steel plate shear walls (2000-2009) 

Astaneh-Asl and Zhao conducted together two parallel research projects on composite 

shear walls (Astaneh-Asl, 2000a; Astaneh-Asl, 200lb) and SPSWs (Astaneh-Asl, 200lc) at 

the department of Civil and Environmental Engineering of the University of California, 

Berkeley. Totally four types of specimens were tested in these researches. 

The specimens for steel plate shear wall tests were two half-scale, three-storey steel 

plate shear wall frame. Figure 2.26 shows scheme a of the location of original specimen 

and two specimens tested. 

(a) 

(b) (c) 

20 ' -4" 
(6.2m) 

Figure 2.26: Scheme for (a) location of specimens (b) Test specimen One 
(c) test specimen Two (Astaneh-Asl., 2000) 

The specimens were one-half of a coupled wall with concrete-filled hollow steel section 

as columns and had a total height of 6.2 m (Figure 2.27). 
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Figure 2.27: Test specimen and scheme of test set-up (Astaneh-Asl and Zhao, 2000) 

The specimen One had height-to-width ratio of about 1.5 while the height-to-width ratio 

of the wall in specimen Two was 1.0. The specimens were half-scale realistic 

representatives of the dual system used in high-rise buildings. A number of structures 

with this type of steel plate shear walls have been designed by Skilling Ward Magnusson 

Barkshire and constructed on the West Coast of the United States. The most important 

building with this type of wall is a 51-storey high-rise residential tower in San Francisco. 

The following is a brief summary of the behaviour of the two specimens of SPSWs 

provided by Astaneh-Asl and Zhao (2000). 

The researchers found that specimen One behaved in a very ductile and desirable 

manner. Up to inter-storey drifts of approximately 0.6%, the specimen was almost 

elastic. At this drift level some yield lines appeared on the steel plate panel as well as 

the non-gravity wide flange (WF) column. Up to the inter-storey drifts of about 2.2%, the 

compression diagonal in the wall panels was buckling and the diagonal tension field was 

yielding. At this level, the WF column developed localized buckling. The specimen could 

tolerate 79 loading cycles including 39 cycles of inelastic response. It failed before 

reaching an inter-storey drift of more than 3.35% and maximum shear strength of about 

4,080 kN (917 Kips). At this level of drift, the upper floor-coupling beam was observed to 

fracture at the face of the column (due to low-cycle fatigue) and the shear strength of 

the specimen was noted to drop to about 60% of the maximum capacity of the 

specimen (Astaneh-Asl and Zhao, 2000, and Astaneh-Asl, 2001). 
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Specimen Two behaved much like specimen One in a ductile and desirable manner. Up 

to inter-storey about 0.7%, the specimen was almost elastic. At this drift level some yield 

lines appeared on the wall plate and the load-displacement curve started to deviate 

from the straight elastic line. During later cycles, a distinct X-shaped yield line was 

observed on the SPSW {Figure 2.28}. 

( a ) (b) 

Figure 2.28: Specimen tested by Astaneh-As and Zhao (200la), (a) Scheme of specimen 
(b) Specimen Two, during the test 

The specimen Two tolerated 29 cycles, of which 15 cycles were inelastic. The specimen 

reached an inter-storey drift of more than 2.2% and maximum base-shear force of 5,450 

kN (1,225 Kips). At this level of drift, the upper floor coupling beam fractured at the face 

of the column {due to low-cycle fatigue} and the shear strength of the specimen 

dropped to approximately 75% of the maximum shear force reached in previous cycles. 

Since the capacity of the SPSW dropped below 80% of maximum strength, the specimen 

was considered to have failed and the testing was terminated. More information on 

these tests can be found in Astaneh-Asl and Zhao (2001-a). 

The main objective of composite shear wall project was to conduct cyclic testing of a 

traditional and innovative composite shear wall and to develop the design and 

modelling recommendations. 

Figure 2.29 shows the basic attributes of traditional and innovative composite shear 

walls tested by researchers. Both innovative and traditional composite shear walls 

studied were "dual" system with composite shear walls placed within a moment 
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resisting frame. The only difference between the traditional and innovative proposed 

system is that in the innovative system there is a gap between the concrete wall and 

boundary members. This seemingly simple difference resulted in significant 

improvements in the performance as well as an increase in ductility and reduction in 

damage (Astaneh-Asl., 2000). 

(a) 

tl) Composlt. Sh •• r Will Studied 

( c) rradlf/onal Compo&lt. Wall 

Precast Cone. 

Gap 

Boltl 

Precalt Cone. 

Wall 

No Gap 

Boltl 

Figure 2.29: Scheme view of composite shear wall tested by Astaneh
Asl., 2000 (a) with composite shear walls placed within a moment frame 

(b) innovative composite wall (c) Traditional composite wall 

The test specimens were half-scale, three-storey, one-bay structures. The specimens 

had identica l properties with the exception of 30 mm gap provided between concrete 

wall and boundary beams and columns for innovative specimen. Table 2.2 gives the 

propert ies of t he test specimens. 

Table 2.2: Component of test specimens (Zhao, 2004) 

Steel Wall 
Pre-cast RIC wall Wall 

Plate Rebar Rebar Relnf. Bolts Beam Column 
Thickness Thlckenss Dia. Spacing Ratio Dia. Section· Section· 

4.Bmm 76mm 10mm 102mm 0.92% 
13 mm W12x26 W12x120 

(3/16 inch) (3 Inch) (3/B inch) (4 inch) ('h inch) 

• Properties of cross sect ions refer to the ISC Manuals 
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Researchers reported that in both specimens, concrete walls were able to brace the 

steel wall and prevent their buckling before yielding. It appears that the participation of 

the concrete wall did not add to the stiffness of the system significantly (Astaneh-Asl, 

2001c). Both specimens were able to reach inter-storey drifts of 4% without reduction in 

their strength (Figure 2.30). 
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Figure 2.30: Shear force-Drift behaviour of specimens (Astaneh-Asl, 200lc) 

Both the stiffened and the unstiffened panels were examined and it was recommended 

that the unstiffened system to be used unless there are cut-outs in the steel plate that 

require stiffening. The failure mechanisms of SPSWs were organised into a hierarchy 

system as shown in Figure 2.31. 

Ductile Failure 

Figure 2.31: SPSW failure mechanism hierarchy (Astaneh-Asl, 200lb) 
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Astaneh-Asl (200l-c) recommended that the plate girder equations described by AISC 

(1999) be used for the design of unstiffened SPSWs. This approach would be 

conservative than those based on other means of analysing steel plate shear walls (i.e., 

Thorburn et al. 1983). Berman and Bruneau (2004) emphasised that SPSWs are not plate 

girders. They discussed this point in more numerical aspects and concluded that the 

plate-girder analogy is inadequate for the design of SPSWs. 

Behbahanifard (2003b) conducted an experimental and numerical investigation of 

unstiffened SPSWs. A three storey unstiffened SPSW was tested under quasi-static cyclic 

loading in the presence of gravity loads. The specimen consisted of undamaged upper 

three storeys of a four-storey SPSW tested by Driver et al. (1997). Twenty-four cycles of 

loading were applied to the specimen, of which fourteen cycles were in the inelastic 

range. The specimen showed high elastic stiffness, excellent ductility, high energy 

dissipation capacity and stable hysteresis loops. Figure 2.32 shows the base shear versus 

first storey drift of the three-storey SPSW. Behbahanifard developed a finite element 

model for analysis of SPSW based on a non-linear, dynamic explicit formulation using 

ABAQUS/Explicit platform. Material and geometric nonlinearities were included in the 

model. A kinematic hardening material model subroutine was implemented to simulate 

the Bauschinger effect and a special loading frame was developed to implement a 

displacement control analysis. The effectiveness and validity of the model was 

demonstrated by comparing its monotonic and cyclic predictions with test results 

conducted on both the four-storey and three-storey SPSW (Behbahanifard et aI., 2003-

a). 
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Figure 2.32: Hysteresis curves of base shear versus first storey drift for three-storey 

specimen (Behbahanifard, 2003b) 
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The numerical model was then used for a parametric study of a single panel of steel 

plate shear wall with rigid floor beams. He identified a set of ten scale-independent, 

non-dimensional parameters that described the behaviour of an SPSW subjected to 

shear and gravity load. A parametric study was conducted to identify the effect of some 

of the main parameters on the stiffness and capacity of single panel SPSW. Based on his 

study, a decrease in the aspect ratio (L/h) was found to increase the capacity of the 

SPSW also the stiffness of SPSW would increase as the ratio of steel plate axial stiffness 

to the axial stiffness (tL/2Ac) increased. It was observed that initial imperfections of steel 

plate could result in a noticeable reduction in the stiffness of the system. It was 

suggested that the initial imperfections of steel plate is limited to 1% of...[[ii. It was also 

found that increasing either the gravity load or overturning moment reduces the elastic 

stiffness of the system in an almost linear manner or also significantly reduces the 

normalised capacity and ductility (Behbahanifard, 2003a). 

Berman and Bruneau (2003a) used the plastic analysis of the model to develop 

equations for the ultimate capacity of both single and multi-storey SPSWs with either 

simple or rigid beam-to-column connections. Using the assumed collapse mechanism 

shown in Figure 2.33, the storey shear strength capacity for a single storey SPSW with 

either simple or rigid beam-to-column connections are given by Eqs (2.6) and (2.7), 

respectively. 

2.6 

1 4Mpc 
V = - F IL sin 2a +--

2 Y h s 

2.7 

Fy is the yield strength of steel plate and Mpc is the plastic moment capacity of the 

column. 
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V, 

(b) 

Figure 2.33: (a) Single strip model (b) Single storey collapse mechanism 
(Berman, 2003a) 

In order to calculate the ultimate strength of multi-storey SPSWs, the two failure modes 

were assumed (Figure 2.34), soft storey failure and uniform yielding of steel plates over 

every storey simultaneously which is more desirable collapse mechanism. 

Berman and Bruneau (2003b) reviewed the CAN/CSA S16-01 and recommended the 

procedure for the analysis and design of SPSWs which is based on the equivalent storey 

brace method (Thorburn, 1983) and found instances where this procedure can lead to 

unconservative designs with a lower than expected ultimate capacity. Using the results 

of plastic analyses a new procedure for the sizing of steel plates was proposed as 

follows: 

2.8 

Vs is the storey shear force and Os is the system overstrength factor taken between 1.1 

to 1.5. The actual system overstrength factor can be obtained from a pushover analysis, 

or conservatively used as 1.5. 
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(a) 

Figure 2.34: Multi-storey collapse mechanism proposed by Berman and Bruneau 
(2003b) (a) Soft storey mechanism (b) Unified collapse mechanism 

Berma and Bruneau (2003b) provided comparisons of experimentally obtained ultimate 

strength of SPSWs and those predicted by plastic analysis and observed reasonable 

agreement. 

Vian and Bruneau conducted an experimental program on four single-storey, single-bay 

SPSW specimens where the steel plate was low Yield Strength (lYS) steel (Vian et aI., 

2003; Vian and Bruneau, 2004; Vian et aI., 2009). The scheme of typical specimen 

dimensions is given in Figure 2.35. All specimens had Reduced Beam Section (RBS) at the 

beam ends. Two specimens had solid steel plate while the remaining two provide utility 

access through the panel by means of cut-outs. One specimen consisted of a steel plate 

with a total of twenty holes with the diameter of 200 mm. The second perforated 

specimen was designed with quarter-circle cut-outs in the panel corners where it is 

reinforced to transfer steel plate forces to the adjacent frame (Figure 2.36). 
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Figure 2.35: Scheme of typical specimen dimensions (Vian, 2003) 

The specimens were subjected to quasi-static, displacement controlled cyclic loading, 

according to ATC-24 protocol requirements, up to their maximum strength and 

displacement capacity. 

Figure 2.36 The scheme of (a) Reduced Beam Section (RBS) and reinforced corner 
cut-out (b) Torsion of top beam during the test (Vian and Bruneau, 2004) 

Vian et al. (2009) reported that the RBS design concept ensured that the beams could 

continue to anchor the steel plate diagonal tension field forces, without developing a 

collapse mechanism with mid-span plastic hinging that could comprise the overall 

system strength. They also reported that the special perforated steel plate specimen 
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exhibited ductile behaviour during testing, without the need for stiffeners around the 

perforations as required by current seismic specifications (AISC 200Sb). This conclusion 

is possibly due to the size and position of the perforations. This system also was 

recommended for use in SPSW applications, where the minimum available plate 

thickness is larger than required. This is to prevent over-loading the boundary elements. 

The hysteresis behaviour of specimens and their corresponding deformity shape of 

specimens at the specific drift level are given in Figure 2.37. The hysteresis loops are 

more stable for special perforated specimen, while the pinching behaviour is more often 

observed in the cut-out reinforced corner system . 

• ~% 

2000 +--r-+-r-4h-+~-+--r-+--r'-+---r'-+--r--i 

t800 

I I I I 
_1._l_ J _ 

I I I I 
_L_l._l_ J _ -' 

I • I , I I 

"".1000 ~.!. .+:_'f-~, '--;..t;;,I~_ i--:--:--I- -t- -j - -{ , , , , , , , , , 
.1eeD bl~~2W r - T-, -,--,--r-r-T- ' - ' 
.2000 +-..:.......;..-:....-;......:~---.--' --.-' .....;..' ......... ' .....;..' ...;.-' -'---..;' 
~ .a0 "0 .20 

a) Specimen P 

- ~ - I, , , 
r-t'-t 

f ••• - - -r - r-, 
IV .Ai.v..~ ~!.o" -JII"" -::1",-:- -~ -~ -! 

.. -t- -t- -to- - .. - I 
t I • I I • 

-"-'--,-'--r-r-' 
_ L_l_~_J_J_~ __ ~_L_! 

I I t I I • I • l 

~I5--4'~'''''-1 -~- ~- t-~ -~-~-~- -~ -~-: 

.eo .84 .. 0 .20 0 20 ~ 10 
(el Specimen S2 pt..,... , ,,"'. 

. . ~.;-.t. ,IF) ! Ie f;; · 
,J ~ f :. .... ~. ., 
. r~.~:~ .. .... ~.~ ... ~_ I¥ .' Y.\ 

'

l'. - IE -' . ' ',: 
f 

' 
, . ~ .' " . . 

'.-' - . - -

:.1 .: j .1 'T-III " _ -N . .. . .. ~ ~ .. . , ., -

Specimen P at 3% drift 

Specimen S2 at 3% drift 

Figure 2.37 The hysteresis behaviour of specimens and corresponding deformed shape 
of specimens at the certain drift level (Vian et al., 2003) with (a) Regularly perforated 

steel plate (b) Corner cut-out steel plate (c) Solid steel plate 
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The values of peak base shear strength, ductility, drift and elastic stiffness of test 

specimens are summarised in Table 2.3 (Vian and Bruneau, 2004). 

Table 2.3: Summary of peak results for specimen tested by Vian et al. (2003) 

Approximate Strength 

Maximum maximum Maximum reduction 

Elastic base shear displacement inter-storey at maximum 

stiffness strength ductility drift drift 

Specimen (kN/mm) (kN) (~=Mlly) (%) (%) 

P 115 1790 10 3 14.5 

CR 140 2050 13.33 4 30 

52 135.5 2115 10 3 18 

It is worth mentioning that the use of RBS elements in steel plate shear wall systems 

may prevent the formation of the plastic hinges at the ends of columns. However, due 

to the reduction in lateral flexural stiffness at the end of beams, the out-of-plane 

instability of the system can affect design of the RBS specimens. 

Kharrazi et al (2005) conducted a valuable numerical analysis, parametric study and test 

program on SPSWs. Kharrazi et al. (2004) proposed a Modified Plate-Frame Interaction 

(M-PFI) model for analysiS of shear and bending in steel plate shear walls. The proposed 

analytical model was based on existing shear model presented by Roberts and Sabouri

Ghomi (1992); Sabouri-Ghomi, Ventura and Kharrazi (2005) further refined the model 

and named it the Plate-Frame Interaction (PFI) model. Kharrazi et al. (2005) enhanced 

the PFI analytical model by modifying the load-displacement diagram to account for 

influence of overturning moments on SPSWs behaviour. It was therefore named the M

PFI model. Figure 2.38 shows components of the M-PFI model under shear load, bending 

load and the combination of shear and bending model proposed by Kharrazi et al (2005). 
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Figure 2.38: Components of M-PFI model for the (a) shear load-displacement: frame 
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To evaluate the M-PFT method, experimental research was conducted by Kharrazi, 2005. 

Two ductile steel plate walls {DSPWs} with low and high yield point steel plates, and an 

addition steel frame {SF} were tested under low cyclic quasi-static loading. Pre-buckling 

and post-buckling stiffness and ultimate capacity of the system were obtained from the 

testing. 

Each specimen was a 60% scale model with floor-to-floor spacing of 1800 mm, and 

column-to-column spacing of 1262 mm. The beams and column members of the Frames 

were constructed from 2xHSS 102x102x8 mm and W 8x58, respectively. The steel plate 

for all specimens was 0.75 mm thick cold-rolled sheet steel. An overview of test set-ups 

for both quasi-static loading and shake table test is given in Figure 2.39. 

Figure 2.39: Test set-up and lateral support framing for a) Quasi
static test (b) Shake table test (Kharrazi, 2005) 

Results from tests conducted by Driver {1997} and Behbahanifard (2003) also were used 

to evaluate the effectiveness of the M-PFI method {Kharrazi, 2004}. The graphs in Figure 

2.40 indicate comparison of M-PFI model prediction and experimental results from tests 

conducted at the University of Alberta {Behbahanifard, 2003; Driver, 1997}. For both 

specimens, an assumed tension field of 45° was used in the model. The proposed model 

does not provide ductility and a failure mechanism for the specimens. 
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Figure 2.40: Comparison of M-PFI model prediction and experimental results 
(Kharrazi, 2004) from tests conducted at university of Alberta, (a) (Behbahanifard, 

2003), (b) (Driver, 1997) 

Kharrazi et al (2005) conducted shake table tests on DSPW and SF specimens. During the 

dynamic testing, the steel plate buckled elastically, and consequently diagonal tension 

fields developed in the steel plate. It was the first time that dynamic testing 

demonstrated yielding in the steel plate. A finite element model using explicit dynamic 

formulation was performed for analysis of specimens (Kharrazi, 2005). FE modelling of 

pushover, quasi-static and dynamic tests, demonstrated that numerical modelling of a 

ductile steel plate wall for different loading types provide reliable and effective results 

and confirms the finding of Behbahanifard et al (2003). 

Berman and Bruneau (2005a, 2005b) conducted a number of quasi-static loading tests 

on one-bay, single-storey specimens with a boundary frame aspect ratio (l/h) of 2.0. All 

beam and column dimensions, as well as web-angle connections, were kept constant for 

all specimens to allow a more uniform comparison of structural characteristics such as 

strength, stiffness and seismic energy dissipation capacity. Figure 2.41 shows a typical 

test set-up. 
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Figure 2.41: Typical test set-up for specimens tested 
(Berman and Bruneau, 2005a, 2005b) 

Berman et al. (200Sa) described and compared the results from cyclic testing of six 

specimens. The specimens incorporated four concentrically braced frames. Two 

specimens used cold-formed steel studs for in-plane and out-of-plane restraint of the 

brace, and two specimens were without bracing. In addition, two light-gauge steel plate 

shear walls, one with a flat steel plate and another with a corrugated steel plate were 

made. These two specimens were designed as seismic retrofit options for a four-storey 

steel-framed hospital structure with approximately half scale from the prototypes (Yang, 

2002). Since the minimum available thickness of steel plate is several times greater than 

that required for the system, the light gauge materials were used as an alternative. This 

was to create a system strong enough to resist the design seismic loading and to be able 

to sufficiently dissipate the input energy to the system. All specimens were designed to 

meet major aims such as mobility, low impact on existing framing and significant 

increase in energy dissipation capacity. Figure 2.42 shows the specimen specifications 

and corresponding hysteresis curves of specimens tested by Berman et al (2005). 
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Figure 2.42: Test samples specifications and experimental hysteresis curves for 
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Strip models were developed for analysis of specimens. It was assumed that boundary 

frame members remain elastic during the test. The steel plate of specimen CP was made 

of corrugated plate where corrugations were orientated at 4So. This specimen exhibited 

anti symmetric hysteresis loops, as diagonal tension field action only developed in 

direction of corrugations (Figure 2.42b). Using the experimental results, they reported 

that specimens 63 had the largest initial stiffness, and specimen FP achieved the largest 

ductility. It was found that in specimens up to a ductility of 4.0, the energy dissipated 

per cycle is similar to SPSWs with flat steel plate, and braced frames with two tubular 

braces. For specimens with ductility higher than 4.0, the tubular braced specimen 

fractured while the SPSW with a flat steel plate reached a ductility of 9.0 before the 

energy dissipation per cycle decreased (6erma, 200Sa). 

Shishkin et al (2005) proposed same refinements to the strip model developed by 

Thorburn et aL (1983) based on observations from laboratory test results on SPSW 

specimens. The attempt was made to obtain more accurate prediction of the inelastic 

response of SPSWs under cyclic loading using structural engineering software package 

SAP2000 (CSI, 2000). This research was limited to the analYSis of unstiffened SPSWs with 

thin plates that contain no cut-outs. Shishkin (2005) proposed two different models 

namely the "detailed model" and the "simplified model". The detailed model included 

numerous complex modifications, which were later developed to the "simplified model" 

in order to reduce the modelling effort without significant reduction in accuracy of 

analysed results. 

The detailed model incorporated a number of features such as rigid panel zone, plastic 

hinges, compression strut, and deterioration of steel plate. As shown in Figure 2.43 

depicted by the shaded region, this panel zone describes the area of the column cross 

section that is defined by the borders of the connecting beam (db x de) for moment

resisting connections. The panel zone provides a ductile fuse for the dissipation of 

seismic energy during an earthquake event for moment resisting frames (Krawinkler and 

Popov, 1982; Popov et aL, 1986). However, Driver et aL (1998a) realised that for their 

test specimens, the inelastic deformations in panel zones tended to remain small during 

the cyclic loading, and the panel zone regions perform elastically within elastic stage up 
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to the peak wall capacity. The primary ductile fuses were formed within the steel plate. 

In order to achieve the actual behaviour of a panel zone in steel plate shear walls which 

expected to remain predominantly elastic, it was suggested that the beam and column 

elements within the panel zone be considered effectively rigid. It was found that for 

modelling purposes it is better to apply modulus of elasticity of 2 x 105 GPa or 1000 

times the nominal values, for the elements within the panel zone. Such assumption was 

used in the proposed detailed model (Shishkin et aI., 2005). It is worth to mention that 

following the forming of plastic hinges within the steel plate, if the system experiences 

large inelastic deformations, it is expected that the fuse development in the panel zones 

could appear in rigid beam-to-column connections. 
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Figure 2.43: Typical frame-joint model detail for rigid connections 

In order to simulate the inelastic behaviour of SPSWs, plastic hinges were utilised by 

Shishkin et al. (2005). The flexural plastic hinges were located at a distance of half of the 

member depth from the boundary of panel zone and axial plastic hinges were placed at 

discrete points along each of the pin-ended tension strips to simulate plastic behaviour 

of frame members and steel plate. Each hinge was considered to remain rigid until 

yielding commenced at that location. Up to yielding point of hinges elastic deformations 

occur for linear elements placed between hinges, thereafter, the overall behaviour of 
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the system was affected by combination of distributed elastic member deformations 

and discrete hinge deformations according to hinge behaviour definitions 

There are several methods for explaining the axial force-moment interaction. The 

following relationship was used by researchers to describe the interaction between axial 

force and moment (FEMA 356): 

2.9 

where, Fy is the column yield stress, P is the axial load and Z is the column plastic 

modulus. 

The strip model ignores the contribution of the stiffness and strength of steel plate to 

the compressive resistance which is substantial in the corner regions of steel plate. In an 

effort to model the post-buckling compression contribution of the steel plate, 

researchers utilised a compression strut. These compression truss elements are 

extended from corner to corner of each panel and oriented in opposite direction of 

tension strips. Eq. (2.2) was used for determining the area of struts which is based on 

equivalent brace method (Thorburn, 1983). In order to simulate the sudden buckling of 

steel plate a rigid-plastic axial hinge was placed along the strut. It should be mentioned 

that the tensile capacity of strut element is zero. Based on empirical observation of the 

test conducted by Kulak et al. (2001), the compression capacity of struts was set to 8% 

of tension strip elements. 

Shishkin et al. (2005), located deterioration hinges only for two tension strips to include 

the effect of any possible tearing within the steel plate. Compression struts and 

deterioration strips are illustrated in Figure 2.44. 
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Figure 2.44: Compression struts and deterioration strips in detailed model proposed 
by Shish kin et al. (2005) 

All parameters defined for detailed model were applied to the specimen developed by 

Driver et al. (1998a) and push-over analysis was performed. 

Shishkin et al. (2005) attempted to simplify the parameters of detailed model. 

Modification in the position of plastic hinges in panel lone, reducing the number of 

nodes at the beam level, modelling all plastic hinges behaviour are modified parameters 

in simplified model. It was reported that each of above mentioned simplifications had 

small or negligible effect on analysis results. The results for simplified model were 

similar to detailed model and it was validated via comparing the results with several 

experimental works (Driver, 1997; lubell, 1997; Timler, 1983). It was found that the 

modified strip model is relatively insensitive to variation of inclination angle of steel 

plate. They recommended that a value of a=40° could be used for design of SPSWs. This 

value gives slightly conservative results. A comparison between results for two proposed 

models indicates that both models give the same initial stiffness. However, the 

simplified model lost 4% accuracy in predicting the ultimate capacity of the system. 
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Purba (2006) carried out a series of finite element analysis on one-storey steel plate 

shear walls having multiple perforations within the steel plate. Variation in perforation 

diameters and different boundary conditions were investigated under a monotonic 

loading. The perforated-steel plate and the cut-out corner steel plate specimens tested 

by Vian (2005) were investigated in this research. Due to symmetrical conditions of 

loading and strip geometry a quadrant of full strip was modelled (Figure 2.45). 
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Figure 2.45: Scheme of (a) Strip geometry (b) FE model of Vian et al. (2005), developed 
by Purba (2006) 

Isoparametric general-purpose shell elements (S4) were used to model both the steel 

plate and boundary frame members. Several FE mesh model developed (Purba and 

Bruneau, 2007) to find the appropriate mesh density to obtain accurate results. 

Considering the computation time efficiency, a SO x SO mm mesh size was selected for 

parametric study. Nonlinear push-over analysis was conducted on the FE model (Figure 

2.46). 
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Figure 2.46 FE modelling of Vian et a!. (2005) specimen by Purba (2006) 
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Purba (2006) concluded that the results from individual perforated strip analysis are 

able to predict the performance of complete perforated SPSW if the diameter of holes is 

less than 60% of the strip width. It was reported that there is no interaction between 

adjacent strips to influence the stress distribution within the specific strip. 

In order to approximate the shear strength of a multiple perforated steel plate, Purba 

(2006) developed the Eq. (2.S) which was proposed by Roberts and Sabouri-Ghomi 

(1992) for single perforation within the steel plate. Based on analysis results he 

proposed a reduction factor for computing the shear strength of multiple perforated 

steel plate as (Purba and Bruneau, 2009) : 

V yp.perf = [I - a~]Vyp 
S diag 

2.10 

where a is the proposed regression factor equal to 0.7. Figure 2.47 illustrates 

comparative plots for linear regression analysis according to Eq. (2.10). 
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Figure 2.47: Steel plate strength ratio versus perforation ratio for (a) Rigid Floor mode, 
(b) Rigid Beam model (Purba, 2009) 

Purba (200S) also investigated the effect of reinforced corner cut-out on shear strength 

of steel plate. It was observes that change in type of reinforcement had very small effect 

on shear strength of panel. 
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Park et al (2007) conducted cyclic tests on five, three-storey specimens, 1/3 scale, with 

aspect ratio about 1.5. The effect of different range for steel plate thickness and 

variation in built-up vertical boundary members, namely strong columns (Se) and weak 

columns (We) on overall behaviour of system were investigated. Strong and weak 

column sections were made of H-2s0x2S0x20x20 (built-up wide flange section, H

dcxbfxtwxtf) and H-2s0x2s0x9x12, respectively, while beam sections were symmetrical 

for all specimens and were made of H-200x200x20x20. Thicknesses of the steel plates 

varied from 2 mm to 4 mm and were connected to frame members using fish plates. 

Figure 2.48 shows overall view of test specimens and corresponding test set-up. 
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Figure 2.48: Scheme of test specimens (Park et aI., 2007) 
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Test results demonstrated that using weak column moves the system performance to 

flexural behaviour, which prevents the uniform distribution of diagonal tension fields. In 

other words, the columns need to be strong enough to anchor the forces applied by 

diagonal tension fields. Placing thicker steel plate in the frame with strong columns 

caused noticeable reduction in ductility of sample. The maximum drift for specimens 

with strong columns was 3.2%, while for specimens with weak columns it was 0.9%. 

Finite element analysis of specimens was implemented using ABAQUS software. The 

ultimate capacities underestimated for samples with strong columns, but good 

agreement was observed for specimens with weak columns (Park et aI., 2007). 

Researchers concluded that shear deformation of specimens allows uniform distribution 

of diagonal tension fields within the steel plate followed by forming of plastic hinges in 

horizontal boundary members. It should be mentioned that for specimens with weak 

columns premature forming of plastic hinges at the end of columns prevent uniform 

distribution of tension fields and as a result local buckling occurs in columns. 

Choi et al. (2008) conducted a series of tests on six specimens under cyclic loading. Test 

specimens were one-third models of single-span, three-storey prototype wall. The main 

target of this study was the investigation on variation of the structural characteristics of 

SPSWs due to modification of steel plate details. The length of welded connection 

between steel plate and frame columns, coupling wall and type of the steel plate 

connection to fish plate were the major parameters investigated by Choi et al. (2008). A 

concentrically braced frame (CSF) and a moment-resisting frame (MRF) specimen were 

tested. All frame members were built-up sections with yield point of 330 MPa while 

steel plates were 6mm thick with yield point of 240 MPa. Column sections were the 

same for all specimens and were H-1SOxlSOx22x22 mm. Beam sections were H

lSOxlOOx12x20 mm for first and second floor and it was H-2S0xlSOx12x20 mm for 

third floor and roof. The connections between beams and columns were fully moment 

resistant. The configuration of test specimens is presented in Figure 2.49. 
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Figure 2.49: Different configurations of test specimens tested by Choi et al. (2008) for 
(a) Partially connected steel plate, FSPW4 specimen, (b) Coupled wall, FSPWS 

specimen, (c) Bolt-connection, BSPW2 specimen, (d) CBF specimen 

The beam and column sections for CBF and MRF specimens were the same as other 

specimens. The weight of braces (H-l00xl00x l0xl0) for CBF specimen were equal to 

the weight of steel plate used for FSPW2 specimens. All specimens were subjected to 

cyclic loading. Each cycle was repeated three times to reach the target displacement. 

Figure 2.50 presents the hysteresis behaviour of load-displacement curves for top storey 

of specimens. 
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Figure 2.50: Load-top displacement relationships of test specimens for (a) FSPW2, 
(b) SFPW4, (c) FSPW5, (d) BSPW2, (e) CBF, (f) MRF tested by Choi et al. (2008) 

Based on test observations the researchers reported that initial stiffness and ultimate 

capacity of FSPW2 and BSPW2 are slightly different. However, BSPW2 specimen 

exhibited less ductility than FSPW2 specimen. Due to existing restriction for developing 

of tension field action in BSPW4 and BSPWS specimens, loading capacity of specimens 

were slightly less than FSPW2 specimen. Figure 2.51 shows cumulative energy 

dissipation capacity for specimens tested by Choi et al. (2008). 
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Figure 2.S1: Cumulative energy dissipation capacity for specimens (Choi et aI., 2008) 

Berman and Bruneau (2008) based on capacity design method proposed a procedure to 

estimate the design axial forces and bending moments of boundary columns of SPSWs. 

