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ABSTRACT 

This dissertation describes an analytical examination on the fundamental behavior of 

seismic collectors in steel building structures.  Seismic collectors are key elements that collect the 

inertial forces that are generated in the floor mass in an earthquake and transfers them to the 

vertical elements of the seismic force resisting system (e.g. braced frames, shear walls, etc.). 

Collectors, while playing a vital role in seismic load path, have not been given proper attention in 

research. The fundamental behavior of seismic collectors is not clearly understood. 

Seismic collectors in a steel building are part of a composite floor with steel deck and 

concrete slab connected typically using shear studs. In an earthquake, the primary collector forces 

acting on a collector are axial forces. A key design of collectors includes: (1) designing the 

collector connections for tension; and, (2) collector members for compression, which involves 

stability of the collector member. In addition to the axial collector forces, the seismic collector also 

carries shear due to gravity load and forces due to frame drift. The fundamental behavior of 

collector connections under combination of load (tension, gravity and frame action) and collector 

members under compression is addressed in this dissertation.  

The analytical research covered in this dissertation includes three major parts: 

(1) The collector load path in a composite floor system is evaluated (horizontal plane) using 3D 

models of a floor. The examination includes elastic behavior to ultimate. The analytical results 

are compared with the current design practices. The models are based on an evaluation 

structure designed for the project. 

(2) The fundamental behavior of collector connection is examined primarily under axial load using 

2D plane stress models. Collector connections are also evaluated for loads due to frame action 



26 

  

in combination with axial load. Load path in the vertical plane of the collector is evaluated. 

Parametric study of key design parameters on the behavior of collector connection is also 

evaluated. Analytical work performed for large scale testing for collector connections is 

included.  

(3) The stability limit states of collector members is examined with 3D models of the collector and 

the gravity system. The analytical work to support large scale testing of collector members is 

also included. 

This dissertation describes the concept and scope of analytical research, analytical results, 

conclusions, and suggests future work. The conclusions include analytical results for the behavior 

of collector connections, collector load path in a composite steel deck diaphragm and stability 

modes of collector. The effect of various parameters on the behavior of collector connection is 

included in the results. Design recommendations are provided for collector connections. 
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1. INTRODUCTION 

1.1 Problem Statement  

Seismic collectors are key elements of the Seismic Force Resisting System (SFRS). Yet in 

contrast to the vertical-plane elements (shear walls, braced frames, moment frames, etc.), which 

have been studied extensively, collectors have not been studied to depth. No experimental 

program, or other research effort has focused specifically on collectors. The current design code 

provisions for collectors apply special load combinations [1] that include the System Overstrength 

Factor o (varying from 2.0 to 3.0), resulting in large design forces for collectors. This stringent 

prescriptive design approach is an attempt to ensure that critical collector elements remain elastic.  

Seismic demands on collectors depend on the level of seismic input and the length of the 

collector run (the floor dimension in the direction of the vertical-plane SFRS element). In many 

modern structures, vertical-plane SFRS elements are isolated within the floor plan, resulting in 

long collector runs, and subsequently large design forces. For steel structures, the existing floor 

framing is directly employed or modified to act as collectors. Under low seismic demand, the 

collector design forces (including the o factor) are often small that the existing floor framing 

elements of the gravity load resisting system (GLRS) can serve as collectors. For moderate seismic 

demand, the details of the GLRS may be modified to carry the collector forces. For high seismic 

demand, however, the current design code provisions with the o factor result in expensive special 

elements introduced into the floor framing system to carry the amplified design forces. Members 

significantly larger than the nearby GLRS elements are often required to prevent instability under 

compressive collector forces; expensive full-penetration welded flange connections are often 

required to transfer large tensile forces. 
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An unresolved issue in the design practice for collectors [2] is whether the expensive details 

are necessary. The second issue with seismic collectors is that the design methods for collector 

capacity are approximate, based on design equations for other conditions [3], as modified using 

simplified assumptions [4]. This approximation amplifies the uncertainty regarding collector 

design practice. 

To further increase the importance of the collector response issue, recent insights into the 

actual nature of inertial forces in building structures during strong earthquakes indicate that peak 

seismic inertial forces have been severely underestimated by past and current design code 

provisions. The new design forces, in recent design code, may counter the design approach of 

keeping collectors elastic under seismic loading.  The behavior of the collector elements in post 

elastic regime has not been studied. 

This Ph.D. dissertation focuses on the analytical research performed on collectors in a 

composite floor, collector connections and members to understand the fundamental behavior and 

limit states. Design guidelines for collector connections are provided based on parametric studies. 

1.2 Research Concept 

The concept of research for the dissertation is to determine the fundamental behavior of 

collectors using high fidelity analytical models, calibrated to experimental data. Applicable current 

codes were followed to design the collectors and components. 3D models of the composite deck 

diaphragm were used to investigate the collector load path. Detailed plane stress models of the 

connections were developed to investigate the behavior of collector connection. 3D models of a 

roof system collector were developed to study the stability limit states of collectors. 
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1.3 Research Objectives 

The research objectives for this dissertation are to: 

(1)  Determine the actual collector load path in the horizontal plane of composite steel deck 

diaphragms and compare with current design practice. 

(2) Determine the fundamental behavior of collector connections under axial load and a 

combination of axial load and frame drift. This objective includes determining the effect 

of typical detailing practices on the behavior of collector connections and providing new 

design guidelines for the collector connections. 

(3) Determine the stability modes of collectors in roof and floor system. 

1.4 Scope of Dissertation Research 

The dissertation focuses on determining the fundamental behavior of collectors. The analytical 

research includes: 

(1) An examination of the collector force path in the horizontal plane of the composite steel 

deck diaphragm through three-dimensional (3D) nonlinear numerical models of a floor of 

an evaluation structure. 

(2) Determination of the fundamental behavior of collector connections through two-

dimensional (2D) plane stress models. The connections studied included top flange welded 

connections and both flange welded connections. 

(3) Parametric studies to determine the influence of key design parameters on the behavior of 

collector connections. The studies were performed using nonlinear pushovers on the 2D 

nonlinear models.  
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(4) Development and analyses of analytical models for large scale testing of collector 

connections. The results from these analyses assisted in the design of the specimen and the 

test fixtures. The analytical models were used to predict the results of the testing (scheduled 

for fall 2018, See section 5.7). 

(5) Development and analyses of three-dimensional (3D) nonlinear numerical models of 

collector members in a roof system to determine limit states. The results from these 

analyses were used to design the specimen and the test fixture for large scale testing of 

collector members (scheduled for spring 2019, See section 6.3). 

The analytical work shown in this dissertation is part of a multi-university research program 

with significant design consultant input. The research program includes both analytical and 

experimental research, described in detail in section 2.8. 

1.5 Dissertation Research Unique Intellectual Contribution 

This dissertation’s unique intellectual contributions are related to the development of the 

analytical models for seismic collectors to provide a better understanding of the fundamental 

behavior of seismic collectors in steel buildings. These contributions include: (1) the development, 

calibration and analyses of the floor system models to determine the horizontal load path, limit 

stats and damage accumulation for collector system; (2) the development and analyses of collector 

connection models to understand the fundamental behavior; (3) extensive parameter studies to 

determine the effect of key design parameters on the behavior of collector connections and, (3) the 

development and analyses of collector member models in a roof system to characterize the 

collector properties in compression (stability limit states). These accomplishments will lead to 

better understanding of the collector system behavior in a floor system and providing new design 

guidelines for collectors.  
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1.6 Organization of Dissertation 

The dissertation proposal is organized as follows: 

Chapter 2: Background on steel composite floor system, diaphragm design and research 

plan for overall project and dissertation 

Chapter 3: Design of Evaluation Structure based on current code and design practices 

Chapter 4: Collector Load Path analytical work and proposed experimental work 

Chapter 5: Collector Connections analytical work and proposed experimental work 

Chapter 6: Collector Members analytical work and proposed experimental work 

Chapter 7: Conclusions and Suggested Future Work. 

