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Abstract 

Steel plate shear walls are a very ductile and stable lateral force-resisting system. 

The ability of a steel plate shear wall to resist effectively lateral loads on a structure- 

such as wind Ioading and earthquake loading-will depend in part on the transfer of 

forces from the infill panel to the beams and the columns. This is especially critical in 

unstiffened steel plate shear walls, where the development of a tension field within a 

shear panel requires proper anchorage of the infill plate. 

Four different infill panel connection details were tested in order to examine and 

compare their response to quasi-static cyclic loading. The load versus displacement 

response of the details showed gradua1 and stable deterioration at higher loads. The 

formation of tears in the connection details did not result in a loss of load-canying 

capacity. In addition to the experirnental program, a finite elernent mode1 was developed 

to predict the behaviour of one of the infill plate corner connection specimens. Results 

from the analysis showed that the finite element rnethod can be used to predict reliably 

the load versus displacement behaviour of an infiIl panel-to-boundary member 

arrangement. 
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1. Introduction 

1.1 Steel Plate Shear Walls 

A multi-storey structure must be able to absorb wind and earthquake loads 

through some kind of lateral force-resisting system. Factors contributing to the choice of a 

particular lateral bracing system range from architectural requirements-floor space, 

building aesthetics-to economic considerations. The most commonly used lateral force- 

resisting systems in ta11 structures are: moment-resisting frames, braced frames, shear 

walls, and tubular systems. 

Moment-resisting frames have proven to be efficient for structures up to about 20 

storeys. On the other end of the building height spectrum, a tubular system, that is, a 

system of closely spaced columns around the perimeter of a structure, will provide 

bracing for buildings with over 40 storeys. Braced frames and shear walls are generally 

found in structures up to 40 storeys. In some cases, moment resisting or braced frames are 

interconnected with shear walls, thereby combining the structural advantages of the two 

systems and optimizing the overall lateral load resisting behaviour. 

The concept of shear walls is that of a series of plane walls that can be idealized 

as vertical cantilevers supported at the foundation of a structure. Typically, a series of 

shear walls will form a core that surrounds a central service area in a multi-storey 

building. Wind loads acting on the building exterior are transferred through the floors to 

the shear core. In the case of dynamic earthquake loading, the shear core is displaced 

laterally at the ground level. 

In recent years, it has been demonstrated that steel plate shear wdls can act as an 

effective and economical lateral bracing system. In particular, steel plate shear waHs will 

respond to seismically-induced loading with a high degree of stiffness, stable load versus 

deflection behaviour, and a capacity for significant energy dissipation [Driver et 

al. 19971. The economic advantages of a steel plate shear wall system are realized 

through its speed of erection and the elimination of trade interdependefice in an dl-steel 

system. As compared with conventional reinforced concrete shear walls, steel plate shear 

walls have a reduced mas,  which lowers the dynamic forces and gravity loads 



transmitted to the building foundation. For the same strength requirement, steel plate 

shear walls will have a much smaller wall thickness than heavily reinforced concrete 

walIs. This results in more rentable space for the owner. 

.A steel plate shear wall assemblage consist of columns intersected at the floor 

levels by beams, thereby forrning a vertical stack of rectangular bays that are then filled 

with steel plates. These are dso referred to as infil1 plates, The connections between the 

beams and the columns can range from simple to moment-resisting, and the steel infill 

panels can be either stiffened or unstiffened. In the former case, lateral and longitudinal 

stiffeners are applied to the steel panels to prevent buckling of the infill plate. Unstiffened 

steel panels rely on the post-buckling strength of the thin steel plates, which is provided 

by the formation of a diagonal tension field. The application of this concept was first seer? 

in the analysis and design of aircraft; in civil engineering practice, the tension field 

concept is used in the design of steel plate girder webs. It is judged that stiffened steel 

plate shear walls are not economical in the North American market, and the work 

described herein concentrates on research pertaining to unstiffened steel plate shear walls. 

A single bay in a steel plate shear wall consists of a vertical steel panel framed by 

beams and columns. In an unstiffened steel plate shear wall, a thin steel panel will buckle 

under small compressive loads. The formation of a tension field in the infill plate in the 

direction orthogonal to buckling depends on the transfer of forces from the steel panel to 

the stiffer beams and columns. Therefore, proper anchorage of the steel plate to the 

boundary members is critical in areas of high stress. For exarnple, the effect of reversing 

lateral loads on a structure-such as wind loading and earthquake loading-will cause the 

angle between the beams and the columns at their intersection to increase and decrease. 

This relative movement between the boundary members can result in large reversing 

strains in the corner region of the infill plate where it connects into the bearn-to-column 

joint. 

1.2 Statement of the Problem 

The most obvious scheme for connecting the infill panel to the boundary members 

is to weld the steel plate directly to the beams and the columns. This does not represent a 



practical solution, however, since it would require precise fitting of the infil1 plate into the 

rectangle forrned by the beams and the columns in a given bay and storey. An alternative 

scheme uses connection plates, also referred to asfish plates, connected to the boundary 

mernbers. The use of fish plates in a steel plate shear wall panel can be seen in Figure 1.1. 

The fish plate detail facilitates the placement of the infill plate in the frame and perrnits 

reasonable fabrication tolerances. 

The fish plate connection shown in Figure 1 .l, which has been used in much of 

the experimental work on steel plate shear walls, is only one possible infill panel-to- 

boundary member arrangement. In order to produce econornical designs, both designers 

and fabricators should have access to several methods for infill panel-to-boundary 

member connections in the construction of steel plate shear walls. Therefore, it is 

considered appropriate to examine and compare the behaviour of various infill plate 

connection details. 

1.3 Scope and Objectives 

The scope and objectives of this study are to: 

1. Investigate four welded infill plate-to-boundary member corner connection details 

experimentally ; 

2. Examine the effect of corner detail deterioration on the load-canying capacity of the 

infill plate; 

3. Compare the behaviour of the four infill plate corner connection details; 

4. Explore the potential of using the ftnite element method to predict reliably the 

behaviour of infill plate connection details. 
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2. Literature Review 

2.1 Introduction 

The emergence of steel plate shear walls, both as a topic of research and in actual 

construction, began in the early 1970's. Most of the structures constmcted during this 

period that employed steel shear walls were built in Japan and the United States, and they 

were generally a substitute for conventional reinforced concrete shear walls. As a result, 

the earliest research came from Japan and the United States, the Japanese being the first 

to study the overall behaviour of steel plate shear walls [Takahashi et al., 19731. The 

design approach used by the Japanese concentrated on preventing the steel plate shear 

panels from buckling prior to the attainment of shear yield. This was achieved by 

reinforcing the thin panels with a relatively large number of longitudinal and transverse 

stiffeners, a solution that is considered uneconornical in North America. In the United 

States, the design concept also was to prevent elastic buckling in the panels of the steel 

plate shear walls. However, in American practice this was most commonly achieved by 

using sufficiently thick steel plate panels. This solution also had economic implications, 

both with respect to material cost and erection. 

The judgement of Thorburn et al. [1983] was that the prevention of shear buckling 

in a steel plate shear waIl panel would generally lead to an overly conservative solution. 

As a result, they developed a mode1 recognizing that thin steel plate panels have 

considerable post-buckling strength. The so-called strip-mode1 is a reflection of the fact 

that allowing the formation of a tension field within a buckled panel adds substantial 

resistance to the shear wall. Since permitting the panel to buckle does not require the 

addition of stiffeners or the use of thickened plates, it seemed to offer both strength and 

cost advantages. Experimental research that started in the 1980's [Timler and 

Kulak, 1983; Tromposch and Kulak, 1987; and Driver et al., 19971 led to the validation 

and further refinement of the original analytical work presented by Thorburn et al. The 

experimental work concentrated first on the overall behaviour under monotonic loading, 

and later considered the hysteretic performance of thin steel plate shear panels when 

subjected to reversing cyclic loads. In addition to the analytical and experimental work, 



Thorburn er al. and Driver et al. also present extensive reviews of previous research and 

construction of steel plate shear walls. 

In both the construction of steel plate shear walls and in the associated research, 

not much attention has been given to the behaviour of the shear panel-to-boundary 

mernber connections used. The connection between the shear panel and boundary 

members is critical in the force transfer from the infill plate (or web plate) to the stiffer 

boundary members-the beams and columns. Two types of infill plate connections have 

been used in the design and construction of steel plate shear walls: bolted connections and 

welded connections. 

2.2 Bolted Infill Plate Connections 

A typical bolted connection consists of fish pIates, or angles, shop-welded to the 

boundary members and an infill plate bolted to the fish plates or angles in the field. 

Figure 2.1 shows each of these details. The infill plate is lapped over and bolted to the 

fish plate, or passed between a pair of angles. The bolts must form a slipcritical 

connection, because the development of a tension field in an infill panel requires that 

these connections do not slip. 

The use of bolted infill plate connections has been docurnented for several 

buildings. For example, the Hyatt Regency Hotel in Dallas, Texas used thick steel plate 

sections in the construction of steel plate shear walls to resist wind load [Troy and 

Richard, 19881. The steel plate walls were connected to columns using a bolted double 

angle arrangement like the one shown in Figure 2.1. Steel plates from successive storeys 

were connected with a field-bolted splice just above each floor line. Two honzontally 

oriented channels were welded to the steel plates to form a closed tube section at the floor 

level. The torsionally stiff closed tube sections acted as floor beams, and provided 

significant restraint to the steel panels against out-of-plane buckling. A hospital in 

California (Olive View MedicaI Center) used a combination of concrete shear walls and 

bolted steel plate shear walls in order to meet the stringent Caiifomia earthquake 

regulations. In this application, similar to the one used for the Hyatt Regency Hotel, wall 

panel assembiies were again connected to columns with high strength bolts. Adjacent 



panel storeys were connected with a field-bolted splice above the channel floor beams 

[Troy and Richard 19883. 

One of the earliest Japanese high-rises that employed steel plate shear walls as the 

lateral force-resisting system, the Shinjuku Nomura Building, was built using bolted infill 

plate connections [Anon. 19781. S tiffened, rectangular steel infill plates were bolted to 

connection plates, thereby forming the panels of the shear wall. Each panel required 

between 200 to 500 bolts depending on the forces in the panel. The connection scheme 

required precise drilling and placement, resulting in increased time and expense in the 

construction of the shear walls. 

2.3 Welded Infill Plate Connections 

A more practical method of joining shear wall panels to boundary members is to 

use an all-welded infill plate connection. The most significant advantage of aI1-welded 

connections is that they eliminate the need for the precise drilling of holes and the bolt 

placement required for bolted infill plate connections. An example of a typical welded 

infi11 plate connection is shown in Figure 2.2. First, fish plates are shop-welded to the 

boundary mernbers. Then, in the field, the infill plate is lapped over the fish plates and 

held in place with a few erection bolts or tack welds. Once the structure has been 

plumbed and aligned, the infill plate is welded to the fish plates with continuous fillet 

welds. The infill plate need not be aligned precisely; the only requirement is that there be 

sufficient overlap of the infill plate and fish plates so that the welding can be properly 

execu ted. 

2.3.1 Testing of Welded Steel Plate Shear Walls 

Welded steel plate shear walls have been investigated both experimentally and 

analytically. As mentioned above, Japanese researchers were arnong the first to study the 

behaviour of steel plate shear panels. The dl-welded specimens-steel panels were 

welded directly to pin-connected framing members-tested by Takahashi et al. il9731 

were heavily stiffened steel plates designed to prevent buckling of the shear panels. A 

more recent Japanese study exarnined the energy dissipation behaviour of shear panels 



made of low yield strength steel [Nakashima et al. 19941. Specimens consisted again of a 

steel web plate welded directly to the surrounding frarning members. Six shear panels 

with different stiffener spacings (one specimen had no stiffeners) were subjected to 

various loading conditions. The behaviour of panels with both horizontal and vertical 

stiffeners exhibited stable hysteresis loops and a large energy dissipation capacity. In 

literature from the Japanese tests mentioned above, Takahashi et al. and Nakashima et al. 

report the overall behaviour of the steel plate test specimens. However, no descriptions of 

the steel plate-to-boundary member connection performance are given. 

An experimental study of thin steel plate shear walls under cyclic load was 

conducted using 1:4 scale, single bay, three-storey specimens [Caccese et al. 19931. The 

all-welded specimens used unstiffened steel plates welded directly to the steel frame 

members. A steel frame with no infill plate was also tested. Experimental results showed 

that the addition of unstiffened thin steel plates to a steel frame gave a substantial 

increase in stiffness, load-carrying capacity and energy absorption to the overall system. 