This method assumes full yielding of steel plate and forming of plastic hinges at beam 

ends due to lateral forces. Lateral seismic loads were estimated using a uniform plastic 

collapse mechanism (Berman and Bruneau, 2003-b). These forces were used to 

represent the free body diagram of columns for a generic four-storey SPSW and were 

then used to determine the design axial forces and bending moments for boundary 

columns. The free body diagram includes the steel plate yielding at storey i, applied 

lateral loads obtained from the uniform plastic collapse mechanism, FI, distributed loads 

to the columns, W ycl and W xcl , distributed loads to the beams, W ybi and W xbi , axial forces 

from the beams, Pbl/, Pbrl , moments from plastic hinging of the beams, M prli and M prri , 

and base reactions Ryl, R xl, Ryr and Rxr (Figure 2.52). 

To evaluate the adequacy of the proposed method, Berman and Bruneau (2008) 

designed two samples of four-storey SPSWs, one with constant and one with variable 

steel plate thickness denoted SPSW-C and SPSW-V, respectively. Column design loads 

also were computed based on two other available methods namely indirect capacity 

design method and the combined linear elastic computer program and capacity design 

concept refer to AISC 2005 seismic design provisions. The results, including column axial 

forces and bending moments from three design methods were compared with the 

results from nonlinear static pushover analysis for both SPSW-V and SPSW-C specimens. 
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The proposed method was shown to give vertical boundary element design loads that 

are considerably closer to the pushover results rather than two above mentioned 

methods. The proposed design method was also able to capture the axial force-moment 

interaction in beams. 
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Figure 2.52 Free body diagram for vertical boundary members 
(Berma and Bruneau, 2008a) 

Researchers noted that assuming of fully steel plate yielding over the entire height of 

the system on all floors would not be improbable in the taller structures. It was 

suggested that for tall buildings during earthquake event significant part of steel plate 

could remain in elastic area of loading. In such case the authors suggested that the 

column design forces could be reduced on similar way was proposed earlier by Redwood 

and Channagiri (1991). It is worth to mention that the proposed procedure is based on 

an assumed plastic collapse mechanism and linear model of one of the columns and as a 

result it does not involve non linear analysis. 

Bhowmick et al. (2009) developed a nonlinear finite element method for investigating 

the behaviour of SPSW and different design approaches. The proposed model 

incorporated both geometry and material nonlinearities. Damping, strain rate and p-
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delta effects were also included in proposed FE model. The model was created using 

ABAQUS/Standard (Hibbit, 2007) utilising four-node doubly-curved shell elements with 

reduced integration and an implicit time integration strategy for seismic analysis. The 

model was validated by comparing the finite element analysis results with the published 

cyclic quasi-static tests (Behbahanifard, 2003-b; Driver et aI., 1998-a; Lubell et aI., 2000) 

and dynamic test results (Rezai, 1999) with different geometry and configurations. The 

validated model was used then to study the behaviour of several ductile and limited 

ductile designed steel plate wall samples according to CAN/CSA S16-01 and NBCC 2005 

criteria. The results of the analysis indicated that the capacity design method in 

CAN/CSA S16-01 underestimated both the shear strength and flexural demand at the 

base of SPSW. Researchers reported that it may happen because of neglecting the shear 

strength contribution from vertical boundary members. The analysis results showed that 

steel plate has not yielded at any level of loading in top storey which means there is no 

need to use significantly stiffer beam to anchor the tension field actions of top steel 

plate. This is especially noticeable once the thickness of the top storey steel plate is 

restricted by the use of a minimum practical steel plate thickness (Bhowmick et aI., 

2009). The researchers also emphasised the importance of strain rate in dynamic 

response of SPSWs based on results from other researchers (Manjoine, 1994; krawinkler 

and Popov, 1982; Mahin et aI., 1972; Gioncu, 2000). With higher strain rates the ductility 

of the steel plate shear wall reduces and the average flexural demand at the base of the 

wall is increased (Bhowmick et aI., 2009). 

In recent years the seismic design of structural systems is moving from simplified force

based deterministic methods towards performance-based seismic design (PBSD) 

techniques (Ghosh et aI., 2009). Those techniques are using inelastic response 

parameters, such as ductility and hysteretic energy or combination of these parameters 

to quantify the damage of structures. 

Ghosh et aL (2009) developed PBSD method for design of SPSWs for a four-floor frame 

with simple connections between beams and vertical boundary elements. This method 

considers the inelastic energy demand on structural system, and this energy is equated 

with the inelastic work done through the plastic deformations for a monotonic loading 
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up to the target drift. This method has already been used for the design of MRF (Lee, 

2001; Leelathaviwat, 1998) and EBF systems (Chao, 2005; Ghosh et aI., 2009) considered 

pined connections between beams and columns, while the columns were fixed at their 

bases and were continuous along the height of the system (Figure 2.53). 
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Figure 2.53: (a) Scheme of the SPSW (b) plastic hinge formation at the base of the 
boundary columns (c) soft ground storey (Ghosh et aI., 2009) 

The total strain energy of an inelastic system can be estimated from (Lee, 2001; 

Akiyama, 1985): 

2.11 

where Ee is elastic strain energy demand, Ep is plastic strain energy demand, y is energy 

modification factor, M is total mass of the structure, T is fundamental natural period, Sv 

is pseudo velocity corresponding to T, Ce is elastic force coefficient and 9 is gravitational 

acceleration. The energy modification factor is a function of target ductility ratio of the 

system (Ilt) and ductility reduction factor (R) as follows: 

r = _2 .;,..J1..:....,/ ,-- _1 
R2 

The elastic force coefficient (Ce ) is defined as follows: 

2. 12 
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C =A=Ve 
e g W 

2.13 

Where A is the design pseudo acceleration, Ve is the design (elastic) base shear and W is 

the seismic weight of the structure. 

It was assumed that during the peak monotonic displacement, all steel plates reach their 

plastic shear capacity and that plastic hinges form at the base of the columns as well. It 

was also assumed that the plastic deformation of panels is uni-directional and uniform 

along the height of the building. Equating the total inelastic work done by the system Wp 

(Berman and Bruneau, 2003b) with the estimated inelastic strain energy, the required 

yield base shear (Vy) appears as: 

2.14 

Where hi is the height of ; th floor, Bp is target plastic drift based on an assumed yield 

drift (By) and Ai represents the shear force distribution in the SPSW system and is equal 

to: 

x=F; 
I V 

y 

2.15 

The thickness of steel plate at each storey level was obtained considering that plastic 

shear at each storey level to be carried out by corresponding steel plate of the floor. 

2P: 
t. = I 

I O.95FyL 

2Vj 
2.16 

In this equation the plastic shear capacity of the plate (Pi) was calculated based on the 

multi-strip idealization (Thorburn, 1983). The coefficient of 0.95 in this equation 

represents the use of mean value of inclination angle of 45° instead of its real value. 

Gupta and Krawinkler (2000) also reported that the use of actual value of inclination 

angle of diagonal tension field action has insignificant effect on SPSW analysis results. 

Therefore the use of an average value of inclination angle was suggested for analysis 

and design of SPSWs. 
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Ghosh et al. (2009) utilised the recommendations given by Driver et al. (1997) for 

calculating of the base column moment capacity (Mpd, ensuring the formation of plastic 

hinges within the steel plate prior to columns. 

Fytlh~ 
M =--'---

pc 16 2.17 

It should be noted that as within the presented equations, steel plates are bearing the 

shear of stories and the shear resistance of vertical boundary members is neglected, the 

check of soft-storey formation is automatically satisfied. 

Researchers applied the proposed method for the design of four-storey steel-frame 

structure with simple beam-to-column connections, and different aspect ratio of panels 

under strong motion records from the 1994 Northridge and 1995 Kobe earthquakes 

(Figure 2.54). The results indicated that the proposed displacement-based method is 

able to gain the target displacement ductility. However, the method needs to be 

validated for high-rise buildings and different earthquake scenarios to evaluate the P-.1 

effects. 
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Figure 2.54: Scheme of the four-storey steel frame structures studied by Gosh et 
al.(2009) based on proposed method 

Alinia et al. (2009b) carried out a series of finite element analysis on single-storey, 

single-bay SPSW specimens under lateral loading. ANSYS software was used for 

modelling and analysis of specimens to evaluate the interaction between boundary 

members and steel plates. All components of system were modelled using a four-node 

shell-181 element. This element has six degrees of freedom and is able to model both 

Page 67 



CHAPTER 2: LITERATURE REVIEW 

material and geometrical nonlinearities. In order to distinguish the relative contribution 

of steel plate and boundary members on ultimate load bearing capacity of the system, 

the discrete frame and steel plate were analysed separately. In this study, the boundary 

members were supposed to be IPE160, and the thickness of the steel plate was 3 mm. 

Their material properties were E1=200 GPa, E2=2 GPa, v=0.3 with yield stress 240 MPa. 

The von Mises yield criterion was used for material yielding (Alinia et aI., 2009b). Figure 

2.55 shows the dimension of specimens and the assumed relationship between stress 

and strain for mild steel. 
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Figure 2.55: (a) Typical dimensions of specimens (b) Assumed relationship between 
stress and strain (Alinia et aI., 200gb) 

Analysis results showed that the first yield point for the moment resisting frame 

without a steel plate occurred at a drift of 8; = 4.3 mm under the load of 

pJ = 81 kN and the ultimate load capacity was PJ' = 160 kN. A steel plate with the 

dimension of 1000xlOOOx3 mm was subjected to uniformly distributed shear load 

applied along the edge nodes to simulate a pure shear condition within the panel. 

The fixity of the boundary condition was defined by torsional rigidity of boundary 

frame members (Alinia et aI., 2009b). The first yield point for steel plate occurred at 

drift of 8; = 0.86 mm under the load of P'; = 146 kN, and the ultimate load 

capacity was PJ' = 171 kN. Analysis of the SPSW system incorporating steel plate 

and moment resisting frame subjected to the lateral load (similar to the afore

mentioned specimens) indicated that the first yield point occurred in the steel plate 

at 8~nfill = 0.92 mm, p~nfill = 192 kN. The first yield point in boundary members 
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occurred at 8;rame = 1.429 mm, pframe = 270 kN. The combined ultimate load 

bearing capacity was p:psw = 377 kN which 25% is more than the summation of 

ultimate bearing load capacity for frame and detached steel plate. Figure 2.56 shows 

the analysis results for above mentioned case studies. It was concluded that there 

was an interaction effect between frame and steel plate (Alinia et aI., 2009b). 
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Figure 2.56: Load-inplane displacement analysis results for SPSW system and its 
components (Alinia et ai., 2009b) 

By using the flat stiffeners with individual arrangements the steel plate could be 

effectively divided into subpanels which developed tension fields across the shear 

panels. Alinia and Sarraf (2009a) carried out parametric study to determine the optimal 

dimension of stiffeners to propose appropriate design formulation. The study was 

focused on one-side flat stiffeners as shown in Figure 2.57. 
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Figure 2.57: Scheme of geometrical specification of stiffened walls (a) Typical sub-plate 
dimensions, (b) Dimension of stiffeners (c) Various stiffener arrangements studied by 

Alinia and Sarraf (2009a) 
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ABAQUS software was used for analysis of specimens. Plates were modelled by four

node S4R shell elements, and stiffeners were modelled by three-node B31 linear beam 

elements. Having six degrees of freedom for S4R elements initiates the out-of-plane 

behaviour of steel plates. The B31 element is better suited for simulation of linear elastic 

transverse shear deformations in accordance with Timoshenko beam theory, and allows 

for large axial strains. In order to prevent stress transmission between stiffeners and 

boundary members, the span of stiffeners was just short of plate edges (Alinia and 

Sarraf, 2009a). To ensure that stiffeners are not experiencing local buckling, the AASHTO 

provision (AASHTO-lRFD, 2005) for plate girder stiffeners is given in the equation below, 

was followed: 

2.18 

where, hs is height of stiffener and (Jy is yield stress of stiffeners. In order to consider the 

weld-ability of material the following relation between steel plate and stiffeners 

thickness was also considered: 

By using flexible stiffeners with low flexural rigidity, the buckling stresses increase. 

However, the buckling mode of the plate does not change in comparison to the 

unstiffened plate. In other words overall buckling of shear panel occurs in this case. 

Utilising rigid stiffeners with sufficient flexure and low torsional rigidity, the overall 

buckling of panel turns to local buckling in subpanels (Alinia, 2005). 

It should be noted that the slenderness ratio of subpanels in stiffened plates is further 

restricted in AISC820 (AISC, 2007) to ensure the full shear yielding of subpanels. 

Equations bellow are expressing above mentioned criteria: 

For plates with vertical and horizontal stiffeners 

2.19 
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For plates with either vertical or horizontal stiffeners 

2.20 

Based on the results from analysis, the researchers reported that there is no linear 

relation between optimal thickness and height of stiffeners. However, for different 

arrangements of stiffeners empirical equations were developed for evaluating the 

effectiveness of stiffeners by curve-fitting expressions. It was also reported that the 

optimal stiffeners are rigid enough to form nodal lines and that in the post buckling 

stage the subpanels behave as detached simply supported plates. Alinia et al. concluded 

that stiffeners prevent early overall buckling of shear panels. Stiffeners limit out-of

plane deformation of steel plate and improve elastic in-plane stiffness of shear panel. 

Furthermore it was concluded that in an optimal stiffener arrangement, the critical 

stresses of stiffened plates are equal to the critical stresses of individual subpanels 

(Alinia and Sarraf, 2009a). 

Gholhaki and Sabouri-Ghomi (2009) conducted a research program to identify force 

modification factor for thin SPSWs. Two of one-bay three-storey specimens were 

constructed and subjected to hysteresis load according to ATC-24 protocol (Figure 2.58). 

The specimens were symmetrical with exception of beam to column connections. The 

beam-to-column connections were simple connection for one of the specimen (SPSW-S) 

and for the other specimen rigid connections (SPSW-R). low yield steel plates 0.7 mm 

thick were used for all storeys of both specimens. Table 2.4 gives material properties of 

different members for specimens tested. 

Table 2.4: Specification of material properties for specimens tested by Gholhaki and 
Sabouri-Ghomi (2009) 

Members Fy (MPa) Fu (MPa) E (GPa) 

Steel plate 180 300 206 

Column 366 550 206 

Intermediate beams 310 446 206 

End beam 366 550 206 

Page 71 



CHAPTER 2: LITERATURE REVIEW 

1 
E 
o 
~ 

1 
1 
E 
E 
o 
~ 

I 
1 
E 
E 
o 
~ 

I 

>--1100111111_ 
TOP BEAM 

Fy. 366 MP. "-

" I 
E STEEl PlJlTE E T: 0.7111111 III ... fy= l80Mpa 
~ 

I 
• 4-
:f 
III 
III 

" E • STEEL PIJI T[ E 
,.. 
IL T=0 .7 ".11 i Fy=I60Mpa .. Z .. :l 

j 
;) 
.J / 
8 

E 
E STEEl PIJIT[ 

§ T=O.7nvlI .. Fy=l60 Mp;l 

1 
I I I / 

-l(W)lHG 

!! 

IllAN Jl'( 100 
Fr-lJOIIPa I

I" 

.~ ... 
TOP BEAM SECTION 

II£AM lPf J DO 

ry=l lOMP, 

STllONG 0fAN 

COLUMN SECTlON 

I 

Figure 2.S8: Scheme of three-storey SPSW specimen tested by Gholhaki and Sabouri
Ghomi (2009) 

Based on Clough and Penzin theory (Clough and Penzin, 1993), the force modification 

factor (R) is defined as follows: 

2.21 

where Ve is theoretical elastic base-shear and 6u is ultimate displacement of specimen. 
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Figure 2.59 Elastic and plastic response of structures 

Page 72 



CHAPTER 2: LITERATURE REVIEW 

Figure 2.60 depicts hysteresis loops, Skelton curves, bilinear and three-linear behaviour 

for first storey of SPSW-R and SPSW-S specimens tested by Gholhaki and Sabouri-Ghomi. 

According to Clough and Penzin theory, the force modification factors were reported to 

be of magnitude 6.2 and 6.5 for SPSW-R and SPSW-S respectively. Following the same 

method for specimens tested in University of Alberta (Driver et aI., 1998-a), University of 

Buffalo (Vian and Bruneau, 2004) and University of British Columbia (Kharrazi, 2005) 

gives the value of 6, 6.7 and 6.4 for force modification factor of corresponding frames. It 

was suggested that for thin steel plate shear walls the magnitude of 6 could be 

considered as a force modification factor (Gholhaki and Sabouri-Ghomi, 2009). 

a b 

Figure 2.60: Hysteresis and multi linear behaviour of first floor for (a) SPSW-R 
specimen (b) SPSW-S specimen tested by Gholhaki and Sabouri-Ghomi (2009). 

2.2.3. Recent advances on steel plate shear Walls (from 2010 onward) 

To avoid inappropriate behaviour of Vertical Boundary Elements (VBE) in SPSWs, the 

AISC seismic provision and CSA 5-16 standard require a minimum moment of inertia for 

the VBEs. The early edition of Canadian Provisions for SPSWs (CSA, 1994) required VBEs 

to be designed as beam-column using a general strength-based method. This method 

was challenged by the outcomes of test results on quarter-scale SPSWs specimens 

tested by Lubell et al (2000) where vertical members exhibited poor performance and 

significant inward deformation. 

Consistent with capacity design principles, the Canadian Standard 516 (CSA, 2001) and 

AISC seismic provisions (AISC, 200Se) require Horizontal Boundary Elements (HBEs) and 
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VBEs to be designed to remain elastic while the steel plates are fully yielded, with the 

exception of plastic hinges at the ends of HBEs and at the base of VBEs (Qu and Bruneau, 

2010-b). In order to make sure that VBEs are sufficiently stiff, CSA 516-01 introduced the 

flexibility factor, Wt, which was proposed previously developed by analytical procedure 

for plate girders. Wagner (1931) derived the governing fourth-order ordinary differential 

equation for the local flange deflections. This equation was derived based on modelling 

each flange of the plate girder as a continuous beam on an elastic foundation (Wagner, 

1931). The flexibility factor for plate girders is defined as below: 

. ( 1 1) twi ro = h ·sma4 -+- --
t SI I I 4L 

u 0 

2.22 

Where h sl is spacing between neighbouring stiffeners in a plate girder, a is inclination 

angle of the web plate tension action, lu is moment of inertia of the bottom flange, 10 is 

moment of inertia of the top flange, twi is web plate thickness and L is depth of the plate 

girder (Figure 2.61). 
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Figure 2.61: Deformation of a cantilever plate girder under transverse load 
(Wagner, 1931) 

The relation between stress uniformity ratio Omeon/Omox, where Omeon and Omox indicates 

the mean and maximum value of the web tension load components parallel to the 

stiffener respectively, and the flexibility factor Wt, is presented in Figure 2.62. For the 

smaller value of the flexibility factor, which means the plate girder has relatively stiff 

flanges, the stress uniformity ratio o mean/Omax is approximately equal to 1.0 indicating 

the development of a uniform tension field. The shape of the curves indicates that with 

an increase in the flexibility factor the stress uniformity ratio decreases, which mean due 
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to flexibility of the flanges a less uniform tension field, could be developed within the 

web of plate girder. 

I. 

o.!) 
)( 

J 0.6 
-C .. 
~ 0.4 

b 

0.2 

0.0 "-_____________ ...J 

o 2 4 10 12 

Figure 2.62: The relationship between flexibility factor and stress uniformity ratio 
developed by Qu and Bruneau (2010). 

For simplicity, by assuming a=45° and approximate equivalency ( _' +_1 J = ( 4 ) 
III 10 111+ 10 

the flexibility factor is simplified as follows (Kuhen et aI., 1952) : 

2.23 

In the case of SPSWs both vertical boundary elements have the same moment of inertia, 

Ie, this equation becomes: 

#i5. ro = O.7h 4 ~ 
t 21 L c 

2.24 

Based on information provided by Montgomery and Medhekar (2001), CSA S16 limited 

the flexibility factor to a maximum value of 2.5. Imposing the maximum value of 2.5 on 

Eq. (2.24) leads to the following requirement which was first implemented in the CSA 

S16-01: 

Ie ~ O.00307t..vih: 
L 

2.25 

This requirement was adopted in the USA National Earthquake Hazard Reduction 

Program (NEHRP) provisions for seismic regulations for new buildings and other 
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structures, also known as FEMA 450 (FEMA, 2003), and also the AISC seismic provisions 

(AISC, 200Sc). 

As mentioned earlier these equations were developed to prevent undesirable 

performance of VBEs for SPSWs. Qu and Bruneau (2010) conducted analytical research 

on VBEs behaviour of SPSWs to find out whether the significant 'pull-in' inelastic 

deformations of VBEs observed in past tests were directly caused by excessive VBE 

flexibilities or due to other causes, such as shear yielding at the ends of VBEs. To check 

whether VBE shear yielding occurred in previous tests, researchers selected number of 

single-storey and multi-storey examples. Samples were assessed as shown in Table 2.5. 

Table 2.S: Evaluation of VBE shear and strength requirements (Qu and Berman, 20l0b) 

Case Researcher 
Specimen Number of 

Scale 
Aspect Ratio< u Vo 

V",. __ V
u
_ Shear 

Ident iticat ion Stories (Uh) (0' 
OJ, (kN) (kN) (kN) Yielding 

0) single-stcry specimen 

1 Lubell et al. (2000) SPSW2 1 1:4 1.00 37.4 3.35 75 108 113 Yes 

2 Berman and Bruneau (2005) F2 1 1:2 2.00 44.8 1.01 932 259 261 d No 

(ii) multi-story specimen" 

3 Driver et al. (1998) 0 4 1:2 1.58 43.4 1.73 766 1361 1458 Yes 

4 Park et al. (2007) SC2T 3 1:3 1.46 44.4 1.24 999 676 1064 No 

5 SC4T 3 1:3 1.46 44.1 1.44 999 984 1383 No 

6 SC6T 3 1:3 1.46 43.9 1.58 999 1218 1622 Yes 

7 WC4T 3 1:3 1.46 45.0 1.62 560 920 1210 Yes 

8 WC6T 3 1:3 1.46 45.0 1.77 560 1151 1461 Yes 

9 Qu et al. (2008) • 2 1 :1 1.00 41.3 1.95 2881 1591 2341 No 

10 Lee and Tsai (2007) SPSWN 2 1 :1 0.66 38.8 2.53 968 776 955 No 

11 SPSWS 2 1 :1 0.66 36.5 3.01 752 675 705 No 

• For multi-story specimens. VBEs at the first story are evaluated. 
• Not applicable. 
C Using the first-story height. 
d The plastic moments applied at the VBE ends are equal to the strength of web-angle beam-ta-column flexible connections. 

Comparing Vpushover to Vu-design confirms that using free body diagram equation for 

estimating of VBE shear requirement Vu-design, gives a conservative design shear force. On 

the other hand comparing Vn to Vpushover reveals that samples I, 3, 6, 7 and 8 should have 

experienced shear yielding during their tests. This prediction is consistent with 

experimental observations. It was concluded that there is no relation between flexibility 

factor and significant inward deformations (Qu and Berman, 20tOb). 

Berman (2011) designed and evaluated the behaviour of 3, 9, 14 and 20 storey buildings 

with SPSWs lateral load resisting system using nonlinear response history. Buildings 
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were subjected to ground motions representing different hazard levels. The results were 

then compared with code-designed SPSWs. The main purpose of the study was to 

investigate the seismic behaviour of SPSWs having various con~igurations when 

designed in accordance with the provisions. Designing of vertical boundary elements 

based on capacity design method (Berman and Bruneau, 2008a) can be quite 

conservative in comparison with nonlinear response history for taller SPSWs where 

simultaneous yielding of all steel plates and horizontal boundary elements is unlikely 

(Berman, 2011). The strip model was used to simulate SPSW behaviour, where the steel 

plate was represented by discrete tension-only strips and the VBEs and HBEs were 

represented by beam elements. The cyclic load-displacement behaviour of the tension

only truss elements utilized in this research is demonstrated in Figure 2.63.The 

inclination angle of the diagonal tension field a was computed using Eq. (2.1). 
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Figure 2.63: The scheme of strip element cyclic axial load behaviour (Berman, 2011) 

Berman (2011) reported that code-designed SPSWs are capable of meeting drift 

limitations when subjected to ground motions which simulate the design loading. It was 

also reported that the steel plates resist between 60% and 80% of the storey shear and 

the rest is resisted by VBEs. It was found that distribution of storey shear is independent 

of hazard level and panel aspect ratio. 
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The concrete composite steel plate shear walls were originally introduced by Astaneh

Asl in 2000. Since then a number of experimental work and theoretical research has 

been conducted about this type of SPSW (Astaneh-Asl, 2000; Astaneh-Asl, 2001-c; 

Astaneh-Asl, 2002; Zhao and Astaneh-Asl, 2003; Zhao and Astaneh-Asl, 2004; Arabzadeh 

et aL, 2011; Zhao and Astaneh-Asl, 2007; Guan, 2008; Rahai and Alipour, 2009; lanhui et 

aL,2011). 

Rahai et al. (2009) performed an analytical study and experimental tests on the one

storey CSPSWs. According to the test results they concluded that increasing the shear 

studs spacing reduces the slope of the load-displacement curve. It was also concluded 

that increasing of stud spacing improves the ductility of specimens. This trend continues 

up to a certain amount of stud spacing and beyond that ductility of specimen remains 

approximately constant. Arabzadeh et aL (2011) conducted experimental research on 

one-storey and three-storey CSPSWs with scale 1:4 and 1:3. In order to reduce the RC 

panel damage, high strength concrete was used for the construction of the composite 

specimens. The one-storey specimens were subjected to pure shear, while the three

storey specimens were under the combination of shear and bending. It was reported 

that placing the reinforcement bars in direction of ± 45 0 can reduce crack propagation 

and damage of the RC panel. 

lanhui et al. (2011) fabricated and tested one SPSW and four CSPSWs. The specimens 

consisted of a single-bay, single storey frame with the scale of 1:3 with pinned beam-to

column connections. The dimensions of RC panels were 1100 mm x 950 mm x 60 mm 

with two layers of reinforcement (Figure 2.64). The average compressive strength of 150 

mm concrete cubes was 330 N/mm2
• For all specimens the shear wall was only 

connected to the frame beam, and there was no connection between shear wall and 

columns. Researchers concluded that RC panels effectively prevent the out-of-plane 

buckling of the shear panel. It was also found that for CSPSWs the load bearing capacity, 

ductility and energy dissipation capacity all increased. 
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Figure 2.64: (a) Configuration of steel plate (b) Detail of CSPSW tested by Lanhui et al. 
(2011) 

Rahai et al. (2011) conducted FE analysis of one-storey FRP-composite steel plate shear 

wall to find the optimum angle of fibres for strengthening of shear panel. Steel plate was 

strengthened using CFRP wrap covering the whole plate. The failure of CFRP material 

was considered utilising the Hashin failure criteria in ABAQUS software. It was concluded 

that the optimum angle of the fibres is 8=35° and this is measured from horizontal 

direction (Figure 2.65) . It was also reported that the shear strength of FRP-composite 

SPSW in comparison with pure SPSW is increased, while the ductility of the shear panel 

is decreased. 
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Figure 2.65: (a) Fibre directions angle (b) FE results for of SPSW strengthened with two 
0.5 mm plies for two different fibre directions (Rahai et ai, 2011) 

Hatami et al. (2011) conducted an experimental study and numerical modelling of one

storey SPSW strengthened with CFRP material. The CFRP layer was applied to both sides 
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of steel plate using epoxy resin. Thickness of steel plate and CFRP layers was 3 mm and 

0.176 mm, respectively. Frame members were made of 21PE200 with two 12 mm plates 

connected to both flanges (Figure 2.66). It was concluded that attaching CFRP layers to 

steel plate has improved the elastic stiffness, shear capacity, energy dissipation and over 

strength capacity, but ductility value of the system has decreased. 

z 

b-2.0m 
z ' 1 

(a) 

a 
C! .. 
I 

" 

(b) 

Figure 2.66: (a) Scheme of test specimen dimensions (b) FE modelling of specimen 
(Hatami et ai, 2011) 

Alipour et al. (2011) conducted numerical study on effectiveness of FRP strips as 

perforation boundary elements. In this study, FRP strips were attached to square 

perforated edges. The effect of FRP strip thickness, width and material type on SPSW 

behaviour was also studied. Three different patterns were used for attaching the FRP 

strips into the cut out edges (Figure 2.67). 

Pattern A Pattern B Pattern C 

Figure 2.67: Three different configuration of cut-out edge strengthening using FRP 
strip material (Alipour et ai, 2011) 
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Figure 2.68 shows pushover analysis results for SPSW with and without perforation. The 

results for perforated and strengthened wall with FRP strips using patterns A and Bare 

also shown in this figure. 
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Figure 2.68: Pushover analysis results for SPSW with and without cut-out and 
perforated wall strengthened using patterns A and B (Alipour et ai, 2011) 

It was reported that the lateral stiffness of the system was maximised using narrower 

and thicker strips while the strength and energy dissipation were maximised with wider 

and thinner strips (Alipour et ai, 2011). 

2.3. Practical applications and case studies of Steel plate shear walls 

Since 1970's stiffened and un-stiffened SPSWs have been used as the primary lateral 

load resisting system in new construction of buildings and for the rehabilitation of 

existing structures. In some cases, the SPSWs were constructed as composite elements 

(Astaneh-Asl, 2001). In the following a brief summary of the applications of SPSWs is 

provided. 

2.3.1. 20-storey office building in Tokyo, Japan 

According to Thorburn et al. (1983), it is believed that the building referred to as Nippon 

Steel Building, was the first major building construction using the SPSW system. This 

building is located in Tokyo and was completed in 1970 (Astaneh-Asl, 2000). The 

building's lateral load resisting system in longitudinal direction is a combination of a 

moment resisting frame and SPSW system in an H shape configuration and in the 

transverse direction is comprised of only a SPSW system. The steel plate panels consist 

of 2.74 m by 3.71 m steel plates with thickness ranged from 7.8 mm to 12.7 mm. Steel 
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plates are stiffened in horizontal and vertical direction using steel channels. During the 

design procedure it was decided that the gravity loads were excluded as load from SPSW 

system. It was also assumed that the design lateral load will be resisted by walls without 

developing buckling in the steel plates. Figure 2.69 shows the typical plan of Nippon 

Steel Building. 

IIII 
Figure 2.69: Typical floor plan of Nippon Steel Building 

2.3.2. 53-storey high-rise building in Tokyo 

Steel Plate 
Shear Walls 

Moment 
Frame 

This 53-storey building is called Shinjuku Nomura Building and located in Tokyo. The 

structure was initially designed using reinforced concrete shear walls. However, 

according to Engineering News Record (1978), due to a patent problem, the RIC walls 

were replaced with SPSWs (Figure 2.70). This structure consisted of moment resisting 

perimeter frames and T-shape stiffened SPSWs. The steel plate panels were 

approximately 3 m in height and 5 m in length. The wall panels were vertically stiffened 

on one side and horizontally stiffened on the other side. The panels were connected to 

H-steel columns and boundary box sections by bolted connections. 
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Figure 2.70: (a) Elevation view (b) Plan (c) Transverse section of 53-storey Shinjuku 
Nomura Building in Tokyo (Photo courtesy of P. Becker) 

2.3.3. 30-storey hotel in Dallas, Texas 

The 30-storey Hyatt Regency Hotel in Dallas, Texas is a good example of the efficient 

application of SPSWs in areas with low seismicity but with relatively high wind loads. 