Note that results from each stage of the work described in Chapters 4-6 are shown in 

that section. Some of the related background information (current design practices for collector 

connections and collector members, etc.) is provided in an Appendix at the end of this 

dissertation. The status (activities, deliverables and future work) of each of these dissertation 

research topics is summarized in Table 1-1. 

Table 1-1. Dissertation work summary 

Research 

Focus 

Chapters in 

Dissertation 
Status Description 

Collector 

Load Path 
4 Activities 

 Development and calibration of 2D 

Concrete Truss Model 

 Development of isolated floor models 

 Pushover Analysis of isolated floor 

models 

 Limit state sequence in collector system 

 Difference in tension vs. compression 

load path 
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 Evaluation of the vertical load path in 

collectors. Center of force for eccentric 

connections for the collectors.  

Deliverables 

 Understanding the collector load path in 

existing buildings for horizontal and 

vertical plane of the collector 

 Role of slab in load transfer to vertical 

elements of the SFRS 

 Analytical models to predict the shake 

table test 

Suggested 

Future Work 

 Cyclic response of the collector system 

with the evolution of damage 

 Parametric study of isolated floor models 

for different SFRS configuration, slab 

thickness, collector connections etc. 

 Vertical load path for various collector 

connection types. 

 Plan for shake table testing using the 

analytical models developed. 

Collector 

Connections 
5 

Activities 

 Development and calibration of 2D plane 

stress model for bolt 

 Development and calibration of plane 

stress model for tension 

 Development of sub-assemblage model 

 Analysis of the collector connections 

using pushover analysis. 

 Parametric study of the top flange welded 

collector connections 

 Development of Lehigh test program for 

collector connections 

 Analytical work for Lehigh testing 

Deliverables 

 Characterization of collector connections 

in tension 

 Characterization of collector connections 

for combination of loading including 

frame drift. 

 Parametric study of the collector 

connection (TFW) 

 Lehigh test set-up scaling and analytical 

work to design the test set-up and 

specimen and predict the results 

Suggested 

Future Work 

 Loading protocols and instrumentation 

plan for Lehigh testing 

 3D models for studying weld 
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 Parametric study for all flange welded 

collector connections 

 Include gravity load, slab in the analysis 

Collector 

Members 
6 

Activities 

 Development of 3D vertical plane model 

 Pushover analysis of collector model for 

compression 

 Development of testing program for 

collector members at Lehigh 

 Analytical work for Lehigh testing 

Deliverables 

 Calibrated models for examining various 

stability modes of collectors 

 Inherent bracing provided by the slab to 

the collectors 

 Lehigh test scaling and analytical work 

Suggested 

Future Work 

 Identification of key parameters to be 

tested 

 Models to predict the outcome of the 

large scale testing 

 Analytical models to understand the role 

of slab in bracing the collectors 

 Compare the relative strength of the 

collector member to connection to see 

which is a critical link 
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2. BACKGROUND 

2.1 Steel Composite Floor Systems   

Floor and roof systems in a building play several key roles that contribute to a structure’s 

ability to resist both gravity and lateral loads, as shown in Figure 2-1. When considering lateral 

loads, these systems function as critical force transfer elements that allow for continuous load path 

to vertical elements of a building’s lateral force resisting system (LFRS), and are referred to as 

diaphragms. 

 

Figure 2-1. Roles of floor and roof systems [5]. 

Steel composite deck is a typical construction for floor systems in steel building systems. In 

these floor system, a concrete-filled metal deck is placed on top of underlying steel gravity 

framing. The underlying framing is composed of girders running between columns and floor 

beams spanning between girders. The metal decking is placed parallel to girders, spanning the 

shorter spacing between the floor beams. The deck is made of a thin-gage cold-formed corrugated 
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sheets that are attached to each other through side lap fasteners and to the supporting steel frame 

through deck-to-frame fasteners (See Figure 2-2a). 

Figure 2-2. Steel Floors: (a) Metal [6]; (b) Composite Deck [7]. 

A concrete floor slab is cast-in-place using the deck as formwork. The slab may or may not be 

reinforced with bars or temperature and shrinkage steel, e.g. welded wire fabric, acting with the 

metal deck, and for composite floor systems, steel shear studs are welded to the underlying framing 

and project into the slab (See Figure 2-2b).  Composite action is attained in floor systems through 

a combination of chemical bond between the slab and deck, mechanical interlock by embossments 

in the deck profile, and for composite floor systems, the shear studs. It is noted that roof systems 

are often unfilled metal deck with built-up roofing [8]. 

2.2 Collector Action 

Seismic collectors are primarily axial force elements that bring inertial forces that develop in 

the floor system during earthquakes to the vertical plane SFRS elements, e.g. braced frames (See 

Figure 2-3). Collector demands depend on two factors: (a) seismic hazard [1], and (b) collector 

length. In modern buildings (See Figure 2-4a), vertical plane SFRS elements are few and have 

become isolated within the floor plan. This results in significant collector runs. Collector design 

involves the special seismic load combination [1] using the System Overstrength Factor o, 

resulting in amplified design forces. An example can be seen in Figure 2-7 where the gravity beams 
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are W 16x26 and collectors are W24x162. This difference in member size is due to the design of 

collector members. Collectors are not only designed with o, but as non-composite members [5]. 

 

Figure 2-3. Collector Action Schematics. 

            

Figure 2-4.  Steel Collector Design Forces [3]: (a) Plan View; (b) Collector Profile. 

Loss of collector elements can be catastrophic, as shown by the collapse of the CTV 

building in the 2011 Christchurch earthquake (see Figure 2-5), in which 115 lives were lost [9], or 

in the collapse of the Northridge Fashion Center parking structure [10], in which the shear walls 

were undamaged while the floor system detached and collapsed (see Figure 2-6).  
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Figure 2-5. CTV Building, Christchurch, NZ: before and after 2011 EQ (courtesy: internet). 

 

Figure 2-6. Collapse of parking structure in 1994 Northridge EQ [10]. 

2.3 Collector Design 

In steel structures, collectors are typically part of the underlying GLRS frame, modified to 

carry the collector forces as needed [3]. Due to the reversing nature of earthquake loads, collectors 

must be designed both as tension and compression members. For tension design, the focus is on 

the strength of collector connections to columns (See Figure 2-4b). In compression, the collector 

is considered a beam-column, since the member is under combined flexure (due to gravity load) 
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and compression (due to collector action). The compression design focuses on the stability of the 

collector member. This is worth noticing that the design guidelines recommend collector member 

to be designed as non-composite member [5]. Due to lack of knowledge, conservative design code 

doesn’t count on the slab to participate in transferring the collector forces [11]. 

 

Figure 2-7. Oakland Medical Center 3nd level plan view (collector and gravity beams in inset)1. 