However, the connection detail used in these tests-direct connection of the infill panel to 

the boundary members-is not a practical one. The research performed by Caccese et al. 

examined the behaviour of steel plate shear wall systems as a whole. The contribution of 

the infill plate connections, although essential to the behaviour of steel plate shear walls, 

was not mentioned in discussions about the performance of shear walls, as affected by 

load, material, and design variables. 

Two experimental programs at the University of Alberta closely followed the 

analytical study done by Thorburn et al. [1983]. In the first, Timler and Kulak [1983] 

examined the behaviour of a single, full-scale, unstiffened steel plate shear wall-first 

under reversing loads sufficient to reach the allowable serviceability deflection, and then 

under ultimate load. The symmetric specimen, shown in Figure 2.3, consisted of two 

adjacent shear panels. In the orientation depicted in the figure the columns are positioned 

horizontally, and the beams-two exterior beams and one interior beam separating the 

infill panels-are positioned vertically in the test set-up. A welded fish plate arrangement, 

similar to the one shown in Figure 2.2, connected the infill panels to the boundary 

members. Moment-resisting connections were used between the intenor beam and the 



columns. The joints between the exterior bearns and the columns were pin-connected. 

The entire specimen was supported by two pin reactions located at the base of the exterior 

beams. Loads (equivalent to a storey shear force) were applied vertically to the structure 

through the rnidpoint of the top colurnn. 

The Timler and Kulak specimen responded elastically to reversed serviceability 

level loading. Subsequently, during rnonotonic loading to failure, the ultimate load was 

reached when a weld tear occurred in an infill plate-to-fish plate connection in the comer 

of a shear panel. Figure 2.4 is a sketch of Detail A (from Figure 2.3) that shows the weld 

tear. It was thought that the eccentricity of Ioad due to the one-sided fish plate 

arrangement (refer to Figure 2.2) had precipitated the failure of the weld. However, 

conclusions made from the Timler and KuIak test stated that this eccentricity would only 

be a problem at extremely high loads. An alternative detail was suggested in which a 

double fish plate arrangement is used, thereby creating a symmetrical connection. 

Another observation arising from the test identified the importance of a stiff, continuous 

boundary at the corner connections of the steel plate panels in order to provide proper 

anchoring of the tension field formed in the infill plate. Although the occurrence of a 

weld tear in the Timler and Kulak specimen led to the completion of testing, the weld 

failure was a stable and gradua1 process. This resulted in ductile specimen behaviour, 

even at loads approaching ultimate. 

Tromposch and Kulak [1987] conducted a test sirnilar to that done by Timler and 

Kulak [1983]. The full-scale, unstiffened steel plate shear wall specirnen was first 

subjected to fully reversed cyclic loading and then to rnonotonic loading up to the 

ultimate capacity of the assembly. The two panel, single bay specimen used by 

Tromposch and Kulak was also tested in the horizontal position. However, an axial 

preload was applied to the columns to represent better the Ioads in a typical structure. The 

bolted beam-to-column joints were designed as bearing-type connections. A welded fish 

plate arrangement connected the infill panels to the boundary members. However, 

differing from the Timler and Kulak specimen, in this test the infill plate comer 

connection details were reinforced by welding a strap plate between orthogonal fish plates 

at the bearn-to-colurnn intersections. Figure 2.5 shows the corner connection detail used 



by Tromposch and Kulak. A gap was introduced in the corner between the horizontal fish 

plate and the framing members since construction tolerances may not have allowed for a 

weld in this region. 

Twenty-eight gradually increasing cyclic loads were applied to the Tromposch and 

Kulak [1987] specimen. The cyclic loads were fully reversed, thereby causing the opening 

and closing action that would be expected in the beam-to-column connections during 

actual seismic loading. Hysteresis curves recorded the behaviour of the specimen during 

testing. At approximately one-half of the final load the specimen started to show signs of 

deterioration-both through the pinching of the hysteresis loops and through the yielding 

of the web plate material. Several tears were noticed at cycle 21 in the fish plates at the 

top corners of the panels. At the end of 28 cycles, the tears in the fish plates had extended 

to a length of 25 to 50 mm. A monotonic loading test to ultimate load followed the cyclic 

loading test. It was observed that monotonic loading slightly lengthened the existing tears 

in the fish plates and caused a few new weld tears in the top panel corners. Figure 2.6 

gives a sketch of the weld tears observed in two corners of the Tromposch and Kulak 

shear wall specimen. 

Tromposch and Kulak [1987J commented on the effect of the one-sided fish plate 

connection. In contrast to the conclusion reached by Timler and Kulak [1983], it was 

concluded that the eccentricity of the fish plate with respect to the centre of the boundary 

members did not noticeably affect the performance of the shear panels. A 

recommendation was made that the strap plates be connected to the fish plates using fillet 

welds, and that a minimum thickness of strap plate be used to reduce the probability of 

inducing tears in the adjacent fish plate material. 

2.3.2 Recent Tests Done by Driver et al. Cl9971 

Driver et al. [1997] tested a full-scale, four-storey, single bay steel plate shear 

wall with unstiffened panels. All-welded connections using fish plates were used to join 

the infil1 panels to the boundary members. The beam-to-column connections were also 

welded and were designed to act as fully moment-resisting. The specimen was loaded 

quasi-statically to determine its behaviour in severe earthquake conditions. Several 



ancillary tests were conducted prior to testing of the four-storey specirnen in order to 

detemine the characteristics of various components of the shear wall. One of these tests, 

a stand-alone corner detail test, was performed to investigate the adequacy of the selected 

infill plate connections at the beam-to-column joints. The comer infill plate connection 

was identified as the critical detail, since it is located in an area of large reversing strains 

due mainly to the opening and closing action of the beam-to-column joint as described 

above. 

Trornposch and Kulak [1987] showed that their infill connection detail performed 

satisfactorily under cyclic loading. This led to the selection of a connection detail for the 

Driver et al. test that included a strap plate welded between two orthogonal fish plates at 

the panel corners in order to provide continuity. Driver et al. took into consideration the 

recommendation made by Tromposch and Kulak by connecting the strap plate to the fish 

plates using fillet welds. 

In order to test the selected detail, Driver et al. subjected a comer detail specimen 

to reversed cyclic loading. The specimen was, in essence, a corner cut-out of a shear wall 

panel. First, sections representing a beam and a column were welded at right angles to 

create a moment-resisting connection. The corner detail specimen-two mutually 

perpendicular fish plates lapped by a portion of infill plate-was then welded into the 

beam-to-column joint. A simplified sketch of Driver's corner detaiI specimen is shown in 

Figure 2.7. 

The corner specimen was tested by applying forces that simulated the opening and 

closing of a joint in a steel plate shear wall subjected to reversing lateral loads. First, the 

beam and column were displaced inward simultaneously. At the same time, a tensile load 

was applied to the infill plate, thereby simulating the tension field formed in an 

unstiffened steel plate shear wall panel during lateral loading. After the beam, column, 

and tensile infill pIate load had been released, the beam and colurnn were displaced 

outward simultaneously. A cycle was considered complete once the bearn and column 

had again been brought back to zero load. 

The load and displacement criteria used to test the specimen corresponded to 

movements determined from a finite element analysis of the entire four-storey shear wall 



at a load level near ultimate. In total, 35 identical loading cycles were applied to the 

corner specimen. 

Observations made during the test identified the presence of tears dong welds 

connecting the strap plate and the fish plates and dong welds connecting the infill plate 

and the fish plates. However, the formation of the tears did not cause a significant change 

in the overall load response of the test specimen. Since the forces and displacements 

applied during each cycle were considered to correspond to ultimate conditions, loading 

of the corner detail was more severe than would be expected in an actual shear wall. 

Therefore, it was concluded that this particular corner detail would be adequate and 

suitable for use in the multi-storey shear wall test [Driver et al. 19971. 
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3. Experimental Program 

3.1 Objectives of the Test Program 

Recent quasi-static testing of a four-storey unstiffened steel plate shear wall 

[Driver et al. 19971 confirmed that the system exhibits excellent performance 

characteristics. The assembly, which used infill plates that ranged between about 3.5 mm 

and 4.5 mm in thickness and had moment connections between the beams and columns, 

demonstrated a high degree of ductility. Deterioration of the shear wall was very slow 

after the peak load had been reached and large hysteresis loops were developed. The 

vertical steel infill plates used in this test were connected to the shear wall boundary 

members-the beams and columns-by means of welded fish plate connections on al1 

four sides of a panel. Figure 3.1 shows one-storey of the four-storey shear wall. (For 

clarity, the strap plates described in Chapter 2 are not shown in this view.) The fish plate 

detail facilitates the placement of the infill plate in the frame and ailows for reasonable 

fabrication tolerances. 

The goal of the experimental program presented herein was to test various 

configurations of the infill plate connection under conditions comparable to the large 

scale test conducted by Driver. This testing enabled cornparisons to be made between the 

behaviour of different corner details. 

Figure 3.2 shows a panel with only two fish plates. In this arrangement, the infill 

plate is welded directly to the beam and the column along two boundaries, and along the 

other two edges the connection is made using fish plates. In practice, it would be expected 

that the fish plates are shop welded to the boundary members and the infill plate is 

aligned in the frame and welded in the field. The two edges of the infill plate in direct 

contact with the beam and column would be welded first, then the other two edges would 

be lapped over the fish plates and the welding completed. The use of only two fish 

plates-as opposed to four fish plates-in a given panel will be attractive to some 

designers and fabricators, However, this will require increased precision in fabrication of 

the infill plates because a corner of the infill plate must be fit exactly to the two adjacent 

boundary members with no fish plates. 



Consideration of the steel plate shear wall panel described above led to the 

selection of the following comer details for the experimental program: 

1) Infill plate welded to the boundary members (Detail A in Figure 3.2); 

2) Fish plates welded to each of the boundary members and the infill plate then 

lapped over the fish plates and welded (Detail B in Figure 3.2); 

3) Fish plate welded to only one boundary member and then the infill plate 

welded directly to the other boundary member and lapped and welded ont0 the 

fish plate (Detail C in Figure 3.2); 

4) Two fish plates, with a corner cut-out (chamfer) welded to boundary members 

and the infill plate then lapped asymmetrically over the fish plates and welded 

(al ternative for DetaiI B in Figure 3.2). 

The corner cut-out in the fourth detail was an attempt to reduce an area of high stresses. 

The geometric asymmetry in the same detail is intended to be representative of a 

misalignment that rnight occur during construction of the steel plate shear wall. 

3.2 Loading Concept 

Ideally, an experimental program will attempt to duplicate the behaviour of an 

actual member, or assembly of members, in dl aspectdimensions, loads, and boundary 

conditions. In reality, testing is often limited by time and cost constraints. Therefore, it 

becomes necessary to reduce the scope and yet to highlight the particular effects under 

examination. 

An unstiffened steel plate shear wall subjected to cyclic loading (e.g., wind or 

earthquake) will exhibit two major effects relevant to the infill plate-to-boundary member 

comer details. The first effect is the repeated opening and closing of the corners as the 

lateral loads on the structure reverse. The second effect is the development of the tension 

field that forrns diagonally in a panel after the thin plate buckles in the orthogonal 

direction. 

The loading scheme adopted in this experimental program, modelled after that 



used by Driver et al. [1997], applies the two aforementioned effects to an isolated corner 

detail. Figure 3.3 shows a simplified diagrarn depicting the loading scheme. The full-scale 

corner detail included two boundary members fitted with a portion of infill plate. Opening 

and closing of the joint was achieved by moving the boundary members outwards and 

inwards. The tension field was sirnulated by applying a tensile force diagonally across the 

infill plate and at 45 degrees to the boundary members. 

3.3 Testing of Material Properties 

Prior to preparation of the test specimens, tension coupons were taken from the 

infill plate and fish plate material. Tension tests were conducted in order to confirm the 

hot-rolled properties of the steel and to establish other basic material properties. It is 

highly likely that hot-rolled steel would be used in the construction of steel plate shear 

walls. Therefore, it was important that the relatively thin plates used in this test program 

also have hot-rolled characteristics, since thin plates often exhibit the characteristics of 

cold-rolled steel. 

Coupons were taken from three individual source pieces of steel plate, designated 

as Infill Plates 1 and 2, and Fish Plate. Two sets of three coupons (six in total) were cut 

from each plate. The first set was cut in a direction designated as 1-1, the second set was 

cut perpendicular to the 1-1 coupons in a direction designated as 1-2. In total, 18 

coupons were dimensioned and tested in accordance with the requirements of the 

American Society for Testing and Materials [ASTM 19921. 