This building has a steel braced frame in longitudinal direction and SPSWs in transverse 

direction. In this structure SPSWs were designed to carry about 60% of the tributary 

gravity load while the wide flange boundary columns designed to resist the remaining 

40%. Designers claimed that by using SPSWs as a gravity load carrying element 30% of 

steel has been saved (Troy and Richard, 1988). 

2.3.4. 6-storey hospital in Los Angeles, California 

The Olive View Hospital in Sylmar, California, is a good example of SPSWs used in an 

important structure, and is in a relatively high seismic zone. The existing hospital 

building is a replacement for the reinforced concrete Olive View Hospital that had 

partially collapsed during the 1971 San Fernando earthquake and had to be demolished. 

The new Sylmar Hospital building is designed to resist the gravity load entirely through a 
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steel space-frame and to resist lateral load through reinforced concrete shear walls in 

the first two storeys and SPSWs in the upper four storeys. The steel plate panels in this 

structure are 7.6 m wide and 4.72 m high with steel plate thicknesses between 15.9 mm 

and 19.1 mm (Troy and Richard, 1988). The new Sylmar Hospital building was subjected 

to the 1994 Northridge earthquake. The accelerations at the roof level of this building 

were found to exceed 2.3 g while the ground acceleration was approximately 0.66 g. The 

damage investigation conducted for this building after the 1994 Northridge earthquake 

indicated severe damage in some non-structural elements (Astaneh-Asl, 2001). The very 

high stiffness of this structure was the cause of relatively large amplification of 

acceleration from ground level to roof level (Celebi, 1997). 

2.3.5. 35-storey office building in Kobe, Japan 

The 35-storey office building in Kobe, Japan is one of the most important buildings with 

SPSW system in a very highly seismic area. The construction of this building was 

completed in 1988 and was subjected to the 1995 Kobe earthquake. The structural 

system of this building is a dual system consisted of steel moment frames and shear 

walls. The shear walls in the three basement levels are reinforced concrete and in the 

first and second floors of the building the walls are composite shear walls constructed of 

steel and reinforced concrete. Above the second floor, the walls are stiffened SPSWs. 

Figure 2.71 shows framing plan and typical frames of this building. 

Several damage assessments on this building were conducted after the 1995 Kobe 

earthquake. It was reported that only minor damage has occurred in building which 

consisted of local buckling in sub-panels of the stiffened SPSW at the 26th storey. A 

permanent roof drift of 225 mm was evident in the northern plane, and a 35 mm drift in 

the western plane. The results of the post-earthquake inelastic analysis of this structure 

indicated that the soft storeys may have been formed at the floors between the 24th and 

28th level of the bUilding. From the post-earthquake inelastic analyses the maximum 

storey drift was determined to be about 1.7% at the 29th floor of the N-S frame (Fujitani 

et ai, 1996). 
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Figure 2.71: (a) Floor plan (b) elevation section (c) Photo of 35-storey Kobe building 
(Photo courtesy of C.E. Ventura) 

2.3.6. 24-storey building in Seattle, Washington 

The typical floor framing of the U.S. Federal Courthouse in Seattle consists of steel deck 

and/or concrete floors supported on wide flange beams and columns. The lateral load

resisting consists of a core with four large concrete-filled tubs (CFT) at its corners and 

steel plate shear walls and coupling beams connecting the circular sections to each 

other in one direction and steel braced frame in the other. The four round concrete

filled tubes carry the gravity load in the interior of the building. The H-shaped columns 

within the steel box core are not designed to carry gravity load but are designed to be 

the main part of the lateral-load resisting system. At the four corners of the core, the 

concrete-filled steel pipe columns anchor the SPSWs and resist the intense forces being 

applied to the shear walls (Figure 2.72). This can be considered as a dual system 

incorporating SPSWs and special moment-resisting frames. 
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Figure 2.72: Coupled SPSW under construction regarding to 24-storey US Courthouse 
Building, Seattle, Washington 

2.3.7. 26- and 31-storey buildings in Japan 

In recent years Low Yield Point (LYP) steel plate shear walls have been developed and 

employed successfully in Japan. According to Yamaguchi et al. (1998) the LYP steel used 

in this structure had a yield point of approximately 80 to 120 MPa, a tensile strength of 

200 to 300 MPa and the percentage elongation at fracture exceeding 50%. Dimensions 

of shear panels were 3 m in height and 4.5 m in width and 6 mm to 25 mm thick steel 

plate which were stiffened in both horizontal and vertical directions. 

2.3.8. 56-storey L.A. live hotel and residences building in California 

The 56-storey L.A. Live hotel and residences tower is located in down town Los Angeles. 

This building uses an advanced steel plate shear wall system to resist lateral loads. The 

lateral load resisting system of this building originally had been designed to be concrete 

shear walls. However, based on reviewing the conceptual design of building in 2006, 
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heavy 760 mm thick concrete shear walls were replaced with much lighter 6 mm to 25 

mm thick steel plate shear walls. The project commenced on November 2007 and the 

cut-out time frame was early 2010. VBEs and HBEs are designed to permit the web 

plates to develop significant diagonal tension fields and reach their expected yield stress 

within the entire panel while dissipating energy. By using the SPSW system the 

structure's weight was reduced by 35% which also replaced a heavy and complex deep 

foundation system with a mat foundation. Elevation view and construction procedure of 

this building is shown in Figure 2.73. Changing from concrete to steel plate shear walls 

saved time, reduced weight, and reclaimed usable space (Kristeva, 2010). 

(a l (bl 

Figure 2.73: (a) Steel plate shear walls under construction (b) Elevation view of 56-
storey l.A. Live hotel and residence building (Photo courtesy of AEG and Gensler) 

2.3.9. 75-storey Jinta Tower in Tianjin, China 

The 330 meter tall 75-storey Jinta Tower in Tianjin, China, is the tallest building in the 

world to contain slender steel plate shear walls. SPSWs are used as the primary lateral 

load resisting system in this office building (Figure 2.74). The lateral load resisting 

system for the Jinta tower can be classified as a frame-shell wall system, with perimeter 

and core ductile moment-resisting frames, and core SPSWs linked together with 

outrigger and belt trusses (Lee et aI., 2010). Figure 2.74 shows scheme of outrigger truss 

for Jinta tower. The design of un-stiffened SPSWs requires that no gravity load has been 
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considered to be carried by un-stiffened SPSW panels (CAN/CAS 516-01 2001), hence a 

modified slender SPSW with vertical stiffened channels was used in this building. To 

ensure that vertical stiffeners act as buckling stiffeners primarily, not as columns, 100 

mm gap was incorporated between ends of stiffeners and the horizontal boundary 

elements (Figure 2.75). 

(b) 

Figure 2.74: (a) The architectural impression (b) Outrigger truss of Jinta tower 

The SPSW system consists of CFT columns as VBEs and wide flange beams as HBEs, in

filled with vertically stiffened steel plates. 

Figure 2.75 Stiffened shear panels adopted in Jinta tower 
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2.3.10. Airport control tower of Edmonton international airport, Canada 

This project was the first time a SPSW system had been specified for an air traffic control 

tower. Figure 2.76 shows the SPSW system utilised as the lateral load resisting system 

for the combined airport traffic control tower and office building structure at the 

Edmonton international airport in Alberta. Using SPSW system, instead of reinforced 

concrete, was reasonable because required fewer trades on site and faster construction 

process. The wind load governed design of SPSWs in this project. The system was made 

of 5 mm thick steel plates with bolted connections to the boundary members. 

Figure 2.76: Construction of Edmonton International Airport's control tower with steel 
plate shear wall system in Canada (Courtesy of Ellis Don Inc) 

2.4. Summary 

Numerous research programs have been conducted on steel plate shear walls. These 

researches cover the wide range of topics including investigation on elastic stiffness, 

stability performance, ductility capacity and overall response of SPSW system under 

static and dynamic loading. The results have demonstrated the effectiveness of the 

system as an effective and economical lateral load resisting system. Many results are 

illustrated in the studies described herein and several key findings of these studies have 

been presented and discussed. Research studies on the seismic behaviour, response and 

performance of SPSWs leads to advanced analysis and design methodologies for 
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engineering purposes. Although the strip model proposed by Thorburn et al. (1983) is an 

effective model for push over analysis of SPSW system, the model has not provided 

accurate results for cyclic dynamic analysis. The strip model neglects the steel plate 

buckling resistance and thus the dominant action is the post-buckling strength from 

diagonal tension field action. 

The design of SPSWs is done in accordance with a number of design guides and design 

standards such as AISC 341-05, AISC 2007 and CSA S16-09. Capacity design method is 

accepted in current standard and provisions. However, to better understand the system 

behaviour a number of research projects have concentrated on the performance based 

design method. 

Experimental (Vian et al .2005) and numerical studies (Purba, 2006) has been conducted 

on regularly perforated SPSWs. The main function of perforated infill plate is reduction 

of the effects of diagonal tension fields on vertical boundary members. This strategy can 

reduce flexural stiffness demand of columns for SPSW system without significant 

increasing of ultimate shear load capacity and initial stiffness of the system. 

The present study is aimed to investigate the effects of large size cut-outs on seismic 

behaviour of SPSWs using experimental and analytical methods. In general buildings, the 

doors, windows and lift entrances are sometimes located within the shear walls. In such 

cases by introducing large size cut-outs within the steel plate span, the ultimate shear 

load capacity and initial stiffness of the system could be reduced significantly. Using 

coupled wall system or stiffening of the shear panels are two alternatives for enhancing 

the system performance against lateral loads. In part of this research improving seismic 

performance of SPSW systems with and without cut-outs using GFRP laminates is 

investigated. Using composite panels the main parameters of seismic behaviour of 

system is improved and the contribution of beam element for anchoring the diagonal 

tension field is increased and as result, the flexural stiffness demand of column is 

reduced. In other part of this research improving seismic performance of SPSW system 

with cut-outs using flat steel stiffeners is investigated by analytical methods and 

experimental results. The accuracy of FE method for optimal design of steel stiffeners is 

confirmed with comparison the FE and corresponding test results. 
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3. FINITE ELEMENT 

SIMULATION TECHNIQUE 

FOR SPSWs 

Over the last two decades, finite element method has been adopted by numerous 

researchers to study the behaviour of steel plate shear walls. The finite element models 

of specimens are initially developed to provide a fundamental understanding of their 

behaviour. Due to the highly non-liner behaviour of SPSWs and severe convergence 

difficulties in implicit analysis, a dynamic explicit scheme was found to provide an 

accurate solution for quasi-static applications. 

In part of this chapter cyclic loading with an increasing displacement history is applied to 

specimens in accordance with ATC-24 protocol. The number of cycles applied at each 

amplitude is based on the ATC-24 recommendation. An eigen-value buckling analysis is 

initially performed to model the buckling shape of specimens. Then the buckling mode 

shape is introduced to FE model to account for the initial imperfection of specimens. The 

established models incorporate both material and geometrical non-linearity. 

Displacement control solution strategy is used for all quasi-static analyses and the 

accuracy of the finite element model is then validated by comparing the FE results with 

the experimental data of specimen tested under the quasi-static loading by Kharrazi in 

2005. 

In the following sections the development of finite element method for SPSW systems is 

discussed. Several FE models were prepared to simulate the structural behaviour such as 
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initial stiffness, post-yield stiffness and ultimate capacity of the system during pushover 

and cyclic loading procedure. In this study, the commercially available ABAQUS 

software, which is a multipurpose, linear and nonlinear finite element analysis program, 

is used. ABAQUS software is one of the well suited packages for solving highly non-linear 

engineering problems. It contains an extensive library of elements that can model 

virtually all structural material behaviours. 

3.2. Finite Element Model 

ABAQUS model is composed of several different components that together describe the 

physical problem to be analysed and the results to be obtained. At a minimum the 

analysis model consists of discretized geometry, element section properties, material 

data, load and boundary conditions, analysis type, and output requests. All these 

characteristics will be discussed in detail for specimens in next chapters. A complete 

ABAQUS analysis usually consists of three distinct stages: pre-processing, simulation, 

and post-processing. These three stages are linked together by files as shown below 

(Hibbitt et al.; 2007): 

Pre-processing 
Abaqus CAE or other software 

Simulation 
Abaqus Standard 
or Abaqus explicit 

Post-processing 
Abaqus CAE or other software 

Figure 3.1: Connection of three distinct stages in ABAQUS (Hibbitt et al.; 2007) 
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ABAQUS consists of two main analysis modules namely ABAQUS/Standard and 

ABAQUS/Explicit. ABAQUS/Standard is a general-purpose analysis product that can solve 

a wide range of linear and non-linear problems such as quasi-static analysis and high

speed dynamics and multi-physics response of components. ABAQUS/Standard solves a 

system of equations implicitly at each solution increment. ABAQUS/Explicit is a special

purpose analysis product that uses an explicit dynamic finite element formulation. It 

marches a solution in small time increments without solving a coupled system of 

equations at each increment. In other words solution procedure for nonlinear problems 

requires iterations for ABAQUS/Standard but does not require iterations for 

ABAQUS/Explicit method. 

In the following sections the static implicit method and its relevant convergence 

challenges with respect to SPSW analysis and the explicit finite element method with 

existing issues regarding to quasi-static simulation of a SPSW are described. 

3.3. Implicit finite element method and convergence problem 

For an implicit solution the equation of equilibrium at the end of the load increment is 

the difference between externally applied loads and internal node point forces. Since 

the internal nodal point forces depend on the history of nodal point displacements, an 

iterative process is needed to solve this equation of equilibrium for the exact 

configuration of the system. In general, the equation of equilibrium at the end of load 

increment, at time t+Llt can be written as: 

3.1 

where R t+ilt is the vector of externally applied loads and the vector of F t+ilt represents - -
the internal nodal point forces. 

During the analysis of SPSWs the sudden buckling of steel plate in early stage of loading 

and the re-orientation of diagonal tension field during the loading and unloading 

procedures causes the local instability of the system. This manner of the system 

capitalises the convergence problem. The convergence problem of implicit method was 

observed during the pushover analyses and as a result it was time consuming at extreme 
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deformation stages. For most analyses the size of increment had to be reduced to a 

value less than 10-5 to achieve the convergence (Maleki, 2004). This increment rate is 

reasonable for an explicit scheme but not for a multiple iteration implicit method. Due 

to poor performance of the implicit finite element method, the explicit dynamic method 

was adopted as an efficient approach for the analysis of steel plate shear wall systems. 

3.4. Explicit finite element method 

The explicit finite element method was originally developed to analyse dynamic events 

within a rapid loading scenario. With proper considerations such as the control of kinetic 

energy level, this method is also used for quasi-static problems that include contact 

problems, post buckling behaviour, highly nonlinear geometry and material properties 

and also material degradation and failure. In fact due to small velocities of different 

parts of specimen during a quasi-static simulation, the kinetic energy is negligible. 

Generally, the kinetic energy of the deformable materials should not exceed typically 5% 

to 10% of its internal energy during most of the quasi-static simulation (Hibbitt et aI., 

2007). 

3.4.1. Dynamic explicit method - stability limitation 

The most common explicit time integration operator used in nonlinear dynamiC analysis 

is probably the central difference method. The central difference method is a 

conditionally stable algorithm (Bathe, 1996). It is used as a time integrator accepting 

that the amount of time during whiles the model can be developed, keeping the error 

bounded, should be less than the stability limit. The stability limit is defined by highest 

frequency of the system, wmax• Without and with presence of damping in the model, the 

stability limit is defined by equations 3.2 and 3.3, respectively. 

3.2 

~tstable =-2-(R -~) 
(Omax 

3.3 

Where, ~ is the fraction of critical damping in the mode with the highest frequency. 
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In ABAQUS/Explicit, a small amount of damping in the form of bulk viscosity is always 

added to the model to control the high frequency oscillations. As can be seen from 

equation 3.3, damping reduces the stable time increment and requires more time for 

the analysis. The simple method for determining the stability limit, both conservative 

but realistic, was adopted by ABAQUS/Explicit. The highest frequency, based on the 

element-by-element method is higher than the highest frequency of the global model. 

Therefore, a stable time increment based on element-by-element calculation is smaller 

than the global value and is a more conservative estimate. The highest frequency of an 

element is associated with the dilatational mode, and the critical time increment is given 

by: 

3.4 

where, Le is the smallest characteristic length of the element and Cd is the dilatational 

wave speed of the material defined as: 

3.5 

where, E is the modulus of elasticity and p is the density of the material. 

Equations 3.4 and 3.5 indicate that the material properties and the size of the FE mesh 

are two main parameters that can dominate the critical time increment. The stiffer the 

material the higher the wave speeds, resulting in a smaller stable time increment. Since 

the modulus of elasticity is constant, the critical time depends only on the smallest 

element size in the FE mesh. The element size is suggested to be kept as large as 

possible providing the accuracy of analysis is acceptable. If the smallest element 

dimension and the wave speed of the material are known, the stability limit of analysis 

can be estimated. 

3.4.2. Evaluation of Quasi-Static Solution 

The most general method to evaluate whether a response of a system is quasi-static or 

not is defined by the energy balance equation as indicated below: 
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3.6 

where, 

E,: internal energy including both elastic strain energy and plastic work, 

Ev: energy absorbed by viscous dissipation, 

EFD : friction energy (energy dissipated by frictional forces in a contact problem), 

EKE: kinetic energy, 

Ew: work done by external forces, 

f TOTAL : total energy of the system. 

In order to verify the acceptance of quasi-static solution the ratio of the kinetic energy 

history, EKE, to the internal energy history, E" should be relatively small throughout the 

analysis. 

Generally, a smooth loading history should produce smooth energy results. If smooth 

loading procedure causes oscillating or noisy energy results, the quality of the simulation 

may be considered unacceptable or inadequate. Since the energy ratio alone is not 

capable to show such behaviour, the kinetic energy history itself is an indicator of any 

smooth or noisy behaviour. If the kinetic energy does not exhibit quasi-static behaviour, 

the velocity histories of some critical nodes need to be monitored to find cause of any 

high kinetic energy. 

3.5. Description of the FE model for quasi-static testing 

3.S.1. Element selection 

In order to capture the local buckling of SPSW components, particularly local buckling of 

beam and column flanges, the steel plate and boundary members were modelled with 

shell elements. Most of the continuum and plate elements in ABAQUS/Explicit are based 

on an updated Lagrangian formulation. This formulation updates the nodal coordinates 

at the beginning of each increment to reflect the current positions in space. All shape 
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functions and derivatives were re-evaluated based on these updated nodal coordinates. 

Since the steel plate experiences considerably large magnitude deformations and 

strains, this formulation is useful and effective. 

A general purpose four-node doubly-curved shell element S4R from ABAQUS/Explicit 

element library is used for modelling of specimens. The S4R is a reduced integration 

element and counts for finite membrane strains and large rotations. Each node of this 

element provides six degrees of freedom, three rotations (ex, ey, ez) and three 

translations (ux, uy, uz) which are defined in a global coordinate system. The S4R employs 

one integration point on its mid-surface to form the element internal force vector. The 

default number of integration points through the thickness of this element is five, which 

makes it sufficient for simulating the elastic-perfectly plastic response of shell 

structures. This element is a reduced integration element which gives more accurate 

results and significantly reduced running time if the elements are not distorted. In order 

to prevent the stress concentration in simulation procedure, all concentrated loads and 

boundary conditions were distributed to a number of nodes. 

3.5.2. Geometry and initial imperfection 

The measured dimensions of specimens are used for creating the FE models. However, 

the fish plates used for connection of steel plate to boundary members are not 

modelled. In other words, it was assumed that steel plate is connected directly to the 

boundary members. Generally, all SPSW systems have some initial deformations during 

fabrication of members, welding of specimens, placing of steel plate and eccentricity of 

fish plate connections. Any initial deformation of steel plate can significantly affect the 

in-plane shear stiffness of specimen in comparison with system with fully flat steel plate. 

Therefore, during the construction of finite element model for each specimen, the initial 

imperfection of steel plates was considered. It is assumed that the steel plates have an 

initial imperfection pattern corresponding to the first buckling mode of the steel plate 

loaded in a way similar to that used in the related test. The maximum out-of-plane 

deformation considered for the imperfection is set to 0.1 mm of the lowest buckling 

mode as suggested from the experimental results by Kharrazi (2005). Figure 3.2 shows 
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the scheme of initial imperfection pattern used in the development of the FE model of 

specimens. 

Figure 3.2: Scheme for deformed shape of the lowest buckling mode 

3.5.3. Loading and boundary conditions 

In order to simulate the rigid boundary at the base of the shear wall specimen, all nodes 

at the base of models are fully fixed. Lateral bracing of specimens are simulated by 

restraining the out of plane displacement of top beam at both sides of the beam. The 

horizontal load is applied to top beam through thick plate welded to the top beam at 

position where quasi-static loading was applied to the test specimen. The effect of the 

thick plate in the finite element model was considered by uniform displacement of 

nodes of area corresponding to thick plate position using the cyclic regime utilised in the 

quasi-static tests. 

3.5.4. Residual stresses 

Residual stresses are present in all fabricated steel elements and are usually produced 

due to welding and forced installation. Different cooling during the manufacture of hot

rolled structural steel sections, rolling of shapes and plates are also producing residual 
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stresses in the steel components. Residual stresses in steel plate shear walls can be 

created during the manufacturing procedure of hot-rolled sections, welding of beams to 

columns and welding of fish plates to boundary members and to steel plates. The 

distribution pattern of residual stresses in specimens is complex and its initial magnitude 

will be dissipated and new pattern of residual stresses will arise as the steel plate 

deforms plastically. As no measurement of initial residual stresses of specimens was 

taken, these stresses were not considered in the finite element model. 

3.5.5. Material properties 

The material properties of different parts of SPSW specimens are determined from 

stress-strain relations measured from tensile testing of materials from all components of 

SPSW specimens. These properties are used in the FE simulation of specimens. The 

material properties obtained from a tension coupon test are engineering stress and 

engineering strain. The FE analysis uses true stress (Cauchy Stress) and true strain as 

stress and strain measures regardless of the type of analysis. Following equations are 

applicable to obtain true stress-strain from tension coupon test results (Lubliner, 1990) 

3.7 

pi _ I (l ) _ 0' true 
(fIn - n +Enom E 3.8 

where, E is the modulus of elasticity, (Jnom is the nominal (engineering) stresses and Enom 

is the nominal (engineering) strain obtained from material tests. The true stress-strain 

behaviour of the material is used to model the characteristics of the material both in 

pushover and cyclic quasi-static analysis. 

For pushover analysis of each specimen the isotropic hardening model was selected 

because this model enables the use of a multi-linear representation of the stress-strain 

curve. For the quasi-static modelling, many stress and strain reversals are involved 

during the process, and the Bauschinger effect becomes an important issue. As a result 

the kinematic hardening flow rule was selected. The Bauschinger effect is characterised 

by a reduced yield stress upon load reversal after plastic deformation has occurred 

during the initial loading. The linear kinematic hardening component takes this effect in 

Page 99 



CHAPTER 3: FINITE ELEMENT SIMULATION TECHNIQUE FOR SPSWs 

to account, but considering a nonlinear component is more beneficial as it improves the 

shape of the cycles. 

One of the important characteristics for FE model is the meshing. A too coarse mesh 

may result in non-conservative answers, particularly when the local buckling governs the 

system's behaviour. However, a too fine mesh increases the numerical errors and 

demand for computational analysis, so there is a limit for how fine the mesh can be 

made. A rule of thumb for shell elements is that there should be at least six elements in 

the expected half wavelength of a buckle (Brescia, 2010). 

3.5.6. Displacement control analysis 

In this research displacement control strategy is adopted in both pushover and cyclic 

analysis of specimens. In order to estimate the shear capacity of SPSW system properly, 

the solution strategy is expected to be capable of tracing the response of the system 

near the initial elastic buckling limit point and beyond it. The graph of load response of 

SPSW system near to the limit point is entirely flat and a very small increment of load 

results in a very big displacement response. In addition, in a load control method 

applying additional small load that is larger than the steel plate shear wall capacity leads 

to an unstable dynamic solution. Therefore, in pushover and cyclic analysis of SPSW 

system a displacement control method is beneficial because the load level can be 

adjusted based on displacement level within stage next to the limit point. In 

ABAQUS/Explicit the available control approach is to apply the history of displacement 

to one or more nodes separately. 

After the definition of geometrical and mechanical properties, the assemblage of the 

different parts that constituted the sections is required. Subsequently, tie constraints 

are created between the boundary members and steel plate. The amplitude of the 

displacements is applied in accordance with adopted loading protocol. 

3.6. Validation of the FE modelling 

The finite element model was validated by comparing published test results with the 

corresponding FEA results. The model is based on a nonlinear dynamic formulation and 
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an explicit strategy is used to obtain the results from the model at each increment 

without any iteration. The model is used to simulate the behaviour of the one-storey 

ductile steel plate shear wall. The pushover analysis and cyclic behaviour results are 

used as a basis of comparison with the test results of the specimen conducted by 

Kharrazi (2005). Initial stiffness, yielding point, the inclination angle of diagonal tension 

field, the ultimate capacity of the system, and the pinching of hysteresis loops are 

parameters that have been used to validate the finite element model. 

Kharrazi's specimen was a 60% scale model of an inner residential building core, with 

floor-to-floor and column-to-column spacing of 1800 mm and 1362 mm respectively. 

Frame column and beam members were constructed from hollow steel section and wide 

flange steel section, respectively. The steel plate was made of nominal 0.7 mm thick 

cold-rolled steel sheet. The overall geometry of specimen and detail of fish plate 

connection are illustrated in Figure 3.3 and Figure 3.4, respectively. In this study the 

specimen is labelled as DSPW-1 and SPSW-0.7 for test and FEA model respectively. 

2xHSS 102x102x8200x86 W200x86 

Infill Plate 0.7 mm 

FishPlate 
PL6mm 

PL 1520x1200 mm 

W200x86 

~----1362mm------' 

'--------1780mm--------' 

Figure 3.3: Dimensions of the single storey DSPW-l specimen tested by Kharrazi, 2005 
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,--_2xHSS 102x102x8 

SOmm 

W200xB6 

Custom 
Weld 

O.7mm infill 
steel sheet 

Figure 3.4: Fish plate connection detail for DSPW-1 specimen (Kharrazi, 200S) 

Table 3.1 gives a summary of material properties for different components of specimens 

determined from coupon tensile testing. 

Table 3.1: Summary of material properties determined from coupon tensile testing 
(Kharrazi, 200S) 

Member 
Yield Strength Ultimate Strength 

(MPa) (MPa) 

HSS 102X102X8 (averaged) 481 523 

W200X86 (based on flange results) 318 468 

Fish Plate 376 513 

Steel Sheet 246 361 

In order to determine how accurately the developed finite element model is capable of 

capturing the stiffness and the capacity of the DSPW-1 test specimen, pushover and 

cyclic analysis is carried out using the finite element model of specimen considering the 

criteria described earlier in this chapter. Figure 3.5 illustrates the scheme of provided 

finite element model based on overall geometry and dimensions, given in Figure 3.4, 

configuration, depicted in Figure 3.3 and material properties, given in Table 3.1, for 

DSPW-1 specimen. 
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The 'S4R' shell element with 50 x 50 mm mesh size was selected to model the specimen. 

To simulate the rigid boundary at the base of the specimen, all nodes at the base of 

model were fixed. To simulate the lateral bracing system during the quasi-static test, the 

out-of-plane displacements at the top of both sides of beam were restrained. During the 

test, the horizontal load at the top of the specimen was applied through a thick adaptor 

plate welded to the top flange of the upper beam. To simulate the effect of the adaptor 

plate in the FE model, the nodes of an area representing the adaptor plate was 

uniformly displaced (Figure 3.5). 

Figure 3.5: FE model developed in accordance with DSPW-l specimen 

3.6.1. Pushover analysis of SPSW test specimen 

Pushover analysis of DSPW-l specimen is carried out using the explicit method. A 

frequency analysis of test specimen indicated that the period of the first buckling mode 

is 0.3011 seconds (3.3208 HZ). The total time of the analysis was set at about three 

times the period of the first mode. The initial time increment of the model which is 

function of mesh size and material properties was obtained as 8.132xlO-6 seconds. The 

model was loaded using smooth amplitude function. Accordingly, the velocity and 

acceleration are zero at the beginning and end of each loading step (Figure 3.6). 
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Figure 3.6: Scheme of smooth step amplitude function with two data points 

The history of different types of energy developed in the whole system during the 

pushover analysis is shown in Figure 3.7. As expected, the internal and external energies 

are equal and the other forms of energy are negligible in comparison with internal 

energy. These results confirm that the analysis has been carried out in a quasi-static 

condition. The artificial energy is also negligible compared to the internal energy, which 

indicates that the simulation has not been affected by hourglass mode. 
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Figure 3.7: Energy history of the pushover analysis of SPSW-O.7 model 

Figure 3.8 presents the kinetic energy versus time curve. The curve indicates that the 

kinetic energy varies smoothly over time as expected when a tension field is developing 

in the steel plate of the SPSW-O.7 specimen. Once the diagonal tension field develops 

the kinetic energy increases rapidly. This behaviour was observed during the test and 

was accompanied by loud popping sound and rapid out-of-plane deformations in the 

steel plate. 

Page 104 



CHAPTER 3: FINITE ELEMENT SIMULATION TECHNIQUE FOR SPSWs 

0.1 

~ 
Development 

0.08 and stabilization 
~ of tension field ... 

0 .06 QI 
c 
QI 
u 

0.04 :;; 
QI 
C 

~ 0.02 

a 
a 0.2 0.4 0.6 0.8 1 

Time (min) 

Figure 3.8: Kinematic energy history of the pushover analysis for SPSW-O.7 model 

The increasing displacement was applied to the nodes located on the upper flange at 

mid-length of the top beam. This monotonic loading regime continued until it reached a 

value beyond the displacement at which the test specimen reached its ultimate capacity 

by forming of plastic hinge at ends of columns. Figure 3.9 illustrates forming and 

uniform development of diagonal tension field in the steel plate and the state of 

stresses developed in all parts of test specimen in accordance with von Mises criteria. It 

is clear that steel plate yielding is accrued prior to forming any plastiC hinges at the ends 

of boundary frame beam and column members. 

' , MI ... 
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Figure 3.9: Contour plot of stresses for SPSW-O.7 specimen in accordance with von 
Mises stress criteria at early stage of loading 
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Figure 3.10 shows forming and distribution of plastic hinges at the ends of columns 

which occurred at the end of loading history and ultimate shear capacity of SPSW-0.7 

specimen. The figure indicates that the analysis model is capable of capturing the out-of

plane deformation and inclination angle of diagonal tension field within the steel plate. 

S,MI,., 
SHEG, (fr.ction • · 1.0) 
("9,15"') 

+4 .84"."08 
........ 0 •• 09 
.... 037.·08 
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+2.826,+08 
+2.422 ... 08 
+- 2.0 18,+08 
+1.6 1:5 .. 08 
+-1.2 111+08 
+8.013 •• 01 
+4 ,037.·01 
+0.000,+00 

Figure 3.10: Von Mises counter plate for SPSW-0.7 specimen at the final stage of 
loading 

Figure 3.11 shows the load-displacement diagram of the SPSW-0.7 finite element model 

obtained from the pushover explicit analysis and the envelope of hysteresis curves 

attained from quasi-static test of DSPW-1 specimen. There is good agreement between 

FE analysis and test results. FE model provides adequate and reasonable prediction of 

the stiffness and ultimate capacity of specimen. One of the possible reasons for slight 

difference in estimating wall stiffness or overall capacity of the system could be due to 

the bi-linear material model in the explicit FE analysis that limited flexibility in the 

simulation. 
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Figure 3.11: Load-displacement results obtained from finite element analysis 
(SPSW-O.7) and envelop of hysteresis test results for DSPW-l 

Figure 3.12 illustrates the ability of developed FE method to capture the inclination 

angle for diagonal tension field. The deformed shape obtained from FE analysis for 

SPSW-O.7 specimen is quite similar to that observed during quasi-static test for DSPW-1 

specimen. 