2.3.1 Collector Design: Typical Practices 

Under low seismic demands, collector forces are often sufficiently small that existing floor 

system elements serving as part of the GLRS are also counted on as collectors (e.g. shear tabs with 

fully pretensioned bolted connections). In cases for wind or more modest seismic loads, the 

collector (and chord action) may be provided by reinforcing bars placed within the concrete slab 

[3]. For moderate seismic demand, the gravity system details may be modified to carry the loads, 

e.g. adding extra vertical rows of bolts (See Figure 2-8a). For high seismic collector demands, 

however, the outcome of current code provisions is that expensive special elements must be 

introduced into the floor system specifically to carry the amplified forces. Members significantly 

larger than the surrounding gravity system elements are required to prevent instability under 

                                                 
1 Courtesy OSHPD  
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compressive collector forces; expensive full-penetration welded connections are often required for 

tension transfer, applied to the top flange only if possible (See Figure 2-8b) to minimize moment, 

but also to both flanges when necessary. Note that due to the way collector forces build up (e.g. 

Figure 2-8b), different collector connection types may be used along a single collector run. Also 

note that depending on the gravity framing layout, collectors in one direction might act through 

the column weak axis (See Figure 2-8a). See APPENDIX A: CURRENT DESIGN PRACTICES: 

COLLECTOR CONNECTIONS for various typical collector connection detail used in practice. 

Figure 2-8. Collector Details: (a) MST; (b) TFW; (c) CA-FTB [3]. 

2.4 Collector Member Limit States 

Limit states in compression include flexural, torsional, flexural torsional [4], and lateral 

torsional buckling [3] (See Figure 2-9). For these limit states, the lateral and torsional bracing 

inherent in the floor framing and deck is an important consideration. Deck orientation (both are 

shown in Figure 2-4b), level of composite action, and the presence of openings all can have a 

significant effect [3]. In general, lateral bracing is ignored for parallel deck ribs, though in this 

case, floor beams framing into the collector provide lateral bracing. Torsional bracing, often 

ignored for a bare steel deck, is considered continuous for a composite steel deck [3]. The unique 

boundary conditions for collectors, in comparison to most beam-column situations, leads to a 
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constrained flange flexural torsional buckling mode (CF FTB) about the top flange, where shear 

studs anchor the member (See Figure 2-8c). Designers are permitted to follow approximate 

methods based on design equations for other conditions [4], as modified using simplified 

assumptions [3]. See Chapter A for various typical practices for collector members. 

 

Figure 2-9. Applicable Limit States for Seismic Steel Collectors [3]. 

2.5 Floor Inertial Forces 

The collectors must carry the entire inertial force to the vertical-plane SFRS elements. These 

forces have been shown [12] [13] [14] [15] [16] [17] to be substantially larger than the design 

forces prescribed in current code equivalent lateral force procedures [1]. Inertial forces are 

underestimated in design because the response modification factor (R) used to design the vertical-

plane SFRS elements, which is tied to the fundamental mode [18], is incorrectly applied to these 

forces [1], which are strongly influenced by higher modes and SFRS overstrength [12] [19]. Large 

peak inertial forces are possible during SFRS nonlinear dynamic response to earthquakes (as 

opposed to elastic response [20]).The design codes are being updated to reflect the actual inertial 
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forces [21]. Figure 2-10 compares current and updated ASCE 7 design forces Fpx for a given 

design, indicating significantly larger design forces.  

It is noted that to get the inertial forces to the collectors requires diaphragm action. Diaphragm 

action is a horizontal in-plane membrane action through which the inertial forces are transferred 

across the floor (or roof) system.  The floor diaphragm is often treated as a horizontal deep beam, 

carrying in-plane (horizontal) shear and flexure forces (Refer to Figure 2-4a). Steel floor 

diaphragm action is achieved through composite action of the concrete slab with the metal deck 

[5]. In steel structures, the deck/slab system is designed to provide the in-plane shear resistance 

(analogous to a beam web), while the underlying steel frame members at the perimeter are typically 

counted on to carry in-plane “chord” actions (analogous to a beam flange) [5]. Steel diaphragm 

action, while an important research topic [22], and the subject of ongoing research efforts [23], is 

outside the scope of this proposed dissertation, which focuses on collectors. 

Figure 2-10. Seismic design force: (a) ELF; (b) Diaphragm.; (c) Actual; (d) Comparison. 

2.6 Summary of Previous Research  

Very little research on seismic collectors is found in general, and any past testing of steel 

collectors is not identified. With limited direct research available on collectors, related topics 

whose findings may have some application for collectors are also discussed.   

2.6.1 Collectors   

Several technical documents treat collectors, including for new construction [24] [1] [25] [26] 
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as well as retrofit [27] [28]. However, the commentary of these documents list very few underlying 

research papers [29] [30]. [31] discussed the importance of considering collectors when retrofitting 

older structures by adding walls or braces, as the floor systems were not designed for the new 

concentrated load path. [32] underscored the importance of more formally considering collector 

load paths in the wake of the CTV building collapse. Collectors are considered in research for 

wood [33] and precast concrete [34].  

2.6.2 Steel Collectors 

Several technical documents address steel collectors, including [3] [5]. These documents refer 

to practitioner papers [35] and the seminal work on torsional stability [4]. Researchers proposing 

innovative SFRS concepts, e.g. rocking or self-centering systems [36] [37], have had to more 

formally consider steel collectors. The research paper [38] specifically treating collectors in steel 

composite floor systems emphasizes the need for sufficient shear strength in the composite slab 

along a collector to ensure transfer of the inertial forces; calls into question the performance of 

non-composite gravity beams used for collectors, as studs added for collector action may be 

overstressed unwittingly due to unavoidable gravity action; and points to the influence of pre-

existing shrinkage/temperature cracks on collector transfer strength [39]. Codes typically do not 

formally treat these conditions, with exceptions, e.g. shear strength design equations proposed in 

[40] based on rib orientation.  Recent work on progressive collapse provides shear tab properties 

under tension load [41] [42]. 

2.6.3 Composite Action 

Experiments with composite steel deck floor systems [43] [44] have provided the contribution 

of the slab to frame action, including for damper retrofits [45], showing a strength contribution 

[46] [3] except when early cracking of concrete ribs occurs [47] [48] [49]. Composite floor slabs 
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were found to laterally brace members [48]; though shear studs placed in yield zones can cause 

fracture [49]. Large-scale tests of MRFs with composite slabs [50] found that collector forces were 

influenced by the level of composite action; the slab delayed or prevented top beam flange local 

buckling. Analytical models [51] [52], including simplified models [53], confirmed the role of the 

slab shown in testing [48] [54], the effect of the shear stud model on cyclic stiffness [49] [55], and 

the effect of modeling assumptions on composite frame response [56]. Progressive degradation 

models, including updating procedures [57], have been developed for composite frame joints [58]. 

Tests on the shear stud-concrete interface found localized splitting behavior at low loads [59]. 

Low-cycle fatigue failures may occur in shear studs [60]. Adhesion between the slab and deck was 

the key transfer mechanism in pull-out tests of non-composite decks [61]. A comprehensive 

summary of composite moment frame experiments is found in [62].  

2.6.4 Composite Diaphragms 

[63] summarizes 32 full-scale tests of composite diaphragms [64] [65] [66], identifying 

controlling limit states: (1) X-cracking across the slab; (2) Longitudinal cracking in thin slabs; (3) 

Interface separation between the slab and deck; and (4) Fastener failure. Deck orientation had an 

effect, with higher strength for loading perpendicular to ribs. Four composite diaphragm tests [67] 

were controlled by deck fastener failure. A dynamic-loaded steel composite deck diaphragm was 

tested elastically [68]. For the metal deck [69], extensive tests were performed on (side lap and 

frame) fasteners under cyclic load [6] [70]. Lightweight insulating fill precluded deck instability 

[71]. Tests on deck [72] provide shear stiffness [73] [74]; shear buckling [75] [76]; and orthotropic 

properties [77] [78].  