3.4 Infill Plate Connection Specimens 

The infil1 plate connection specimens, numbered in the order of testing, were 

prepared frorn steel plate that met the requirements of CANICSA G4O.2 1-92 grade 300W 

steel. A total of three different steel source plates were used. Two plates had a nominal 

thickness of 4.8 mm, and were designated as Infill Plate 1 and Infill Plate 2. The third 

plate had a nominal thickness of 6.0 mm and was designated as Fish Plate. Table 3.1 lists 

the steel plates used in individual specimen preparation. 

The four infill plate specimens tested are shown in Figures 3.4 to 3.7. Specimen 1, 





Al1 welding of the fish plates to the infill plates and the specimens to the boundary 

members was done using shielded metal arc welding with E48018, 3.2 mm diameter 

electrodes. Weld details for the specimens are shown in Figures 3.4 to 3.7. The welder 

was instructed to fonn fillet welds of the specified minimum size, as determined by the 

thickness of the base metal. For example, infill plate-to-boundary member welds and fish 

plate-to-boundq member welds were specified as 5 mm and 6 mm in size, respectively, 

as determined by the thickness of the specimen at the boundary. Measured weld sizes are 

shown in Table 3.1. 

For erection of a steel plate shear wall, the likely sequence is that the fish plates 

are shop welded to the boundary members and the infill plate is aligned in the frame and 

welded in the field. For testing of infill specimens, this procedure was altered. The fish 

plates were weIded to the infill plate before being placed into the load frame. This was 

done to facilitate the welding and handling process in the laboratory. The change in 

procedure should have no effect on the test results. 

3.5 Test Set-Up 

For convenience of loading, the boundary members and their associated infill 

plate were oriented 45 degrees relative to their position in an actual structure, as shown in 

Figure 3.8. Two 890 ki\i capacity, double acting hydraulic jacks were used to open and 

close the beam-to-column joint. The jacks were pin-connected to a tongue attachment 

welded near the free ends of the bearn and column, and were oriented at right angles to 

the beam and coIumn. The far ends of the jacks were pin-connected to clevis attachments 

that were bolted to W3 10x129 reaction columr.,. 

The infill plate was subjected to a vertical tensile load that was transmitted 

through a tension connection by the MTS 6000-a universal testing machine with 

4000 kN capacity in tension. The tension connection consisted of two 10 mm thick 

tension plates placed on either side of the infill plate and fastened to the infill plate using 

ten bolts, The upper portion of the tension plates was bolted to a W250x67 tension 

member that threaded directly into the loading head of the MTS machine. 



3.5.1 Test Frame 

A drawing of the test frame is shown in Figure 3.8. A WWF400x202 distributing 

beam was used as a base for the test frame. Two members fonned a V-shaped frarne: a 

2330 mm long W310x129 column connected at 45 degrees to the horizontal distributing 

beam and a 2050 mm long W530x101 bearn connected at 90 degrees to the column. The 

beam-to-column connection was made rigid by connecting the beam flange and web to 

the column with fillet welds. Reaction beams were prestressed over the ends of the 

distributing beam to resist the upward forces applied by the jacks and the MTS machine. 

Stmts were placed between both ends of the distributing beam and the reaction columns 

in order to prevent in-plane movement resulting from unequa] horizontal forces in the 

jacks. 

The test frame was placed in the universal testing machine so that the centre of the 

V-joint between the beam and column lined up with the centre of the MTS loading head. 

An increase in out-of-pIane movement of the V-frame members during testing of 

Specimen 2 required the addition of bracing members at the free ends of the beam and 

column. The bracing reduced the arnount of out-of-plane movement, but it did not impede 

the opening and closing of the V-frame. 

3.5.2 Placement of the Specimen 

In order to facilitate replacement of the test specimens in the test frame, the infill 

plate specimens were welded to "foundation plates," shown in Figure 3.8, which were in 

turn bolted to the beam and colurnn. New foundation plates were used for each test 

specimen. Each foundation plate extended a length of 1350 mm from the bottom of the 

V-joint, dong the top flange of a frarne member. It was connected to the fIange by 

thirteen pairs of 25 mm diameter A325 bolts. Design calculations showed that 30 mm 

thick plates were required to prevent prying action in the bolts that connected the 

foundation plates and the V-frarne flanges. 

During the placement of a test specimen, the foundation plates were first fastened 

to the beam and to the column. A specimen was then moved into the test set-up such that 

the corner detail fit into the V-joint and two edges of the specimen rested against the 



foundation plates. Centrelines of the foundation plates, which corresponded with the 

centrelines of the beam and column, acted as references to align the specimen once in the 

V-frarne. 

Fillet welds were used to connect both faces of a specimen to the foundation 

plates using specified minimum weld sizes, as described above. Small stiffeners, shown 

in Figure 3.8, were welded to the two free edges of each specimen to prevent premature 

tearing and subsequent loss of strength in an area where high stresses were predicted. 

Moving specimens out of the test frame simply involved removing the bolts between the 

foundation plates and frame members and removing the specimen together with the 

attached foundation plates. Then, for the next test, two new foundation plates were bolted 

to the boundary members. Using the procedure described greatly reduced the time 

required between tests. 

Once welding of a specimen into the test frame was complete, the two tension 

plates were bolted to the free corner of the specimen and to the tension member attached 

to the MTS loading head. About ten percent of the maximum tensile load anticipated was 

then applied to seat the entire tension connection (the maximum tensile load anticipated 

was 800 kN), in this way, slip of the tension connection during loading was unlikely. 

While the load was being held, the bolts in the tension connection were installed to the 

"snug tight" condition. 

Figures 3.9 and 3.10 present photographs showing the test set-up. Whitewash was 

applied to the specimen and part of the tension connection so that visual identification of 

yielding regions couId be made during the test. 

3.5.3 Test ControI and Data Acquisition 

Tensile loading applied to specimens by the MTS machine was controlled through 

a microprofiler. The MTS was programmed to load through displacement control since 

the exact load required to start yielding in the specimen was unknown. At loads close to 

yield, displacement control will continue to load at the prescribed rate according to the 

displacement of the MTS cross-head. (On the other hand, load control will respond to the 

materiai being loaded, that is, load control will attempt to maintain the load regardless of 



whether or not the material is yielding.) 

Displacement control was also used to regulate the jack loads applied to the V- 

frame arms. Linear variable displacement transformers (LVDTs) were placed at the free 

edges of the infill plate to measure and record displacements, thereby making it possible 

to adjust jack pressures and to achieve the desired displacements during testing. Jack 

loads were measured using load cells. LVDTs were also placed at various other locations 

to monitor the out-of-plane movement of the frarne. Figure 3.8 shows locations of the 

LVDTs on the test set-up. 

For each specimen, strains were monitored through ten electrical resistance strain 

rosettes, and their signals were recorded using an electronic data acquisition unit. Strain 

rosettes (five on each face of a test specimen) were located in proximity to the boundary 

between the specimen and the V-frame members, as is shown in Figure 3.1 1. 

Dia1 gauges were placed at three locations on the distributing beam in order to 

verify that the test set-up was not moving in-plane. This was a possibility when the jack 

loads became significantly unequal during loading. 

Out-of-plane displacements of the infill specimens were monitored during testing 

by using a theodolite and a set of seven Demec points mounted on the test specimen. The 

theodolite was placed approximately three meters from the test set-up and aligned parallel 

to the specimen prior to loading. Theodolite rneasurements were taken by simply using a 

ruler that was held against the Demec points and oriented at right angles to the specimen. 

3.6 Test Procedure 

A loading strategy for testing was derived by following the method outlined in the 

Applied Technology Council Handbook (1992), ATC-24 [Applied Technology 

Council 19921 for experiments using quasi-static cyclic loading. Progressive cyclic 

loading was adopted, starting with loading in the elastic load range of the specimen and 

then incrementally increasing into the inelastic load range of the specimen. In the elastic 

region of behaviour, loading was applied in blocks of three cycles. After the specimen 

became inelastic, loading was applied in blocks of six cycles. Table 3.2 surnrnarizes the 

load history followed for each test specimen. The displacements given in Table 3.2 were 





A displacement limit in opening (about 2.5 mm) was reached part-way through 

the test when the jack attached to the beam-the stiffer of the two V-frame members- 

attained its capacity. Thereafter, it was necessary to apply subsequent cycles with 

increased displacement in Part A while displacernent in Part B remained at 2.5 mm. 

Similarly, a tensile load Iimit was reached because of the strength of the tension plates. 

As is seen in Table 3.2, a maximum tensile load of 800 kN applied by the MTS 

machine-the load predicted necessary to yield the specimen in tension-was reached 

during loading block 4. 

In addition to the cyclic loading applied to specimens, the test procedure included 

inspection of specimens for tears and yield patterns at different stages during testing. The 

detection and measurement of tears was carried out with a magnifying glas  and a ruler. 

Demec point readings, described above, were taken throughout the tests in an attempt to 

record the pattern of specimen movement due to cyclic loading. Data describing the 

general shape of the specimen facilitated the development of a finite element rnodel. 

As testing progressed, plastic deformations were noticed in the V-frame joint 

during the compressive jack load portion of the cycling. The main consequence of this 

was seen in the last test (Specimen 4), when tensile jack loads were required to open the 

V-frarne members to allow for specimen placement. This gave a non-zero initial jack 

load, and resulted in a decreased jack capacity in tension. As a consequence, a maximum 

of only 1.5 mm in opening was reached for Part B of Test 4. 



Table 3.1 Plate Material and Weld Data 

Specimen Plate ~a ter ia l '  Weld ~ocation' 

North-East 

1 Infill Plate1 North-West 

South-East 

South-West 

NE 
2 Infill Plate 2 NW 

Fish Plate SE 

Infill Plate 2 

Fish Plate 

4 Infill Plate 1 NW 

Fish Plate SE 

SW 

Plate material used in specimen preparation. 

Specified Weld ~ v e r a ~ e '  Measured Weld size4 
Size (mm) (mm) 

'panel-to-boundary member weld location wr.t. specimen orientation in the MTS (Figure 3.8). 

3~verage of four measurements dong 1250 mm long weld was taken. 
4 
Smaller of two weld legs is reported. 



Table 3.2 Load History Followed for Infill Plate Connection Specimen Tests 

Block 4 x (6) 

Jack MTS 

Displ. Tension 

(mm) (W 
0.6 67 

1.2 78 

1.8 117 

2.3 156 

2.9 1 94 

3.5 233 

4.1 272 

4.7 31 1 

5.3 350 

5.8 389 

6.4 428 

7.0 467 

Blocklx(3) 

Jack MTS 

Displ. Tension 

(mm) (W 
0.5 67 

1 .O 67 

1.5 1 O0 

Block 5 x (6) 

Jack MTS 

Displ. Tension 

(mm) (W 
0.6 53 

1.3 68 

1.9 101 

2.5 135 

3.2 1 69 

3.8 203 

4.4 236 

5.1 270 

5.7 304 

6.3 338 

7 .O 372 

7.6 405 

8.2 439 

8.9 473 

9.5 507 

4.3 285 

4.9 326 

5.5 367 

Block2x(3) 

Jack MTS 

Displ. Tension 

(mm) (W 
0.6 67 

1.2 78 

1.8 117 

2.3 156 

2.9 1 94 

3.5 233 

Block 6 x (6) 

Jack MTS 

Displ. Tension 

(mm) (W 
0.6 44 

1.3 57 

1.9 85 

2.6 114 

3.2 142 

3.8 170 

4.5 1 99 

5.1 227 

5.8 256 

6.4 284 

7 .O 312 

7.7 34 1 

8.3 369 

8.9 398 

9.6 426 

10.2 454 

10.9 483 

11.5 51 1 

Block3x(6) 

Jack MTS 

Displ. Tension 

(mm) (W 
0.6 67 

1.2 8 1 

1.8 122 

2.4 1 63 

3.1 204 

3.7 244 

Block 7 x (6) 

Jack MTS 

Displ. Tension 

(mm) ON 

- 

Block 8 x (6) 

Jack MTS 

Displ. Tension 

(mm) (W 
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4. Experimental Results 

4.1 General 

Quasi-static tests were performed on a total of four infill plate connection 

specimens. In this chapter, the numerical data that were collected and the observations 

that were made during the tests are described. 

Chapter 3 described the test set-up and loading procedure that were used to test 

the infill plate connection specimens. Four test specimens, each 1250 mm by 1250 mm, 

were fabricated and tested under cyclic loading. Observations made during the testing of 

Specimen 1 helped to establish limits and general guidelines that were subsequently 

followed during the next three tests. For example, because of a limit on the jack capacity, 

a displacement restriction of about 2.5 mm was reached in the opening mode of a cycle 

(Part B). Similarly, a tensile load limit of 800 kN was reached that reflected the strength 

of the tension plates needed to transfer the load frorn the MTS machine to the infill plate. 