(a) (b) 

Figure 3.12: Comparison of tension field development; (a) During loading of the 
specimen in FE analysis for SPSW-O.7i (b) During quasi-static for DSPW-l 

3.6.2. Cyclic analysis of SPSW test specimen 

In order to evaluate the efficiency of a SPSW system under cyclic loading, the finite 

element model should be capable of simulating the cyclic response of the system. The 
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developed model is able to capture the cyclic performance of specimen. However, 

gradually increasing difference is noted between FE model and test specimen. This 

probably is occurring due to development of cracks and tears within the steel plate and 

fracture of the welding between steel plate and fish plate. As the FE model is not 

simulating the fracture of welding and tearing of the steel plate, this can be the main 

reason for difference between FE cyclic analysis and test results (Figure 3.13). 

[hpl.cement (mm) 

(.) 

Displacement (mm) 

(b) 

Figure 3.13: load-displacement hysteresis loop of (a) DSPW-l from quasi-static test 
(b) SPSW-O.7 from FE analysis 

3.7. Effects of cut-outs on behaviour of SPSW systems 

Sometimes it is necessary part of steel plate to be cut-out to place windows, doors or 

even to have access to services. Introducing cut-outs to steel plate may undermine the 

post buckling behaviour of system owing to weakening the ability of steel plate for 

developing diagonal tension fields. In order to evaluate the effects of cut-outs on 

behaviour of SPSW system, a circular cut-out is introduced to SPSW-O.7 specimen and 

denoted as steel plate shear wall with cut out (SPSWC-O.7 specimen). The diameter of 

cut-out is SOOmm and is placed at the centre of steel plate. All other parameters and 

characteristics are assumed to be similar to SPSW-O.7 specimen (Figure 3.14). 
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Figure 3.14: Scheme of FE model for SPSWC-O.7 specimen 

Monotonic and cyclic loading similar to those applied to SPSW-O.7 is introduced to the 

system. FE analysis carried out based on criteria mentioned earlier and then the results 

were compared with the specimen without cut-out. The results show reduction in initial 

stiffness and ultimate load bearing capacity of specimen as expected. In the mean time 

energy dissipation capacity of the system is reduced and out-of-plane deformation of 

steel plate is increased. Deformed shape and hysteresis behaviour of SPSWC-O.7 

specimen is shown in Figure 3.15 and a contour plot of stress distribution of system is 

illustrated in Figure 3.16. 
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Figure 3.15: (a) Deformed shape and; (b) hysteresis loop for SPSWC-O.7 specimen 
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Figure 3.16: Contour plot of stress distribution for SPSWC-O.7 specimen 

A variety of circular cut-outs with different diameter have been considered in order to 

establish the relation between the diameter and the ultimate load capacity of the 

system. FE analyses were carried out on seven specimens where the only difference was 

diameter of cut-outs. The pushover analysis results are presented in Figure 3.17. 
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Figure 3.17: Pushover analysis results for SPSWC-O.7 specimen with variation of 
circular cut-out diameter 

The results show that the variation of ultimate load capacity and cut-out diameter is 

described by a second-degree relationship as shown in Figure 3.18: 
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Figure 3.18: The ultimate load capacity of SPSWC-0.7 specimen with different 
cut-out diameters 

3.8. Restoring the behaviour of SPSW systems with cut-outs 

When there is a need for an opening in the steel plate shear wall system, there are two 

options to restore the system to its initial characteristics: by introducing stiffeners 

and/or increasing the plate thickness. In the following sections these two mentioned 

methods are applied for restoring the behaviour of specimen to its original values. 

Diameter of cut-outs for all specimens is assumed to be 500 mm. 

3.8.1. Introducing the longitudinal and transverse stiffeners to steel plate 

In the case of first option, two longitudinal and two transverse stiffeners were attached 

to one side of the steel plate. This specimen is labelled as Stiffened Shear wall with Cut

out (SPSWCS-0.7). The thickness and height of stiffeners are adopted from literature 

review (Alinia and Sarraf, 2009a), and are 3.4mm and 46 mm, respectively. It was 

assumed that the material properties of stiffeners are the same as steel plate's 

properties. In order to prevent direct transition of stress from boundary elements to 

stiffeners and precluding their interaction, the stiffeners are not connected to the 

boundary elements (Figure 3.19). 
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Figure 3.19: Scheme of FE model for stiffened SPSW with cut-out using 

Figure 3.20 presents the position of stiffeners and the hysteresis loops for SPSWCS-0.7 

specimen. 
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Figure 3.20: (a) Deformed shape and; (b) hysteresis behaviour for SPSWCS-0.7 
specimen 

Stiffeners are acting as a lateral support for steel plate and increase the critical shear 

stresses of sub-plates. Using the stiffeners could improve the system behaviour by 

increasing ductility and capacity of energy dissipation. The application of stiffeners 
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changes overall buckling of the plate to local buckling of sub-plates. For optimal design 

of stiffeners, simultaneous buckling of the sub-plates and yielding of the materials will 

be considered. Figure 3.21 illustrates the uniform distribution of shear stresses within 

the sup-plates. Entire yielding of sub-plates and prevention of global buckling of steel 

plate is evident when an optimal design of stiffeners is considered. 

Figure 3.21: Entire yielding of sub-plates for SPSWCS-O.7 specimen 

3.8.2. Increasing the thickness of steel plate 

Increasing the thickness of steel plate is another option to improve perforated plate's 

behaviour. Pushover analysis of SPSW system with cut-out using different thickness of 

steel plate indicates that the behaviour of system is dominated by linear relation 

between th ickness of st eel plate and ultimate load capacity of specimens. The label of all 

specimens are started with "t" letter followed by thickness of infill plate (Figure 3.22). 
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Figure 3.22: Pushover analysis results for SPSW system with circular cut-outs using 
different thickness of steel plate 

Once thickness of the plate is increased from O.7mm to lmm which is labelled as 

SPSWC-l specimen the ultimate load capacity of system and the stiffness would be 

increased to the level of SPSW-O.7 specimen but energy absorption would still be 

relatively less than this specimen. Figure 3.23 presents the hysteresis curve loops for this 

sample. 
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Figure 3.23: (a) Deformed shape and (b) Hysteresis loops for SPSWC-l specimen 

Figure 3.24 compares the load-displacement results of FE models for all samples 

discussed above under monotonic loading. It is obvious that if the main objective of the 

designer is to keep the stiffness and/or ultimate load capacity of perforated wall at the 
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same level of un-perforated one, increasing the thickness of steel plate could be an 

effective approach. Alternatively using well designed stiffeners could have significant 

influence on increasing energy dissipation and reducing pinching effect on hysteresis 

curves. 
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Figure 3.24: Comparative results for push-over analysis of specimens 

3.9. Summary 

The nonlinear explicit finite element method is found to be very effective approach to 

study the behaviour of steel plate shear wall systems. The developed FE model 

incorporated material and geometric nonlinearities, initial imperfection for steel plates 

and a kinematic hardening subroutine to simulate the Bauschinger effect. The dynamic 

explicit FE model with some special considerations is able to provide reasonable 

prediction for quasi-static analysis and performance of SPSW systems. The model is able 

to capture the initial stiffness, buckling and post buckling behaviour and ultimate load 

capacity of specimens. 

The accuracy of developed FE model was verified with available test results. The model 

was further developed for predicting the behaviour of specimens having variation of 

circular cut-outs in the centre of steel plate. In addition two different alternatives were 

studied to restore the performance of perforated specimens. Using thicker steel plates 

and/or introducing longitudinal and transverse stiffeners to steel plate were applied in 

the model. However, there are no published test results to confirm the accuracy of 
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developed method to predict the behaviour of perforated and strengthened system. For 

this reason the planned experiments in this research are designed to cover different 

types of specimens including SPSW systems with and without cut-outs and 

corresponding improved specimens. 
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4. EXPERIMENTAL 

TEST SET-UP 

4.1. Introduction 

This chapter comprises two main parts. The first part covers design and construction of 

the loading system and corresponding components including the rigid box for 

connecting screw jack to the reaction frame, support-structure for holding and 

connecting gear box and motor to the screw jack, connection parts for loadcell, loading 

plate, connection plate, rigid clamps, and lateral bracing system. The second part mainly 

covers the instrumentation of test specimens and data acquisition system. 

To obtain performance data and validate design assumptions for FE modelling of 

stiffened and non-stiffened specimens, nine specimens of single-storey SPSW 

comprising two solid specimens (WI and W2), three GFRP-steel sandwich shear walls 

(WIGI, WIG2 and WIG3), two specimens with cut-outs (WIO and W20), two stiffened 

specimens with cut-outs (WIOG and W20S), and finally one frame-only specimen (F) 

were constructed and tested under cyclic load. The size of specimens was determined 

based on the capacity of the testing equipment and availability of facilities. The capacity 

of reaction frame was assessed for maximum applied load during the testing. A loading 

system was designed to apply cyclic quasi-static load and a lateral bracing was designed 

to prevent the out-of-plane buckling of test specimens. The specimens' geometry design 

was mainly dictated by the size of the reaction frame and limitations imposed by the 

testing facilities. Possible configurations for edge connections of fish plates were studied 

and a moment-resisting connection was considered between beam and columns. 
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4.2. Material tests 

In order to determine the material properties of boundary members and steel plates, a 

series of tests were conducted on representative samples of materials used in 

specimens. Tests included coupon tensile testing of flange and web samples of universal 

Beam 126x76x13 members used for boundary beam and columns. Coupon tensile tests 

were also conducted on samples of the steel plates and fish plates. 

The instrumentation on the tensile coupon test consisted of two uniaxial strain gauges. 

The first strain gauge was mounted parallel to the direction of applied load and the 

second one was mounted in the direction perpendicular to the applied load. The data 

from this configuration of strain gauges are used for calculation of Poisson's ratio. The 

strains were also monitored continuously by an attached extensimeter. This device was 

used to generate a continuous load-deflection plot for specimens and also as a check on 

the calculated strains. Figure 4.1 presents the coupon tension test procedure for steel 

materials. Data acquisition system, measurement of sample dimensions using 

micrometer, installation of sample into the universal tensile test machine, rupture of 

sample and outline of the load-displacement diagram for sample which is created using 

flange part of universal section are shown in this picture. 

Figure 4.1 Coupon tensile test procedure for steel materials 
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The summary of coupon tensile test values is presented in Table 4.1 for all samples. 

Table 4.1: Summary of material properties determined from coupon testing 

Width Thickness Yield Ultimate 
average Ultimate 

Member average· average Strength Strength 
Yield Strength 

mm mm MPa MPa 
Strength average 

MPa MPa 

20.1 6.76 354 539.04 
Universal Beam 
126x76x13 based 20.08 7.04 359 546.73 356 542 
on flanges results 

20.04 6.95 355 540.43 

20.07 4.71 338 513.85 
Universal Beam 
126x76x13 based 20.03 4.74 347 527.92 342 521 
on web results 

20.05 4.63 342 520.84 

20.09 3.384 369 483.45 

Fish Plates 20.04 3.32 375 488.03 372 485 

20.02 3.326 372 484.33 

20.373 0.670 241 351.94 

Steel plates 
20.12 0.673 245 359.60 242 355 

Type I 

20.6 0.671 241 352.72 

20.09 1.41 205 329.47 

Steel plates 
20.04 1.42 220 341.57 212 337 

Type II 

20.05 1.40 213 341.64 

*Average values are taken from multiple readings along the length of the sample. 

4.3. Test specimen specifications and construction procedure 

In this research single-storey steel plate shear wall specimens were constructed and 

tested. Each specimen was a 1/3 scaled model, with height of 1025 mm and width of 

1090 mm. Frame's members (beam and columns) were constructed from universal 

section 126 x 76 )(13. The steel panel was constructed from two different types of cold

rolled steel sheets with nominal thickness of 0.675 mm and 1.4 mm. The configuration 
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of specimens differed principally in the type of steel plate material used for each panel. 

The variations include thickness of steel plates, introducing cut-outs into steel plates and 

using sandwich shear panels. Figure 4.2 illustrates the overall geometry of test 

specimens. 
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Figure 4.2: Overall geometry and dimensions for single-storey test specimens 
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Figure 4.3 shows the configuration and dimension of main and secondary fish plates' 

connections. In this research an innovative type of fish plate, namely secondary fish 

plates are used. This type of connection provides proper friction between fish plates and 

steel panels which is more effective for transferring the shear load between elements. 

Universal Section 126 x 76 x 13 

~----- Custom Weld 

2mm thick Secondary Fish plate 

0.675 mm thick Infi" Plate 

L--__ 3.5 mm thick Fish plate 

Figure 4.3: Detailed view for dimensions and type of connection between steel plate 
and boundary elements 

In order to provide full moment-resisting connections between frame's boundary 

members, moment-resisting connections are designed and applied to beam-to-columns 

connections. Figure 4.4 illustrates the rigid connection conducted between beam and 

column for test specimens utilising Shielded Metal Arc (SMA) weld. The beam flanges 

were rigidly connected to the column flange using fully penetrated groove welding. The 

beam web was connected to the column flange using two-side fillet welding. 

Furthermore, the edges of connection plates were properly treated for this type of 

connection. During the test program the exact magnitude of the perpendicular angle 

between beam and column connections was monitored. Moment-resisting connection 

could provide sufficient stiffness for beam-column joints and alternatively prevents 

premature tearing of the steel plate at the edge of steel plate. 
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Figure 4.4: Moment-resisting connections between beam and columns 

The fish plates were connected to beam and columns by two-side fillet welding. Using a 

fish-plate allows more tolerances in the steel plate dimensions and easier fabrication . 

Fish plate connection was designed based on maximum shear capacity of steel plate. In 

order to minimise the effects of residual stresses, initially welding of fish plates to 

boundary members was conducted as intermittent weld and after cooling the remaining 

gaps were welded {Figure 4.5}. 

Figure 4.5: Connection of fish plate to boundary members using intermittent fillet 
welding on both sides of fish plate 

In order to design proper connection at the edge of test specimens, several options 

were considered {Figure 4.6}. Case-l provides deformable connection between fish 

plates which prevents premature buckling of fish plates. Case-2 and case-3 provide a 

rigid connection between fish plates. Case-4 and case-5 provide deformable edge 

connection between fish plates, However existence of attached plate to infill plate 
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prevents tearing of the infill plate. Case-6 provides semi-rigid connection between fish 

plates. The suitable configuration of edge connection should prevent early damage of 

fish plates. Whereas diagonal tension field actions imply stress concentration to the 

edge of steel plate, premature damage in fish plates prevents entire yield of steel plate. 

Considering the thickness of steel plates in this research it was finally concluded that 

design of edge connection based on Case-l is more practical and meets the design 

requirements. 

Case-1 Case - 2 Case - 3 

Case - 4 Case - 5 Case - 6 

Figure 4.6: Different edge connection of test specimens (measurements in mm) 

All specimens were designed and constructed according to details shown in Figure 4.7. It 

is worth mentioning that the test results confirmed the behaviour of specimens at the 

edge connections is as expected. The capability of designed connection prevents 

occurrence of early damage for fish plates and premature tears of steel plate. 
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Figure 4.7: Details of the proposed edge connection 

The 1.4 mm and 0.675 mm thick steel plates were connected to fish plates using 

Metal Inert Gas (MIG) welding or bolt connections, respectively (Figure 4.8). 

Figure 4.8: Connection of steel plates to fish plates (a) Using HSFG bolts for 0.675 mm 
thick steel plate and (b) Using MIG weld for 1.4 mm thick steel plates 

HSFG bolt connections were pre-tensioned to prevent premature slip of the bolt 

connections due to friction . The bolt sizes and spacing were designed to resist diagonal 

tension action until plastic hinges were fully formed within the steel plate. 

Since steel plates are very thin, for handling and welding issues special considerations 

are required for handling. In this research, for welding of steel plate to fish plates and 

stiffeners to steel plate MIG welding is used. MIG welding uses an arc of electricity to 

create a short circuit between a continuously fed anode (+ the wire-fed welding gun) 

and a cathode (- the metal being welded). The heat produced by the short circuit, along 
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with a non-reactive (hence inert) gas locally melts the metal and allows them to mix 

together. Once the heat is removed, the metal begins to cool and solidify. 

Weld quality and weld deposition rate both are influenced by variety of welding 

parameters and joint geometry. The voltage, wire speed and gas flow are set by the 

welder according to recommended ranges for the application before welding. In order 

to finalise these set-ups, a number of trial welds using 0.6 mm wires were conducted on 

strips specimens of steel plate. Figure 4.9 shows trial results of different welding set-ups 

to obtain satisfactory and strong welds between steel plate and fish plates with proper 

penetration of welding. However, the welding was controlled to avoid any burning of 

steel plate during the welding. The maximum length of welding for each Pulse was 

limited to 70 mm to absorb the energy supplied in the form of heat generated in 

welding process. 

Figure 4.9 Different trials for welding of steel plate to fish plates and stiffeners to steel 
plate using MIG welding 

Page 125 



CHAPTER 4: EXPERIMENTAL TEST SET UP 

A coupon specimen was made and tested according to afore mentioned procedure. The 

test results of this prototype specimen showed desirable performance of welded joints 

and indicated that the proposed MIG weld set-up is suitable for connecting the 

stiffeners to steel plate and steel plate to fish plates (Figure 4.10). 

Figure 4.10: Testing of welding joint by MIG welding 

In present research the bottom beam of shear wall is replaced with base plate. This 

configuration is similar to those in real structures (Figure 4.11). 

Figure 4.11 Connection of steel plate to boundary members via fish plate 
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In order to reduce the size tolerance of specimens during the welding operation, a jig 

was designed and constructed as shown in Figure 4.12. By using this frame, the required 

time for specimens' construction was reduced effectively. 

- r--
r--

II 
.-- r--

'--

I I I II 

= =-

Figure 4.12: Jig frame was designed and constructed to improve the efficiency of 
specimen's construction 

Columns were connected to the base plate using fillet welding all around the web and 

flanges of columns. In order to create an entirely stiff connection between column and 

base plate, two stiffeners were welded to column's flanges and base plate (Figure 4.13). 

Figure 4.13: Utilising stiffener to create sufficient connection between column 
and base plate 
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All the specimens were entirely constructed in Kingston University structural 

engineering laboratory. This allowed for complete control of the assembly process. All 

welding was done by a qualified welder. The construction sequence for all specimens 

was as follows: 

• Drill holes in thick bearing plates and column flange, 

• Weld stiffeners to beam and columns, 

• Fasten the base plate to jig's plate, 

• Fix beam and columns to jig frame using clamps, 

• Weld beam and base plate to columns, 

• Separate assemblies frame from jig frame, 

• Fasten the temporary support beam to the base plate of specimen, 

• Weld the connector stiffeners between columns and base plate, 

• Weld the connection plate at the joint of beam-to-column connection 

• Weld the fish plates to beam, columns and base plate, 

• Install shear panel to moment resisting frame. 

There are few more steps for completing the specimen construction which varies for 

each of the individual specimens. These steps are later explained in corresponding 

chapters. 

The specimens were placed in the reaction frame and fastened to the reaction frame by 

twenty 14 mm diameter and ten 10 mm diameter HSFG bolts. In order to prevent stress 

concentration in the base plate around the area that columns are connected to base 

plate, eight clamp plates were designed and constructed. These plates were fastened to 

reaction frame using 16 mm diameter HSFG bolts. Figure 4.14 gives more details for 

connection of specimens to reaction frame. To increase friction, the contact surfaces 

between the base plate and test frame were cleaned prior to installation. 
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<-oo::::::--_-+ ______ -==tF=====tl====tA-+- I--Stiffener 

Strong Frame 

Strong Frame (C clumn ) 

Sirong Frame (Beam ) 

Section A-A 

Figure 4.14: Specimens' connection to the reaction frame using HSFG bolts and 
clamped plates 
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4.4. Lateral supporting system 

In order to prevent out-of-plane buckling of specimens during testing, a proper lateral 

bracing system was designed and constructed. The lateral support system consists of 

four square hollow sections connected to the reaction frame on the top beam so that 

two rollers are placed on each side of specimens (total four rollers) to support the 

specimens laterally (Figure 4.15). This set-up allows test specimens to run firmly and 

freely between steel rollers attached to hollow sections. 

Figure 4.15: Lateral supporting system (out-at-plane bracing) tor quasi-static tests 

4.5. Loading system 

In order to apply the quasi-static loading to the specimens and considering the available 

funding, a decision was made to use screw jack. A 500 kN Benziler Screw Jack model BD 

was supplied and installed to reaction frame using a rigid box. This box was designed 

and constructed using 35 mm thick square flat plates. Four vertical stiffeners were 

placed and welded between two flat plates to make the box stiff and rigid. Figure 4.16 

shows detailed design and manufactured rigid box. 
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Figure 4.16: Detailed design and manufactured rigid connection box 
(all dimensions in mm) 

Rigid box was fastened to reaction frame using six HSFG bolts with diameter 42 mm. The 

bolts were fastened tightly to provide sufficient friction between plates and reaction 

frame. The effect of this operation is most important when the screw jack pulls the 

specimens. Figure 4.17-a shows connection of rigid box to reaction frame. When 

connection between rigid box and reaction frame was accomplished, screw jack was 

fastened to rigid box using four HSFG bolts with diameter of 42 mm (Figure 4.17-b). 

(a) (b) 

Figure 4.17: Connection of rigid box and screw jack to reaction frame 
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The system was set to apply horizontal load to the loading joint of the specimens. For 

the quasi-static test, screw jack's stroke was applied to specimens using inverter and 

user-defined programming. A sine-wave function was used to apply the cyclic load as 

smoothly as possible. The screw jack stroke was fully controlled via signal sent by 

inverter to the motor. 

The speed of the motor was reduced to a proper level by a gear box. The gear box was 

placed between motor and screw jack. It was connected to screw jack by a flexible gear 

type coupling model X connection. The motor was equipped with a cooling system to 

prevent increase of heating in motor due to frequently and long time use of the system 

(Figure 4.18). 

Figure 4.18 Different parts of loading unit 

4.6. Loading history 

All specimens were subjected to cyclic loading. The deformation history was based on 

established guidelines for simulating earthquake loading (Applied Technology Council, 
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1992). Each cycle was repeated to reach the target displacement. Twenty-eight loading 

cycles were applied to the test specimens, of which sixteen cycles were in the inelastic 

range. The tests were terminated when the system could not sustain more loads and 

failed. The recommended loading (deformation) history in this testing program consists 

of stepwise increasing deformation cycles (Multiple Step Test) as illustrated in Figure 

4.19. 
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Figure 4.19: Deformation history for quasi-static test of specimens according to 
A TC-24 protocol 

4.7. Instrumentation and data acquisition 

To measure the applied load, the screw jack was equipped with a F204 universalloadcell 

with a maximum capacity of 500 kN. The F204 is ideally suited to bi-directional 

engineering force measurements. In order to provide a proper connection between the 

loadcell and connecter shafts, two locking nuts were designed and manufactured. 

Locking nuts prevent loosening of connections under cyclic loading of system. Figure 

4.20 shows the connection of loadcell to corresponding parts of loading system. 
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Loadoel/ 
Screw Jack L-l __ --t-i 

Figure 4.20: Connection of Loadcell to corresponding parts of loading system using 
locking nuts 

Six types of data acquisition were used during the test procedure to fully describe any 

strain and deflection data. These comprised rosette strain gauges, uni-axial strain 

gauges, dia l gauge, LVDTs, CDSs and infrared thermal camera. 

Rosette strain gauges were mounted on the diagonal direction and half upper part of 

shea r panels. The variat ion in direction and magnitude of the principal strains on the 

infill panels were studied using data recorded from rosettes installed on the steel plate. 

The major principal strains, direct ion of the major principal strain (angle measured from 

the vert ical axis), and the maximum shear strain were calculated at each rosette strain 

gauge location (compressive and tensi le strains are considered negative and positive, 

respectively). Ana lysis of this data was used to capture the occurrence of any yielding 

scenario in the steel plate. 
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Figure 4.21: locations of rosette strain gauges within the shear panel for test specimens 
(a) without cut-out (b) with cut-out 

Figure 4.22 illustrates the locations of uni-axia l strain gauges on the inner and outer 

flanges of beam and columns of the specimens. 
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Figure 4.22: Un-axial Strain gauge locations on flanges of beam and columns 

Cable-extension displacement sensors (CDS) were connected to columns at the most 

critical positions to capture deformations (Figure 4.23). This instrumentation layout was 

identical for all specimens. 
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Figure 4.23: locations of cable-extension displacement sensors 

To measure the applied displacement by screw jack up to 5 mm, the loading plate was 

equipped with lVDT. However larger displacements of loading plate were controlled 

using data captured by corresponding CDS. In order to double check the screw jack 

stroke, a dial gauge was also attached to loading plate (Figure 4.24). 

Figure 4.24: loading plate was equipped with lVOT, COS and dial gauge to measure 
the screw jack stroke 

In order to provide sufficient connection between loading plate and test specimens in 

addition to connection plate that was welded to the outer flange of column, two Rigid

Clamps were also utilised. These two clamp-plates were designed and manufactured to 

preclude fracture of welding exhibited between connection plate and column when 

specimen is subjected to tensile load. 
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4.8. Innovative sliding measurement system 

An Innovat ive Sliding Measurement System (ISMS) was designed and constructed. The 

vertical deflect ions for top beam of specimens were measured by linear variable 

differentia l t ra nsformers at locat ions illustrated in Figure 4.25. The measured deflection 

values could be used for assessing the magnitude of pull-in force produced by diagonal 

tension field action. 
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Figure 4.25: Innovative sliding measurement system 

Out-of-plane buckling of infi ll panel was measured for the number of specimens during 

tests on only a few occasions. This was accomplished by manually measuring the profile 

from a temporari ly attached timber was used as a reference (Figure 4.26). 

Figure 4.26: Manually measurement of out-of-plane buckling of steel plate 
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4.9. Thermal imaging using infrared camera 

A thermographic camera or thermal camera is a device that forms an image using 

infrared radiation. Instead of the 450-750 nanometre range of the visible light camera, 

infrared cameras operate in wavelengths as long as 14,000 nm (14 ~m). Thermography 

is used in this case as a non-destructive test method. Thermographic camera is able to 

measure temperatures of surfaces without having a physical contact to them. Non 

destructive test (NDT) techniques such as infrared thermal camera have been developed 

as potential tools for detecting of subsurface defects. In this research delaminating of 

GFRP laminates and debonding of GFRP layers from steel plate was detected using 

infrared thermal camera (Figure 4.27). 

Figure 4.27: Infrared thermal camera is used for capturing delaminating and 
debonding of GFRP composite layers 
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4.10. Assessment of reaction frame 

The existing reaction frame in structure laboratory was modelled and analysed for 

maximum load that may be applied during the testing procedure. As built dimensions of 

the frame is used for modelling of reaction frame in commercial software ABAQUS. Shell 

elements are used for modelling of the all components (Figure 4.28). The analysis results 

show that the frame is strong enough to meet necessary requirements for safe use of 

the frame and sufficiently stiff so the measurement of deflections of test specimens will 

not be effected from deformations of the frame. It should be noted that the reaction 

frame has been assessed for current research program and should be re-assessed for 

the future tests. 
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Figure 4.28: The strength and stiffness assessment of reaction frame 

4.11. Testing procedures and protocol 

Displacement controlled fully reversed cyclic loading was applied to all specimens. A 

loading strategy for testing was derived by following the method outlined in the Applied 
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Technology Council ATC-24 protocol for experiments using quasi-static cyclic loading. 

The specimens were loaded with a single in-plane load at the beam centre line level. The 

specimens cyclically loaded with gradually increasing deflection increments according to 

ATC-24 protocol up to 2.5% drift (25 mm). The specimens were subjected to 28 fully 

reversed cycles to reach the 2.5% drift. The displacement amplitudes were repeated 

three times up to 10 mm storey drift and then just two times to reach the ultimate 

capacity of the specimens. 

4.12. Trial test specimen (T) 

All measurement instruments, equipments and devices were connected to computer via 

a data logger system model DT85G with 55 channels including main data logger with 15 

channels and two extensions with 20 channels each. To establish the proper running of 

testing procedure and to make sure that designed loading system and data acquisition 

system work properly, the decision was made to run a trial test. The bolt connections 

between specimen's base plate and reaction frame and possibility for slipping between 

these two parts and effectiveness of installed lateral bracing system were also aimed to 

be checked within testing of trial specimen. 

This test gave opportunity for better tightening the lock nuts of loadcell when the 

system was running under the tensile loading (Figure 4.29). Calibrating of CDSs, LVDTs 

and loadcell was performed within testing of this specimen. 

Figure 4.29: Tightening the lock nuts when system is running under tensile loading 
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Figure 4.30 shows the general test set up for trial specimen. 

Figure 4.30: General configuration of test set up for trial specimen 

In order to double check the COS devices calibration some locations were 

simultaneously equipped using LVOT devices. In addition to this within the main testing 

program parallel usage of these two devices was planned (Figure 4.31). 

Figure 4.31: Double check for CDS devices calibration using LVDT 

The base plate is fully fixed to the reaction frame using HSFG bolts. However, to ensure 

that there is no slipping between base plate and reaction frame, the base plate is 
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equipped with a LVDT device that was placed in loading direction. The monitored results 

confirmed good quality of the connection between these two parts (Figure 4.32). 

Figure 4.32: Monitoring any slippage between test specimen and reaction frame 

One of the most important issues that occurred during the testing of trial specimen was 

the uplift of base plate. This event happened at the both ends of base plate when the 

corresponding column was under tensile loading. Having a close look to this event 

revealed that the bolts were secured but shear fracture occurred in the nuts grooves 

(Figure 4.33). 

Figure 4.33: Occurrence of shear fracture in nut 
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In light of the above considerations, two actions were taken. Utilising longer nuts (the 

minimum required length for nuts were calculated to be 16 mm length) which can 

prevent shear fracture in nuts grooves. In practice the length of available nuts was 40 

mm. The second action was employing of clamp plates. Eight clamp plates were 

provided and were symmetrically attached to the reaction frame (Figure 4.34). These 

actions completely solved the uplift issues of base plates for all tests. 

Figure 4.34: Utilising longer nuts and clamps precluded any uplifting of base plate 

In order to provide stiff loading plate and to keep this plate entirely connected to 

column's outer flange precluding occurrence of any damage on welding particularly 

when the loading plate is loaded in tensile stage, a pair of rigid clamp plates with specific 

configuration were designed and manufactured. Figure 4.35 shows the damage of 

welding which occurred at final stage of tensile loading for trial specimen. 

Figure 4.35: Utilising rigid clamp plates prevent damage of welding at location of 
connection between loading plate and column's outer flange 
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It was possible that the spindle of screw jack accidentally rotates during the loading 

period . In order to prevent this occurrence, an anti rotation hanger was designed and 

constructed. The hanger resisted any rotational freedom of spindle and could guarantee 

that no rotation could be applied to the test specimens. Figure 4.36 shows different 

parts of anti rotation hanger system. 

Figure 4.36: Anti rotation hanger prevents any rotation to be applied to the 
test specimens 

Based on maximum shear capacity of 0.675 mm thick steel plate, M6 bolts could 

transfer the shear loads between steel plate and fish plates. Using M6 connecters for 

trial specimen could not prevent premature stretching of steel plate at the connections 

of steel plate and fish plates (Figure 4.37). This is because utilising M6 bolts did not 

supply enough friction between steel plate and fish plates (main fish plates and 

secondary fish plates). As a result the decision was made to use M8 connecters instead 

of M6 for main tests, because pre-tensile capacity of M8 was enough to provide 

effective friction between connection plates. 
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Stretching of 
infill plate 

Figure 4.37: Premature stretching of steel plate at connections to the fish plates 

In all test specimens, 46 eight millimetre HSFG bolts were used to connect the steel 

plates and fish plates. Trial specimen was loaded in accordance with ATC-24 protocol. 