2.7 Collector Paths in Steel Deck Diaphragms 

Collector force transfer in steel composite floor systems is complex. For elements in parallel, 
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forces follow the stiffest path. Thus, collector compression forces may be strongly carried through 

the concrete slab; tension collector action through the steel frame, deck or slab reinforcement, 

depending on relative stiffness [38]. Very little experimental evidence exists to distinguish the strut 

action [79] [80] that develops in the steel composite slab relative to the transfer into the underlying 

frame (See Figure 2-11a). Different conditions will exist based on the fixity of the collector 

connection, which can vary from shear tabs to full-penetration welded flange moment connections. 

Deck orientation is significant as ribs parallel to the chord will participate more in load path, but 

not brace the collector, while perpendicular ribs will do the opposite [38]. Note that a compression 

collector reverses and becomes a tension collector with each oscillation in the earthquake. Relative 

stiffness will change during the seismic event as elements soften, yield, slip, crack, or crush. 

Collector performance depends on the progression of response as these actions occur. 

Further, the floor system profile involves significant vertical eccentricity (See Figure 2-11b). 

Collector beams must be able to accumulate axial load through shear studs and transfer these forces 

into the SFRS through a dependable, axially stiff load path across the gravity columns, including 

through the column panel zone. The concrete slab detail at columns (cut out around, connected, 

reinforced) affects the beam axial force developing due to slab inertial effects in the floor [44]. 

Force transfer between the slab and column face can occur through bearing or strut and tie 

mechanisms [81] [82] in compression and in the slab reinforcement across the column region for 

tension. Note that moment in a collector due to the eccentricity of the slab inertial force transfer is 

assumed to be completely compensated by vertical end shear force, and thus is ignored in design 

[38]. In cases, the collector serves as the chord for loading in the orthogonal direction. At the 

building perimeter, gravity load transfer induces torsion into the collector, requiring proper 

spandrel beam slab reinforcement [83]. Further, slab openings (e.g. Figure 2-11a), ubiquitous and 
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not typically located by the structural engineer, can create torsion and an unbraced collector 

condition.  

  

Figure 2-11. Collector Transfer in Composite Diaphragms: (a) Horizontal-Plane Spatial; (b) 

Vertical Profile [22]. 

The same elements providing collector action also provide gravity load resistance during an 

earthquake. It is unclear how much these actions interact [5]. Collector/gravity force interaction is 

typically ignored, often qualitatively, e.g., gravity design is reasonably conservative and 

simultaneous peak actions are unlikely [38]. Interaction on shear studs is ignored [35], because 

transfer due to gravity load opposes collector action on half the beam. This is an oversimplification, 

assuming that plastic redistribution for the studs along the member is easily achieved with limited 

degradation of surrounding concrete, and no low cycle fatigue. The collector frame is also assumed 

not to participate in the lateral load resistance; collectors are often detailed to minimize moment 

(e.g., Figure 2-8b). Nonetheless, these connections have partial fixity, especially when slab 

contributions are considered, unless special articulating details are introduced [84]. 

Highly conservative assumptions brought on by a lack of knowledge produce uneconomical 

collector designs [85]. For example, hospital buildings often have long articulating floor plans (due 

to ADA/natural lighting requirements [86]) with SFRS elements separated by fairly large 

distances, leading to large collector elements and expensive connections. Compelling issues are 

being raised by the engineers who are designing or assessing these elements, including: (1) 
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Capacity of collector details, since commonly-used steel collector connection designs have not 

been tested under high axial force in the presence of shear and bending; (2) Collector action 

inherent in a steel composite deck floor system, since an understanding of this action is needed to 

determine the required collector length (where can it be terminated?); (3) Consequences of a 

collector reaching its strength limit (ductility capacity versus demand); (4) Use of o factor for 

collectors designed with the significantly larger, updated code-based design forces [21]; and (5) 

Deformation compatibility between a steel composite deck and a steel collector, including in the 

context of added elements (e.g., plates, bars) in a retrofit situation. Lack of knowledge creates 

uncertainty, conservatism, and disagreement, especially for highly constrained retrofit conditions.   

The innovative collector details sought by the project to transform collector performance will 

focus on details that can limit the inertial forces (that develop in the floor system and are 

transmitted to the vertical-plane SFRS elements). Important research issues include: (1) Level of 

inelastic collector deformation needed to limit forces; (2) Appropriate strength level for a force-

limiting collector; (3) Appropriate components of collector system for force-limiting details (e.g., 

slotted bolted connections, yielding steel elements, inelastic action in shear studs, etc.); (4) Force-

limiting details that work in compression versus details that work in tension; (5) Number and 

location of force-limiting details along the collector length; and (6) Deformation compatibility of 

force-limiting details with steel composite deck.  

2.8 Overall Research Program  

The overall research program, funded by National Science Foundation (NSF) utilizes 

nonlinear analysis of steel structure collector elements and earthquake simulations of building 

under strong earthquakes. The analytical work is integrated with the experimental work at two 

large structural testing facilities. These facilities are part of Natural Hazard Engineering Research 
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Infrastructure (NHERI), funded by NSF. The testing program includes: (1) Large-scale testing of 

collector elements (connections and members) at the NHERI Lehigh Experimental Facility (EF); 

and (2) Shake table testing of a single-story steel composite floor system at the NHERI UC San 

Diego (UCSD).  The research attempts to: (1) advance knowledge on the seismic performance of 

collectors in steel composite floor systems under the existing practice; and (2) develop innovative 

collector concepts that limit the earthquake forces in the structure. Specific objectives are to 

determine collector properties (strength, stiffness and ductility), characteristics (load paths, limit 

states and damage accumulation) for different details (collector connections, deck orientation, slab 

details, etc.) and to quantify the role of composite floor in bracing the collector.  

The overall research program has four (4) major research thrust and activities associated 

with them (See Figure 2-12): 

(1) Understanding the capacity and behavior of collector connections for typical practices 

and alternate design approaches. This thrust is associated with nonlinear modeling of 

the collector connections to understand the behavior (See Chapter 5). The analytical 

work is tied up with large scale testing of collector connections at NHERI Lehigh EF. 

(2) Understanding the strength, stability limit states of collector members and role of slab 

in bracing the collectors. This thrust is associated with the 3D nonlinear modeling of 

the collector element and associated floor system (See Chapter 6). The analytical work 

is tied up with the large scale collector member testing at NHERI Lehigh EF. 

(3) Evaluating the demand and performance of collector connections and collector 

members under seismic loading. This thrust is associated with 2D (horizontal plane) 

nonlinear pushover (NP) analyses of isolated floor diaphragms (See Chapter 4), and 3D 



48 

  

Nonlinear Time History Analyses of the building structures. The analytical work in this 

thrust is tied up with the shake table testing at NHERI UCSD. 

(4) Relating the capacity & demand obtained from previous thrusts to understand safety 

factor & economics of the collector design and providing new design 

recommendations. This thrust is a future work and will happen after completion of first 

three thrusts. 

 

Figure 2-12. Research thrusts and associated activities for the overall program. 