During Test 1, a gradua1 softening was noticed in the response of the test set-up as 

loads were increased. Zt was observed that the difference in the load required to increase 

the inward displacement of the V-frame members becarne smaller with successive 

loading blocks. This was the result of a large crack that was detected in a fillet weld 

connecting the beam flange to the column during the last (sixth) cycle of loading block 8. 

Repairs were made to the V-frame connection, and a maximum inward displacement of 

approximately 17 mm during the first part of a loading cycle (Part A) was established for 

subsequent tests (refer to Table 3.2). 

Experience gained in Test 1 developed the loading Iimitations outlined above. 

However, it was possible to test the four specirnens as had generally been intended at the 

outset of the prograrn. Infill plate connection specimens were subjected to the two major 

load effects present in an actual steel plate shear wall-repeated opening and closing of 

the corner detail, and tensile loading simulating the formation of a tension field in the 

infill plate. 



4.2 Material Properties 

Table 4.1 presents the material properties obtained from tension coupons taken 

from three individual source pieces of steel plate. Elastic modulus, static yield stress and 

static uitimate stress values are given in the table. The modulus of elasticity for Infill 

Plate 1, Infill Plate 2, and the Fish Plate material is 189 500 MPa, 198 200 MPa, and 

221 200 MPa, respectively. The values reported in Table 4.1 are the mean value of three 

coupons cut in each of two orthogonal directions from each plate. The coupon tests of the 

material confirmed that the plates were made of hot-rolled steel and could therefore 'be 

used for the preparation of the test specimens. Appendix A shows values obtained from 

individual coupon tests. 

4.3 Test Data and Observations 

The information collected during the infill plate connection tests is described in 

this section. In addition to giving a measure of the individual performance of the infill 

specimens, the data and observations presented below provide the necessary information 

with which to compare the various corner details tested. Cornparisons between specimens 

are discussed in Chapter 6. 

4.3.1 Out-of-Plane Measurements 

Linear variable displacement transformers (LVDTs) were used to monitor the out- 

of-plane deflection of the beam and the column during cyclic loading. Their location is 

shown in Figure 3.8. Although sorne deflection was expected, measurements from the 

LVDTs show that out-of-pIane movement of the beam and column was largely prevented 

by bracing pIaced at the ends of the V-frame members. 

Displacements of the infill plate in the out-of-plane direction were monitored 

using a theodolite and a set of Demec points mounted on one side of the test specimen. 

The data collected from the Demec point readings for Specimen 2 are used in the finite 

element analysis presented in Chapter 5. Demec point data taken for al1 of the specimens 

are summarized in Appendix B. 



4.3.2 Deterioration of the InfiIl Plate Connection Specimens 

4.3.2.1 Specimen Buckling 

As was described earlier (Section 3.6), the first part of a loading cycle (Part A) 

involved the displacement of the boundary mernbers so as to decrease the 90 degree angle 

between the beam and the column. Simultaneously, a tensile force was applied to the 

infill plate by the MTS machine. In al1 of the tests, buckles in the infill plate could be 

detected by the time of the second loading block. In the later loading blocks, the buckle 

amplitudes increased as the displacements of the boundary members were increased. This 

can be seen in Figure 4.1, which shows the buckled shape of Specimen 1. Loud sounds 

were emitted from the specimens as buckles formed and then straightened during a 

loading cycle. Increasing buckle amplitudes created significant bending strains on the 

surface of the infill plate, and this caused certain areas of the specimens to yield. 

Yielding due to plate buckling was detected by the flaking of the whitewash 

coating on the specimen surface. At the end of each test, yielding was noted on at least 

one side of the infi11 plate, and dong a band approximately 40 mm wide and 300 to 

400 mm long. The bands were oriented at about 45 degrees from either member of the V- 

frame. This can be seen on the south side of Specimen 4 in Figure 4.2. (Forty-five degrees 

from the V-frame member means that the direction is vertical in the photograph.) 

Figure 4.2 also shows the corner region of the north side of Specimen 4 at the end of the 

test. In this case, the horizontal yield band was the result of a buckle that had formed 

locally within the crest of a larger buckle. This localized buckle was observed only in 

Specimens 2 and 4. 

4.3.2.2 Hysteresis Behaviour 

In-plane displacements of the V-frame members were monitored using two 

LVDTs--one attached to the free end of the beam and one attached to the free end of the 

column. Load cells mounted on the ends of the jacks were used to record the jack loads. 

The location and orientation of the LVDTs and load cells are shown in Figure 3.8. As 

explained in Chapter 3, loads and displacements were measured and recorded for both 



members. The Iine of action of the loads and displacements was oriented at 45 degrees to 

the horizontal, that is, in a direction perpendicular to either V-frame member. To simplify 

the presentation of data, the horizontal component of the beam displacement was added to 

the horizontal component of the column displacement. This identifies the total inward or 

outward horizontal displacement of the V-frame. Similarly, the horizontal component of 

the bearn jack load was added to the horizontal component of the column jack load. 

Hysteresis curves were obtained by plotting the total displacement versus the total jack 

load. Figures 4.3 to 4.6 show hysteresis curves for Specimens 1 to 4, respectively. 

An adjustment necessary during testing accounted for the vertical movement of 

the V-frame, as recorded at the beam-to-column joint. An uplift in the V-frame took 

place because of the tensile load applied to the infill plate and the vertical component of 

the jack loads that were applied to the beam and column. LVDTs attached to the beam 

and column measured the total movement of the V-frarne members-displacement due to 

the beam and the column deflections plus the displacement due to the vertical uplift of the 

entire V-frame. A correction was made to isolate the deflections of the beam and the 

column by subtracting the vertical V-frame uplift from the vertical component of the total 

movement of the V-frame members. 

The characteristic "waves" seen in dl of the hysteresis curves are a result of the 

procedure that was followed during testing. The greater stiffness of the beam as compared 

with the column meant that larger loads had to be applied to the beam than to the column. 

The necessity for unequa1 jack loads in order to maintain equal beam and column 

displacements made it difficult to control the exact displacement of the V-frame 

members. Frequent adjustments had to be made to the jack loads, while, at the same time, 

the test data were collected continuously. This resulted in the wavy appearance of the load 

versus deflection plots. 

Hysteresis curves for Specimens 2 to 4 (Figures 4.4 to 4.6) show a series of eight 

individual loops. These represent the data recorded during the last cycle in each of the 

eight loading blocks. During testing of Specimen 1 (Figure 4.3), load cells were attached 

to the jacks only after the completion of loading block 3. Therefore, the hysteresis curve 

for Specimen 1 shows data loops only for loading blocks 4 to 8. 



The parts of the hysteresis curves plotted in the negative quadrant of the graphs 

indicate the load and deflection response during the inward displacement of the V-frame 

members ( P a .  A). The lopsided data distribution seen in al1 of the hysteresis curves is a 

result of the displacement limit in opening. As described above, this was the consequence 

of reaching the limit in the beam jack capacity. 

At the end of Test 4, the infill connection specimen was removed from the test 

frame. The beam and column were then loaded one at a time. Each member was 

displaced, first inward and then outward, while the other member was held at zero 

displacement. Figure 4.7 shows these loading curves. In this case, the individual jack load 

versus the displacement of either V-frame member is seen in the figure. The plotted loads 

and displacements are those measured perpendicular to the beam and column. The slope 

of the curves give the stiffness values for the beam and the column. These are used later 

for the finite element mode1 described in Chapter 5. 

4.3.2.3 Specimen Tearing 

The most severe sign of deterioration during the course of cyclic loading was the 

formation of tears in the specimen. To clarify the following descriptions, line drawing 

diagrams of the specimens (Figures 4.8, 4.10, 4.12, and 4.14) show a 200-by-200 mm 

close-up of the corner detail. The diagrams show numbered tears in the order that they are 

referred to below, and the length of tears at the end of testing. "East" and "West" labels 

on the diagrams refer to the orientation of the specimens as placed in the test frame (refer 

to Figure 3.8). 

Testing of Specimen 1 produced a small amount of yielding above the infill plate- 

to-foundation plate welds. This yielding began on both sides of the specimen during the 

fourth cycle of loading block 3 (block 3-4). No tears were observed at any time during the 

testing of Specimen 1. Figure 4.8 shows the yielding that was observed on Specimen 1: 

yielding above the welds due to the transfer of forces from the infill plate to the frame, 

and yielding due to buckling (as described above). The photograph in Figure 4.9 taken at 

the end of block 6-3 shows yielding due to buckling on the north side of the specimen. 

Testing of Specimen 2 resulted in a significant amount of tearing and yielding as 



compared with Specimen 1. The location of the tears is presented in Figure 4.10. (The 

tears are numbered in Figure 4.10 so that they can be referred to in the text that follows.) 

Both Figures 4.10 and 4.11 show Specimen 2 at completion of testing. 

The first tear in Specimen 2, Tear 1 (2 mm long), was noted during block 3-1 on the 

south side. It was located in the weld and was at the intersection between the two 

infill plate-to-fish plate welds. During this cycle, a small band of yielding was noted 

on the south side between the two fish plates. 

A second tear, Tear 2 (45 mm long), was noted during block 6-3 on the north side. It 

was in the west fish plate, above the toe of the fish plate-to-foundation plate weld. By 

the time of this cycle, Tear 1 had propagated through the infil1 plate-to-fish plate weld 

(6 mm) and into the infill plate in the westward direction (7 mm). 

By the time of application of loading block 7-1, Tear 2 had propagated to the south 

side (1 1 mm long). Tear 1 had continued to propagate and had grown to a length of 

16 mm. 

A third tear, Tear 3 (24 mm long), was noted by the end of the test. It was on the 

south side, in the east fish plate and above the toe of the fish plate-to-foundation plate 

weld. It was propagating eastward. Tear 1 had stopped propagating in length, but had 

moved through the thickness of the infill plate and was visible on the north side 

(14 mm long). Tear 2 had grown to a length of 63 mm on the north side and 41 mm 

on the south side. A band of heavy yielding was noted on the south side between the 

two fish plates. See Figure 4.1 1. 

Testing of Specimen 3 also resulted in a significant amount of tearing and yielding 

as compared with Specimen 1. The location of the tears is referred to by number in 

Figure 4.1 2. Both Figures 4.12 and 4.13 show Specimen 3 at completion of testing. 

The first tear of Specimen 3, Tear 1 (6 mm long), was noted during block 5-3. It was 

on the south side and was in the toe of the fish plate-to-infill plate weld. 

A second tear, Tear 2 (21 mm long), was observed during block 6-3. It was on the 

south side, in the east fish plate, above the specimen-to-foundation plate weld. Tear 2 

appears to have been a continuation of Tear 1, which had propagated across the width 

of the weld (8 mm long). During the same cycle, it was also noted that Tear 2 had 



moved through the plate and was visible on the north side (6 mm long). 

A third tear, Tear 3 (5 mm long), was seen during block 6-6 on the south side. It was 

in the infill plate, above the specimen-to-foundation plate weld. It propagated 

westward. Tear 3 appears to have started at the head of Tear 1. Tear 2 on the north 

side had grown to a length of 20 mm. 

A fourth tear, Tear 4 (13 mm long), was also noticed during block 6-6. It was on the 

north side, in the infill plate. Tear 4 appears to have been caused by Tear 3 

propagating through the plate from the south side. 

A fifth tear, Tear 5 (68 mm long), was seen during block 7-6. It was on the south side, 

in the infill plate, at the toe of the infill plate-to-fish plate weld. It propagated 

eastward. Tear 5 appears to have also started at the head of Tear 1. 

By the end of the test, Tear 1 had grown to a width of 3 mm, and Tears 2 and 3 on the 

south side had propagated to lengths of 70 mm and 21 mm, respectively. Tears 2 and 

4 on the north side had propagated to lengths of 52 mm and 33 mm, respectively. A 

band of heavy yielding was noted on the north side. See Figure4.13. 

The testing of Specimen 4 produced a significant amount of tearing and yielding. 

The location of the tears is presented in Figure 4.14. Both Figures 4.14 and 4.15 show 

Specirnen 4 at completion of testing. 

The first tear, Tear 1 (2 mm long), was noted during loading block 7-2. It was on the 

south side, in the east fish plate and at the toe of the fish plate-to-foundation plate 

weld. It propagated eastward. 

A second, third, and fourth tear, Tear 2 (18 mm long), Tear 3 (1 1 mm long), and 

Tear 4 (10 mm long), were also seen during block 7-2. They were on the south side, in 

the heat-affected zone of the weld between the two fish plates. 

By the time of block 8-1, a fifth tear, Tear 5 (10 mm long) had formed due to Tear 3 

propagating through the thickness of the plate from the south side to the north side. 