The hysteresis behaviour of this specimen for cyclic loading test is shown in Figure 4.38. 
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Figure 4.38: Hysteresis behaviour of Trial specimen 

It is worth mentioning that although this graph is affected by uplifting of base plate, it 

gives a rough idea on main test specimen's behaviour. This test and corresponding 

results were useful to improve the test set up and the specimen's construction 

configuration. 
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4.13. Summary 

This chapter has provided detailed information for material tests for both steel and FRP 

materials. Dog-bone specimens were constructed from different parts of universal 

sections. Test specimen's specifications are given for specimens with and without cut

outs. Two different types of connections are considered for connections between steel 

plate and fish plates. The welding procedure for fabrication of test specimens has been 

explained in this chapter. 

This chapter has also provided brief information for design, construction and installation 

of loading system and lateral bracing. Data acquisition system and displacement control 

of screw jack are fully controlled by user provided computer program. A Siemens 

inverter provides required signals for geared motor to apply displacements dictated by 

user defined program which is defined based on ATC-24 protocol. 

Finally this chapter has reviewed requirements for precise testing program via launching 

a cyclic test on a trial specimen. 
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5.1. Introduction 

5. SEISMIC BEHAVIOUR OF SPSW 

SYSTEMS WITHOUT CUT-OUTS 

EXPERIMENTAL AND NUMERICAL STUDY 

This chapter comprises two main sections, quasi-static tests and FE analysis of SPSW 

specimens without cut-outs. The specimens to be tested were placed inside the reaction 

frame and were tightened to the bottom beam of reaction frame using 30 HSCG bolts 

and eight clamp plates. After application of a small warming up cycle of displacement to 

check the instrumentation and capturing zero reading for LOSs and CDSs, the main test 

proceeded. The quasi-static cyclic test on specimens provided detailed information on 

the stress flow and yield patterns in the steel plate and surrounding members, in 

addition to load and displacement data at specified locations. Due to the slow speed of 

testing, important observations related to failure modes was monitored. Ductility, 

stiffness, energy dissipation capacity, and strength degradation are some of the most 

important characteristics to be assessed. 

The testing procedures and corresponding results for frame-only specimen and all other 

specimens without cut-outs are included in this chapter. Preliminary test specimen's 

analysis for estimating required power of screw jack is done for all tests. Experimental 

works are followed by FE analysis of the specimens. 
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5.2. Preliminary analysis of test specimens 

Before starting testing of specimens, a preliminary nonlinear pushover analysis was 

performed by Abaqus software. As result of high demands to the computational analysis 

of steel shear, walls mainly due to shear buckling and local instabilities in the steel plate, 

monotonic loading was applied to estimate the envelope of load-displacement response 

Based on the preliminary analysis, the capacity of specimens was estimated in the range 

of 150-350 kN. At ultimate capacity, the displacement at the top of the specimen, 

relative to the base, was estimated in the range of 25 to 35 mm. 

5.3. Test results and discussion of frame-only specimen (F) 

A moment resisting frame without steel plate with specifications given in Figure 5.1 was 

designed and constructed. Detail and specification of this frame remains the same for all 

test specimens. 

Lkliwt'u,S.*n 
126 t 76 t13 

'------!965mm------' 
'-----~1090 mm'------' 

Figure 5.1: Specifications of frame-only specimen 
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5.3.1. Behaviour of frame-only specimen during the test 

The moment-resisting frame, without the steel plate was constructed and subjected to 

the quasi-static cyclic load in accordance with ATC-24 protocol. Test set up for this 

specimen is shown in Figure S.2-a. The preliminary push over analysis results (Figure 5.2-

b) were used to estimate the capacity of the frame-only specimen. 

( a) 

180 
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60 
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Displacement (mm) 

(b) 

Figure 5.2: (a) Test set up and, (b) Preliminary finite element analysis results for 
frame-only specimen (F) 

F 

Test program for this specimen started with small displacement magnitude of 0.2 mm. 

This is a warming up cycle to check out data acquisition system and taking zero reading 

for all LVDT and CDS devices. Test cycles were applied to specimen based on magnitudes 

given in 5.1. 

No flaking of white paint on the specimen and no visual signs of yielding of specimen 

were observed up to cycle #23 corresponding to nominal drift index of 1.5%. At this level 

of displacement the maximum load of 125.10 kN was achieved. The first significant sign 

of yielding was noticed during cycle #24 with a nominal drift index of 19.41 mm. During 

the cycles #24 and #25 the base shear reached 148.25 kN corresponding to storey drift 

of20 mm. 
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5.1: Loading amplitudes used for quasi-static test of frame-only specimen in 
accordance with ATC-24 protocol 

Nominal Nominal Number of 
Test Cycle 

Drift Index Displacement (mm) Input Cycles 

1,2,3 0.04% 0.4 3 

4,5,6 0.08% 0.8 3 

7,8,9 0.12% 1.2 3 

10,11,12 0.25% 2.5 3 

13,14,15 0.35% 3.5 ' 3 

16,17,18 0.5% 5 3 

19,20,21 1% 10 3 

22,23 1.5% 15 2 

24,25 2% 20 2 

26,27 2.5% 25 2 

28,29 3% 30 2 

30,31 3.5% 35 2 

32 4% 40 1 

During the cycles #26 and #27 with a nominal drift index of 2.4% an appearance of 

plastic hinges was noticed at the bottom of the right column. Audible cracking sounds 

were heard from specimen during cycle #28 and further investigation revealed a 

fracture in the weld of the column-to-base plate stiffener (Figure 5.3). 

Figure 5.3: Fracture in the weld connection of column-to-base plate stiffeners at both 
columns of the frame-only specimen 

Page 151 



CHAPTER 5: SEISMIC BEHAVIOUR OF SPSW SYSTEMS WITHOUT CUT- OUTS 

At cycle #29 (a nominal drift index of 3%) a maximum load of 159.2 kN was achieved. 

During the cycles #30 and #31 with a nominal drift index of 3.5% a maximum shear load 

of 155.77 kN was reached. Cycle #32 was the last cycle with drift index of 40 mm applied 

to specimen. A maximum base shear of 151.66 kN was achieved during this cycle. Plastic 

hinges were fully developed at the bottom of both columns (Figure 5.4). 

Figure 5.4: Plastic hinges were noted at the bottom of both columns 

5.3.2. Load displacement behaviour of frame-only specimen 

Figure 5.5 illustrates the hysteretic behaviour of F specimen recorded during the quasi

static test. The specimen was cyclically loaded with gradually increasing displacement 

magnitudes shown in Error! Reference source not found •. During the test program a 

maximum displacement of 40 mm was achieved prior to termination of the test. The 

maximum load achieved for each cycle of the same storey drift dropped a little for the 

f irst few set of cycles. However, at higher displacement levels the strength degradation 

was more noticeable between the first and last cycles of an equal displacement. 
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Figure 5.5: Testing results for hysteresis behaviour of frame-only specimen 

From the load-displacement diagram illustrated in Figure 5.6, the frame started to yield 

at a shear load of 108.07 kN corresponding to adrift of 8.54 mm storey displacement 

and reached total yield by developing plastic hinges at the bottom of the columns at a 

shear load of 159.62 kN with a storey displacement of 35 mm. 
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Figure 5.6: Yield point of frame-only specimen based on Load-displacement diagram 

Based on data from strain gauges, the columns reached yielding plateau and developed 

plastic hinges. These hinges formed at the positions predicted by the FE analysis. The 

beam section did not experience any deformation and no visual yielding was observed. 
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Counter graph based on von Misses stress distribution and corresponding scale is shown 

in Figure 5.7 for frame only specimen. 

y 

Figure 5.7: Formation of plastic hinges at the bottom of columns as was estimated 
by FEA results 

Beam to column connections remained intact through the test up to 3.5% nominal drift 

index of F specimen. However, during the last cycle corresponding to 40 mm storey drift 

a fracture in the weld of beam to column connection plate was observed (Figure S.8). 

Figure 5.8: Fracture in weld of beam to column connection plate during the last cycle 
of testing for frame-only specimen 
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5.3.3. Finite Element Analysis for frame-only specimen (F) 

Numerical model of tested specimen was performed based on the procedure described 

in chapter 3. Figure 5.9 shows the load-displacement diagram of open frame specimen 

obtained from the pushover explicit FE analysis and the envelope of the hysteresis 

curves attained from the quasi-static test. This diagram indicates an excellent agreement 

between FE analysis and test results. Degradation of ultimate strength demonstrated 

with test results was not observed in FE results. This is due to fracture in weld 

connections in the test. In the FE analysis no damage model was employed. 

180 F 
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Figure 5.9: Pushover finite element load-displacement results and test quasi
static response for frame-only specimen 

The load-displacement hysteresis curves of FE analysis and quasi-static test results are 

compared in Figure 5.10. This figure indicates a gradual reduction on stiffness of the 

system after each cycle in test results. This reduction was not observed in FE model as 

no damage model was used in the FE model and effects of residual stresses ignored. 
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Figure 5.10: Load-displacement hysteresis loops for frame-only specimen from finite 
element (FE) analysis and quasi-static test 

5.4. Test results and discussion of steel plate shear wall specimens 

The overall specifications and dimensions of SPSW specimens (W1 and W2 specimens) 

are given in Figure 4.2. The boundary elements for these specimens are similar to frame

only specimen (F). Type I and Type II steel plates are used for construction of W1 and 

W2, respectively. Each steel plate is connected to fish plates using M8 bolts for both 

specimens. The only difference between W1 and W2 is the thickness of steel plates. The 

cyclic displacement loads with different amplitudes were applied to specimens in 

accordance with ATC-24 protocol. As shown in Table 5.2 both specimens are subjected 

to the same loading history up to nominal drift index of 3.5%. The maximum loading 

capacity of 249.13 kN and 275.14 kN was gained for W1 and W2 specimen during the 

amplitude of 30 mm, respectively. 
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Table 5.2: Loading amplitudes used for quasi-static test of WI and W2 specimens in 
accordance with ATC-24 protocol 

Nominal Nominal Number of 
Specimen Test Cycle 

Drift Index Displacement (mm) Input Cycles 

W1, W2 1,2,3 0.04% 0.4 3 

W1,W2 4,5,6 0.08% 0.8 3 

W1,W2 7,8,9 0.12% 1.2 3 

W1,W2 10,11,12 0.25% 2.5 3 

W1,W2 13,14,15 0.35% 3.5 3 

W1,W3 16,17,18 0.5% 5 3 

W1,W2 19,20,21 1% 10 3 

W1,W2 22,23 1.5% 15 2 

W1,W2 24,25 2% 20 2 

W1,W2 26,27 2.5% 25 2 

W1,W2 28,29 3% 30 2 

Wl 30 3.5% 35 1 

W2 30,31 3.5% 35 2 

5.4.1. Test results and discussion of WI specimen 

The WI specimen is constructed with 0.67S mm thick steel plate. Figure S.ll-a shows 

general view of test set up and connection of specimen to the reaction frame. The 

preliminary FE analysis of this specimen gives estimation on monotonic behaviour of WI 

as illustrated in Figure S.ll-b. According to this graph the maximum capacity of 

specimen is estimated to be about 280 kN. 
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Figure 5.11(a) Test set up and, (b) Preliminary finite element analysis results for 
W1specimen 

5.4.1.1. Behaviour of W1 during the test 

The response of specimen up to a nominal drift index of 0.12% was linear. During these 

nine cycles no visual sign of steel plate buckling was observed. During cycles #7 to #9 

formation of diagonal tension field was noted within the steel plate. The first cycle that 

followed elastic buckling and minor sign of yielding within the steel plate was cycle #10. 

During cycles #10 to #12 the base shear reached 84.89 kN corresponding to nominal 

drift index of 0.25%. Considerable elastic buckling deformation was observed during 

cycles #13 to #15. A maximum shear load of 106.97 kN was achieved corresponding to 

maximum storey drift of 3.5 mm. 

During cycles #16 to #18 plate popping noises were heard. All three cycles of 5 mm 

displacement amplitude were accompanied with plate popping sound as the specimen 

passed through its initial position. Visible stretching at the centre of the steel plate was 

observed and a maximum base shear of 134.76 kN was reached during these cycles. At 

the nominal drift index of 1% including cycles #19 to #21 a distinct tension field and 

extensive yie lding developed within the steel plate. A maximum base shear of 195.14 kN 
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was achieved during these cycles. Figure S.12 illustrates the buckling behaviour of 

specimen at different stages of the loading procedure. 

(a) (b) (c) 

Figure 5.12: W1 (a) after the first nine cycles (b) in cycle #14 considerable elastic 
deformation (c) in cycle #20 distinct tension field and extensive yielding of steel plate 

At the nominal drift index of 1.5% including cycles #22 and #23 a fracture in the weld of 

the fish plate to right column connection was observed. A maximum base shear load of 

232.03 kN was gained for this amplitude. During cycles #24 and #25 the length of weld 

fracture was extended to 30% of the length of column. Figure 5.13 shows fracture of 

weld connection between fish plate and right column. During these cycles the base 

shear reached 246.93 kN corresponding to a nominal storey drift of 2%. 

Figure 5.13: Weld fracture of connection between fish plate and right column for 
W1 specimen 
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A plastic hinge was first noted at the bottom of the left column during cycle #26. Plastic 

hinge was also noted at the bottom of right column during cycle #27. A maximum base 

shear of 250.40 kN corresponding to storey drift of 25 mm was reached. Plastic hinges 

also developed at all four corners of the columns during cycles #28 and #29. A maximum 

base shear of 249.13 kN corresponding to nominal drift index of 3% was achieved for 

this amplitude. The specimen during cycle #30 sustained 243.04 kN shear load. The test 

terminated due to development of plastic hinges at both ends of the columns. Appendix 

B gives the stress analysis results of steel plate and boundary members for Wi 

specimens. This figure illustrates the yield of columns at the bottom part. 

5.4.1.2. Load-displacement behaviour of W1 specimen 

The relation between storey shear and storey drift (load-displacement relation) is a key 

point for investigating the behaviour of cyclically loaded systems. Figure 5.14 illustrates 

the hysteresis behaviour recorded during the quasi-static test for W1 specimen. As 

shown in this figure the hysteresis loops are stable and robust. A maximum base shear 

of 249.13 kN corresponding to storey drift of 30 mm was achieved prior to termination 

of the test. 
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Figure 5.14: Testing results for hysteresis behaviour of W1 specimen 

The steel plate began to exhibit first yield at approximately 165 kN corresponding to a 

7.5 mm displacement drift. The steel plate then yielded completely at approximately 
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203 kN corresponding to a 10 mm storey drift. The maximum out-of-plane buckling of 

specimen reached 25 mm corresponding to a 20 mm storey drift. The Wl specimen 

withstood a total load level of 249.13 kN and storey drift of 35 mm. The test was halted 

once the plastic hinges developed at all four bottom corners of columns. 

The inclination angle of the tension field in the steel plate was obtained by measuring 

the angle at the crest of the buckle waves (relative to the vertical) by assuming that the 

angle of inclination corresponded to the orientation of the buckle waves. Since the 

SPSW specimen's response exhibited minor unsymmetrical behaviour, the inclination 

angle of tension field was measured as the load was applied in each direction and the 

average was taken to obtain the tension field orientation. The measurements were 

conducted at nominal drift indices of 0.25%, 0.5% and 1%. Figure 5.15 provides a 

scheme of the buckles for both pulling and pushing of Wl at nominal drift index of 0.5%. 

The measured orientation of the tension field at nominal drift indices of 0.25%, 0.5% 

and 1% were in the range from 41° to 43°. 

Figure S.lS: Tension field orientation in the steel plate for Wl specimen 

5.4.2. Test results and discussion of W2 specimen 

The only difference between Wl and W2 is type of steel plate. For construction of W2 

specimen the type II steel plate with thickness of 1.4 mm is utilised. The other 

specifications and loading history of specimen except the last cycle is similar to Wl 

specimen. Figure 5.16 shows general view of test set up and preliminary FE results for 
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W2 respectively. Based on these results a maximum base shear of 280 kN is estimated 

for final stage of loading for this specimen. 

350 

Z 300 
W2 

~ .., 250 nI 
0 .... 200 

150 

100 

50 

0 
o 5 10 15 20 25 30 35 40 

Displacement (mm) 

( a) (b) 

Figure 5.16: (a) Test set up and, (b) Preliminary finite element analysis results for 
W2 specimen 

5.4.2.1. Behaviour of W2 specimen during the test 

The overall behaviour of W2 specimen is similar to Wl. The response of specimen during 

the first nine cycles was linear with a maximum base shear of 53.94 kN. No flaking of 

white paint wh ich could be considered as indication for plastic deformations on the 

boundary members and steel plate was observed. During the cycles #10 to #12 the base 

shea r reached 90.63 kN corresponding to nominal drift index of 0.25%. Formation of 

diagonal tension fields and initial noises produced as result of steel plate buckling was 

noted during this amplitude. Figure 5.17 illustrates initiation of diagonal tension field 

within the steel plate during the storey drift of 2.5 mm. 

Initial formation 
ot diagonal tension 

field 

Figure 5.17: positioning of diagonal tension field within the steel plate for W2 
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Considerable elastic buckling deformation was observed during cycles #13 to #15 with 

maximum shear load of 111.13 kN and storey drift of 3.5 mm. During the third cycle of 

this amplitude flaking of white paint was noted on the steel plate. During cycles #16 to 

#18 very loud popping noises were heard as the specimen passed through its initial 

position. Diagonal stretching of the steel plate was observed and maximum base shear 

of 138.26 kN was achieved for the 5 mm storey drift. The first sign of yielding in the steel 

plate was noted during cycles #17 and #18 with 5mm storey drift amplitude. During 

cycles #19 to #21 extensive yielding occurred within the steel plate with base shear of 

206.92 kN at nominal drift index of 1%. Figure 5.18 shows development of diagonal 

tension field and deformation of steel plate at storey drift of 10 mm. 

Figure 5.18: Development of diagonal tension field and yield zone within the steel 
plate at storey drift of 10 mm for W2 specimen 

During the cycles #22 and #23 fully plastic behaviour was observed in the steel plate and 

base shear reached 246.73 kN corresponding to 15 mm storey drift. Cycles #24 and #25 

were applied to specimen and a maximum base shear 267.62 kN was achieved for 

corresponding nominal drift index of 2%. Out of plane buckling deformation of steel 
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plate was extensively increased during these cycles (Figure 5.19). An investigation of 

connections revealed that up to 20 mm storey drift all weld connections were intact. 

Figure 5.19: Massive out-of-plane deformation of steel plate at storey drift of 20 mm 
for W2 specimen 

During cycles #26 and #27 fracture of weld connection between base plate and left 

column stiffener was noted (Figure 5.20). A maximum base shear of 276.53 kN was 

reached at 25 mm storey drift during these cycles. 

Figure 5.20: Fracture of weld connection between base plate and left column stiffener 
at a nominal drift index of 2.5% for W2 
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Formation of plastic hinges at the bottom of columns was noted first time during cycles 

#28 and #29 corresponding to nominal drift index of 3%. A maximum base shear of 

280.55 kN was reached during these cycles. During the next amplitude with storey drift 

of 35 mm formation of fully plastic hinges developed at all four corners of the column. A 

maximum base shear of 275.14 kN was achieved for this amplitude. 

Load-displacement behaviour of W2 which is recorded during the quasi-static test is 

given in Figure 5.21. Hysteresis loops are stable and robust during the test procedure 

and a maximum base shear of 280.55 kN was reached during 30 mm storey drift. Due to 

development of fully plastic hinges at the bottom of columns, the maximum base shear 

capacity for next amplitude decreased to 275.14 kN. The steel plate began to yield first 

at approximately 135 kN corresponding to a 4.9 mm storey displacement. The steel 

plate then yielded completely at approximately 190 kN corresponding to 9 mm drift. 
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Figure S.21: Testing results for hysteresis behaviour of W2 specimen 

The inclination angle of the tension field was obtained similar to measurement done for 

Wl. In other words these angles were measured as the load was applied in each 

direction and the average was taken to obtain the tension field orientation. The 

measured orientation of the tension field at nominal drift indices of 0.25%, 0.5% and 1% 

were in the range from 38° to 40° for W2. 
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5.4.3. Finite element analysis of W1 and W2 specimens 

Figure 5.22 and Figure 5.23 show the load-displacement diagram of the W1 and W2 

specimens obtained from the pushover explicit analysis and the envelope of the 

hysteresis curves attained from the quasi-static test. Figure 5.22 and Figure 5.23 show 

that that FE models provide adequate prediction of the stiffness of both specimens. 
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Figure 5.22: Pushover finite element load-displacement results and test quasi
static response for Wl specimen 

One possible cause for slight variations in estimating wall stiffness or overall capacity 

could be the effect of residual stresses that were neglected in the FE model. The post

ultimate strength degradation demonstrated with the test specimen was not observed 

in the FE model. This is due to the weld fractures occurred for test specimens not 

included in the FE model. 

350 
W2 

! 300 -------." • 250 
.3 

200 

150 

100 

50 

0 
0 S 10 15 20 25 30 35 40 

Displacement (mm) 

Figure 5.23: Pushover finite element load-displacement results and test quasi
static response for W2 specimen 
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Once the WI and W2 models were loaded up to the yielding load of the steel plate, the 

vector plot of the maximum in-plane principal stresses at the mid-surface of their 

elements were extracted and they are plotted in Figure 5.24. Angles measured from the 

vector plot range from 38° to 45°. The inclination angle of tension field at yield point of 

steel plate during the test ranged from 41° to 43°. The angle of inclination ofthe tension 

field predicted using Eq. (2.4) was 42.30° and 40.7r for WI and W2 specimens, 

respectively. 
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Figure 5.24: In-plane maximum principle stresses at the mid-surface of the 
elements of W1 (left) and W2 (right) at the applied drift of 10 mm 

The load-displacement hysteresis results of both FE analysis and quasi-static test are 

shown in Figure 5.25 and Figure 5.26. A notable stiffness reduction occurred during the 

reloading phase until development of the tension field in the steel plate. This behaviour 

was simulated in the FE model. According to FE analysis a notable change in stiffness 

occurred once the load on the test specimen reduced and the tension field of steel plate 

had disappeared. 
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Figure 5.25: load-displacement hysteresis loops for Wl from finite element (FE) 
analysis and quasi-static test 
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Figure 5.26: load-displacement hysteresis loops for W2 from finite element (FE) 
analysis and quasi-static test 

The FE models reasonably captured the cyclic performance of each specimen. Gradually 

increasing differences were noted between the test results and FE response once drift 

value increased beyond 2%. This is due to development of weld fractures in the 

specimens. Considering that the size of these cracks increased with loading cycles, a 

gradual stiffness reduction was observed in the experimental responses which FE model 

did not simulate. 
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Residual stresses are present in all fabricated steel structures and are commonly result 

of welding and force fitting of components. However, these stresses are also result of 

differential cooling during the manufacture of hot-rolled structural shapes. Significant 

residual stresses are inherent in the infill plate due to extensive welding of the infill plate 

to its surrounding perimeter. The distribution of residual stresses in each specimen is 

complex, so no measurements was taken of residual stresses that may have resulted 

from each welding of specimen. Because of insufficient information on the residual 

stresses, they were not considered in FE modelling of the specimens. 

The deformed configuration of the Wl and W2 specimens at full development of the 

tension field during loading and neutral state of each specimen is compared to that of 

the FE results in Figure 5.27 and Figure 5.28 

(b) 

Figure S.27: Deformed shape of Wi specimen from analysis and quasi-static test at the 
nominal drift index of 2% cycle, (a) for loading toward (b) for neutral state including 

steel plate with out-of-plane deformation 
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The deformed shapes obtained from FE analysis were similar to those observed during 

the quasi-static tests. The deformed configuration and number of buckle waves of the 

steel plate were similar for both FE and test results. 

(a) 

(b) 

Figure 5.28: Deformed shape of W2 specimen from analysis and quasi-static test at the 
nominal drift index of 2% cycle, (a) for loading toward (b) for neutral state including 

steel plate with out-of-plane deformation 

5.5. Testing of GFRP-Steel sandwich shear walls 

GFRP-steel Sa ndwich Shear Wall (GS5W) was manufactured by laminating unidirectional 

glass fibres to the steel plate. During manufacturing of sandwich plates both sides of 
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steel plate were cleaned by acetone and then the GFRP plies (MUlTIPREG E722) laid 

down on bot h sides of steel plate. Figure 5.29 shows stacking of second layers of GFRP 

ply and vacuum bagging technique for manufacturing of sandwich specimen. 

(c ) ( d ) 

Figure 5.29: Preparation of composite specimens (a) Laminating the first layers of 
plies (b) Stacking of second layers of GFRP plies (c) Vacuum bagging of specimens 

(d) Specimen after curing 

Specimens were t hen cured in an oven using vacuum bag technique. For curing the 

sa ndwich specimens, sandwich panel was heated up gradually to 1200 in half an hour 

and then temperature was kept constant for an hour. Finally the temperature was 

reduced t o room temperature in half an hour. Figure 5.30 shows curing cycle and 

vacuum bagging in the oven for the sandwich specimens. 
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Figure 5.30: Scheme of (a) Curing cycle (b) Vacuum bagging inside the oven for GSSW 
specimens 
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Table 5.3 gives the number of ply layers installed to steel plate, orientation of plies 

relative to horizontal and the thickness of sandwich panels for W1G1, W1G2 and W1G3 

specimens. 

Table 5.3: General specification of GFRP-Steel sandwich shear walls 

Number of Fibres Thickness of Total thickness 
Specimen 

orientation steel plate (sp) 

label 
GFRP of sandwich panel 

ply layers (degree) (mm) (mm) 

WIGI 2 [O/S P/O] 0.675 1.275 

WIG2 2 [-45/SP/-45] 0.675 1.275 

WIG3 4 [+45/-45/SP/-45/+45] 0.675 1.875 

Sandwich panels were attached to fish plates utilising M8 bolts and secondary fish 

plates. In order to provide a sufficient clamping of the plies by main and secondary fish 

plates 3M scotch-weld adhesive (9323 B/A structural adhesive) was applied between 

sandwich panel and fish plates. This type of connection was used to make sure that if 

any separation between steel plate and composite laminates occurs prior to the rupture 

of fibres the composite laminates will be able to participate during the applied 

displacements. Figure 5.31 shows the orientation of fibres for W1G1, W1G2 and W1G3 

specimens. 