The overall research program also involves developing innovative details for the collector 

system that will reduce the inertial forces on the collector system (See Figure 2-13). 

 

Figure 2-13. Seismic Design Schematics for Collectors with concept of innovative details.  
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3. EVALUATION STRUCTURE 

3.1 Description and Layout 

An evaluation structure, a 4-story office steel building with composite diaphragm representing 

typical construction, has been designed to guide the research (See Figure 3-1). The building 

permits the rapid evaluation of many design parameters. The building footprint is 360’ x 240’. The 

initial analytical research focuses on a quadrant of the floor plan with a footprint of 180’ x 120’ 

(See Figure 3-2). The SFRS is a Special Concentric Braced Frame (SCBF). A baseline design for 

the evaluation structure is performed for the current code [1] SDC E (R=6, Cd=5, o=2.0) and 

typical live loads (50 psf) [87].  

 

Figure 3-1. Evaluation Structure Layout. 
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Figure 3-2. Quadrant of the Evaluation Structure. 

3.2 Parameters 

 

The evaluation structure location and seismicity parameters are listed in Table 3-1. The 

building is located in high seismic area - downtown Los Angeles. The parameters are selected 

based on ASCE 7-10. For the overall research project, 8 and 12 story building will also be 

designed. The building provides a long collector line to evaluate various connections and members 

along a same line. Notice that the collectors running in EW direction are analyzed for this study.  

 

 

 

 

 

 



51 

  

Table 3-1. Evaluation Structure Design Parameters. 

Spectral Parameters Values ASCE 7 References 

Site Location Los Angeles, CA  

Risk Category II Office 

Ie 1.00  

Ss 2.00  

S1 1.25  

Fa 1.00 Table 11.4-1 

Fv 1.50 Table 11.4-2 

Soil Site Class D Chapter 20 

SMS 2.00 Eqn. 11.4-1 

SM1 1.88 Eqn. 11.4-2 

SDS 1.33 Eqn. 11.4-3 

SD1 1.25 Eqn. 11.4-4 

SFRS Steel SCBF  

Seismic Design Category E  

# Story 4  

 

3.3 Collector Member Design Summary 

The baseline design for the evaluation structure is discussed in this section. The section 

provides the seismic forces calculation, design of collectors, collector connections, shear studs, 

columns and gravity framing for a typical 4th floor. Collectors for both interior and perimeter 

conditions are designed. The ELF design [1] for the RC walls in the transverse direction of the 

evaluation structure is shown in Table 3-2. The total base shear is 7892 k and overturning moment 

is 287,522 k-ft. 

Table 3-2. Seismic design for the evaluation structure (full structure) in EW direction. 

Floor Wx (k) hx (ft) hx
k Wx*hx

k Cvx Fx (k) ∑ Wi (k) Fpx (k) 

R 3042 55.5 64 194048 0.157 1239 3042 1239 

3 10810 42.0 48 516831 0.418 3301 13852 3543 

2 10810 28.5 32 346023 0.280 2210 24661 2959 

1 10852 15.0 16 178806 0.145 1142 35513 2894 

Sum 35513   1235707 1 7892   
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3.3.1 Collector Member Design 

The design of the collector members follows the design code [3] and is shown in Figure 3-3. 

The design axial forces includes the system overstrength factor. The design shear force (Vu) is 53.2 

kips and design gravity moment (Mu) is 532 k-ft.  

 

Figure 3-3. Design Collector Axial Forces and Collector Members. 

The design load summary for the collector members is shown in Table 3-3. This table 

shows collector design with a varying ratio of shear to axial force. Notice that the design performed 

here is for deck parallel. Alternate design summary with deck perpendicular is discussed in Section 

3.5.  

Table 3-3. Design load summary for the collector members. 

Collector x-location (ft) Pu (k) Mu (k-ft) 

FG 30 299.3 531.7 

EF 60 598.7 531.7 

DE 90 898.0 531.7 

CD 120 1197.4 531.7 

BC 150 1496.7 531.7 
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As per the design code, the effective length factor is taken conservatively as 1.0 for various 

stability modes as applicable, discussed in Figure 2-9.  

3.4 Collector Connection Design 

The collector connection design follows the typical practices. The gravity shear tab is tried 

first, and for a higher demand, multiple bolt row shear tab (MST) is designed. When the forces got 

bigger, a top flange welded connection (TFW) or an All Flange Welded Connection (AFW) is 

designed. This section provides a detailed connection design for 3 connections that includes a 

MST, TFW and AFW. A design decision was made and shear tab thickness was limited to ¾” 

A572 Grade 50 steel was finalized for all connections. 1” diameter A 325X fully pretensioned 

bolts were used. These represent typical design and detailing practices.  

3.4.1 MST Design 

Multiple bolt row shear tab (MST) design for the collector connection is illustrated through 

connection at column line F (See Figure 3-3). Notice that the design axial force is 299 kips and 

design gravity shear is 53.2 kips. The combined force is 304kips. The regular gravity shear tab 

design with full depth shear tab and 1” A325X bolts gives a strength of 170kips with beam bearing 

controlling the design. Hence, a 2 bolt row shear tab is designed. The designed connection is shown 

schematically in Figure 3-4. Various limit states of the connection component for the axial 

direction are shown in Table 3-4. As seen, the connection strength is governed by the beam block 

shear failure. The design summary shows the strength for factored, nominal and expected strength. 

It is worth noting that these connections are not designed as slip-critical, though the bolts are fully 

pretensioned.   
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Figure 3-4. MST Connection Design. 

Table 3-4. Component Axial Force Components for MST Connection Design. 

Component Axial Strength 
COMPONENT Factored Nominal Expected 

FLANGES 
Top Flange Yield (k) 0.0 0.0 0.0 

Bottom Flange Yield (k) 0.0 0.0 0.0 

WEB 

GSY of Shear Tab (k) 437.4 486.0 729.0 

NSF of Shear Tab (k) 367.0 489.4 587.3 

S.C. Bolt  (k) 207.5 207.5 207.5 

Bolt Shear  (k) 480.7 640.9 640.9 

Shear Tab Bearing (k) 682.7 910.2 1092.3 

Beam Web Bearing (k) 510.0 680.1 748.1 

Beam BSF  (k) 321.1 428.2 471.0 

Shear Tab BSF (k) 425.4 567.2 724.4 

3.4.2 TFW Design 

Top Flange Welded Connection (TFW) design for the collector connection is illustrated 

through connection at column line E (See Figure 3-3). Notice that the design axial force is 599 

kips and design gravity shear is 53.2 kips. The connection can’t be designed for such axial forces 
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using gravity shear tab or MST. Hence, TFW collector connection is designed. Notice that the 

design code prohibits combination of weld and bolts for same loading [3] [88]. Hence, when 

designing a connection with welded flanges, the axial and gravity forces are decoupled. The flange 

is designed to carry all axial force. The shear tab is designed for gravity load, but a typical practice 

is to put a full depth shear tab (See Figure A-4). To make the design of the connection 

representative of the typical practice, the same principals were followed. Figure 3-5 shows the 

detail of the TFW collector connection designed.  

 

Figure 3-5. Detail of the TFW collector connection for the Evaluation Structure. 

 The shear tab was a full depth as per the typical practice. Table 3-5 summarizes different 

limit states for various components for TFW collector connection design. However, the strength 

of the connection for the collector action is accounted only for the welded flanges. Shear tab is 

sufficient to transfer the gravity forces. 
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Table 3-5. Component Axial Force Components for TFW Connection Design. 