A sixth tear, Tear 6 (1 8 mm long), was noted at the end of the test. It was on the south 

side, in the West fish plate, and at the toe of the fish plate-to-foundation plate weld. It 

had propagated westward. Tears 2 and 3 had joined to fonn a 1.5 mm wide crack. 

Tear 5 on the north side had propagated to a lengtb of 16 mm. Tears 1 and 4 on the 



south side had propagated to lengths of 25 mm and 27 mm, respectively. Figure 4.15 

shows the yielding in the Specimen 4 observed at the end of testing. 

In summary, tears developed in three of the four infill plate connection specimens 

(Specimen 2, 3, and 4). The details of specimen tearing will be used both in the 

cornparison between individual specimens and between an actual specimen and a 

corresponding finite element model. 

4.4 Strain Gauge Data 

Strain rosettes were mounted on the infill connection specimens. Five rosettes, 

located in close proximity to the boundary between the specimen and the V-frame 

members, were applied on each face of the test specimens. Strain readings taken from 

opposing rosettes were averaged. By averaging the rosette data, strains induced by plate 

bending were algebraically removed. The mean values are then considered as constant 

strains across the through-thickness of the plate. 

Table 4.2 gives strain results for Specimen 2. Values of the normal strains and 

shear strain are given at two load levels. The loading block, cycle, and total horizontal V- 

frame displacement at which the strains occurred are indicated for each 1oad level. Tables 

giving strain results for al1 four specimens are shown in Appendix C. The line drawing in 

Figure 4.16 depicts the orientation of the x- and y-axis dong which the normal and shear 

strains are plotted in Figure 4.17. The nomal strains that are shown in Figure 4.17, aiso 

for Specimen 2, were measured perpendicular to the axes along which the strain rosettes 

were located. For Rosette 3, the normal strain plotted was measured dong the bisector of 

the x- and y-axes. The values along the X-Y axis in Figure 4.17 are the distances (in 

millimetres) between the strain rosettes relative to Rosette 3, which is located at the 

origin. Strain gauge results from Specimen 2 will be discussed and compared with the 

analytical results in Chapter 6. 



Table 4.1 Material Properties 

Infil1 Plate 1 

Specirnen 

Infill Plate 2 1 ::: 1 
Fish Plate 1 - 1 1 1-2 1 

Direction* 

1 1 1 1 

* Directions 1-1 and 1-2 are shown in Figures 3.4 to 3.7. 

Modulus of 
Elasticity (MPa) 

Static Yield 
Strength (MPa) 

Static Ultimate 
Strength (MPa) 



Part A 

Part 1 

Block-Cycle: 5-6 

Total Jack Load @N): -708 

Total Displ. (mm): -12.8 

BIock-Cycle: 8-6 

Toiai Jack Load (kN): -885 

Total Displ. (mm): -23.6 

Table 4.2 Measured Strains from Specimen 2 

Rosette: 

Block-Cycle: 5 4  

Total Jack L a d  (H): 1029 

Total Displ. (mm): 4.0 

Block-Cycle: 8-6 

Total Jack Load 0: 1086 

Total Displ. (mm): 3.4 

m: Negative values indicate compresive loads and strains, and inward displacements. 

-- - 

E, 

t+ microstrain 

YXY 

% 

E, microstrain 
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366 

209 

-1697 

343 
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-1919 
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693 

-28 
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3884 

-5778 

-1273 

2228 

-555 

1048 

4677 

-7906 



Figure 4.1 Buckling of Infill Plate 



Figure 4.2 Yielding of Specimen 4 Due to Buckling 
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Figure 4.8 Yielding Observed on North and South Sides of Specimen 1 

Figure 4.9 Yielding Observed on North Side of Specimen 1 
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Figure 4.10 Tears Noted on Specimen 2 



Figure 4.11 Specimen 2 Corner Detail at End of Testing 



East West 

Figure 4.12 Tears Noted on Specimen 3 



Figure 4.13 Specimen 3 Corner Detail at End of Testing 
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Figure 4.15 Specimen 4 Corner Detail at End of Testing 
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Figure 4.17 Measured Normal and Shear Strains 



5. Finite Element Analysis 

5.1 General 

The goal of the finite element analysis was to develop a model that would predict 

the behaviour of Specimen 2. The primary test of the model will be to compare the 

predicted load versus displacement response against the response observed during testing. 

A cornparison between the strains rneasured in the test specimen and the strains obtained 

from the analysis will be used to validate further the finite element model. Another 

objective of the finite element study is to determine whether the location of the tears 

observed in the test specirnen can be correlated with the strain distribution in the finite 

element model. A validated finite element model will provide a useful tool for evaluating 

the effect of parameters that were not specifically investigated in the test program. A 

parametric study, however, is beyond the scope of the work presented here. 

Specimen 2 was rnodelled using the commercial finite element code AflAQUS 

[Hibbitt et al. 19961. Analysis of the model was conducted on a SUN SPARC 

workstation. 

5.2 Description of the Mode1 

The finite element model was built in two phases. First, the V-frame, consisting 

of the bearn, column, and foundation plates, was analyzed in order to match the stiffness 

of the V-frame model to the stiffness of the test V-frame. In the second phase, the infill 

plate and fish plates were added to the V-frarne. Two infill plate meshes, that is, a fine 

mesh and a coarse mesh, were analyzed to investigate convergence of the analysis. Only 

one V-frame mesh was used for the analysis of both the coarse and the fine mesh models. 

5.2.1 Elements and Mesh 

The ABAQUS element S4R was used to rnodel both the V-frame and the infill 

plate connection specimen. The S4R element is a four node, doubly curved shell element 

that accounts for finite membrane strains and allows for a change in element thickness 

[Hibbitt et al. 19961. This element has six degrees of freedom at its nodes: three 



displacement components and three in-surface rotation components. S4R is a reduced 

integration element with only one integration point at the centroid of the element. The 

cross-sectional behaviour of the S4R element is integrated at five points across the 

thickness of the element. This allows for an accurate representation of material behaviour 

for non-linear problems. 

The V-frame was rnodelled using 1636 shell elements. Figure 5.1 shows the mesh 

used to model the V-frame. The CO-ordinate system shown in Figure 5.1 is the reference 

systern that will be used for the descriptions that follow. The finite element model was 

oriented with the beam parallel to the x- or 1-axis and the column parallel to the y- or 2- 

axis. The beam and column were modelled with separate element arrays that forrned the 

flanges and the webs. The flange plate element arrays were tied to the web element arrays 

using the "tie" multi-point constraint option of ABAQUS. Similarly, the beam and 

column were joined by tying beam nodes to column nodes. Luads were applied to beam 

and column nodes as point loads and, in order to prevent the possibility of a premature 

local failure in the web of either the bearn or column, stiffeners were included in the finite 

element model. However, stiffeners were not needed in the actual test specimen, because 

the jack loads were distributed into the V-frame members through tongue attachments 

(shown in Figure 3.8). 

In order to rnodel the bolted connection between the foundation plates and the 

beam and the column of the V-frame, nodes in the foundation plate mesh were tied to 

nodes in the mesh of the beam and column flanges. Locations of the tied foundation plate 

and flange nodes corresponded to the bolt locations in the actual test specimen. The beam 

and column stiffener elements referred to above were aiso joined to the beam and coIumn 

mesh using the tie multi-point constraint. 

The entire V-frame model was restrained at the lower end of the column by 

setting al1 degrees of freedom of the reaction nodes to zero. The restrained column nodes 

are highlighted in Figure 5.1. In order to model the stiffness of the actual V-frame, 

elements located along cross-sections A-A and B-B (set Figure 5.1) were given a 

reduced modulus of elasticity. The modulus of elasticity of the beam and column 

elements along sections A-A and B-B was chosen in order to match the load versus 



displacement behaviour of the V-frame model to that of the actual V-frame, Further 

discussion of the V-frame model stiffness is presented below. 

The infill plate specimen and the fish plates were modelled using both a coarse 

mesh and a fine mesh. Figures 5.2 and 5.3 show the coarse and fine meshes, respectively. 

The coarser mesh used 50 mm square shell elements, for a total of 671 elements, and the 

fine mesh used 25 mm square shell elements, for a total of 2688 elements. The fish plates 

(oriented in the 1- and 24irections) were modelled using rectangular element arrays that 

were lapped by the square array of infill plate elements. The 6 mm gap between the two 

fish plates in the actual specimen (refer to Figure 3.5) was included in the model. The 

infill plate stiffeners used in the test specimen to prevent premature tearing of the plate at 

its free edges were also incorporated in the model. Fish plate-to-foundation plate, fish 

plate-to-infill plate, and stiffener-to-infill plate fillet weld connections were modelled by 

tying the appropriate nodes. Ten spring elements (seen in Figures 5.2 and 5.3) were 

included in the models at the location where a tensile force was applied to the actual infill 

specimens. This tensile force, which was applied to the test specimen through a tension 

connection with ten bolts (refer to Figure 3.8), was applied to the finite element model at 

the nodes that conesponded to the location of the bolts. The spring elements were used to 

simulate the out-of-plane restraint of the infill plate that was provided by the tension 

plates and the tension member (also seen in Figure 3.8) in the actual test set-up. 

5.2.2 Initial Conditions 

Out-of-plane imperfections can play an important role in the behaviour of a thin 

plate in compression. Initial imperfections induce bending of the plate, thereby setting up 

secondary stresses. This causes an apparent reduction of the in-plane plate stiffness and, 

possibly, a decrease in the load level at which a plate will buckle under compression. 

More importantly, in a non-linear load-displacement analysis such as the one performed 

here, initial imperfections are essentiai for the analysis to converge to a low energy 

buckling mode. 

As was described in Chapter 3, the out-of-plane initial imperfections in the infill 

plate were measured at Demec points mounted on one side of the specimen. Some of the 



effects that contributed to the out-of-flatness measured in al1 four specimens incIuded 

handling prior to testing and distortion due to welding. Both the coarse and fine infill 

plate meshes for the finite element model of Specimen 2 were given a maximum initial 

imperfection of 22 mm. This vdue was calculated by averaging the two maximum 

Demec point readings taken at two of the seven Demec locations on Specimen 2 prior to 

testing. In the model, the out-of-plane displacements were described as a parabola across 

the infill plate, both in the 1- and the 2-directions. A maximum displacement of 22 mm 

was established at the centre of the infill plate model and there was zero displacement at 

the corners. 

No attempt was made to model the residual stresses in the finite element model. 

However, residual stresses are likely to play an important role in the load response of the 

plate and can be expected to have significant Iocalized effects in areas of the plate near 

welds. 

5.2.3 Material Mode1 

The V-frame was modelled using an isotropic, elastic material. The elastic 

modulus selected for the V-frame model was 207 000 MPa; this is an estimate, since 

actual V-frame material properties were not obtained. The infill plate specimen was 

modelled using an isotropic, elastic-plastic material. The constitutive model incorporated 

a von Mises yield surface and an isotropic strain hardening flow rule. True stress versus 

strain curves, derived from material tests, were used to define the material response, 

which was taken to be identical in tension and in compression. The material response 

input for the numericd analysis of the infill plate used a mean stress versus strain curve 

recorded for tension coupon testing of Specimen 2. Figure 5.4 shows the stress versus 

strain curve used in the finite element model. 

5.3 Analysis 

The analysis performed with the finite element mode1 of Specimen 2 was a static 

load versus displacement response analysis that included the nonIinear effects of 

geometry and material response. In a case where there is a possibility of unstable 



behaviour-for example, a thin plate in compression-the modified Riks solution 

strategy implemented in ABAQUS [Hibbitt et al. 19961 is recommended. The modified 

Riks, also known as the arc length method, uses the load magnitude and the 

displacements as unknowns, and controls the increments (arc lengths) taken dong the 

load versus displacement response curve. Since the Riks algorithm treats both loads and 

displacements as unknowns, termination of a Riks loading step will not occur at a 

predetermined load or displacement. Instead, the Riks step will end at the first solution 

that satisfies the user-defined step termination criterion. This criterion c m  be a maximum 

load, a maximum displacement at a given degree of freedom, or a maximum number of 

increments within a load step. 

The exact boundaxy conditions at the beam-to-column joint in the test set-up were 

not known. This was because of the modifications that were made to the joint subsequent 

to testing of Specimen 1 (Section 4.1) when weld tearing occurred at the joint. Therefore, 

the V-frarne model was analyzed first in order to determine whether the perfect boundary 

conditions assumed in the model (the beam was "tied" to the column) simulated the 

actual stiffness of the frarne. Chapter 4 described how the actual V-frame stiffness was 

measured by displacing each member, first inward and then outward, while the other 

member was held at zero displacement. A similar loading approach was taken for the V- 

frame model. The beam was loaded at its free end, first in the positive 2-direction (refer 

to Figure 5.1) and then in the negative 2-direction, while the column was pinned at its 

free end in the 1, 2, and 34irections. Likewise, the column was loaded at its free end in 

the positive and negative 1-direction while displacements at the free end of the beam 

were kept at zero by using a pin restraint in that location. 