Intlll plate f-----i 

~~~~t Gnu> lwnates 
Gnu> lwnates 

W1G1 W1G2 W1G3 

Figure 5.31: Scheme of composite layers for W1G1, W1G2 and W1G3 specimens 
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Specimens were subjected to fully reversed quasi-static cyclic loading according to ATC-

24 protocol loading requirements. Table 5.4 shows number of cycles (a), Nominal drift 

index (b), applied amplitudes (c), and number of test cycles for applied amplitudes (d) 

for WlGl, WlG2 and WlG3 specimens. 

Table 5.4: loading amplitudes used for quasi-static test of WlGl, WlG2 and WlG3 
specimens in accordance with ATC-24 protocol 

(a) (b) (c) 
(d) 

Specimen Nominal Applied 
Number of 

Number of 
Test Cycles Drift Index Amplitudes (mm) 

Test Cycles for 
Each Amplitude 

W1G1, W1G2, W1G3 1,2,3 0.04% 0.4 3 

W1G1, WlG2, W1G3 4,5,6 0.08% 0.8 3 

W1G1, W1G2, W1G3 7,8,9 0.12% 1.2 3 

W1G1, W1G2, W1G3 10,11,12 0.25% 2.5 3 

W1G1, W1G2, W1G3 13,14,15 0.35% 3.5 3 

W1G1, W1G2, W1G3 16,17,18 0.5% 5 3 

W1G1, W1G2, W1G3 19,20,21 1% 10 3 

W1G1, W1G2, W1G3 22,23 1.5% 15 2 

W1G1, W1G2, W1G3 24,25 2% 20 2 

W1G2 26 2.5% 25 1 

W1G1,W1G3 26,27 2.5% 25 2 

W1G1 28,29 3% 30 2 

As already mentioned in section 4.9 infrared thermal camera was used for capturing the 

initiation of any delamination between composite laminates and steel plate and/or any 

delamination between composite layers. 
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5.5.1. Test results and discussion of WIGI specimen 

The sandwich panel of WIGI contains steel plate type I and one layer of GFRP plies on 

both sides of the steel plate. The plies were laid down in zero degree relative to 

horizontal direction [O/SP/O]. Total thickness of sandwich panel was 1.275 mm for this 

specimen. Figure 5.32-a shows test set up and corresponding instrumentation for WlGI 

before loading of the specimen. The preliminary analysis for monotonic loading of WlGl 

specimen gives an estimation of 300 kN for driving the loading point of specimen to 

nominal drift index of 3% (Figure 5.32-b). 
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Figure 5.32: (a) Test set up and, (b) Preliminary finite element analysis results for 
W1Gl specimen 

5.5.1.1. Behaviour of W1Gl specimen during the test 

The response of specimen up to a nominal displacement of 1.2 mm was linear. However, 

a sign of non-linear behaviour was noted during the unloading stages of cycles #7 to #9 

(Figure 5.33). Nonlinear behaviour of specimen at the early stage of loading could be 

related to the initial local plastic deformations in zones with stress concentrations. 

During these cycles a maximum shear load of 49.42 kN was achieved. 
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Figure 5.33: Linear and non-linear behaviour of W1G1 specimen during loading and 
unloading stages for nominal drift index of 0.12% 

During cycles #10 to #12 formation of diagonal tension field was noted within the 

sandwich panel. The base shear reached 92.99 kN corresponding to nominal drift index 

of 0.25%. The first cycle that followed elastic buckling was cycle #13 (Figure 5.34). 

During cycles #13 to #15 a maximum shear load of 119.71 kN was achieved 

corresponding to storey drift of 3.5 mm. 

Figure 5.34: Initiation of elastic buckling noted during cycle #13 for W1G1 specimen 
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Considerable elastic buckling was observed during cycles #16 to #18. During these cycles 

popping noises were heard as the specimen passed through its initial position. A 

maximum base shear of 149.32 kN corresponding to nominal drift index of 0.5% was 

reached during these cycles. 

As already mentioned a thermal imaging camera {Infratec GmbH, Germany} was used to 

monitor temperature changes with images recorded on computer. The colour scale is 

indicating the temperature of heating. Different colours are corresponding to different 

temperatures. This NDT method is based on the fact that at zone with delamination the 

thermal conductivity is reduced. With application of external heating the temperatures 

of the surface of the FRP material are increasing faster for delaminated zones in 

comparison with others. 

Evaluation of monitored images of sandwich panel captured by infrared camera shows 

that up to storey drift of 5mm no delamination has occurred between steel plate and 

composite laminates {Figure 5.35}. 

Figure 5.35: Scheme of sandwich panel's image captured by infrared camera at storey 
driftof5mm 

At the nominal drift index of 1% during cycles #19 to #21 a distinct tension field with 

maximum base shear of 211.25 kN was gained in specimen. During the amplitude of 15 

mm the first sign of debonding between steel plate and GFRP plies was detected by 

infrared camera. The damaged area was located at the top of the sandwich panel {Figure 
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5.36}. A maximum storey shear of 249.57 kN was achieved for cycles #22 and 23 

corresponding to 15 mm storey drift. 

~ ~nduced defect 

Figure 5.36: Location of debonding of GFRP ply and steel plate 

At the nominal drift index of 2% first sign of yielding was noted at the bottom of the 

columns. Outer flange of right column reached yielding level during cycle #24 and 

subsequent ly outer flange of left column started to yield during cycle #25 once base 

shea r reached 271.89 kN . During cycles #24 and #25 the delamination which was 

captured by infrared camera during cycles #22 and #23 became visible. 

During cycles #26 and #27 corresponding to storey drift of 25 mm plastic hinges 

developed at the bottom of the columns (Figure 5.37) and a maximum base shear of 

274.79 kN was ga ined. Formation of plastic hinges at the bottom of columns caused an 

increase for vertica l component of diagonal tension field. This component applies 

tension load in perpendicular direction of glass plies orientation. This type of loading 

causes fai lure of the matrix and fibre-matrix interface. As a result the GFRP laminates 

start to tear in para"el strips. 
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Figure 5.37: Formation of plastic hinge at the bottom of the column 

The state of specimen at storey drift of 25 mm is depicted in Figure 5.38. The out-of

plane deformation of composite panel for WiGi specimen is significantly less than the 

out-of-plane deformation of steel plate for Wi specimen at the same level of storey 

drift. 

Figure 5.38: Sate of GFRP-sandwich panel W1Gl at the storey drift of 25mm 

During cycles #28 and #29 plastic hinges formed at storey levels of columns. A maximum 

shear load of 263.24 kN was gained corresponding to nominal drift index of 3%. During 

cycle #29 entire GFRP laminates were delaminated in both sides of steel plate. However, 

due to clamping of plies between fish plates, the glass fibres still were able to carry the 

applied load in tension. Testing of WiGl specimen was terminated once the plastic 

hinges were fully developed at both ends of the columns during cycle #29. The state of 

composite panel during cycle #29 is shown in Figure 5.39. ' 
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Figure 5.39: Sate of composite panel for WlGl specimen during cycle #29Load
displacement behaviour of WlGI specimen 

The hysteresis behaviour curves for W1G1 specimen during the quasi-static test is 

shown in Figure 5.40. As shown in this figure the hysteresis curves are relatively stable 

and robust. A maximum base shear of 275.24 kN corresponding to storey drift of 30 mm 

was achieved prior to termination of the test. 
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Figure 5.40: Testing results for hysteresis behaviour of WIGI specimen 

The sandwich panel began to buckle first at approximately 105 kN corresponding to a 3 

mm displacement. The initiation of delamination between steel plate and GFRP plies 

was detected by infrared camera at displacement of 15 mm and then was visible at 

storey drift of 20 mm. Tearing of GFRP laminates occurred during cycles #24 to #29 in 

parallel strips. The tearing paths were in the matrix of laminates and were accelerated 

once plastic hinges formed at bottom and subsequently at the top part of the columns. 

Figure 5.41 illustrates strips of composite plies after termination of the test. 
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Figure 5.41: Tearing of GFRP plies along the fibres orientation in W1G1 specimen 

The inclination angle of the tension field in sandwich panel was obtained by measuring 

the angle at the crest of the buckle waves (relative to the vertical). As the specimen 

became unsymmetrical, the average measurement of the inclination angle in both 

direction of loading is reported (Figure 5.42). The measured orientation of the tension 

field at the nominal drift indices of 0.25%, 0.5% and 1% were in the range from 39° to 

45°. 

Figure 5.42: Tension field orientation in the sandwich panel for W1G1 specimen 

5.5.2. Test results and discussion of W1G2 specimen 

Sandwich panel W1G2 contained steel plate type I and one layer of GFRP plies on both 

sides of the steel plate. The plies were laid down in the 45 degree relative to the 
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horizontal direction [-45/SP/-45] . This caused during pushing the specimen by screw jack 

GFRP plies on the both sides of steel plate are under the tensile load. This configuration 

was set up to study the effect of compressive strength of GFRP plies on the behaviour of 

steel plate. To keep symmetrical out-of-plane deformation of steel plate composite 

laminates were introduced to both side of the steel plate. Total thickness of sandwich 

panel was 1.275 mm for this specimen. Figure S.43-a shows test set up and 

corresponding instrumentation for W1G2 before loading of the specimen. According to 

the preliminary finite element analysis for WIG2 specimen approximately a maximum 

load of 320 kN and 250 kN is required for pushing and pulling of the specimen 

respectively. The preliminary FEA results are depicted in Figure 5.43-b. 
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Figure 5.43: (a) Test set up and, (b) Preliminary finite element analysis results for 
W1G2 specimen 

5.5.2.1. Behaviour of W1G2 specimen during the test 

WIG2 specimen behaved differently during applying the positive and negative 

displacement load at storey level. This is mainly due to specific configuration of 

sandwich panel. During the cycles #1 to #9 the response of specimen is non linear for 

positive displacement. However, its response was linear for negative displacements. This 

response of specimen is depicted in Figure 5.44 during cycle #8. Maximum base shears 

reached +50.07/-48.02 kN corresponding to storey drift of ±1.2 mm. 
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Figure 5.44: Different behaviour of W1G2 specimen for positive and negative storey 
drift of 1.2 mm during cycle #8 

During first nine cycles no visual sign of steel plate buckling was observed. During cycles 

#10 to #12 the specimen start to exhibit non-linear behaviour for negative 

displacements as well. Minor elastic buckling was observed in cycle # 11. During cycles 

#10 to #12 the base shear reached +95.4/-87.04 kN corresponding to storey drift of ±2.5 

mm. During cycles #13 to #15 for positive displacements the formation of diagonal 

tension field and elastic buckling of sandwich panel was more visible than during 

negative displacements of specimen (Figure 5.45). A maximum base shear of +132/-

115.67 kN corresponding to nominal drift index of ±3.5% was achieved during these 

cycles. 

( a ) (b) 

Figure 5.45: Formation of diagonal tension field and elastic buckling of W1G2 
specimen during cycle #14 corresponding to storey drift of (a) +2.5 mm (b) -2.5 mm 

Considerable elastic buckling was observed during cycles #16 to #18 corresponding to 

storey drift of 5 mm. During these cycles popping noises were heard when the specimen 

passed through its initial position mainly in negative amplitude area. Maximum base 
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shear reached 171.43 kN and -149.6 kN related to storey drift of +5 mm and -5mm, 

respectively. Study of images captured by infrared thermal camera proves that up to 

nominal drift index of 0.5% no delamination has occurred between steel plate and GFRP 

plies. Figure 5.46 shows the infrared thermal image of W1G2 at storey drift of 5mm. 

Figure 5.46: Infrared thermal image of sandwich panel W1G2 specimen during 
cycle #18 

During cycles #19 to #21 corresponding to nominal drift index of ±l% maximum base 

shear of +266.12/-205.18 was attained. The first sign of damage between steel plate and 

GFRP plies was capture by infrared thermal camera at the storey drift of 15 mm during 

cycles #22 and #23 and maximum base shear of +308.45/-229.63 kN .The location of 

delamination is shown in Figure 5.47. During cycle #23 white paint flaking was observed 

at the bottom of the left side column and first sign of yield was noted at outer flange of 

column. 

" induoed defeat 

Figure 5.47: location of delamination between steel plate and GFRP plies W1G2 
specimen during cycle # 23 
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During cycles #24 and #25 plastic hinges developed at bottom part of both columns. 

Maximum base shear of +311.58/-239.68 kN was reached corresponding to storey drift 

of ±20 mm. During cycle #24 GFRP plies started to rupture at the position that within 

previous amplitude was captured by infrared thermal camera. It is worth mentioning 

that the tearing of fibres occurred prior to delamination between steel plate and GFRP 

plies. Tearing of the laminate in direction perpendicular to ply orientation initially 

started during the first quarter of cycle #24. During the third quarter of cycle #24, when 

the specimen was moved from its initial position to -20 mm storey drift tearing of 

laminate occurred in the matrix of laminate along the plies 45° orientation. Figure 5.48 

shows the initiation of tearing of GFRP ply during cycle #24. During the following cycles 

tearing of laminates mainly was developed within the matrix area than tearing of GFRP 

plies. 

Figure 5.48: Initiation of tearing of GFRP ply in both 

During cycle #26 a plastic hinge was noted at the right end of the beam (Figure 5.49). In 

the mean time cracks in matrix area propagated and subsequently delamination of GFRP 

plies were developed within the entire steel plate. 
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Figure 5.49: Formation of plastic hinges at the end of beam 

The test was term inated due to formation of plastic hinges at the bottom of the columns 

and end of t he beam during cycle #26. Maximum base shear reached +288.37/-224.93 

kN corresponding to storey drift of ±25 mm prior to termination of the test. 

5.5.2.2. load-displacement behaviour of W1G2 specimen 

Hysteresis curves for cycl ic response of W1G2 during the quasi-static test are depicted in 

Figure 5.50. Non-symmetrical behaviour of specimen is due to unbalanced lay-up of 

GFRP plies for construct ion of sandwich panel. Maximum base shear reached 311.58 kN 

corresponding to 20 mm storey drift whilst it was -239.68 kN at storey drift of -5 mm. 
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Figure 5.50: Hysteresis behaviour of W1G2 during the quasi-static test 
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Diagonal tension field and elastic buckling of sandwich panel first was noted in fibre 

orientation of sandwich panel during cycle #13 and then in the non-fibred direction of 

panel during cycle #15. The average inclination angle measured for nominal drift index 

of 0.25%, 0.5% and 1% in both loading directions varies in range 4r to 4r and 400 to 

450 for reinforced and non-reinforced direction of sandwich panel. Figure 5.51 illustrates 

the measured inclination angles for both reinforced and non-reinforced direction of 

sandwich panel. 

(a) (b) 

Figure 5.51: Variation of inclination angle between (a) reinforced direction and (b) 
non-reinforced direction of sandwich panel for W1G2 specimen 

Formation of plastic hinges was noted at storey drift of 20 mm when the specimen was 

loaded in ply direction. By reversing the load direction at 20 mm displacement plateau 

the laminates start to tear through the matrix zone (Figure 5.52). 

Figure 5.52: Tearing of GFRP plies due to stretching of the steel plate in direction 
perpendicular to fibres for W1G2 
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The test was terminated due to development of plastic hinges at the column bottom 

and end of beam at nominal drift index of 2.5%. 

5.5.3. Test results and discussion of W1G3 specimen 

W1G3 specimen was designed based on the response of W1G1 and W1G2 specimens 

and corresponding test results. Two main goals were considered for design of GFRP lay

up to inhibit teari ng in matrix area and to prevent premature damage of boundary 

members using symmetrical design of sandwich panel. Two layers of plies were laid 

down on both sides of steel plate in ±45°. Sandwich panel was 1.875 mm thick with 

configuration of [+45/-45/ P/-45/+45]. Figure 5.53-a shows general test set up view for 

W1G3 specimen. Preliminary FE monotonic analysis of specimen estimates a maximum 

330 kN of load requirement for driving the loading point to target displacement of 25 

mm. Results for this analysis are given in Figure 5.53-b. 
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Figure 5.53: (a) Test set up and, (b) Preliminary finite element analysis results for 
W1G3 specimen 

5.5.3.1. Behaviour of W1G3 specimen during the test 

The response of specimen during the fi rst nine cycles up to nominal drift index of 0.12% 

is linear (Figure 5.54). During these nine cycles there is no visual sign of sandwich panel 
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buckling. A maximum base shear reached 59.56 kN during cycle #9. During cycles #10 to 

#12 formation of diagonal tension field was noted. A maximum base shear reached 

108.89 kN corresponding to 2.5 mm storey displacement. The first cycle that elastic 

buckling observed was cycle #13. During cycles #13 to #15 the base shear reached 

143.05 kN corresponding to nominal drift index of 0.35%. 
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Figure 5.54: Linear behaviour of W1G3 up to storey drift of 1.2 mm 

Buckling of sandwich panel was more visible during cycles #16 to #18. A very low 

popping noise of the plate was noticed when the cycle #18 was complete. A maximum 

shear load of 179.79 kN corresponding to storey drift of 5 mm. The plate popping noises 

were strong during cycles # 19 to #21. However, out-of-plane deformation of sandwich 

panel was not noticeable. A maximum base shear of 267.24 kN was reached during 

these cycles corresponding to nominal drift index of 1%. Figure 5.55 shows the out-of

plane deformation of sandwich panel during cycle #21. 

Figure 5.55: The shape of sandwich panel W1G3 specimen during cycle #21 
(a) storey drift of +10 mm (b )initial position (c) storey drift of -10 mm 
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During applying the displacement amplitude of 15 mm the first sign of induced defect 

was detected by thermal imaging system. The location of induced defect during the 

cycle #23 is depicted in Figure 5.56 . A maximum base shear 312.37 kN reached during 

the cycles # 22 and #23. 

induaad defeat 

Figure 5.56: location of possible induced defect during story drift of 15 mm 

During the nominal drift index of 2% the first sign of yielding was noticed at bottom part 

of left column. During the first cycle of this amplitude, cycle #24, the GFRP laminates 

started to tear at the position that was captured by infrared thermal image during cycle 

#23. During cycle #24 the tearing of plies occurred on the other side of sandwich panel 

(Figure 5.57). A maximum base shear reached 324.66 kN during this amplitude. 

Figure 5.57: Tearing of GFRP plies at both sides of sandwich panels during cycles #24 
and #25 

During storey drift of 20 mm weld fracture occurred between both stiffeners and 

column connections during cycle #25 (Figure 5.58). 
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Figure 5.58: Weld fracture between stiffeners and column connections 

During cycles #26 and #27 corresponding to nominal drift index of 2.5%, plastic hinges 

were developed at both ends of the columns and beams. Deformed shape of sandwich 

panel and formation of plastic hinges in beam and columns are shown in Figure 5.59 at 

final stage of loading for WiG3 specimen. A maximum base shear reached 289.47 kN 

corresponding to storey drift of 25 mm. An investigation on weld connections at the end 

of this test indicated that except fracture in the weld between stiffeners and columns, 

other welds remained intact. 

(c) 

Figure 5.59: (a) State of sandwich panel during the final loading cycle and 
development of plastic hinges at the end part of (b) Beam and (c) Columns 
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5.5.3.2. load-displacement behaviour of W1G3 specimen 

The hysteresis response of W1G3 specimen during quasi-static test is relatively stable 

and symmetric (Figure 5.60). Maximum base shear was reached 324.66 kN 

corresponding to nominal drift index of 2%. Considerable elastic buckling of sandwich 

panel and development of diagonal tension field within the panel was noticed at storey 

drift level of 5 mm. Up to storey drift of 15 mm no degradation of maximum base shear 

was observed. Once the GFRP plies started tearing during cycle #24, degradation of 

maximum shear capacity of specimen was observed. 
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Figure 5.60: Testing results for hysteresis behaviour of W1G3 specimen 

The inclination angle of the tension field was recorded as the load was applied in each 

direction and the average reported as the tension field orientation. The measured 

orientation of the tension field at nominal drift indices of 0.25%, 0.5% and 1% were in 

the range from 42° to 48° for W1G3 specimen. Figure 5.61 illustrates the inclination 

angle orientations as the load was applied in each direction. 
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Figure 5.61: The orientation of inclination angles for W1G3 specimen as the load is 
applied in each direction 

During this test, neither delamination between laminates and steel plate nor between 

GFRP layers was observed prior to rupturing of GFRP fibres. Figure 5.62 shows the state 

of sandwich panel during the last cycle of the test. 

Figure 5.62: Tearing of GFRP plies at nominal drift index level of 2.5% for 
W1G3 specimen 

This test was terminated due to development of plastic hinges at the end part of 

columns and beams during the last cycle. 
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5.5.4. Finite element analysis results for WiGi, WiG2 and WiG3 specimens 

The response of sandwich specimens during the test program was simulated using 

ABAQUS software. A perfect bond was assumed between GFRP laminates as well as 

between steel plate and GFRP laminate. Failure of GFRP material in FE model is 

considered using the Hashin failure criteria in ABAQUS software. When the failure 

criteria are met in an element, the element is removed from the model and 

subsequently the element stiffness is omitted in the following steps. Orthotropic elastic 

behaviour is defined by introducing elastic coefficients (Ell, E22, G12 and un) in a local 

coordinate system. 

Figure 5.63, Figure 5.64 and Figure 5.65 show the load-displacement diagram of the 

WiGi, WiG2 and WiG3 specimens obtained from the envelope of the hysteresis curves 

attained from cyclic explicit FE analysis and the quasi-static test results. Based on Figure 

5.63, Figure 5.64 and Figure 5.65, it is shown that FE models provide adequately 

reasonable estimation of the stiffness and maximum base shear capacity of the 

specimens. However, the test and FE results are matching up to maximum load where 

delamination and tearing of GFRP plies are extended. 
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Figure 5.63: Comparison between envelop curves for hysteresis behaviour of FE and 
test results for WIGl specimen 
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Gradually increasing difference was noted between the test and FE results for WiGi 

specimen due to early rupture of laminates within the matrix zone. 
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Figure 5.64: Comparison between envelop curves for hysteresis behaviour of FE and 
test results for WIG2 specimen 
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Figure 5.65: Comparison between envelop curves for hysteresis behaviour of FE and 
test results for WIG3 specimen 

Page 194 



CHAPTER 5: SEISMIC BEHAVIOUR OF SPSW SYSTEMS WITHOUT CUT- OUTS 

Degradation of hysteresis loops is visible for composite specimens. However diagonal 

tension field actions are more robust for WiG2 and WiG3 specimen. This was due to 

alignment of GFRP ply direction with steel plate diagonal tension fields. Formation of 

very strong tension fields resulted in an excellent base shear of 324.7 kN for WiG3 

specimen at relatively small amplitude of displacement. Hysteresis diagrams are stable 

for WiGi specimen even after delamination of GFRP plies. This is due to sufficient 

clamping of the fibres by main and secondary fish plates. This phenomenon is more 

visible during the last couple of cycles of hysteresis loops for WiG3 specimen. Figure 

5.66 shows monotonic test results for WiGi, WiG and WiG3 in comparison with Wi 

specimen. The maximum base shears increase by 9% for WiGi specimen and by 30% for 

WiG2 and WiG3 in comparison with Wi specimen. This graph indicates reduction of 

ductility for the WiGi, WiG2 and WiG3 specimens. However, an investigation of these 

two specimens reveals that termination of both tests occurred due to formation of 

plastiC hinges at the end of boundary members. 

One of the reasons for using GFRP laminates for strengthening of steel plate is the 

possibility of increasing the functionality of beam element against the action of diagonal 

tension field. 
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Figure 5.66: Monotonic test results for W1, W1G1, WIG2 and W1G3 specimens 
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5.6. Summary 

The main focus of this chapter was evaluation of the quasi-static test results for frame

only specimen (specimen F), steel plate shear walls with two different thicknesses of 

steel plate (specimens Wl and W2) and finally GFRP-steel sandwich shear wall with 

different lay-up for GFRP plies (specimen WlGl, WlG2 and WlG3). Preliminary Finite 

element analysis was used for estimating the maximum shear load in each test. In-plane 

storey drift and state of stresses were monitored and recorded for all specimens during 

the test. Inclination angles of diagonal tension field action in the shear panels were 

measured at different nominal drift indices. Infrared thermal camera was used to detect 

delamination between GFRP plies and steel plate and also any delamination of GFRP 

layers from each other. 

GFRP plies were laminated on both sides of steel plate using bagging techniques. No 

additional adhesive was used for bonding of GFRP layers. Sandwich panels were 

designed using different GFRP lay-up. The response of GSSW specimens during the test 

was dominated by number of layers and orientation of GFRP plies. Inclination angles, 

shear capacity and state of stresses were monitored and recorded for sandwich 

specimen to study the function of GFRP plies in sandwich specimens. 

Finite element analysis of monotonic push over and hysteresis analysis of all specimens 

were done using ABAQUS software. Good agreement between test and FE results 

indicates that FE method is able to estimate design characterise for SPSW specimens 

and GFRP-steel sandwich shear walls. 

The FE model is able to simulate accurately the out-of-plane response of shear panels in 

terms of the magnitude of maximum buckling deformations and number of waves 

within the shear panel. 
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SYSTEMS WITH CUT-OUTS 

EXPERIMENTAL AND NUMERICAL STUDY 

6.1. Introduction 

In general buildings, the doors, windows and lift entrances are sometimes located in the 

shear walls. In such cases by introducing large size cut-outs within the steel plate span 

for SPSW, the capacity of lateral load reSisting system could be reduced. Using coupled 

wall system or stiffening of the shear panels are two alternatives for enhancing the 

system performance against lateral loads. 

The AISC seismic provisions state that a cut-out should be strengthened at edges by 

steel stiffeners to neutralize disruption of tension field continuity and minimize stress 

concentration and edge buckling. It also allows other forms of cut-outs that can be 

justified by testing or analysis (AISC, 2005). Furthermore, AISC design guide 20 provides 

a discussion on design of perforated steel plate shear walls where steel boundary 

elements are analyzed and designed for inclined yielding stresses of the adjacent plate 

(AISC, 2007). 

Chapter 5 described the test set-up, loading procedure and experimental results, as well 

as FE model and analysis for specimens without cut-outs within the steel plate. In this 

chapter the effect of cut-outs on the maximum loading capacity and the lateral stiffness 

of SPSW systems are investigated. A 300mm diameter cut-out was created at the centre 

of the steel plate type I and II. The specifications of boundary members are similar to 

those reported in chapter 5. The main focus of this chapter is in-plane stiffness of the 

system at the load level for which drift control is often a major design consideration. 

Two different methods were employed for restoring the perforated specimens' 

characters to those without cut-outs. Having in mind that laminating FRP plies is easier 

and faster than welding steel stiffeners especially for thinner steel plates, GFRP plies 
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were used for strengthening of infill panel type I. The specimen with steel plate type II 

was strengthened by optimal designed steel stiffeners. 

Table 6.1: Loading amplitudes used for quasi-static test of W10, W20, W10G and 
W20S specimens in accordance with ATC-24 protocol 

Nominal Nominal Number of 
Specimen Test Cycle 

Drift Index Displacement (mm) Input Cycles 

All specimens 
. 

1,2,3 0.04% 0.4 3 

All specimens 4,5,6 0.08% 0.8 3 

All specimens 7,8,9 0.12% 1.2 3 

All specimens 10,11,12 0.25% 2.5 3 

All specimens 13,14,15 0.35% 3.5 3 

All specimens 16,17,18 0.5% 5 3 

All specimens 19,20,21 1% 10 3 

All specimens 22,23 1.5% 15 2 

All specimens 24,25 2% 20 2 

All specimens 26,27 2.5% 25 2 

All specimens 28,29 3% 30 2 

W20, W20S 30 3% 35 1 

W10 30,31 3.5% 35 2 

• All specimens with cut-outs 

6.2. Test results and behaviour of WIO specimen during the test 

WID specimen was constructed using steel plate type I and bolt connections between 

steel plate and fish plates. General view and test set up for this specimen is shown in 

Figure 6.I-a. The cyclic displacement loads with gradually increasing amplitudes were 

applied to the specimen in accordance with ATC-24 protocol. Based on preliminary load

displacement finite element analysis a maximum load of 250 kN is expected for running 

of this test (Figure 6.I-b). 
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Figure 6.1: (a) Test set up and, (b) Preliminary finite element analysis results for 
Wl0 specimen 

The specimen exhibited non-linear behaviour even at early stage of the loading. During 

first 6 cycles up to nominal drift index of 0.8% no buckling of steel plate and plate 

popping noises were observed. A maximum base shear of 23.89 kN was achieved during 

cycle #6. A very low volume plate popping noise was noted when specimen passed 

through its initial position during cycle #7 corresponding to storey drift of 1.2 mm. A 

maximum base shear of 31.76 kN reached during cycles #7 to #9. The first sign of visible 

buckling in the steel plate was observed during cycles #10 to #12 and the maximum base 

shear reached 67.57 kN corresponding to nominal drift index of 2.5%. A permanent 

deformation was observed within the steel plate during cycles #13 to #15 with base 

shear of 88.68 kN corresponding to nominal drift index of 3.5%. The occurrence of 

premature deformation in the steel plate was mainly due to creation of cut-out in the 

steel plate. Existence of cut-out precludes proper distribution of diagonal tension field 

during the post buckling behaviour of steel plate. During the 5 mm amplitude, the plate 

popping noises were noted for all three cycles #16 to #18. These events occurred once 

specimen passed through its -2 mm displacement history instead of its initial position. 

The delay of buckling sounds was mainly due to permanent deformation of steel plate. A 

maximum base shear of 115.62 kN was achieved during cycle #18. The white paint 

around the cut-out started to flack when the amplitude of displacement reached 10 mm 

during cycles #19 to #21. A maximum base shear reached 165.5 kN during this 

amplitude. 
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The yield of steel plate was noticed during cycle #22 corresponding to storey drift of 

15mm and maximum base shear of 195.09 kN. The yield of steel plate was more 

developed during cycle #23. Figure 6.2-a and Figure 6.2-b shows experimental and the 

results from FEA for deformation of steel plate and von Mises stresses distribution 

during the cycle #23 for W10 specimen. 

(a ) (b) 

Figure 6.2: (a) Deformation of steel plate, (b) FE results for von Mises stress 
distribution for WIO during cycle #23 

During cycles #24 and #25 local buckling at steel plate to fish plate connection area was 

observed at the top and bottom of the columns (Figure 6.3). A maximum base shear 

reached 209.91 kN corresponding to storey drift of 20 mm. 

Figure 6.3: Occurrence of local buckling in the steel plate and fish plate 
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An investigation of all connections shows that no fracture occurred in the connections 

up to cycles #26 and #27 corresponding to displacement amplitude of 25 mm. However, 

the first sign of yielding at the bottom part of left column was noticed during cycle #27 

at a maximum base shear of 219.96 kN. 

Plastic hinges were developed at the bottom of right column and top ends of columns 

during cycles #28 and #29 corresponding to nominal drift of 30 mm. A maximum storey 

shear reached 225.31 kN for this displacement amplitude. During cycle #28 a strong 

sound was noted which was related to weld fracture between left column and base 

plate connection. The same fracture was noted for right column during cycle #30 

corresponding to nominal drift index of 3.5% (Figure 6.4). 

The test was terminated during cycle #31 due to development of plastic hinges at both 

ends of columns and fracture of both weld connections between columns and base plate 

joints. A maximum storey shear was reached of 222.67 kN before termination of this 

test. 

(a) (b) 

Figure 6.4: Weld fracture between column and connection plate during storey drift of 
(a) 30 mm for left column, (b) 35 mm for right column 

The relation between storey shear and storey drift recorded during the quasi-static test 

for W10 specimen is shown in Figure 6.5. 
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Figure 6.5: Hysteresis behaviour of WIO specimen during the quasi-static test 

Finite element analysis was also conducted for WiD specimen using ABAQUS software. 

A good agreement was achieved between test and finite element results such as 

maximum shear load for different storey drifts, out-of-plane deformation of steel plate, 

stress distribution in boundary members and steel plate. Figure 6.6 shows a comparison 

between the cyclic quasi-static test and envelope of the hysteresis curves attained from 

cyclic explicit finite element analysis results. This figure indicates the ability of FE model 

to capture the ultimate load capacity of specimen during each cycle. 
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Figure 6.6: Comparison between cyclic test results and envelope of FE hysteretic 
analysis for WIO specimen 
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6.3. Test results and behaviour of W20 specimen 