Component Axial Strength 
COMPONENT Factored Nominal Expected 

FLANGES 
Top Flange Yield† (k) 713.7 793.0 872.3 

Bottom Flange 
Yield† (k) 0.0 0.0 0.0 

WEB 

GSY of Shear Tab (k) 437.4 486.0 729.0 

NSF of Shear Tab (k) 367.0 489.4 587.3 

S.C. Bolt  (k) 103.7 103.7 103.7 

Bolt Shear  (k) 240.3 320.4 320.4 

Shear Tab Bearing (k) 227.6 303.4 364.1 

Beam Web Bearing (k) 239.7 319.6 351.6 

Beam BSF  (k) 372.9 497.2 546.9 

Shear Tab BSF (k) 352.5 470.0 578.6 

† Based on full flange width of the Collector 

3.4.3 AFW Design 

All Flange Welded Connection (AFW) design for the collector connection is illustrated 

through connection at column line C (See Figure 3-3). The design axial force is 1197 kips and 

design gravity shear is 53.2 kips. Typically, collectors forces above 700 kips require both flange 

welding. Neither the MST, not the TFW fulfills such a heavy demand. Hence, all flange collector 

connection is designed for the column line C. Similar to TFW, AFW is also designed such that the 

flanges are carrying all the collector axial forces, and the full depth gravity shear tab is carrying 

all the gravity shear.  

The AFW connection for column line C is shown in Figure 3-6. Table 3-6 summarizes the 

component axial forces of the AFW design. The designed shear tab is sufficient for the gravity 

load, in fact is over-designed as per the current practice and is full depth with full pretension bolts. 

The design of collector connections do not involve any drift requirements, and are designed to 

remain elastic under Maximum Considered Earthquake (MCE). 
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Figure 3-6. Detail of the AFW collector connection for the Evaluation Structure. 

Table 3-6. Component Axial Force Components for AFW Connection Design. 

Component Axial Strength 
COMPONENT Factored Nominal Expected 

FLANGES 
Top Flange Yield† (k) 777.9 864.3 950.7 

Bottom Flange Yield† (k) 777.9 864.3 950.7 

WEB 

GSY of Shear Tab (k) 437.4 486.0 729.0 

NSF of Shear Tab (k) 367.0 489.4 587.3 

S.C. Bolt  (k) 103.7 103.7 103.7 

Bolt Shear  (k) 240.3 320.4 320.4 

Shear Tab Bearing (k) 227.6 303.4 364.1 

Beam Web Bearing (k) 255.0 340.0 374.0 

Beam BSF  (k) 396.7 528.9 581.8 

Shear Tab BSF (k) 352.5 470.0 578.6 

† Based on full flange width of the Collector 

A summary of the collector connection design for the whole collector run is shown in Table 

3-7. The unity ratios are kept closer to unity for a more efficient design. Figure 3-7 shows the 

gravity members for the floor system. 



58 

  

Table 3-7.  Summary of Design of Collector Connections for the Evaluation Structure. 

 

 

Figure 3-7. Gravity System members summary for the evaluation structure. 

3.5 Collector Design Summary for Deck Perpendicular 

The evaluation structure discussed in previous sections pertain to deck parallel. For deck 

perpendicular, a quick summary of the collector members compared to deck parallel is shown in 

Column Line B C C D D E E F F G

Design Axial Force ΩoNu (k)

Shear Vu (k)

Moment Mu (k-ft)

Collector 

Collector Length (ft)

Pr/Pc

Mrx/Mn

Unity Ratio (Member)

Type AFW AFW AFW AFW AFW TFW TFW MST MST ST

Shear Plate Thickness (in) 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75

# of bolts* per row 6 6 6 6 6 6 6 6 6 6

# of rows 1 1 1 1 1 1 1 2 2 1

Nominal Strength of Connection (k) 1555.7 1555.7 1427.4 1427.4 1427.4 713.7 557.3 367.0 301.9 159.8

Web Limit State
Shear Tab 

Bearing

Shear Tab 

Bearing

Shear Tab 

Bearing

Shear Tab 

Bearing

Shear Tab 

Bearing

Shear Tab 

Bearing

Beam Web 

Bearing

NSF of Shear 

Tab Beam BSF

Beam Web 

Bearing

Unity Ratio (Connection) 0.962 0.770 0.839 0.629 0.629 0.839 1.074 0.816 0.992 0.000

0.337

0.712

0.969

Collector Connections

299

53.2

531.72

W24X84

30

1497 1197 898 599

53.2 53.2 53.2 53.2

W24X176 W24X162 W24X162 W24X131

0.999 0.938 0.785 0.848

0.723

0.310

0.613

0.365

0.479

0.415

0.460

0.365

531.72 531.72

30 30 30 30

531.72 531.72
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Table 3-8. For deck perpendicular, there is no intermediate bracing for the collector. Hence, the 

member sizes are relatively larger than the deck parallel case. It is worth noticing that in practice, 

designers do provide intermediate kickers to brace the bottom flange, bringing the member size 

down. 

For the bay next to braced frame, BC collector is primarily controlled by the axial forces. In 

contrast, the member farthest from the braced bay (FG) is controlled by the gravity moment. 

 

Table 3-8. Collector member for deck parallel and perpendicular. 

 
 

 

  

Span

Deck Orientation Parallel Perpend. Parallel Perpend. Parallel Perpend. Parallel Perpend. Parallel Perpend.

Lb for CA FTB (ft) 10 30 10 30 10 30 10 30 10 30

oNu (k) 1496.7 1496.7 1197.4 1197.4 898 898 598.7 598.7 299.3 299.3

Mu (DL = 97.4 psf, LL = 50 psf), k-ft 531.7 531.7 531.7 531.7 531.7 531.7 531.7 531.7 531.7 531.7

Major Axis Flexural buckling (φPn), k 2222.2 2777.8 2000.0 2309.5 1612.9 1923.1 1250.0 1724.1 892.9 1219.5

Constrained Axis FTB (φPn), k 2114.0 2028.1 1952.5 1581.1 1566.5 1241.8 1238.8 1062.3 889.5 642.4

Pr/Pc 0.708 0.738 0.613 0.757 0.573 0.723 0.483 0.564 0.336 0.466

Mr/Mp 0.277 0.210 0.303 0.254 0.383 0.303 0.491 0.339 0.633 0.491

Unity Ratio 0.955 0.925 0.883 0.983 0.914 0.992 0.919 0.865 0.899 0.902

Section W24X176 W24X229 W24X162 W24X192 W24X131 W24X162 W24X104 W24X146 W24X84 W24X104

BC CD DE EF FG
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4 COLLECTOR LOAD PATH 

4.3 Overview 

 

The collector load path in the horizontal plane of the diaphragm and vertical plane of the 

diaphragm are vital for the collector design. The horizontal load path determines the level of forces 

along a collector line. This serves as design forces. In current practice, linear assumption of 

collector forces is considered. The collector forces are considered maximum at the location of the 

vertical elements of the SFRS and decreases linearly along the collector [3] (See Figure 2-4b, 

Figure 2-11a). The collector force path in the horizontal plane of the composite steel deck 

diaphragms is determined through the isolated floor system models of the evaluation structure 

(described in Chapter 3). The finite element models isolate the horizontal force flow in the 

diaphragm from the vertical elements of the SFRS.  