Cornparison of the V-frarne model response to the response of the test V-frame 

showed that the model was significantly stiffer than the test frame. Therefore, the 

response of the V-frame model was softened by adjusting the modulus of elasticity of the 

elements on cross-sections A-A and B-B (shown in Figure 5.1). In Figure 5.5, a 

comparison between the stiffness of the actual V-frame members and the "softened" V- 

frarne model is shown. Once the stiffness of the V-frarne had been adjusted to match that 

of the test frame, it was possible to introduce the infill plate into the model. 



Loading of the entire test set-up model-the infill plate, the fish plates and the V- 

frame-proceeded in four steps. The loading applied to the finite element model is 

equivalent to the last loading block that was applied to Specimen 2. In the first load step, 

the bearn and column were loaded at their free ends in the positive 2- and 1-direction, 

respectively. This caused the beam and column to move inward, thereby compressing the 

infill plate. Simultaneously, a tensile load simulating the tension force applied to the test 

specimen by the MTS testing machine was applied to the free corner of the infill plate 

portion of the model. A maximum tensile load of 800 kN was reached at the same time as 

the maximum beam and column loads were reached. For the second load step, the model 

was unloaded in a proportional way. 

In the third load step, the V-frame members were loaded at their free ends in a 

manner to cause the beam and column to displace outwards. As was the case in the actual 

test, there was no load applied directly to the infill plate during this step. Loading of the 

finite element model was terminated during the third step when the loads applied to the 

beam and column reached the maximum value applied during the physical testing. In the 

fourth load step, the loads applied to the beam and column were released. The four load 

steps described above were applied to both the model with the coarse infill plate mesh 

and to the model with the fine infill plate mesh. 

5.4 Results of the Analysis 

In order to compare the results of the finite element models to that of the test 

specimen, the load and displacement values from the analysis were obtained and plotted. 

Figure 5.6 shows the Ioad versus displacement curves for both the coarse mesh and fine 

mesh. As described in Section 4.3.2.2, the hysteresis data collected for the four 

experimental specimens was presented as the total horizontal jack load versus the total 

horizontal V-frame displacement. Therefore, the displacements recorded at the free end 

of the bearn and column of the finite element model were also combined to obtain the 

total V-frame displacement. The sarne was done with the loads applied to the beam and 

column of the model, thereby giving a total load value. 

For a conforming finite element solution the refinement of a model will result in 



an increase in the strain energy of the overall structure. Put another way, a finite element 

model will soften its load versus displacement behaviour with the increase of elements in 

the mesh. However, a finite element model will generally be stiffer than the actual 

structure. Figure 5.6 shows that the load versus displacement behaviour of the coarse 

mesh and fine mesh are similar. This indicates that the analysis is converging to an exact 

solution. Since there is only a very small difference in response between the coarse mesh 

and the fine mesh, it can be concluded that the size of the coarse mesh is adequate to 

model this detail. Cornparisons between the finite element solution and the actual 

experimental results from Specimen 2 are presented in Chapter 6. 



Figure 5.1 V-Frame Finite Element Mode1 
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6. Discussion 

6.1 Experimental Results of Infill Plate Connection Specimens 

6.1.1 BuckIing of Specimens 

Buckling of the infill plate was noted in the specimens by the time of the second 

loading block, at a total inward V-frame displacement of 5 mm. In al1 specimens, the 

post-buckling deformations of the plate during the higher loading blocks produced some 

yielding of the infill plate portion of the specimen. The buckling configuration and the 

post-buckling deformations were similar in al1 four specimens tested. Both Specimens 2 

and 4 showed a localized buckle (seen in Figure 4.2) in proximity to the intersection of 

the orthogonal fish plates. It is likely that this buckle is a result of the stiff boundary 

provided by the fish plates. The transition from a 5 mm infill plate to a 6 mm fish plate, 

which included an area of plate overlap that resulted in a total plate thickness of 11 mm, 

affected the formation of a buckle in that area. Specimens 1 and 3, which did not have 

two orthogonally oriented fish plates, did not display the localized buckle. 

Observations from this experimental program suggest that a specimen with a 

corner detail using two fish plates is susceptible to the formation of buckles in the beam- 

to-column joint area. However, the buckle configuration observed in a shear panel is 

dependent on the boundary conditions of the infil1 plate. The infill plate connection 

specimens were welded along two edges and were free dong the two other edges, 

whereas in a steel plate shear wall the infill panel is attached on al1 four sides. Therefore, 

the buckle configurations observed in the infill plate connection tests are not necessarily 

representative of behaviour in an actud steel plate shear wall. This conclusion is 

supported by observations made during the four-storey unstiffened steel plate shear wall 

test performed by Driver et al. [1997]. Driver used fish plates along al1 four edges of each 

shear panel (Figure 3.1). In the bottom panel of Driver's shear wall, a senes of large 

buckles and smaller localized buckles had formed throughout the plate by the end of the 

test. In contrast, only one major buckle in the direction orthogonal to the tension field and 

a localized buckle (in Specimens 2 and 4) were observed in the infill plate connection 

tests reported herein. 



6.1.2 Load Versus Displacement Response 

The load versus displacement response of the test specimens was used to monitor 

and compare the overall behaviour of the specimens during testing. The data collected 

during loading and unloading of the test specimens were described in Section 4.3.2.2 and 

presented in Figures 4.3 to 4.6. In al1 cases, increased hysteresis was observed in the load 

versus displacement curves during the higher loading blocks, which reflected a gradua1 

increase in the amount of plastic deformation. This plastic defonnation was due, in part, 

to the large buckles that formed in the infil1 plate connection specimens during the inward 

displacement of the beam and the coIumn. The buckles caused plastic deformations in the 

specimen and prevented the beam and column from retuming to their initial displacement 

at the end of a load cycle. The non-zero displacements at zero load is characterized by the 

leftward migration of the hysteresis loops seen in Figures 4.3 to 4.6, 

The entire series of hysteresis loops for Test 4, shown in Figure 4.6, is shifted 

away from the point of zero load. This was caused by the cumulative inward 

displacement of the V-frame members that occurred as the four specimens were tested. In 

fact, by the time of Test 4, jack loads were required to open the beam-to-column joint in 

order to allow for placement of the new specimen in the V-frame. This resulted in an 

initial non-zero jack load reading at the start of the test and a leftward shift of al1 the load 

versus displacements curves. 

In order to facilitate the cornparison of Specimens 1 to 4, the envelope of each 

hysteresis curve is plotted in Figure 6.1. Loading envelopes were obtained by plotting the 

maximum totaI jack load versus the maximum total deflection recorded dunng the last 

cycle in each loading block. (Because load cells were attached to the jacks only after the 

completion of loading block 3 in Test 1, the initial portion of the loading envelope for 

Specimen 1 was obtained by converting manually-recorded jack pressures at maximum 

displacements.) 

The non-linear response of the test specimens observed at higher load levels is a 

result of two effects, namely, yielding of the test frarne and buckling of the infill plate. 

Although it was clear that there was yielding in the infill plate, the lower loads and flatter 

envelope observed for Specimen 1 (Figure 6.1) can be attributed mostly to the weld tear 



propagation at the beam-to-column joint (Section 4.1). Notwithstanding the shift in its 

load versus displacement curve (explained above), it can be seen that the response for 

Specimen 4 (Figure 6.1) is ver= similar to the response of Specimens 1 to 3. This is 

because the load versus displacement envelope for Specimen 4 runs parallel to the other 

three curves, with the exception of the behaviour of Specimen 1 at the higher negative 

jack loads. 

A cornparison between the test specimens was also made within a particular 

loading block. Table 4.2 presents the maximum load and deflection values for the first 

and last cycles in loading blocks 2, 5, and 8 for Specimen 2. Similar tables for 

Specimens 1, 3, and 4 are shown in Appendix D. The data given in the tables shows that 

there was stable behaviour within a load block, since the data show no significant changes 

in the required jack load for a specified deflection within each block. It can be concluded 

that specimen detenoration occurred because of the increase in load between successive 

loading blocks, and not because of repeated loading within the same loading block. 

In summary, the load versus displacement behaviour of the infill connection 

specimens shows a simikir response for al1 four details. The loading envelopes that are 

plotted in Figure 6.1 show graduai and stable deterioration of the load versus 

displacement response for the specimens at higher compressive jack loads. 

6.1.3 Tearing of Specimens 

Tearing occurred in Specimens 2, 3, and 4, and it was concentrated within an area 

approximately 200 mm-by-200 mm around the corner detail region of the infill plate 

specimen. Testing of Specimen 1 produced only a small amount of yielding in the infill 

plate. The load versus displacement plot given in Figure 6.1 shows that Specimen 1 was 

subjected to the same magnitude of displacement as the other three specimens. However, 

at the completion of testing there was no tearing observed in Specimen 1, whereas in 

Specimens 2 to 4 there were tears in the welds or in the heat-affected zones around the 

welds. 

The absence of tears in Specimen 1 can be attributed to the connection detail used 

in the first test-the infill plate was welded directly to the boundary members. 



Connecting the infill plate directly to the boundary members excludes the use of fish 

plates and, thereby reduces the amount of welding required for the shear panel. 

Furthermore, the incorporation of fish plates in the shear panel (Specimens 2 to 4) 

requires a weld between the fish plate and the infill plate that is located further into the 

steel panel. This results in the presence of a weld and a related heat-affected zone with 

reduced ductility in an area of increased bending strains as compared with the bending 

strains found at the infill panel-to-boundary member welds. In other words, out-of-plane 

bending of the plate acting upon these less ductile zones (and acting in conjunction with 

the in-plane stresses), is more likely to create tears in this arrangement than in a directly- 

connected infill plate. 

It is likely that the initiation of plate tearing occurred in the closing portion of a 

loading cycle, Part A. The buckles that form in the infill specimens during closing of the 

joint can be expected to produce large bending strains in the corner area of the infill plate. 

Once a tear had formed in a specimen, propagation of the tear was aided by the cyclic 

action of loading, that is, by the action of low cycle fatigue. Dunng the opening portion of 

a loading cycle, Part B, the boundary members were displaced outwards. This caused the 

buckles that had formed in Part A to straighten, thereby producing a reversed straining 

effect concentrated at the corner of the infill plate. 

The formation of the first tear in the specimens was detected as early as the first 

cycle in the third loading block for Specimen 2 and as late as the second cycle of the 

seventh loading block for Specimen 4. Nowever, considering that tears were detected by 

visual inspection of the specimens during testing, it is likely that many of the tears were 

not observed until they had grown to a substantial length. 

The tears in Specimens 2, 3, and 4 initiated either in the weld or in the base 

material adjacent to the weld. For example, al1 of the tearing observed in Specimen 3 was 

a result of Tear 1 (Figure 4.12), which was located in the weld material at the intersection 

of the fish plate-to-infill plate weld. From the tearing observed in Specimens 2 and 4, it is 

evident that a comer detail with discontinuous boundaries is particularly susceptible to 

tearing. The 6 mm gap between the fish plates in Specimen 2 and the comer cut-out, or 

chamfer, in Specimen 4 (seen in Figures 4.10 and 4.14, respectively) create stress raisers 



as a result of an interruption in the specimen-to-boundary member weld. Both of these 

specimens developed tears in the fish plates that propagated from these areas. 

Upon close examination of the tearing observed in Specimen 4 (Figure 4.14), it 

was noted that more tearing had occurred in the fish plate attached to the column 

(Tears 2, 3, 5 and 6) than in the fish plate attached to the beam (Tears 1 and 4). It is 

believed that the geometric asymmetry in that detail (refer to Figure 3.7) may have 

contributed to unequal load transfer from the infill plate to the fish plates. In addition, the 

groove weld joining the two fish plates in Specimen 4 produced a large heat-affected 

zone in the parent material, thereby making it more susceptible to tearing. 

6.1.4 Summary of Specimen Behaviour and Response 

The exarnination of the buckling and hysteresis behaviour outlined above revealed 

no major differences in the response of the four specimens. The most significant sign of 

specimen deterioration was the formation of tears. When summarizing the tearing 

observed for each specimen it is necessary to reiterate the considerations that led to the 

selection of the four corner details. Section 3.1 described a steel plate shear wall panel 

that uses fish plates along two adjacent panel sides (Figure 3.2). With this infill plate 

connection scheme there is a possibility of no fewer than three different corner details. 