The W20 specimen is constructed using steel plate type II. General view of test set up 

and prelim inary results for push over finite element analysis results are depicted in 

Figure 6.7. Based on the results shown in this graph, the maximum estimated shear load 

is predicted to be approximately 270 kN. 
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Figure 6.7: Test set up and preliminary FE analysis results for W20 

The response of specimen up to nominal drift index of 0.12% was linear. A maximum 

base shear of 15.62kN, 30.75 kN and 45.55 kN was reached for storey drift of 0.4 mm, 

0.8 mm and 1.2 mm, respectively. During these nine cycles no visual sign of steel plate 

buckling and white paint fleking was observed. During cycles #10 to #12 corresponding 

to storey drift of 2.5 mm the formation of diagonal tension field was noted within the 

steel plate and storey base shear reached 80.35 kN. 

The fi rst cycle that followed elastic buckling within the steel plate was #13. During cycles 

#13 to #15 the base shear reached 99.34 kN corressponding to nominal drift index of 

0.35%. Du ring t hese three cycles very weak plate popping noises were heard as the 

specimen passed through its initia l position. A 20 mm permanent buckling deformation 

was recorded in the steel plate when storey drift of 5 mm was applied to specimen 

during cycles #16 to #18. Th is permanent buckling is mainly due to existe of cut-out in 

the steel plates which precl udes proper formation and distribution of diagonal tension 
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field within the steel plate. In other words existe of cut-outs prevents self adjustment of 

the steel plate during post buckling behaviour of specimen. A maximum base shear of 

121.43 kN was reached during these three cycles. The existing buckling waves in both 

directions of the steel plate were combined during cycles #19 to #21 corresponding to 

nominal drift index of 1% and base shear of 183.91 kN. However, the magnitude of 

permanent deformation of steel plate was increased to 26 mm during these cycles 

(Figure 6.8). It is worth mentioning that once the permanent buckling deformation 

occurred in the steel plate, it remained at the same side of specimen by the end stage of 

the test. 

Visible stretching of steel plate was observed during cycles #22 and #23 corresponding 

to storey drift of 15 mm. A maximum base shear of 19.73 kN was reached during this 

amplitude. Local buckling of the steel plate between the bolt connection at the top and 

bottom of columns was observed during cycles #22 and #23. This is mainly due to stress 

concentration at this region of the steel plate. 

Figure 6.8: Permanent deformation of steel plate initially started at 5 mm story drift 

During cycles #24 and #25 corresponding to nominal drift index of 2% considerable 

buckling deformation occurred in the steel plate and a maximum base shear of 237.17 

kN was achieved during this amplitude. During cycle #2S a maximum out-of-plane 

buckling deformation of S4 mm was recorded in the steel plate. Figure 6.9 indicates 

measurements for out-of-plane deformation of steel plate during cycle #25. 
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Figure 6.9: Noticeable out-of-plane buckling deformation of steel plate during 
cycle #25 for W20 specimen 

During cycles #26 and #27 corresponding to nominal drift index of 2.5% base shear 

reached 247.37 kN . loca l buckling and yielding of fish plates was observed at both ends 

of the columns. The first sign of yielding at the bottom of the left column was noticed 

during cycle #27. Figure 6.10 shows the buckling deformation of steel plate for cycle #25 

at sto rey displacement of +25 mm, 0 mm and -20 mm from left to right, respectively. 

Figure 6.10: Deformed shape of steel plate during cycle #24 at storey drift of +20 mm 
(left), initial position (middle) and -20 mm (right) 

Plastic hinges developed at both ends of the columns during cycles #28 and #29 

corresponding to storey drift of 30 mm. A maximum base shear reached 254.93 kN 

during this amplitude. Weld fracture between column and connection plate was noticed 

during cycle #29. The cycle #30 corresponding to nominal drift index of 3.5% was the last 

cycle applied to the specimen. A maximum base shear of 253.8 kN was achieved during 

the cycle. Massive yield in f ish plate, extending of weld fracture between column and 

connection plate and fi nally local buckling at flange at the bottom of column caused 

termination of test during cycle #30 (F igure 6.11). 
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Figure 6.11: State of column at the end of the test for W20 specimen 

The relation between storey shear and storey drift recorded during the quasi-static test 

for W20 specimen is depicted in Figure 6.12. 
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Figure 6.12: Hysteresis behaviour of W20 specimen during the quasi-static test 

Finite element analysis was also conducted for W20 using ABAQUS software. A good 

agreement was achieved between test and finite element results such as maximum 

shear load capacity of specimens for different storey drifts, out-of-plane deformation of 

steel plate, stress distribution in boundary members and steel plate. Figure 6.13 

compares the cyclic quasi-static load-displacement test results and envelope of the 

hysteresis curves attained from cyclic explicit finite element analysis. This figure shows 

the ability of FE model for capturing the ultimate load capacity of specimen during each 
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cycle . The capability of FE simulation for proper prediction of the steel plate buckling 

deformation is depicted in Figure 6.14. 
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Figure 6.13: Comparison between cyclic test results and envelope of FE hysteretic 
analysis for W20 specimen 

Figure 6.14: The state of W20 specimen for storey drift of 30 mm and corresponding 
results for finite element simulations 
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6.4. Test results and behaviour of Wl0G specimen 

Wl 0G is a sa ndwich specimen with 30 mm diameter cut-out in which the sandwich 

panel was made of steel plate and four layers of GFRP laminates. The sandwich panel of 

Wl0G was manufactured by laminating two layers of GFRP plies on each side of steel 

plate. This test configuration is designed based on the results from the test programme 

conducted on sa ndwich specimens in Chapter 5. In other words the number of GFRP 

pl ies on each side of steel plate was selected based on the experience gained on 

sandwich panel without cut-out specimens. However, the fibres orientation of GFRP 

plies in sandwich panel was 60° (relative to horizontal axis). This decision was made 

based on test results obtained from Wl0 and W20 specimens to prevent stress 

concentrat ion on vertical boundary members. The idea was confirmed by finite element 

analysis of this specimen. General view of test set up and preliminary push over finite 

element results for Wl0 specimen are depicted in Figure 6.15. 
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Figure 6.15: Test set up and preliminary push over FE results for W10 specimen 

The response of specimen up to storey drift of 1.2 mm was linear. During cycles #1 to #9 

no visual sign of st eel plate buckling and white paint fleck in boundary members was 

observed. A maximum base shear of 45.13 kN was reached during these nine cycles. 

Non-linear behaviour of specimen started at storey adrift of 2.5 mm during cycles #10 to 

#12. A maximum base shear of 86.09 kN was reached during cycle #12. 
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The first cycle that followed elastic buckling in the steel plate was cycle #13. During 

cycles #13 to #15 the base shear reached 112.7 kN corresponding to nominal drift index 

of 0.35%. Considerable elastic buckling deformation was observed during cycles #16 to 

#18 corresponding to storey drift of 5 mm and maximum base shear of 145.23 kN. It is 

worth mentioning that up to cycle #18 no permanent deformation buckling was 

observed in sandwich panel. This result is mainly due to strengthening of the steel plate 

with GFRP plies. An investigation on buckling shape of sandwich panel shows that the 

buckling mode shape of sandwich panel was changed compared with steel plate mode 

shape (Figure 6.16-a). This restricted the out-of-plane deformation of the sandwich 

panel. The finite element analysis of this specimen captured this mode shape of buckling 

at storey drift of 5 mm (Figure 6.16-b). 

Figure 6.16: (a) Alteration of buckling mode shape in sandwich panel, (b) Capturing of 
changing in buckling mode by FE model for W10G specimen 

At the nominal drift index of 1% the maximum base shear reached 221.72 kN during 

cycles #19 to #21. During cycle #21 infrared thermal camera captured an image around 

the cut-out that is indication for debonding of GFRP plies. This area is marked in Figure 

6.17. 
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Induced 
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Figure 6.17: The area that is indication for debonding failure of GFRP plies as result of 
infrared monitoring 

At the nominal drift index of 1.5% during cycles #22 and #23 crack was noted in GFRP 

plies at the position that had been monitored by thermal camera. These cracks 

appeared at an angle of 60°, in direction of GFRP fibres. Maximum base shear reached 

268.19 kN during this amplitude. 

Up to nominal drift index of 2% no fracture was noted in the connections. No buckling 

was observed in the fish plates. During the first cycle of 20 mm storey drift, the crack of 

GFRP laminates extended to the bottom of the cut-out (Figure 6.18) and maximum base 

shear reached 288.55 kN. During the second cycle of this amplitude the yield of left 

column was noted at the bottom end. 

During cycles #26 and #27 corresponding to nominal drift index of 2.5% plastic hinges 

were developed at both ends of the columns. A maximum base shear reached 288.31 kN 

during these cycles. Separation between steel plate and GFRP laminates was observed 

during cycle #27. Weld fracture between columns and connection plates was also 

noticed during cycle #27. During this cycle sign of yield was noted at both ends of the 

beam element. 
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Figure 6.18: Extension of tears in GFRP laminates 

During cycles #28 and #29 corresponding to nominal drift index of 3% plastic hinges 

formed at both ends of the beam (Figure 6.19-a). A maximum base shear reached 

264.18 kN during the last two cycles of the test. Once the test terminated, inspection of 

fish plates and their connections to boundary members revealed that no local buckling 

at connection area of fish plates and steel plate had occurred (Figure 6.19-b). This is 

because part of shear load had transferred from columns to beam element. 

(a) (b) 

Figure 6.19: (a) Formation of plastic hinges at the end of beam, (b) No buckling was 
noted at fish plates during the last cycle 
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The test was terminated due to development of plastic hinges at both ends of boundary 

members and extension of weld fracture between columns and connection plates. 

Figure 6.20 shows the state of deformed specimen during the last cycle of the loading. 

Figure 6.20: The state of WIOG specimen during the last cycle of loading 

The relation between storey shear and storey drift recorded during the quasi-static test 

for W10G specimen is depicted in Figure 6.21. 
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Figure 6.21: Hysteresis behaviour of WIOG specimen recorded during the 
quasi-static test 

Finite element analysis was also conducted for Wl0G using ABAQUS software. A good 

agreement was achieved between test and finite element results such as maximum 

shear load capacity of specimens for different storey drifts, out-of-plane deformation of 

steel plate, stress distribution in boundary members and steel plate. Figure 6.22 

compares load-displacement during the cyclic quasi-static test and envelope of the 
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hysteresis curves obtained from cyclic explicit finite element analysis. This figure 

indicates the ability of FE model for capturing the ultimate load capacity of specimen 

during each cycle. There is a reasonable agreement between test and finite element 

results. 
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Figure 6.22: Comparison between cyclic test results and envelope of FE hysteretic 
analysis for WIOG specimen 

6.5. Test results and behaviour of W20S Specimen 

It is often economical to increase the compressive strength of a plate element by 

introducing longitudinal and/or transverse stiffeners. This method was applied for 

improving the compressive strength and out-of-plane buckling deformation of steel 

plate shear wall system with encased 300 mm diameter circular cut-out in the steel 

plate. Type II stee l plate is used for construction of W20S specimen. 

The steel plate could be effectively divided into the subpanels by individual 

arrangements of flat stiffeners in order to develop sufficient tension fields across the 

shear panel. Finite element analysis using the ABAQUS software was carried out to 

determine the optimal dimension of stiffeners. The study was focused on assumption 

for one-side flat stiffeners. In order to prevent stress transmission between stiffeners 

and boundary members, the span of stiffeners was just short of plate edges. Utilisation 

of appropriate stiffeners with sufficient flexural stiffness and low torsional rigidity, the 

overall buckling of steel plate transferred to local buckling of sub panels. Based on 

aforementioned criteria, two longitudinal and two transverse stiffeners with cross 
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section dimensions ts=3 mm and hs=50 mm were selected for W20S specimen. The 

general view of the specimen and preliminary push over finite element analysis results 

are depicted in Figure 6.23. The maximum estimated shear capacity of the specimen is 

about 320 kN. 
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Figure 6.23: (a) General view and stiffener arrangements (b) Preliminary finite element 
analysis results for W20S specimen 

The specimen had a significant initial stiffness and base shear during first three cycles 

reached 21.78 kN at 0.4 mm storey drift. The specimen exhibited non-linear behaviour 

even at early stage of the loading and the base shears were recorded as 37.37 kN and 

55.11 kN at storey drifts of 0.8 mm and 1.2 mm, respectively. This non-linearity could be 

due to complex geometry of infill panel and residual stresses introduced to the infill 

panel during welding of stiffeners to infill panel. During nomina l drift indices of 0.25% 

and 0.35% corresponding to cycles #10 to #12 and #13 to #15 the storey shear reached 

105.38 kN and 142.11 kN, respectively. Up to storey displacement of 3.5 mm no visual 

sign of infill panel and su b panel buckling was observed. 

During cycles #16 to #18 formations of diagonal tension field and minor buckling was 

noted in some of the sub panels. Figure 6.24-a and Figure 6.24-b illustrate position and 

inclination angles of diagonal tension field for sub panels during cycles #16 and #18, 

respectively. During these cycles base shear reached 178.29 kN corresponding to storey 

drift of 5 mm. 
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(a) (b ) 

Figure 6.24: Formation of buckling deformations in sub panels (a)During cycle #16 
within sub panels B, D, F, (b) During cycle #18 within sub panels B, D, F and H 

During cycles #19 to #21 corresponding to nominal drift index of 1% elastic buckling 

deformat ions was observed in all sub panels. Due to different aspect ratio of sub panels 

and different boundary conditions, the inclination angle of diagonal tension fields was 

varied in different sub panels. The first sign of yield in sub panels was noted in cycle #19 

and considerable yield in sub panels was observed in cycle #21. The yield of sub panels 

has also been confirmed by finite element analysis. Distribution of shear stresses for sub 

panels according to von Mises criterion and corresponding scale (MPa) is shown in 

Figure 6.25. A maximum base shear of 251.87 kN was achieved for storey drift of 10 mm. 

y 

sea.: Sou-s-, -! 
,"' .... fIIt 'O::u.: .c .. 'TI .. .. o.l..:J 
~ ....... ..,.v .. : s. l'l1I&e 

Figure 6.25: Counter plot of sub panels based on von Mises criteria at nominal 
drift index of 1% 
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A very weak plate popping noises was heard during cycles #22 and #23. This was due to 

buckling and post buckling behaviour in couple of sub panels. During cycle #23 a 5 mm 

weld crack was noted in welding of the left column and connection plate. A maximum 

base shear of 292.68 kN was achieved during cycles #22 and #23 corresponding to 

storey drift of 15 mm. 

During cycles #24 and #25 the first sign of yield was noted at bottom end of the right 

column. A maximum base shear of 314.89 kN was reached corresponding to nominal 

drift index of 2%. The weld fracture between right column and connection plate was 

extended to 25 mm during cycles #26 and #27 and the same fracture occurred for 

welding between left column and connection plate during cycle #27. A maximum base 

shear of 313.05 kN was reached corresponding to storey drift of 25 mm. The out-of

plane buckling deformation of sub panels still was negligible. Deformation of stiffeners 

around the cut-out was observed during the last cycle of this amplitude. Figure 6.26 

illustrates the state of infi" panel during cycle #27 for the storey drift of 25 mm. 

(a) (b) 

Figure 6.26: State of infill panel for storey drift of (a) +20 mm, (b) -20 mm for W20S 

During cycles #28 and #29 plastic hinges were developed at both ends of the columns 

and maximum base shear reached 308.69 kN, corresponding to storey drift of 30 mm. 

The weld fracture between columns and connection plates was extended to the whole 

length of the connection plates (Figure 6.27). 
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Figure 6.27: Weld fracture and formation of plastic hinges at end of the column 

During cycle #30 the decrease of shear capacity of specimen continued and maximum 

base shear was not exceeding 302.31 kN corresponding to nominal drift index of 3.5%. 

Deformation of stiffeners slightly increased during this cycle. However, none of them 

yielded to the end of test program. It is worth mentioning that even at final stage of test 

the buckling of steel plate was limited to sub panels and overall buckling of steel plate 

did not occurred. Figure 6.28 presents the buckling of sub panels after termination of 

the test program. 

Figure 6.28: Deformed shape of infill panel for W20S after termination of the test 
(overall buckling of steel plate is turned to local buckling of subpanels) 

The relation between storey shear and storey drift recorded during the quasi-static test 

for W20S specimen is depicted in Figure 6.29. The specimen exhibited highly ductile 

behaviour and the hysteresis curves were stable with significant capacity of energy 

dissipation. With all severe yielding in the columns and weld fracture in connection 

plates, the total base shear carried by the specimen was about 96% of its ultimate 

capacity. 
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Figure 6.29: Hysteresis behaviour of W20S recorded during the quasi-static test 

Good agreement was achieved between test and finite element analysis results such as 

maximum shear load capacity of specimens for different storey drifts, stress distribution 

within the infill panel and boundary members, local buckling deformation of sub panels 

and inclination angle of diagonal tension field of sub panels. Figure 6.30 illustrates a 

comparison between the cyclic quasi-static test and envelope of the hysteresis curves 

attained from cyclic explicit finite element analysis results. This figure indicates the 

ability of FE model for obtaining the ultimate load capacity of specimen during each 

cycle. Gradually increasing differences were noted between the test results and FE 

response once drift value increased beyond 2%. Thais was due to development of weld 

fractures in the connection plates. Considering that the size of these cracks increased 

with loading cycles, a gradual stiffness reduction was observed in the experimental 

results. The FE model did not simulate this degradation of stiffness behaviour. 
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Figure 6.30: Comparison between cyclic test results and envelope of FE hysteretic 
analysis for W20S specimen 
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6.6. Summary 

The main contribution of this chapter has been an experimental and numerical 

investigation into steel plate shear walls with cut-outs. Presence of cut-outs in SPSW 

systems prevents proper distribution of diagonal tension field within the steel plate. 

Ultimate shear capacity and stiffness of the SPSW system directly are affected by 

encasing of cut-outs within the steel plate. Stress concentration on boundary elements 

is another effect of cut-outs on behaviour of SPSW systems. Using thicker steel plate and 

strengthening of shear panel are two options for improving the system's behaviour. 

These two methods have been investigated by experimental and numerical analysis. 

The steel plate was strengthened using either uni directional GFRP laminated or flat 

steel stiffeners. The increase in initial stiffness, noticeable reduction in out-of-plane 

buckling of steel plate and significant increase in ultimate loading capacity of system are 

number of characteristics that have been improved during this chapter. UD-GFRP plies 

transferred part of diagonal tension field action to the beam element instead of the 

columns. As a result, the capacity of system was increased without increasing the 

flexural stiffness demand for columns. The well designed stiffeners changed the overall 

buckling of steel plate to local buckling in the sub panels. Noticeable increase in the load 

capacity and energy dissipation capacity was observed for this specimen. 
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7.1. Introduction 

7. DISCUSSION ON EXPERIMENTAL 

AND NUMERICAL RESULTS 

In Chapters 5 and 6 experimental and numerical results were presented for SPSW test 

specimens. A comparative study between tests and FE results revealed the capability of 

FE method for simulation of specimen behaviour. 

7.2. Effect of steel plate thickness on the behaviour of SPSW specimens 

The key performance indicator of the SPSW system is the relation between storey shear 

and storey displacement. Figure 7.1 illustrates the hysteresis behaviour of W1 and W2 

specimens recorded during the quasi-static test. The specimens were cyclically loaded 

with increasing displacement in accordance with ATC-24 protocol up to the magnitude 

shown in Table 5.2. A maximum storey drift of 35 mm was achieved for both specimens 

prior to termination of the tests. Overall hysteretic behaviour was robust and stable for 

W1 and W2 specimens. Degradation of hysteresis loops during the last cycles was more 

noticeable for W1 specimen than W2 specimen. 
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Figure 7.1: load-displacement behaviour of W1 and W2 specimens 
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The Wl and W2 specimens withstood maximum load of 250.4 kN and 280.5 kN, 

respectively. From the load-displacement diagram the stiffness of the specimens during 

the pre- and post-yielding phases were 26.9 kN/mm and 9.7 kN/mm for W1 specimens, 

respectively and 27.6 kN/mm and 10.8 kN/mm for W2 specimen, respectively. In other 

words the initial stiffness of specimens is not significantly affected by thickness of the 

steel plate. However, the change in stiffness is more noticeable in post yield phases for 

both specimens (Figure 7.2). 
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Figure 7.2: Comparison between envelopes of the cyclic quasi-static test 
results for W1 and W2 specimens 

The area bounded by the load-displacement hysteresis loops indicates the energy 

dissipated by the structure through hysteretic loops. Figure 7.3 indicates hysteretic 

energy dissipation for Wl and W2 specimens. A comparison between cumulative energy 

dissipation shows that the energy dissipation capacity of W2 is 11% more than Wl. 
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Figure 7.3: Hysteretic energy dissipation for WI and W2 specimens 
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7.3. Effects of cut-outs on the behaviour of test specimens 

In the present study the effects of cut-outs on seismic behaviour of SPSW systems were 

investigated. A 300 mm diameter cut-out was made in the steel plate of WI and W2 

specimens and labelled as WI0 and W20 specimens, respectively. Due to disruption of 

tension field continuity within the steel plate for these specimens it was necessary to 

study the effects of cut-outs on the behaviour of the SPSW system. During the testing of 

WIO and W20 specimens, excessive out-of-plane buckling deformations were noticed 

within the steel plates. 

The hysteresis behaviour of WIO and W20 specimens are presented in Figure 7.4. The 

hysteresis curves are stable and robust for both specimens. However, the overall shape 

of hysteresis loops have changed from spindle shape for specimens without cut outs 

(Wl and W2 specimens) to S-shaped for specimens with cut outs (WI0 and W20 

specimens). This is mainly due to disruption of tension field continuity within the steel 

plate. This phenomenon is more visible in hysteresis loops of WI0 specimen. Figure 7.4 

also indicates that degradation in stiffness for WI0 specimen is more than W20 

specimen. 
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Figure 7.4: Hysteretic curves for Wi and Wi0 specimens recorded during 
the quasi-static test program 

W20 

40 

The WI0 and W20 specimens withstood a total load level of 225.3 kN and 254.9 kN, 

respectively. In other words, the results show a 10% reduction in maximum shear load 

bearing capacity in WI0 and W20 specimens with respect to corresponding specimens 

without cut-outs. Figure 7.5 compares envelope of quasi-static cyclic test results for 
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Wl0 and W20 specimens with corresponding specimens without cut-outs in the steel 

plate. The reduction of initial stiffness and energy dissipation capacity can be seen in this 

figure for "with" and "without cut-out" specimens . Based on AISC design guide 20 (AISC, 

2007) frame members are required to be enough stiff to prevent the yield of boundary 

members prior to yield of the infill plate. This design criterion is the main reason for 

nonlinear relationship between thickness of the infill plate and corresponding ultimate 

shear load capacity of Wi and W2 specimens. 
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Figure 7.5: Comparison between envelopes of the quasi-static cyclic test results for 
specimens with/and without cut-outs 

The load-displacement diagrams show that the reduction in magnitude of pre-yielding 

stiffness for Wl0 specimen is more than the reduction for W20 specimen in comparison 

wit h corresponding specimens without cut-outs (14.4% for Wl0 and 12.3% for W20 

specimens). This phenomenon is more noticeable for post-yielding stiffness (22.7% and 

9.3% for Wl0 and W20 specimens, respectively) . Figure 7.6 illustrates the energy 

dissipation capacity in specimens with and without cut-outs. 
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Figure 7.6: Comparison between energy dissipation capacities for specimens 
with/and without cut-outs 

The energy dissipation capacity of W10 and W20 specimens has reduced by introducing 

of cut-outs. Based on energy dissipation diagram, the amount of these reductions up to 

cycle #29 corresponding to storey drift of 30 mm is 6% and 7% for W10 and W20 

specimens, respectively. 

7.4. Improving the Seismic behaviour of SPSW system using sandwich 

shear panels 

Steel plate shear wall is inherently a dual lateral resisting system. The strength and 

stiffness of boundary members and distribution of diagonal tension field in the shear 

panel as well as the interaction between boundary members and shear panel 

determines the performance of SPSW system against the lateral loads. In present study 

the specifications of boundary members remained unchanged in all tests. The main 

function of steel plate is development of tension field within the steel plate. GFRP 

material was used for improving the seismic performance of SPSW systems. By using the 

sandwich panels, the-out-of plane deformation buckling of shear panel was dramatically 

reduced in specimens with and without cut-outs. The sandwich panel reduced the 

demand of flexural stiffness for columns due to effective association of the beam 

element for sustaining the action of diagonal tension field. 
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7.4.1 GFRP-steel sandwich shear wall specimens without the cut-outs 

GSSW specimens were manufactured using two layers of GFRP laminates [O/SP/O] for 

WiGi specimen and [-45/SP/-45] for WiG2 specimen, and four layers of GFRP 

laminates [+45/-45/SP/-45/+45] for WiG3 specimen (sections 5.5. and 5.5.3). During the 

quasi-static loading a maximum base shear of 274.8 kN was achieved for W1Gl 

specimen corresponding to storey drift of 25 mm. The W1G3 specimen reached the 

maximum base shear of 324.7 kN at storey drift of 20 mm. Degradation of hysteresis 

loops are visible for both specimens. However diagonal tension field actions are more 

robust for W1G3 specimen. This was due to alignment of GFRP ply direction with steel 

plate diagonal tension fields. Formation of very strong tension fields resulted in an 

excellent base shear of 324.7 kN for W1G3 specimen at relatively small amplitude of 

displacement. Hysteresis diagrams are stable for W1Gl specimen even after 

delamination of GFRP plies. This is due to sufficient clamping of the fibres by main and 

secondary fish plates. This phenomenon is more visible during the last couple of cycles 

of hysteresis loops for W1G3 specimen. Figure 7.7 illustrates the cyclic performance of 

specimens during the test. 
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Figure 7.7: Hysteretic curves for W1Gl and W1G3 specimens recorded during the 
quasi-static test program 

35 

In order to investigate the effects of employing GFRP laminates on seismic 

characteristics of SPSW system, the envelope curves of hysteresis behaviour for Wi, W2, 
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W1G1, W1G2 and W1G3 specimens during the quasi-static tests are compared in Figure 

7.8. The maximum base shear is increased by 9% for W1G1 specimen, by 25% for W1G2 

specimen and by 30% for W1G3 in comparison with W1 specimen. 

The maximum base shear for WlGl is approximately equal to maximum base shear of 

W2 specimen. The maximum base shear is increased by 11% and 16% for W1G2 and 

W1G3 specimens respectively in comparison with maximum base shear for W2 

specimen. This graph indicates reduction of ductility for the W1G1 and WlG3 

specimens. However, an investigation of these two specimens reveals that termination 

of both tests occurred due to formation of plastic hinges at the end of boundary 

members. 
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Figure 7.8: Comparison between envelopes of the quasi-static test results for Wl, W2, 
W1Gl, W1G2 and WlG3 specimens 

The initial stiffness of lateral load resisting systems is the main characteristic for 

restricting the drift of structure during an earthquake and wind loading. Due to doubling 

the thickness of the infill plate, the initial stiffness magnitude for system 3.5 kN/mm has 

increased However, the initial stiffness magnitudes have increased by 10 kN/mm for 

WlGl and 33 kN/mm for W1G2 and 41.5 kN/mm for WlG3 in comparison with W2 

specimens. Figure 7.9 compares the initial stiffness of these specimens. 
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Figure 7.9: The effect of GFRP laminates on initial stiffness of specimens 

In order to evaluate the capability of strengthened specimens for dissipating of the 

energy the area bounded by load-displacement hysteresis curves are measured and 

compared for W1, W1G1 and W1G3 specimens in Figure 7.10. Due to high stiffness of 

the W1G3 specimen, the capacity of WiGi specimen for energy dissipating is lower than 

the capacity of Wi and WiGi specimens. This diagram also indicates the capability of 

WiGi specimen for energy dissipating is better than Wi specimen. Formation of plastic 

hinges in boundary members at storey drift of 30 mm reduced the ability of WiGi 

specimen for energy dissipation. 
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Figure 7.10: Comparative results for capability of specimens for energy dissipation 
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One of the reasons for employing GFRP laminates for improving the behaviour of SPSW 

systems is increasing the association of beam element for bearing the diagonal tension 

field action. Laminating the GFRP materials in the individual direction may practically 

implement this idea. To assess workability of this idea the vertical deflection of beam 

element was recorded by innovative sliding measurement system (section 4.8) during 

the test program (Figure 7.11). 
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Figure 7.11: Vertical deflection measurements for mid part of the beam 

The magnitude of beam deflections for WIGI and WIG3 specimens are greater than 

those in Wl specimen. In other words the association of beam element for sustaining 

the part of tension field effect within the steel plate has reduced columns' demand for 

flexural stiffness and strength at the same range of shear capacity for non-strengthened 

specimen. 

It is worth mentioning that local buckling deformations at fish plate to steel plate 

connections area were not observed for W1G1 and WlG3 specimens during the test. 

The out-of-pane buckling deformation was noticeably reduced for strengthened 

specimens in comparison with Wl specimen. 

7.4.2 GFRP-steel sandwich shear wall specimen with cut-out 

Introducing cut-outs within the steel plate disrupts the continuity of diagonal tension 

field actions. Stress concentration in boundary members and progressive out-of-plane 

deformation buckling occurs in specimens with cut-outs due to the lack of strong 

diagonal tension fields and its non-uniform distribution. The permanent deformation of 

Page 228 



CHAPTER 7: DISCUSSION ON EXPERIMENTAL AND NUMERICAL RESULTS 

steel plate at early stage of loading amplifies the reduction of ultimate shear capacity of 

the system. The effectiveness of utilising GFRP laminates for restricting the out-of-plane 

deformations and precluding the stress concentration in boundary members was 

observed for W1Gl and W1G3 specimens during the test program. All these results 

were considered for improving the performance of Wl0 specimen. However, for newly 

designed specimen, Wl0G, two layers of plies were laid down on both sides of steel 

plate at ±60° relative to horizontal axis. This stacking sequence resulted in an increase in 

the functionality of beam element to bear the action of diagonal tension field. 

The hysteresis curves for load-displacement behaviour of Wl0 and Wl0G specimens 

recorded during the quasi-static tests are depicted in Figure 7.12. The stable and robust 

loops are visible for both specimens. However, durability of diagonal tension fields for 

Wl0G specimen is significant and the degradation of specimen's stiffness in subsequent 

loops is lower in comparison with Wl0 specimen. 
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Figure 7.12: Hysteresis behaviour of W10 and W10G specimens during the test 

The ultimate shear load capacity of 225.3 kN was gained for Wl0 specimen at storey 

drift of 30mm while the Wl0G specimen reached its ultimate shear capacity of 288.3 kN 

at storey drift of 25mm. The envelope curve for hysteresis loops of Wl0 and Wl0G are 