The collector load path in the vertical plane of the collector (elevation view) is vital to 

understand the behavior of eccentric connections. The forces are transferred from the slab to the 

collector through the shear studs. Hence, the force path becomes eccentric (See Figure 2-11b). The 

vertical load path in the collector system is determined through the vertical plane model of the 

collector line. This chapter describes horizontal and vertical load path analyses performed on the 

evaluation structure for the collector system. A concrete truss model developed for this project is 

described first. 

4.4 Concrete Truss Model 

Commercial software package ANSYS [89] was used for the analytical modeling. The 

concrete elements provided by any commercial software package are not robust. The models tend 

to diverge at the point of concrete cracking or crushing. An important aspect of determining the 
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collector force path in the horizontal plane is the force transfer from the slab to the collector. 

Hence, a 2D concrete truss model was developed and implemented in ANSYS. The 2D concrete 

truss model developed is robust and stable. The concrete model is based on [90] [32] is capable of 

capturing cracking and crushing of the concrete. This section describes the concept, schematics, 

implementation and response of the model and calibration of the model. 

4.4.1 Concept and Schematics 

The concrete truss model schematics is shown in Figure 4-1. The concrete truss model has 

four (4) sides and two (2) diagonals. Each side and diagonal of the truss is made up of complex 

elements. The typical complex concrete element consists of element with tension property which 

acts only in tension, element with compression property which acts in compression and a hysteresis 

element to get the cyclic response. 

 

Figure 4-1. Concrete truss model schematic. 



62 

  

 The material properties for the concrete under tension and compression were derived based 

on Hognestad model [91]. Stress Strain plot for the model is shown in Figure 4-2. It is noted that 

the ultimate compressive strain, εcu was taken as 0.0038 with 0.85 fc. 

 

Figure 4-2. Hognestad model [91] stress strain for concrete. 

The concrete diagonal material properties were similar to the concrete posts (sides). 

However, to account for the modified compression field theory, which accounts for the reduction 

in diagonal compressive strength due to biaxial tension, the strength of the diagonals was 

multiplied by a stress reduction factor β. The stress reduction factor β was derived from [90]. 

 

Figure 4-3. Relationship between Stress Reduction Factor β and normal strain [90]. 
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4.4.2 Concrete Truss Model Response 

Each concrete truss (See Figure 4-1) is called a panel here. The response of the concrete 

model was evaluated under combination of forces, including monotonic tension and compression, 

cyclic tension and compression, monotonic shear and cyclic shear. The mesh size was varied from 

1” to 24”, and the response of 4 truss panels under cyclic axial force is shown in Figure 4-4. It is 

to be noted that the hysteresis of the concrete model allows energy dissipation, however the 

pinching is not captured completely in these models. 

 

Figure 4-4. Cyclic axial response of Concrete Truss Model for f’
c = 3600psi concrete. 

The 4 panel concrete truss model (in 2x2 configuration) was subjected to monotonic shear 

and cyclic shear. The response of the truss model under cyclic shear is shown in Figure 4-5. The 

model captures the strength of the concrete closely to theoretical values and degrade. The 

hysteresis response shows the path dependent behavior of the concrete. The response shown is for 

a 12” long piece of concrete with a thickness of 12”. 
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Figure 4-5. Cyclic shear response of the Concrete Truss Model. 

4.4.3 Calibration 

The concrete truss model was calibrated using the test results from the composite deck 

diaphragm conducted by Easterling and Porter [63] [92]. The test setup used by Easterling and 

Porter is shown below in Figure 4-6; each diaphragm specimen was approximately 15’x15’ in size. 

One edge of the diaphragm was fixed to the anchor block, and the opposite side was cycled by 

hydraulic actuators using a displacement controlled load program to simulate in-plane 

deformations. The diaphragm specimens were placed upon steel edge beams which formed a 

support frame. The edge beams were connected to the anchor block and loading beam to articulate.  

The analytical models were calibrated to test number 10, 14 and 28, which represented three 

different failure modes for the diaphragm. The concrete truss model was calibrated to test 10, 

which represented failure of the diaphragm through diagonal cracking of the concrete. The 

calibration result with the test envelope is shown in Figure 4-7. The grid size used for calibration 

was 3’x3’ concrete panels.  
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Figure 4-6. Test Set of Easterling and Porter [63] for diaphragm testing. 

 

Figure 4-7. Concrete Truss model calibration using test data [63]. 

 

The mesh sensitivity study was carried out on the truss model using the same diaphragm test 

results. Various mesh size of the concrete truss model posts, including 12”, 24”, 36”, 60”, and 90” 

were carried out. Figure 4-8 shows the results for 3 different mesh sizes. The results are within the 

engineering acceptable error. Hence, the concrete truss model was found viable for studying the 

horizontal plane collector load path in a composite steel deck diaphragms.  
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Figure 4-8. Mesh sensitivity results for the concrete truss model using test results [63]. 

4.5 Collector Load Path: Horizontal Plane 

This section describes the analytical work performed on the horizontal plane collector load 

path of the collectors in a composite deck floor system. The concrete truss model developed for 

the project was used in the analytical models. The models used for determining the horizontal 

plane collector load path are termed as “isolated floor models”.  

4.5.1 Isolated Floor Model Description 

The isolated floor system models encompass one floor and associated vertical elements 

(gravity columns, SCBFs) of the evaluation structure (See Figure 4-9a). The floor system was 

made symmetric about the collector line, hence an extra bay line was added in the N-S direction. 

The floor system was initially modeled in the horizontal plane (with slab and framing at the same 

elevation), and was subsequently extended to account for the vertical offset of the slab (Figure 

4-9b). The models were subjected to NP (body force) analyses creating collector tension or 

compression, as well as cyclic load protocols. It is noted that reduced degree-of-freedom versions 

of this model are needed for the 3D NTHA structure models. The model consists of nonlinear 1D 

beam elements for framing members (including collectors); non-linear degrading spring elements 
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for collector and gravity connections [93], and shear studs [94]; 2D nonlinear orthotropic shell 

elements for the metal deck (See Figure 4-10), and a nonlinear 2D truss model for the concrete 

slab (See Figure 4-9c). Concrete bearing is modeled with contact elements; slab-to-deck slip is 

modeled using interface elements as needed [22] [87] [11]. 

 

Figure 4-9. Isolated Floor models: (a) Isometric View; (b) Elevation View; (c) Close-up at 

SFRS. 

Figure 4-10. Metal Deck (a) Typical Sheet; (b) Shell element with Orthogonal Properties. 

Collector yielding is captured in the beam elements; yielding, degradation and failure of 

connections and shear studs are included directly in the nonlinear springs. The test data for the 

deck to frame fasteners [70] was idealized for the models and collector connections input is shown 

in Figure 4-11. 

Rigid offset to top of flange 

Brace members 
Shear stud 

Concrete 
(See Error! 
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Body force direction 
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Figure 4-11. Test Data and FE input for: (a) Deck to Frame Fasteners; (b) Collector 

Connections. 