These three infill connection details were selected for the present experimental program 

(Specimens 1 to 3), in addition to a fourth detail (Specimen 4), which was an alternative 

to Specimen 2. 

Considering a shear panel that has fish plates at two of its boundaries, it can be 

seen that Specimens 1 to 3 form a group of related corner details. Since one or more of 

the details will be found in a shear wall panel, such as the one shown in Figure 3.2, it is 

appropriate to compare these details. This can be done on the basis of their strength and 

integrity. In the case of the detail used for Specimen 4, the most logical cornparison is 

against Specimen 2, because the former was developed as an alternative to the latter. At 

the completion of testing, there were more tears in Specimen 4 as compared with 

Specimen 2 (Figure 4.10 and 4.14). However, the tears in Specimen 4 were not observed 

until loading block 7, whereas tears in Specimen 2 were obsewed as early as loading 



block 3. Thus, in terms of physical darnage, there is not enough evidence to be able to 

distinguish between these two details. Most important, the load versus deformation 

behaviour of both Specimen 2 and 4 was not significantly different from that of the other 

two specimens. 

When discussing the results of al1 of the tests, it is important to appreciate the 

magnitude of the deterioration that was observed relative to the size of the entire 

specimen. Figure 6.2 shows Specimen 2 and Specimen 4 removed from the test frame 

after completion of testing, In this figure, it is evident that the tears described above are 

very small relative to the size of the entire 1250 mm square specimen. Although tearing 

was observed, there is no evidence that the formation of tears resulted in a loss of load- 

carrying capacity during testing. 

In cornparison to the large-scale four-storey steel plate shear wall tested by Driver 

et al. [1997], the infill plate corner connections were not subjected to the same severe 

level of loading. In fact, the deformations that were seen in the Driver test were more 

demanding than the deformations that would be expected during most earthquake events. 

Even at high Ioads the entire steel plate shear wall system, which of course included 

Driver's infill plate connection detail (similar to Specimen 2 in this study), exhibited 

stable behaviour and a high degree of ductility. 

The most significant limitation of the infil1 plate connection tests was the tensile 

load limit reached due to the strength of the tension connection-the maximum tensile 

load of 800 IdV was not sufficient to yield the infill connection specimens. In contrast, one 

of the most prominent characteristics seen in the bottom panel of the Driver shear wall 

was yielding due to the tension field action in the thin steel plate. At lower load levels, 

however, the behaviour of the infill panel connections in the large-scale Driver test was 

similar to the behaviour of the infill connection details presented herein. By extrapolating 

this observation, it cm be judged that any of the four details, Specimens 1 to 4, will 

perform adequately under conditions of severe loads and deformations. 

6.2 Cornparison with the Results of Earlier Studies 

In Chapter 2, a presentation of previous work using welded infil1 plate 



connections highlighted three experimental programs carried out at the University of 

Alberta. In the first two test programs [Timler and Kulak 1983, and Tromposch and 

Kulak 19871, double-panel, unstiffened steel plate shear wall specimens with pin- 

connected and bearing-type boundary member connections were subjected to reversed 

loading. The welded fish plate details used for the infilf panel-to-boundary member 

connections in both tests were simiIar to that used in Specimen 2 of the current program. 

A third test, performed by Driver et al. [1997], specifically investigated the adequacy of a 

selected infill plate comer connection. 

Results from the three tests outlined above showed generally good behaviour of 

the infill connection details. Testing of the Timler and Kulak [1983] specimen resulted in 

a weld tear in an infill plate-to-fish plate connection (shown in Figure 2.4). A tear at this 

location was not observed in Specimen 2. It is likely that the tear in the Timler specimen 

was initiated at the gap between the orthogonal fish plates, which had been filled with a 

groove weld. The 6 mm gap in Specimen 2 was not filled with a weld, and, consequently, 

there was no tearing observed in that area of the comer detail. 

The Tromposch and Kulak [1987] and Driver et al. [1997] infiIl corner 

connections differed slightly from the Timler detail. In these tests, a strap plate was 

welded between the fish plates in order to provide some continuity. Results from both 

these tests showed that most of the tears seen in the infill plate were again along welds 

connecting the infill plate to the fish plate. There also were tears dong welds connecting 

the strap plate to the fish plates. In comparison with the results from Specimen 2, the 

details using a welded strap plate are more susceptible to tearing. The improvement in 

detail behaviour seen in Specimen 2 can be attributed to the reduced amount of welding 

used for the infill plate comer connection. 

6.3 Finite Element Analysis 

The finite element mode1 developed in order to predict the behaviour of 

Specimen 2 was described in Chapter 5. Two infill plate mesh-a coarse mesh and a fine 

mesh-were analyzed at a magnitude of loading equivaient to the loading applied to 

Specimen 2. Results of the analysis, shown in Figure 5.6, showed very similar load versus 



displacement behaviour between the coarse and the fine meshes. This indicates 

convergence of the finite element analysis towards an exact solution. In the following 

sections, a comparison is made between the results of the finite element analysis and the 

experimental observations made of Specimen 2. Although the adequacy of the coarse 

mesh to model the corner detail was proven by the convergence of the finite element 

model, the comparison between measured and calculated strains uses results from the fine 

mesh analysis. 

6.3.1 h a d  Versus Displacement Comparison 

One of the goals of the finite element analysis was to obtain a load versus 

displacement response that is comparable to the hysteretic behaviour recorded for 

Specimen 2. The data plotted in Figure 6.3 shows the finite element results superimposed 

on the hysteresis curves obtained for Specimen 2. There is good agreement between the 

analytical and the experimental load versus displacement response. 

At the higher load levels, the finite element curves compare very well with the 

hysteresis envelope of Specimen 2. At this stage of loading, portions of the infill plate 

have started to yield, thus affecting the overali load versus displacement response of the 

test specimen and the analytical model. The larger V-frame displacement at the eïid of 

the first load step obtained using the fine mesh in comparison with the coarse mesh is due 

mainly to softening of the infill plate. The capability of the fine mesh to model 

phenornena such as localized buckles and localized yielding will result in a softened 

response of the fine mesh analysis that is not seen for the coarse mesh. 

Unloading of the finite element model frorn a maximum negative jack load 

followed a path that ran approximately pardlel to the unloading portion of the outermost 

hysteresis loop for Specimen 2. At zero load. the residual defonnation predicted by the 

model is less than that observed in the test specimen. The main cause for this difference 

can be attributed to the V-frarne behaviour, which, at the time of the last loading bIock in 

the actual test, had undergone some plastic deformation. (Refer to Sections 3.6 

and 4.3.2.2). Dunng the last two loading steps, shown as the positive load portion of the 

curves in Figure 6.3, the finite element model predicted a slightly stiffer response than the 



one observed in the test. 

6.3.2 Strains in the Infiil Plate 

6.3.2.1 Cornparison with Strain Gauge Data 

Another method of verifying the finite element mode1 is to compare the strains 

measured during actual testing and the strains obtained from the analysis. Measured 

strains from Specimen 2 were shown in Figure 4.17. The strains obtained from the finite 

element mode1 were calculated by averaging strains at integration points located on the 

two surfaces of a particular element. The analytical strain results were restricted to a 

single strain reading per element, at the centroid of that element. Therefore, it was 

necessary to interpolate linearly between two or more adjacent elements in order to obtain 

strain data for specific points that corresponded to strain rosette locations on Specimen 2. 

A source of error was introduced because of this need for data manipulation, since it is 

unlikely that the calculated strains varied linearly between the elements. 

In Figs. 6.4 and 6.5, a comparison is made between analytical and recorded strains 

for Specimen 2. The comparison is for cycle 6, loading block 5 and is taken at maximum 

loads during the opening and closing portions. The data from the numerical analysis are 

taken at total V-frame displacements that are comparable to the displacement recorded 

during block 5-6 of the actual test. The normal and shear strain plots given in Figure 6.4 

and 6.5 do not show a good correlation between the recorded and the predicted strains. 

There are several possible factors that might have contributed to this discrepancy. 

The strains at two points in close proximity can Vary substantially in an area with 

a high strain gradient, thus resulting in a significant difference between the measured and 

calculated strains. This is seen Figures 6.4 and 6.5 where the strain gradient-represented 

by the dope of the curves-accounts for the major difference seen between the 

experimentai and andytical strain data. For example, yielding of the material will give 

rise to large increases in strains. When comparing measured strains with predicted strains 

within a location that has yielded, it is possible to get a large discrepancy because of the 

high strain gradient. At strain rosette locations 1 and 5, the curves in Figures 6.4 and 6.5 

indicate lower strain gradients, and this is reflected in better correlation between the 



actual and the predicted strains. 

In modelling the V-frame, the beam stiffness and the column stiffness in the finite 

element model were selected to match the response measured in the actual V-frame 

(Section 5.2.4). The effect of possible beam-column joint rotation in the V-frame was not 

specifically included in the numerical model, since it was not measured during testing. 

This resulted in unequal displacements of the V-frarne members in the analytical model, 

unlike the beam and column displacements of the actual specimen. As described earlier, 

equal displacements were maintained ciuring testing. The difference between the 

analytical model displacements and the test specimen displacements did not noticeably 

affect the load versus displacement comparison. However, the discrepancy between the 

calculated and measured member displacements may have contributed to the lack of 

correlation between the observed and calculated strain distributions. 

6.3.2.2 Correlation of Strains with Specimen Tearing 

It is clear that the formation of tears in the infill plate connection specimens was 

the most manifest indicator of specimen response to the imposed quasi-static cyclic 

loading. Thus, it is desirable to obtain a finite element model that c m  predict the regions 

of a given infill corner detail that are most susceptible to tearing. Accordingly, the 

predicted strain distribution in the finite element model of Specimen 2 was examined in 

order to evaluate the correlation between the analytical results and the tearing observed in 

the actual test. 

The initiation and propagation of tearing in a thin plate subjected to cyclic loading 

will take place in areas of the plate that undergo repeated strain reversals. Examination of 

the magnitude and direction of principal maximum strains in the corner region of the 

finite element model should make it possible to detennine the locations where tearing is 

most likely to occur. Figures 6.6 and 6.8 show contour plots of maximum principal strain 

on a 300-by-400 mm close-up on the side of the infil1 plate where the tears were observed 

on Specimen 2. Vector plots of the maximum principal strains in the same regions are 

given in Figures 6.7 and 6.9. Data that is presented in both the contour and vector plots 

gives the surface strains, as opposed to an average strain through the thickness of the 



plate. 

Figures 6.6 and 6.7 show contour and vector plots, respectively, at a maximum 

total inward V-frame displacement of 23.8 mm. The darker regions shown in Figure 6.6 

indicate areas of large principal strains. The area around the mid-length of the 6 mm gap 

between the two orthogonal fish plates shows a concentration of tensile strains. Although 

there were no tears observed at this location in the actual specirnen, it is plausible that this 

area could become critical at higher loads or during further cyclic loading. The 

concentration of strains shown in the contour plot was caused by the infill plate-to-fish 

plate connection made at this location. As was the case in the physical specimen, there 

was no direct connection between the two fish plates in the finite element model. 

The vectors plotted in Figure 6.7 show the directions of the strains that were 

presented in the contour plot (Figure 6.6). The length of the vectors depicts the relative 

magnitude of the strain. Two vectors at the same location are seen where the fish plates 

are lapped by the infill plate. 

The strain vectors in Figure 6.7 show a tension field oriented at 45 degrees from 

the horizontal. This is a result of the tensile force applied to the free corner of the infill 

plate model (Section 52.4). A band of tensile strains oriented approximately 

perpendicular to the tension field strains (Figure 6.7) is indicative of a buckle in this 

direction, that is, orthogonal to the tension field. 

In Specimen 2, tearing took place at either end of the 6 mm gap. The same regions 

on the finite element model vector plot (Figure 6.7) show strains that are oriented 

approximately perpendicular to the direction of tearing seen in Specimen 2. This is the 

direction of straining that would cause tearing to occur. When comparing the observed 

tears to the finite element model descnbed herein, consideration must be given to the fact 

that the model did not take into account the welds per se and the heat-affected zones 

found adjacent to welds. These are important factors that are likely to affect the location 

and orientation of tearing. 

The maximum principal strain contour plot seen in Figure 6.8 shows the corner of 

the infill plate connection specimen model at a total maximum outward V-frame 

displacement of 3.1 mm. A strain concentration similar to the one in Figure 6.6 is seen at 



the mid-length of the 6 mm gap. Again, these strains are due to the infill plate-to-fish 

plate connection in this area. A corresponding vector plot of the maximum principal 

strains is given in Figure 6.9. The strain vectors at each end of the gap are oriented in a 

direction approximately perpendicular to the tears observed in Specimen 2. 