depicted in Figure 7.13. The illustrated results indicate that the performance of Wl0 

specimen is extremely enhanced by laminating UD-GFRP plies on the perforated steel 

plate. Comparing the ultimate shear capacity of Wl0G specimen with Wl and Wl0 

specimens confirms an increase of 13.3% and 21.8% in shear load capacity, respectively. 
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In other words the ultimate shear capacity of GFRP-SPSW specimen with cut-out, 

W10G, is increased even beyond the capacity of original specimen without cut-out, W1. 
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Figure 7.13: Comparison between the envelopes of quasi-static test results for W10 
and W10G specimens 

The energy dissipat ion capacity of W10G specimen up to its ultimate capacity is greater 

than the energy diss ipation capacity of W10 specimen. It is because of high shear 

strength and robust diagonal tension field action for sandwich specimen. Figure 7.14 

compares the energy diss ipation capacity of these specimens during the quasi-static 

cyclic test . 
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Figure 7.14: Energy dissipating capacity for Wl0 and Wl0G specimens 

Having a close look at load-displacement graph indicates initial stiffness of 23.1 kN/mm 

and 29.0 kN/mm for W10 and W10G specimens, respectively (Figure 7.15). Applying 

GFRP laminates for strengthening of perforated steel plate has restored the initial 
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stiffness of specimen even above the original specimen stiffness without cut-out. This 

capability of specimen can effectively control the drift of structures during a lateral load 

event. This level of stiffness enables the specimen to restrict the out-of-plane 

deformation buckling of composite plate. It is worth mentioning that degradation of 

stiffness for pre- and post yielding stages for W10 (67.4%) is greater than W10G 

specimen (57.7%). 
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Figure 7.1S: The effect of GFRP laminates on initial stiffness of specimens 

One of the reasons for using GFRP laminates for strengthening of steel plate is the 

possibility of increasing the functionality of beam element against the action of diagonal 

tension field. The laminate orientation was ±60° (relative to horizontal axis) for further 

transformation of tension field action to the storey beam. The recorded results for 

deflection of the beam confirms occurrence of this phenomenon. As the boundary 

members' specification is similar for all specimens, a noticeable increase in the capacity 

of specimen prior to formation of plastic hinges in vertical boundary members was 

observed. This is due to further contribution of horizontal boundary member to sustain 

the applied shear loads. Figure 7.16 shows the deflection of beam element during the 

quasi-static cye/ic test program. 
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Figure 7.16: Vertical deflection measurements for mid part of the beam 

During the testing of W10G specimen the out-of-plan deformation of composite panel 

was not noticeable and local buckling at composite panel to fish plates connection areas 

was not observed. 

Figure 7.17 shows an interesting result about effectiveness of composite materials for 

enhancing the initial stiffness of perforated specimen. This figure indicates that the 

initial stiffness of the W10 specimen is decreased by 14.4% due to introduction of cut

out to W1 specimen. Two different methods can be used for compensating the stiffness 

reduction, either using a thicker plate (W20 specimen) or using composite material 

(W10G specimen). The results show that the initial stiffness is increased by 5% for W20 

specimen and 20.3% for W10G specimen both in comparisons with W10 specimen. This 

means that by laminating steel plate the initial stiffness of W10 specimen has been 

restored to more than the initial stiffness of specimen without cut-out (W1). 
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Figure 7.17: Comparative results for initial stiffness of Wl, Wl0, W20 and 
Wl0G specimens 

7.5. Improving the seismic behaviour of SPSW system with cut-outs using 

steel stiffeners 

In the present research application of GFRP laminates was suggested for strengthening 

of very t hin steel plates. However, for thicker steel plates utilising steel stiffeners is 

anot her effective opt ion for strengthening of the steel plates. By using the stiffeners the 

steel plate could be effectively divided into subpanels to develop tension fields across 

each of them. This method is used to improve the seismic performance of the W20 

specimen wherein cut-out is implemented within the steel plate type II (section 6.3). The 

optimal designed st iffeners provides enough in plane stiffness that prevents premature 

loca l buckling of st iffeners and also sufficient out-of-plane stiffness to preclude global 

buckling of steel plate prior to yielding of sub panels. longitudinal and transverse 

stiffeners are welded to steel plate Type " with cut-out (section 6.5). The hysteresis 

behaviou r of specimen with cut-out and stiffeners (W20S) are depicted in Figure 7.18. 

Hysteresis curves are extremely stable and robust for W20S specimen. Degradation of 

stiffness for subsequent cycles is negligible. The cumulative effects of diagonal tension 

f ie lds in t he sub panels for W20S specimen is greater than the effect of diagonal tension 

fiel d within the steel plate for W20 specimen. 
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Figure 7.18: The state of hysteresis curves for W20 and W20S specimens recorded 
during the quasi-static test program 

The envelopes of load-displacement hysteresis curves for W20 and W20S are presented 

in Figure 7.19. This figure indicates that the ultimate shear capacity of strengthened 

specimen (314.9 kN) has significantly increased in comparison with ultimate shear 

capacity of W20 specimen (254.9 kN). In other words an increase of 60 kN (19%) in 

ultimate shear capacity is achieved by using the stiffeners. 
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Figure 7.19: Comparison between the envelopes of quasi-static test results for W20 
and W20S specimens 

By using stiffeners the S-shaped hysteresis curves for W20 specimen is changed to 

spindle-shaped for hysteresis loops of W20S specimen. This shape alteration for 

hysteresis enables the strengthened specimen to dissipate more energy during the 

loading. Figure 7.20 gives the value of energy dissipating capacity for different cycles of 
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loading history and confirms the capability of strengthened specimen for energy 

dissipation. 
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Figure 7.20: Energy dissipating capacity for W20 and W20S specimens 

The initial stiffness of specimen was reduced from 27.7 kN/mm for W2 to 24.3 kN/mm 

for W20 specimen. Introducing the stif feners to W20 specimen upgraded the initial 

stiffness to 35.7 kN/mm. In other words in comparison with original specimen (W20) 

the initial stiffness of strengthened specimen (W20S) has increased by 22.4%. This 

magnitude of increment could be due to in plane stiffness introduced by the steel 

stiffeners to the system (Figure 7.21). 
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Figure 7.21: Alterat ion of initial stiffness for test specimen due to implementation of 
cut-out (W20) and introducing the stiffeners (W20S) 
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Figure 7.22 compares the results for beam element deflections recorded during the test 

program for W2, W20 and W20S specimens. It is expected that introduction of cut-outs 

to the steel plate causes reduction in deflection of beam element. In other words due to 

disruption in continuity of diagonal tension fields the shear capacity of specimen and 

deflection of beam element would be decreased. This phenomenon is clearly presented 

in Figure 7.22. However, deflection of beam element for W20S specimen is not 

increased while its ultimate shear capacity has increased up to 11% and 19% in 

comparison with ultimate shear capacity of W2 and W20 specimens, respectively. The 

reason is that a new interaction is formed between steel plate and steel stiffeners. 

Therefore, the demand of specimen for strength and stiffness of boundary members is 

reduced. As a result deflection of beam element did not increase. 
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Figure 7.22: Vertical deflection results for the mid part of beam element 

As already mentioned (section 6.5) at the end of test program the steel plate of W20S 

specimen was fully flat. No local buckling of connection areas between steel plate and 

fish plate was observed for this test. 

7.6. Finite element analysis of specimens 

The experimental investigations described in chapters 5 and 6 have contributed towards 

better understanding of the seismic behaviour of specimens under quasi-static loading. 

Discussions on test results are presented in previous sections of this chapter. As 

experimental programs were restricted by the number and size of the specimens a 

numerical approach was developed for simulating of test specimens. The approach 
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should enable accurate prediction of initial stiffness, post-yield stiffness and ultimate 

capacity of the system. Both push-over and hysteresis loading were simulated for all 

specimens using commercial non-linear finite element ABAQUS software. Finite element 

results were then validated by the experimental results. Good agreement was achieved 

between test results and FEA outcomes. The FE models were capable of capturing the 

initial stiffness, post yielding stiffness, ultimate shear load capacity, buckling mode of 

steel plate, inclination angle of diagonal tension field, and maximum in-plane principal 

stresses of steel plate. 

The FEA is reasonably able to capture the inclination angles for diagonal tension of steel 

plates. Figure 5.27 and Figure 5.28 illustrates the magnitudes of inclination angles 

measured from test specimens and captured by FE models for WI and W2 specimens 

respectively. These angles vary between 380 to 410 for W1 and W2 specimens. 

Distribution of the maximum in-plane principal stresses and corresponding angles are 

illustrated in Figure 5.24 for W1 and W2 specimens 

Comparative graphs are presented for envelopes of the load-displacement hysteresis 

curves, recorded during the quasi-static tests and obtained from FE analysis. The results 

are illustrated in Figures 5.63, Figure 5.64 and Figure 5.65 for GI, G2 and G3 specimens, 

respectively. Good agreements are obtained between test results and FE results for 

initial stiffness of specimens. The FE model is also capable of capturing the ultimate base 

shear for test specimens. This ability of model is presented for W10, W20, W10G and 

W20S specimens in Figures 6.6, 6.13,6.22 and Figure 6.30, respectively. 

Buckling deformation of shear panels are accurately simulated by FEA models for 

different specimens. Figure 6.14 illustrates buckling shape of shear panel at three stages 

of pulling, initial position and pushing for test and FE model of W20 specimen. The 

model is also able to simulate the change of buckling mode for sandwich panels. This 

phenomenon is depicted in Figure 6.16 for W1D specimen. 

The FE model is capable of capturing the effect of minor buckling in test specimens. 

W20S specimen experienced the first sign of buckling within the sup-panels B, D and F 

at storey drift of 5 mm. A contour plot of von Mises stresses shows the initiation of 
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these buckling deformations in sub-panels B, D and F. Figure 7.23 presents formation of 

minor buckling deformations and corresponding outcomes from FE model for W20S 

specimen. 

Figure 7.23: Initiation of minor buckling deformations within the sub-panels is 
captured by FE model for W20S specimen. 

The FEA and test results of vertical deflections of the mid part of the beam element of 

W20S specimen is compared in Figure 7.24. Excellent agreement is achieved between 

test and FE results. 
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Figure 7.24: Validation of FE results for the vertical deformation of W20S specimen at 
mid part of beam element 
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7.7. Summary 

In this chapter, experimental and finite element results of various SPSW are discussed in 

detail. Test results were used to understand the behaviour of WI and W2 specimens 

and to investigate the effects of cut-outs on seismic response of WIO and W20 

specimens. It was demonstrated that the behaviour of specimens are improved by using 

the GFRP laminates. The effectiveness of this approach was validated by experimental 

evidence. Using GFRP materials and steel stiffeners for improving the seismic response 

of the system with cut-outs were also discussed in this chapter. Ultimate shear load 

capacities, initial stiffness as well as the association of beam element for bearing the 

diagonal tension field action of shear panel were the parameters to monitor the 

effectiveness of two reinforcing methods. 

Finite element modelling of pushover and quasi-static tests demonstrated that the 

numerical simulation for different types of SPSW systems provides reliable and effective 

results. The models are capable of being used for analysis of pre- and post buckling 

behaviour of specimens, buckling deformation of shear panel, maximum in-plane 

principal stresses and corresponding angles, change of buckling mode and vertical 

deflection of beam elements. However, it is necessary to consider that the analytical 

results are limited in terms of modelling characteristics, since they do not consider the 

effect of residual stress and damage of the structure. 
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8.1. Introduction 

8. SUMMARY, CONCLUSIONS, 

AND RECOMMENDATIONS FOR 

FUTURE RESEARCH 

This chapter summarises the research work performed in the study for improving the 

seismic performance of SPSW systems with and without cut-outs. The research 

programme comprises both experimental and numerical study. The experiments 

investigated the behaviour of SPSW, the effect of cut-outs, the use of UD-GFRP materials 

to improve seismic performance of specimens with and without cut-outs. The optimal 

design of steel stiffeners was adapted in order to upgrade the specimen with cut-out to 

its original characteristics. 

8.2. Summary 

This thesis dealt with two main objectives. The first objective was improving the seismic 

performance of SPSW systems with and without cut-outs. The major concerns for this 

part were: 

• How to increase the initial stiffness and the ultimate shear-load capacity of the 

system. 

• How to reduce the flexural stiffness demand for columns. 

• The further contribution of the beam element for taking the action of the diagonal 

tension field. 
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• To prevent local buckling of fish plates. 

The second objective was the development of the FE model for reliable simulation of 

specimen behaviour. 

An extensive test program comprising the design of specimens, the testing and the 

analysis of test results was conducted as part of this research. An individual 

configuration was considered for the edge connection of fish plates. Beam-to-column 

connections were moment-resisting and specifications of boundary members were 

consistent for all specimens. Tests designed to cover the objectives of the research were 

including frame-only, SPSWs with two different types of steel plate, strengthened 

specimens using UD-GFRP laminates with variation in the number of layers and the 

orientation of fibres, introducing cut-outs to two different types of steel plate and 

strengthening specimens by employing UD-GFRP laminates and steel stiffeners. Imaging 

method from infrared camera was used to capture the occurrence of possible 

delamination in the sandwich specimens. 

A loading system was designed and constructed to apply the cyclic quasi-static load to all 

specimens according to ATC-24 protocol. A lateral bracing system was also designed to 

resist the out-of-plane buckling of specimens. Vertical deflection of the beam element 

was recorded by an innovative sliding measurement system that was designed and 

manufactured as part of this study. All parameters that were important either in 

interpreting the results or in controlling the tests were measured. Force, displacements 

and strains were monitored and recorded during the tests. 

In addition to the experimental program, finite element analysis was applied to simulate 

the response of specimens during the test using the commercial FE analysis program 

ABAQUS. Finite element models based on explicit dynamic formulation were developed 

for the analysis of steel plate shear walls. Materials and geometrical nonlinearity and the 

initial imperfections of the shear panels were considered in the model. Modelling of fish 

plates and connection plates was included in the FE model. An initial perfect bonding 

was assumed between GFRP layers as well as between the steel plate and the GFRP 

laminate. Failure of GFRP material in FE model was considered using the Hashin failure 
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criteria in the ABAQUS software. Since the solution strategy in the explicit method does 

not involve iteration, the analysis procedure was completed without any problem of 

convergence. The FEA was used to simulate the monotonic and cyclic response of test 

specimens. The outcomes for FE models were verified by comparing the monotonic and 

hysteretic load versus displacement results between FEA and experiments for boundary 

elements including beam and columns, out-of-plane deformation of shear panels and 

formation of plastic hinges at the end of boundary members. The non-linear finite 

element modelling for pushover and quasi-static tests demonstrated that numerical 

simulation of SPSW system with different types of shear panels can provide reliable and 

meaningful results. The FE model captured all essential features of the test specimens. 

8.3. Conclusions 

The following conclusions can be drawn from the results of the work described in this 

research: 

1. The change in thickness of the steel plate has negligible effect on initial stiffness of 

SPSW systems with and without cut-outs. Any increase in thickness of the steel plate 

in order to gain greater value of stiffness will increase the flexural stiffness demand 

for boundary members, particularly for columns. The energy dissipation capacity and 

ultimate load capacity of SPSW system is moderately affected by increasing the 

thickness of the steel plate. However, the maximum out-of-plane buckling 

deformation of the steel plate is noticeably dependent on the thickness of the steel 

plate. 

2. Due to implementation of the moment-resisting connections between beam and 

columns as well as the proposed configuration of the edge connections of fish plates, 

the inner connections between beam and columns were intact and no tearing was 

observed at the edges of the steel plate. The set of these configurations leads to the 

improvement of the stability of hysteresis loops and the increase of the energy 

dissipating capacity of the system. 

3. The initial stiffness of the SPSW system was significantly reduced by introducing cut

outs into the steel plate. The moderate reduction of the ultimate load capacity and 
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the energy dissipation capacity as well as the substantial increase in the maximum 

out-of-plane buckling deformation is the other effects of cut-outs on performance of 

SPSW systems. It was shown that the relation between the diameter of cut-outs and 

the ultimate load capacity of the SPSW system can be described by a quadratic 

equation (section 3.7). Disruption in the continuity of diagonal tension fields in SPSW 

systems with cut-outs caused a permanent buckling deformation in the steel plate at 

an early stage of cyclic loading. Non-uniform distribution of the diagonal tension 

fields is caused local buckling of the fish plates for specimens with cut-outs. 

4. Due to the advantages of GFRP materials, UD-GFRP laminates were used to improve 

the seismic performance of SPSW systems with and without cut-outs. The design can 

be optimized to meet the stiffness, strength and other requirements: 

• The sandwich shear panels are required to behave in a symmetrical manner for in

plane and out-of-plane deformations. Adding the laminates to both sides of the 

steel plate with a symmetrical configuration can meet this requirement. 

• The panel is subjected to cyclic loading, so to prevent tearing of laminates in 

matrix area it is necessary for each laminate to contain at least two layers. As a 

result, for sufficient strengthening of shear panels at least four layers of UD-FRP 

laminates are employed [+L/-L/SP/-L/+L}. 

5. The initial stiffness and ultimate load capacity of the shear wall system are 

significantly increased by employing GFRP-steel sandwich panels. The magnitude of 

increase depends on stacking a sequence of the plies, the number of layers and the 

orientation of the fibres. 

• Despite the increase in ultimate load capacity and initial stiffness of the sandwich 

panel, the increase in flexural demand of columns was not noticeable. This is 

because of the further contribution of beam elements to sustain the diagonal 

tension field action. 

• In multi storey structures, increasing the fibre orientation angle can reduce the 

flexural stiffness demand of floors' columns. In order to reduce the contribution of 
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the roof beam for the bearing action of diagonal tension field, the fibre orientation 

angle needs to be reduced. 

• A substantial increase in the initial stiffness of sandwich panels is an effective 

approach for restricting the storey drift of high-rise buildings. 

Increasing the initial stiffness of the sandwich panel reduces out-of-plane buckling 

deformation of shear panels. This phenomenon is essential for shear panels with 

cut-outs, because the permanent deformation of the shear panel can be 

prevented. 

• The use of sandwich panels prevented the local buckling of fish plates for shear 

panels with and without cut-outs. 

• The capacity of the sandwich panels for dissipating of the energy depends on the 

configuration of composite layers. 

6. Installation of steel stiffeners to a steel plate divides the shear panel into a number 

of sub-shear panels with individual boundary members and aspect ratio. In other 

words sub-panels act as SPSW in multi storey buildings in which longitudinal and 

transverse stiffeners act as beams and columns of building. An effective arrangement 

of stiffeners is necessary for neutralising the effects of diagonal tension fields in 

adjacent sub-panels. An optimal design of stiffeners depends on dimension of 

stiffeners. Utilising steel stiffeners for improving the seismic performance of SPSW 

systems with cut-outs and optimal design leads to the following results: 

• A significant increase in initial stiffness and post-yield stiffness of the system 

• A substantial increase in the energy dissipating capacity 

• A negligible out-of-plane deformation buckling of the shear panel 

• Due to the performance of sub-panels as independent shear panels, beam and 

columns are mainly affected by adjacent sub-panels. In other words a new 

interaction is formed between stiffeners and shear panel. As a result the ultimate 

load capacity of the system is significantly increased. However, demands for 

flexural stiffness of boundary members are not noticeably increased. 
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7. The use of infrared camera is an effective NOT technique for detection of subsurface 

defects such as debonding and delamination formed during initial construction or 

during the loading. 

8. An innovative sliding-measurement system was well designed for measuring the 

vertical deflection of beam element and allows the study of the inclination angle 

effect for transferring the tension field action loads to the beam element. 

9. Nonlinear finite element models with explicit dynamic formulation were able to 

simulate accurately the push-over and quasi-static cyclic behaviour of SPSW systems. 

It was therefore concluded that the finite element method is a reliable technique to 

simulate the response of SPSW systems, particularly the SPSW systems with 

dimensions bigger than the test limitations of the existing research facility. 

• Using an explicit formulation which does not involve iteration precludes the 

occurrence of numerical difficulties during the analysis. 

• By including the initial imperfection of the shear panel, material and geometry 

nonlinearity, fish plates and connection plates in FE models, reasonably accurate 

results were obtained. 

• The in-plane displacement of beam and columns and out-of-plane deformations of 

shear panels were accurately simulated by the FE model 

• The FE model is able to detect the yield of the steel plate and the formation of 

plastic hinges in the boundary members 

• The weld fractures and residual stresses are not simulated in the FE model. Some 

reasonable discrepancy therefore appears between the test and analysis results 

after fractures occurred in connections. 

• A perfect bond is assumed between the composite layers and the steel plate. If 

delamination occurs prior to the rupture of fibres the difference between test and 

FE results will be increased. 
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8.4. Recommendations for future research 

Further development is required for improving the seismic behaviour of SPSW systems. 

GFRP plies were used for strengthening thin steel shear panels particularly in the case of 

cut-outs and need to be explored more. The interaction between the steel plate and the 

boundary members is affected by the interaction between the steel plate and the steel 

stiffeners. Further investigation is needed to improve these interactions. Further 

developments are suggested on the following areas: 

• Optimal design for GFRP-Steel sandwich shear walls including the number of 

composite laminates and the orientation angle of fibres based on the minimum 

displacement demand of boundary members. 

• Improving the debonding issue between the steel plate and the composite 

laminates by using damage models in FEA. 

• Effects of initial imperfections on seismic performance of sandwich shear walls. 

• Application of stiffeners with bolt connections to steel plate, in order to reduce 

the cost of construction and the effects of residual stresses from high temperature 

of welding. 

• The use of pure FRP materials for shear wall applications with special attention to 

the strain rate of materials and connection of laminates to boundary members. 

• The topological design of laminates to satisfy the design requirement. 

• The method used for the testing of specimens in the present research was quasi

static. However, due to the dynamic nature of earthquake load, tests on GFRP

steel sandwich shear walls and the specimens with cut-outs under dynamic load 

are suggested. 
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APPENDIX A: USER DEFINED SUBROUTIN FOR 

LOADING SYSTEM AND DATA ACQUISITION 

001: 
002: 
003: 
004: 
005: 
006: 
007: 
008: 
009: 
010: 
011: 
012: 
013: 
014: 
015: 
016: 
017: 
018: 
019: 
020: 
021: 
022: 

, JOB=JOB1 
'COMPILED=2011/01/13 17:10:48 
'TYPE=dt80 
DT=\d 
BEGIN"JOB1" 
CAnN 
'spans and polynomial declarations 
SI=O,262,-42.3S368,9098.7224"mm" 
Y2=O,O.9638SS"ustrain" 
Y3=O,O.94786"uStrain" 
S4=0,262,-43.8S,8841.1"mm" 
5S=O,262,-20.4,9369"mm" 
S6=0,26,6703,-2S.S"mm" 
57=0,26,6720,9.9"mm" 
S8=0, 26,6720, -111. 4 "mm" 
59=0,26,6753,-77 . 3"mm" 
510=O,26,7002,68"mm" 
SI1=0,O,0,0"mm" 
YI2=0,50.05,O.376,-.OOl,-.002"kN" 
'Thermistor declarations 
'Switches declarations 
'parameter declarations 
'Global declarations 
RSlS 
'schedule definition 

023: 'Constants 
13CvC"AClAmplitudeCmm)")=0.6 'mm 
800CV~"AClrevAmplitudeCmm)")=0.6 'mm 
12Cv(' numofcycles")=3 
650cv=S 'HZ Frequency of the motor Cinverter) 
413cvC"Degree Stage1 limit")=10 ' Limit of Stage1 of Quarter cycle, degree 
414cvC"Degree Stage2 limit")=30 ' Limit of stage2 of Quarter cycle, degree 
700cvC"Degree Stage3 limit")=60 ' Limit of Stage3 of Quarter cycle, degree 
701CvC"Degree Stage4 limit")=80 ' Limit of Stage 1 of Quarter cycle, degree 

, stage 5 ends at 90 
270 de~rees 
417CvC Degreelnc1")=5 ' Quarter cycle increment 1, degree 
418CvC"Degreelnc2")=10 ' Quarter cycle increment 2, degree 
419cvC"Degreelnc3")=10 ' Quarter cycle increment 3, degree 
702cvC"Degreelnc4")=10 ' Quarter cycle increment 4, degree 
703CVC"De~reelncS")=S ' Quarter cycle increment 5, degree 
600cv=1 I=CDS-A1, 2=LD5_c20 controlled 
024: 'zero CDS,LDS,LoadCell 
, variables used 5,15-21CV 
1BGIC4W,Sl,"AC1z",=SCV) 
2BGI(4W,S4, "Ac2z" ,=lSCV) 
3BGIC4W,S5 ,"AC3z" ,=16CV) 
16BGI(4w,S6, "AT16z" ,=17CV) 
1419BGI(4W,S7,"BTI19z",=18Cv) 
1420BGIC4W,S8,"BT120z",=19Cv) 
IS19BGIC4W,S9, "CT219z",=20CV) 
1520BGI(4W,SI0,"CT220z",=21CV) 
4HVCYI2, "AL4z" ,w,=300CV,GL30v) 

'max,min deflection, Cycle completion def 
IFC600cv><0.S,I.5){6CV=SCV-13CV 7Cv=5cv+800cv 8CV=5CV+0.05} 
IF(600cv><1.5,2.5){6CV=21CV-13CV 7cv=21Cv+800cv 8CV=21CV+O.05} 
14Cv=12CV-0.S 'nos of cycle -0.5 
710CV=12CV+0.S 'nos of cycle +0.5 
10Cv=1 ' load cycle stage 1=forwarding,2=reversing, 

and 
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3=forwarding back to mean 
llCV=O 'Current loading cycle O=first cycle 
lcv=3 ' 3= stop motor, 2=reverse, 0= forward 
411CV=0 'strating increment of cycle 
412cv=0 'starting angle of cycle 
405cv=0 'Initial delay time before stopping motor 
025: 'zero STRAIN GAUGES variables 24-68cv 
5BGI(3W,v3,"AR5z",=24CV) 6BGI(3w,V3,"AR6z",=25CV) 
7BGI (3W, v3, "AR7z" ,=26CV) 8BGI(3W, V3, "AR8z" ,=27CV) 
9BGI(3W, v3, "AR9z" ,=28CV) 10BGI(3W, V3, "ARI0z" ,=29CV) 
llBGI(3W. v3, "ARllz" ,=30CV) 12BGI(3W. v3, "AR12z" .=31CV) 
13BGI(3w, V3, "AR13z" ,=32CV) 1401BGI(3w, v2, "Bu101z" ,=33CV) 
1402BGI(3W, v2, "BuI02z" ,=34CV) 1403BGI(3W, V2, "BUI03z" ,=35CV) 
1404BGI(3W, v2, "BUI04z" ,=36CV) 1405BGI(3W, V2, "BUI0Sz" ,=37Cv) 
1406BGI(3W, v2, "BUI06z" ,=38CV) 1407BGI(3W, V2, "BUI07z" ,=39Cv) 
1408BGI(3W, V2, "Bul08z" ,=40CV) 1409BGI(3w, V2, "Bul09z" ,=41Cv) 
1410BGI(3W,V2,"BUII0z",=42CV) 1411BGI(3w,V2,"BU111z",=43Cv) 
1412BGI(3W, V2, "Bu1l2z" ,=44CV) 1413BGI(3w, V2, "Bu113z" ,=45CV) 
1414BGI(3W, V2, "Bu1l4z" ,=46CV) 1415BGI(3W, V2, "Bu1l5z" ,=47cv) 
1416BGI(3W, v2, "Bu1l6z" ,=48CV) 1417BGIOW, V2, "BU1l7z" ,=49Cv) 
1418BGI(3W, V2, "Bu1l8z" ,=50Cv) 1501BGI(3W, V3, "CR201z" ,=51cv) 
1502BGIOW, v3, "cR202z" ,=52CV) 1503BGI(3W, V3, "CR203z" ,=53cv) 
1504BGI(3W,V3,"CR204z".=54CV) 1505BGI(3W,V3,"CR205z",=55cv) 
1506BGI(3W,V3,"CR206z",=56CV) 1507BGI(3W,v3,"CR207z",=57CV) 
1508BGI(3W,V3,"CR208z",=58CV) 1509BGI(3W,V3,"CR209z",=59cv) 
1510BGI(3W, V3, "CR210z" ,=60Cv) 1511BGIOW. V3, "CR211z" ,=61CV) 
1512BGI (3W, V3, "CR212z" ,=62CV) 1513BGI(3W, V3, "cR213z" ,=63CV) 
1514BGI (3w, V3, "CR214z" ,=64CV) 1515BGI(3W, V3, "CR215z" ,=65CV) 
1516BGI(3W, V3, "cR216z" ,=66CV) 1517BGI(3W, V3, "cR217z" ,=67CV) 
1518BGI Ow, v3 , "cR218z" , =68CV) 
026: 'New zeros From First Amplitudes 
027: 'schedule definition 
028: RA"CtrMotor"("B:",ALARMS:OV:100KB,DATA:OV:10MB) LOGONA GA 
029: HB 
030: 1DNO=lCV 
031: DELAV=405Cv 
032: IONO=3 
033: 706CV=405CV 
IF(405CV>4000) {706cv=4000} 
DELAV=1000+706cv 
034: IBGI(4W,Sl,"CDS1") 
035: GB 
036: 'schedule definition 
037: RB"LogData"("B:",ALARMS:OV:100KB,DATA:OV:SOMB) LOGONB GB 
038: ' Displacement Sensors Variables 4,22,23,159-163CV 
1BGI(4W,Sl,"ACllive",w,=4CV) 
2BGI(4W,S4,"AC2live",w,=22CV) 
3BGI(4W,SS,"AC3live",w,=23CV) 
16BGI(4W,S6,"AT16live",w =1S9CV) 
1419BGI (4W ,S7 ,"BT1191 ive",w ,=160CV) 
1420BGI(4W,S8,"BTI20live",w,=161CV) 
1519BGI(4W,S9."CT219live",w.=162CV) 
1520BGI(4W,S10,"CT220live",w =163cv) 
, Displacement Sensors Normaiized readings variables 164-171CV 
164CV("ACI")=5CV-4CV 'cosl 
165cv("AC2")=15cv-22CV 'cDS2 
166CV("AC3"?,=16CV-23CV 'cDS3 
167CV("AT16')=17CV-159CV 'Los1 
168CV("BT119")=18CV-160CV 'Los2 
169CV("BT120")=19CV-161CV 'LOS3 
170CV("CT219")=20CV-162CV 'LDS4 
171CV("CT220")=21CV-163CV 'LDS5 

039: IF(600CV><O.5,1.5){601CV=164CV 602CV=4CV} 
IF(600CV><1.5,2.5){601CV=171CV 602CV=163CV} 
410CV(W)=ABS(601CV/13cv) 
415CV(W)=SIN(D2R(413CV) 416CV(W)=SIN(D2R(414CV» 
704CV(W)=SIN(02R(700CV» 705CV(W)=SIN(02R(701CV) 
IF(410CV><0.415CV){411CV=417CV} 
IF(410CV><415CV,416CV) {411CV=418CV} 
IF(410CV><416CV, 704CV) {411CV=419CV} 
IF(410CV><704CV, 705CV) {411CV=702CV} 
IF(410CV>705CV) {411CV=703CV} 
412CV(w)=412CV+411CV 
IF(412CV>360) {412CV=412CV-360} 
040: IF(600Cv><0.5,1.5){6CV=5CV-13CV 7CV=5Cv+800CV 8CV=5CV+0.05} 
IF(600CV><1.5,2.5){6CV=2ICV-13CV 7Cv=21CV+800CV 8CV=21CV+O.05} 
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65ICV=0.001904*650cv*650CV 
403CV(W)=ABS(ABS(SIN(D2R(412Cv)))*13CV-ABS(60ICV)) 
IF(403CV<651CV){405CV=6.48*SQRT(403CV/2)*1000} 
IF(403CV>651CV) {405cv=(650CV/5+(403CV-651CV)*I05/650CV)* 1000} 
ALARM(IOCV><0.5,I.S)AND 
ALARM(602Cv>6CV) "FORWARD" {1CV=O} 
ALARM(IOCV><0.5,1.5)AND 
ALARM(602Cv<6CV) "REVERSE"{lOcv=2} 
ALARM(10CV><1.5,2.5)AND 
ALARM(602CV<7CV)"REVERSE started"{ICV=2} 
ALARM(10CV><1.5,2.5)AND 
ALARM(602CV>7CV)"Last Forward"{10cv=3} 
ALARM(10cv><2.5,3.5)AND 
ALARM(602CV>7CV)"FORWARD to mean"{lCv=O} 
ALARM(IOCV><2.5,3.5)AND 
ALARM(602CV<8CV)"cycle COMPLETE"{lOCV=1 llCV=l1Cv+l ICv=3} 
ALARM(llCV><14CV,710Cv)"STOPED"{lOCV=O ICV=3 H} 
041: 'LO~ STRAIN GAUGES & LoadCell 
4HV(YI2, AL4"IW,=30ICV,GL30V) 302CV("AL4")=301CV 'zero removed -300Cv 
, direct readlng variables 69-113cv 
, final corrected variables 114-158cv 
5BGI(3W, Y3 ,W,=69CV) 114CV("ARS")=69Cv-24CV 

116CV("AR7")=71CV-26CV 

118CV("AR9")=73CV-28CV 

120CV("ARll")=75CV-30CV 

122CV("AR13")=77cv-32CV 

124CV("BU102")=79cv-34CV 

126CV("BUI04")=81CV-36CV 

128CV("BUI06")=83CV-38CV 

130CV("BUI08")=85CV-40CV 

132CV("BUllO")=87CV-42CV 

134CV("BU1l2")=89CV-44CV 

136CV("BU1l4")=91CV-46CV 

138CV("BU1l6")=93CV-48CV 

140CV("BU118")=95CV-50CV 

142CV("CR202")=97CV-52CV 

115CV("AR6")=70Cv-25CV 
7BGI(3W,Y3,W,=71CV) 
117CV("AR8")=72cv-27CV 
9BGI(3W,Y3,W,=73CV) 
119CV("ARIO")=74CV-29CV 
11BGI(3W,Y3,W,=75CV) 
121CV("AR12")=76Cv-31CV 
13BGI(3W,Y3,W,=77CV) 
123CV("BUIOI")=78Cv-33CV 
1402BGI(3W,Y2,W,=79CV) 
12SCV("BUI03")=80CV-35CV 
1404BGI(3W,Y2,W,=8ICV) 
127CV("BUl0S")=82cv-37CV 
1406BGI(3W,Y2,W,=83CV) 
129CV("BUI07")=84CV-39CV 
1408BGI(3W,Y2,W,=85CV) 
131CV("BUl09")=86CV-41CV 
1410BGI(3W,Y2,W,=87CV) 
133cV("BUlll")=88CV-43CV 
1412BGI(3W,Y2,W,=89CV) 
13SCV("BUI13 ")=90CV-45CV 
1414BGI(3W,Y2,W,=91CV) 
137CV("BU115")=92CV-47CV 
1416BGI(3W,Y2,W,=93CV) 
139CV(" BU1l7")=94CV-49CV 
1418BGI(3W,Y2,W,=95CV) 
141CV("CR201")=96cv-51CV 
1502BGI(3W,Y3,W,=97CV) 
143CV("CR203")=98CV-53CV 
lS04BGI(3W, Y3 ,W,=99CV) 144CV("CR204")=99CV-54CV 
145CV("CR20S")=100cv-S5CV 
1506BGI (3w, v3, W, =101Cv) 146CV("CR206" )=101CV- 56CV 
147CV("CR207")",102CV-57CV 
1508BGI (3W, Y3, W, =103CV) 148CV("CR208")=103CV- 58cv 
149CV("CR209")=104CV-59CV 
1510BGI(3w, v3 ,W,=105CV) 150CV("CR21O")=105CV-60CV 
151CV("CR21l")=106Cv-61CV 
1512BGI(3W,Y3,W,=I07CV) 
153CV("CR213")=108Cv-63CV 
1514BGI(3W,Y3,W,=109cv) 
155CV("CR215")=110cv-65CV 

152CV("CR212")=107CV-62CV 

154CV("CR214")=109CV-64CV 

1516BGI(3W, Y3 ,W,=1l1Cv) 156CV("CR216")=111CV-66CV 
157CV("CR217")=112CV-67CV 
1518BGI(3W, Y3 ,W,=1l3Cv) 158CV("CR218")=1l3Cv-68CV 

6BGI(3W,Y3,W,=70CV) 

8BGI(3W,V3,W,=72CV) 

10BGI(3W,Y3,W,=74CV) 

12BGI(3w,v3,W,=76CV) 

1401BGI(3W,Y2,W,=78CV) 

1403BGI(3W,Y2,W,=80CV) 

1405BGI(3W,Y2,W,=82CV) 

1407BGI(3W,Y2,W,=B4CV) 

1409BGI(3W,Y2,W,=86CV) 

1411BGI(3W,Y2,W,=88CV) 

1413BGI(3W,Y2,W,=90CV) 

1415BGI(3W,Y2,W,=92CV) 

1417BGI(3W,Y2,W,=94CV) 

1501BGI(3W,Y3,W,=96CV) 

1503BGI(3W,Y3,w,=98CV) 

1505BGI(3W,Y3,W,=100CV) 

1507BGI(3W,Y3,W,=102CV) 

1509BGI(3W,Y3,W,=104CV) 

1511BGI(3W,Y3,W,=106CV) 

1513BGI(3W,Y3,W,=IOBCV) 

1515BGI(3W,Y3,W,=110CV) 

1517BGI(3W,V3,W,=112CV) 

042: 'schedule definition 
043: RC"zeros"("B:",ALARMS:OV:100KB,DATA:OV:lMB)IM LOGONC GC 
044: 'zero CDS,LDS,Loadcell=300CV 
, variables used 5,15-21CV 
5cv 
15 .• 21CV 
300CV 
045: 'zero STRAIN GAUGES Variables 24-68Cv 
24 .. 68CV 
046: END 

'end of program file 
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