It is interesting to note that the vector pattern on the infill plate in Figure 6.9 

shows an arched band of compressive principal strains intersecting an area of tensile 

principal strains. This strain pattern is due to a localized buckle simiIar to those seen in 

Specimens 2 and 4 (Figure 4.2). Compressive strains at this location also provide an 

explanation for the shape of the normal strain distribution plotted in Figure 6.5 for the 

results of the numerical analysis. The minimum principal strains corresponding to the 

maximum principal compressive strains in Figure 6.9 occur at about 45 degrees from the 

horizontal fish plate. This is the direction in which nonnal strains were measured at the 

location of Strain Rosette 3 for both the test specimen and the finite element model. 

Therefore, the compressive strains seen in Figure 6.9 provide an explanation for the 

negative strain value plotted at location zero dong the Axis X-Y for the "ABAQUS" 

curve in Figure 6.5. Additionally, the strain gradients depicted in Figures 6.6 to 6.9 

illustrate the problem that may aise when comparing measured with calculated strains if 

the location of the strain gauges is not exactly known or if the strain is averaged over a 

finite surface of the test specimen (as is the case with strain rosettes). 

Overall, the results of the numerical analysis shown in Figures 6.6 to 6.9 show 

reasonable correlation between the predicted strains and the locations of tearing observed 

in Specimen 2. It is judged that the finite element method can be used as a reliable tool to 

determine the adequacy of an infill plate connection detail. 
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7. Summary, Conclusions and Recommendations 

7.1 Sumrnary and Conclusions 

Testing has shown that unstiffened steel plate shear walls are an extremely ductile 

and stable lateral force-resisting system [Driver et al. 19971. The ability of a steel plate 

shear wall to resist effectively lateral loads on a structure-such as wind loading and 

earthquake loading-depends in part on the transfer of forces from the infill panel to the 

stiff boundary members. The infill plate-to-boundary member connection is especially 

critical where the infill plate connects into the bearn-to-column joint. This is an area of 

stress concentrations and large reversing strains. 

This study was undertaken to investigate the behaviour of welded infil1 plate 

connection detaiIs. Each detail consisted of an infill panel welded to boundary 

members-a beam and a column connected at right angles. Four comer specimens were 

selected for the experimental program: 1) an infill plate welded directIy to the boundary 

members; 2) fish plates welded to each of the boundary members and the infill plate then 

lapped over the fish plates and welded; 3) a fish plate welded to only one boundary 

member, the infill plate welded directly to the other boundary member, and lapped and 

welded ont0 the fish plate ; 4) two fish plates with a 60 mm square corner cut-out welded 

to boundary members and the infill plate lapped asymmetrically over the fish plates and 

welded. 

In the physical tests, the specimens were subjected to the two major effects 

relevant to corner details in an unstiffened steel plate shear wall. The first is the effect of 

the repeated opening and closing action of the beam-to-column joint that results when 

lateral loads act cyclicaily on a structure. The second effect is the development of the 

tension field that forms diagonally in a panel after the thin plate buckles in shear. 

Quasi-static cyclic testing of the four infill plate connection details produced data 

that were used for the evaluation and cornparison of the specimens. The load versus 

displacement response of the specimens showed similar behaviour for ail four details. 

Tears, concentrated in the corner region of the infill panel, were observed during the 

testing of Specimens 2,3 and 4. 



in addition to the experimental program, a finite element model was developed to 

predict the behaviour of one of the infill plate comer connection specimens. The 

numerical model was verified by comparing the predicted load versus displacement 

response against the response observed during testing. Calculated strains from the model 

were also correlated to tearing observed in the test specimen. 

The following conclusions can be drawn from the results of the work described 

above: 

1. 

2. 

3. 

4. 

5.  

6.  

7. 

Each of the four infill plate comer connection details responded in a totally 

satisfactory way to the quasi-static cyclic loading; 

The load versus displacement response of the details showed gradua1 and 

stable deterioration at higher loads; 

The formation of tears in the connection details did not result in a loss of load- 

carrying capacity ; 

The infill plate connection detail welded directly to the boundary members 

was less susceptible to tearing than were the details that used fish plates. On 

its own, the former detail does not represent a practical connection scheme, 

however, since it would require precise fitting of the infill plate into the 

rectangle formed by the beams and the columns in a given bay and storey; 

The connection detail incorporating a 60 mm square corner cut-out, which was 

an attempt to reduce an area of high stresses, did not noticeably improve the 

load versus displacement behaviour of the detail as compared with the detail 

with two orthogonally oriented fish plates (no comer cut-out); 

The finite element method can be used to predict reliably the load versus 

displacement behaviour of infill plate comer connection details; 

Good correlation exists between tears observed on a tested corner connection 

detail and the strain distribution obtained from a finite element model of the 

sarne detail. 



7.2 Recommendations 

In order to produce economical designs, designers and fabricators should have 

access to different infill plate connections details for the construction of steel plate shear 

walls. This allows the selection of the most economical scheme for the erectors at any 

particular time and in any given region of the country. Although the four specimens tested 

in the experimental program represent a practical solution, other details could still be 

investigated. The numerical mode1 developed in Chapter 5 proved that there is good 

potential for using the finite element method as a tool to evaluate the effects of 

parameters that were not specifically investigated in the test program. For exarnple, the 

finite element method could be used to explore the effects of the following parameters on 

the performance of an infill panel-to-boundary member arrangement: 

1. The width of the fish plates used in the panel-to-boundary member 

connection; 

2. The size of the infill panel corner cut-out in the beam-to-column joint region; 

3. The thickness of the infill plate and the fish plates; 

4. The type of connection between the bearns and the columns (rigid, semi-rigid, 

or simple connections). 

Additional testing of infill plate connection details would probably be necessary in 

order to validate some of the results obtained from the study proposed above. Further 

analytical work is also required in order to predict more precisely the occurrence of tears 

in an infill panel corner detail. In particular, the location of the tears and the load levels at 

which these tears will occur is of interest. 
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Appendix A 

Results of Tension Coupon Tests 



Table A.l Coupon Test Results 

Specimen 

Infill Plate 1 

Mean 

Std. Dev. 

Mean 

Std. Dev. 

Fish Plate 

Mean 

Std. Dev. 

Directions 1- 1 

Direction* 
Modulus of 

Elasticity (MPa) 

185100 

194400 

196000 

200900 

172400 

188200 

Static Yield 
Strength (MPa) 

352 

344 

343 

345 

343 

364 

Static Ultimate 
Strength (MPa) 

435 

419 

418 

419 

426 

447 



Appendix B 

Demec Point Data 



'1050 mm for 
Specimen 1 

Figure B.l Location of Demec Points on Specimens 

The figure above shows the location of the Demec points that were used to rnonitor the 

movement of the infill plate connection specimens during testing (Chapter 3). Demec 

point data for al1 four specimens are given in Tables B. 1 to B.4. Al1 measurernents in the 

tables are in millimetres and are relative to the measurements taken at three points on the 

panel-to-boundary member weld of the specimens (shown as ' W ,  "M" and "E" in 

Figure B.l, and referred to as West, Mid and East in the tables) pior  to each test. The 

location of the panel-to-boundary member weld was considered to be at zero, that is, 

coincident with the centreline of the MTS machine, at the beginning of a test. Each set of 

readings in the tables is identified by a loading block, a cycle, and a "stage." The term 

stage refers to a particular point within a cycle: 1. Start of a cycle at zero load; 

2. Maximum inward displacement of V-frarne members; 3. Completion of Part A; 

4. Maximum outward displacement of V-frame members; S. Completion of Part B. 



Table B.l Demec Point Data for Specimen 1 

1 1 1 1 Location of Measurement 





Table B.2b Demec Point Data for Specirnen 2 (con?) 

1 1 Location of Measurement 



Table B.3 Demec Point Data for Specimen 3 

I I I Location of Measurement 



Table B.4 Dernec Point Data for Specimen 4 



Appendix C 

Experimental Strain Results 





Table C.2 Measured Strains from Specimen 2 

Part A I Block-Cycle: 5-6 

1 Total Jack Load (kN): -708 

1 ToW Jack Load (kN): -885 

Total Di s~ l .  (mm): -23.6 

5 

Part B 

Rosette: 1 3 2 

m: Negative values indicate compresive loads and strains, and inward displacemen&. 

Block-Cycle: 5-6 

Total Jack Load (kN): 1029 

Total Displ. (mm): 4.0 

Block-Cycle: 8-6 

Total Jack Load &N): 1086 

Total Displ. (mm): 3.4 

4 

b 

t+ m i m i n  

~ X Y  

Ex 

mimkain 

Yv 

366 

209 

-1697 

343 

386 

-1919 

498 

693 

-28 

712 

3884 

-5778 

-1273 

2228 

-555 

1048 

4677 

-7906 

288 

496 

-1385 

164 

577 

-2089 

159 

428 

-1734 

-76 

532 

-1812 



Table C.3 Measured Strains from Specimen 3 

Part A 

Part B 

Block-Cycle: 5-6 

Total Jack Load M): -702 

Totai Displ. (mm): -12.2 

Block-Cycle: 8-6 

Totai Jack Load &N): -910 

Total Displ. (mm): -21.9 

Rosette: 

Q 

Ey micromin 

y,, 

G 

g miaastrain 

y,, 

&&: Negative values indicate compresive loads and strains, and inward displacements. 

-57 

558 

- 1524 

-122 

497 

-1205 

b 

Block-Cycle: 5-6 

Total Jack Load &N): 1017 

Total Displ. (mm): 4.9 

Block-Cycle: 8-6 

Total Jack Load 0: 964 

Total Displ. (mm): 5.5 

5 

23 

-18 

1415 

-212 

-19 

1429 

1 

-260 

335 

1 162 

-200 

138 

763 

3 

379 

689 

1078 

800 

1103 

998 

2 

-157 

867 

1836 

-13 

1178 

2076 

4 

633 

54 

1078 

695 

293 

1531 

G 

E, microseain 

yxy 

E, 

~y mim'ostrain 

YXY 

29 1 

245 

-1617 

333 

21 1 

-1291 

390 

-53 

-1402 

436 

-192 

-928 

292 

486 

-195 

459 

154 

-266 

300 

634 

- 1590 

352 

574 

- 1236 
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m .- y 



Appendix D 

Loading Block Data 



Table D.1 Cornparison of Loading Blocks for Specimen 1 

Part A 

1 Cycle: 

Total Inward V-Frame 

Deflection (mm) 

1 Total Jack Load (kN) 

Total Jack Load (kN) 

Part B Loading Block: 

Cycle: 

Total Outward V-Frame 

Deflection (mm) 

within the block. This can be attributed to the weld tear 

in the V-frame joint (refer to Section 4.1). 

* Data for loading block 2 not available since beam and column 

deflections only measured after loading block 3. 

I 

Note: Part B, loading block 8 shows an increase in deflection 

I 

989 l 962 

920 890 

l 



Table D.2 Cornparison of Loading Blocks for Specimen 2 

Loading Block: 1 2 5 8 
I 

Part B Loading Block: 

Total Inward V-Frame 
Deflection (mm) 

TotalJackLoad(kN) 

Cycle: 

Total Outward V-Frarne 
Deflection (mm) 

/ 
-5.4 1 -5.0 

I 

-415 : -391 
I 

Total Jack Load (kN) 

! 
-13.3 , -12.8 

1 

I 
-667 1 -685 

t 

1 
-23.5 -23.6 

1 

I 

-896 I -842 

I 



Table D.3 Cornparison of Loading Blocks for Specimen 3 

Part A 1 Loading Block: 

Part B 

Cycle: + 
Total Inward V-Frarne 

Deflection (mm) 

Total Jack Load (kN) 

Loading Block: 

Cycle: 

Total Outward V-Frarne 
Deflection (mm) 

Total Jack Load (khi) 



Part A 

Table D.4 Cornparison of Loading Blocks for Specimen 4 

Loading B lock: 2 1 5 1 8 1 

Tobl Inward V-Frame 

I 
i 

Deflection (mm) 1 -1.3 i -5.3 -14.2 ; -13.9 -24.2 , -24.4 

i 1 

Cycle: 

Total Jack Load (W) -69 1 484 1 -479 1 -799 -787 
1 

Part B 

1 1 3  1 / 6 1  1  j 6  

l 1 1 : 

Loading BIock: 

Cvcle: 
- 

T O ~  OIIWWCI V-F-C 1 2. 
Deflection (mm) 1 

2 

1 1 3  
l 

1.7 1.8 

Total Jack Load (kN) 

5 

1 ' 6  

1 
899 i 902 