4.5.2 Results for Collector Load Path in Horizontal Plane 

  Preliminary analysis results are briefly summarized here for the baseline collector 

design.  Figure 4-12a shows the pushover curve for total diaphragm force vs. collector drift as the 

inertial force increases creating compression in the collector. The loads transferred to the SFRS by 

key components of the system (collector, slab frame) are shown in the figure. Individual limit state 

occurrences are indicated as markers on the global response curve (offset for clarity), providing 

the limit state sequence (stability is not considered for now). Diaphragm response is seen to remain 

essentially linear to the design strength (ΩoNu/φ = 4800kN), though local cracking of concrete, 

and some yielding of shear studs and gravity system connections (in the vicinity of the SFRS) is 

observed. The concrete transfers over half of the collector forces in this range; this mechanism is 

essentially lost after reaching the strength limit, primarily due to shear stud failure, followed by 

concrete crushing.  Figure 4-12b shows the axial force profile in collector along the run at the 

design force (Point A) and at maximum collector force (Point B).  Also shown is the typical internal 

force profile assumed in design. As seen, the axial force profile in collector is not linear at design 

force level (prior to slab damage), contrary to design assumptions, but matches at ultimate.  
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 Figure 4-12. Compression NP Results: (a) Global response; (b) Collector axial force profile. 

 The nonlinear profile shown in Figure 4-12b leads to overstressing of the shear studs near 

the SFRS, which causes the shear stud failures indicated in  Figure 4-12a. Note that slab strength 

and collector strength are developed at different deformation demands, meaning that their strengths 

are not additive. Figure 4-13Figure 4-13 shows contour plots of concrete total strain for the 

compression body force. Compression struts are shown in (a,b); tension struts in (c,d). Result 

before and after damage (Points A,B) are shown in both cases. “Hotter” colors (and thicker lines) 

indicate crushing/cracking. Both pairs of contours show the domination of strut actions in the linear 

response range, and the concentration of demands in the slab at the SFRS in the nonlinear range. 

 

    

Figure 4-13. Comp. NP Strain Contours: (a,b) before, after crushing; (c,d) before, after cracking. 

 Figure 4-14a shows the corresponding pushover curve for inertial force creating tension in 

the collector. The initial stiffness of the collector, Ki, is essentially the same in tension as it is in 

compression. However, as seen the global stiffness decreases noticeably during the early stages of 

(a) (b) (c) (d) 

Comp. Struts Tension. Cracking 

(b) (a) 
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response due to cracking of concrete (adjacent to the SFRS). The collector deformation at the 

design force is approximately 45% larger in tension than in compression. The collector connection 

yields next to the SFRS at 11mm collector deformation. The collector limit state sequence under 

tension is also indicated in Figure 4-14a. Initially, the concrete cracks. Forces redistribute to the 

frame, which acts as a tie; leading to some force transfer through forwardly-inclined compression 

struts (shown subsequently in Figure 4-15Figure 4-15a,b), causing yielding of shear studs on SFRS 

and the adjacent collector. Shear stud failure does not occur from reduction in demands due to 

concrete cracking. Since the collector element is designed for stability, the collector connection 

yields first.  

 As seen in Figure 4-14b, the axial force profile in the collector before the concrete cracks 

is similar to the profile in compression. The profile is nonlinear, with the collector element adjacent 

to the SFRS transferring more force. The gradient of the profile near the SFRS explains why the 

shear studs on the collector adjacent to the SFRS yielded early in the response. As seen in Figure 

4-14b, the axial force profile in the collector after concrete cracking remains nonlinear.  

 

Figure 4-14. Tension NP Results: (a) Global response; (b) Collector axial force profile. 

 Figure 4-15a,b show the compression strut action in the concrete slab; Figure 4-15c,d show 

the tension action.  The first plot of each pair is prior to concrete cracking; the second plot of each 

(b) 

(a) (b) 
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pair is after concrete cracking. As seen, after cracking, forces redistribute to the frame which acts 

as a tie; leading to some force transfer through forwardly-inclined compression struts. 

    

Figure 4-15. Tension NP Strain Contours: (a,b) compression; (c,d) tension (before, after 

cracking) 

4.6 Collector Load Path: Vertical Plane 

The collector load path in the vertical plane of the collector is evaluated using 2D plane stress 

model of the collector line elements from the evaluation structure. The collector load path in the 

vertical plane is complicated due to different materials with different stiffness acting at different 

elevation (See Figure 2-11b). This section describes the vertical plane analytical model and results 

for Top Flange Welded (TFW) connection. 

4.6.1 Collector Vertical Plane Model Description 

The analytical models were built to study the eccentric load path in various collector 

connections. The discussion will be focused on TFW. To study the impact of TFW connection on 

the vertical load path, all connections in the collector line were made as TFW. The collector 

member was W24x162 and collector connection was TFW with ¾” thick shear tab, having 6 – 1” 

dia A325 fully pretensioned bolts, which is a typical practice for these type of connections. The 

analytical model was made using 2D plane stress model (See Figure 4-16). Detailed description of 

the collector connection model can be found in Chapter 5. 

(a) (b) (c) (d) 

Comp. Struts Tension. Cracking 
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Figure 4-16. Analytical Model of the Collector Line in vertical plane. 

Five (5) bays of the TFW connection was modeled. The concept of using 5 bays with all TFW 

connection is to determine the force path as the shear force ratio to axial force ratio changes. The 

bay nearest to braced frame will be dominated by the axial force, and the bay farthest from the 

braced bay will be dominated by the gravity shear. The tributary mass of the gravity system was 

placed as lumped masses on the shear studs (See Figure 4-17). The models were subjected to 

increasing amplitude of acceleration. The nonlinear transient analysis was performed using slow 

dynamic approach.  

 

Figure 4-17. Close-up of the vertical plane model showing lumped masses. 

The gravity load was applied first, and then increasing amplitude of acceleration as shown 

in Figure 4-17. The increasing amplitude acceleration produced axial load profile similar to what 

was obtained from the horizontal plane collector load path analysis (See  Figure 4-12b and Figure 
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4-14b). The axial force profile applied is to match the collector load path in horizontal plane at 

ultimate, hence a linearly increasing force. Collector axial force profile applied on the vertical 

plane is shown for the ultimate step in Figure 4-18. The resulting shear force is shown in Figure 

4-19. As mentioned, the objective was to evaluate the center of force for different shear to axial 

force ratio for TFW connection. 

 

Figure 4-18. Axial force profile applied along the collector for ultimate step. 

 

Figure 4-19. Shear force profile along the collector line for the ultimate step. 
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4.6.2 Results for Collector Load Path in Vertical Plane 

Preliminary results from the collector vertical plane model are discussed in this section. 

The results are presented for step where the connection nearest to braced bay started having bolt 

failure under shear. The axial load in the collector started to drop after that point. Figure 4-20 

shows the center of force obtained from the analysis of TFW connection. The center of force is 

near to the top flange. This is due to the eccentricity of the TFW collector connection. The dotted 

red lines in the plot represent the location of column. The solid black line represents the top of the 

collector. Solid orange line represents the centroid of beam. Green line represents the mid height 

between centroid and top of the flange. The center of force always lies in between top flange and 

this middle line. 

 

Figure 4-20. Center of force for TFW connection as shear to axial force ratio changes. 

The collector connections used in the analysis were of same strength. Hence, the connection 

near to the braced bay had the largest deformation demand. The collector connection axial force 
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profile versus top flange demand for the first bay connection on the leading side is shown in Figure 

4-21. The plastic strain plot shows complete yielding of the flange. 

 

Figure 4-21. 1st bay leading connection: (a) Axial force vs. TF deformation; (b) Plastic Strain.  

The axial force distribution at the faces of other columns are shown in Figure 4-22, Figure 

4-23, and Figure 4-24. As evident, as we go away from the braced frame, the demand on the top 

flange starts to decrease.  

 

 

 

Figure 4-22. 2nd Column from braced frame: (a) axial force distribution on either side of the 

connection; (b) plastic strain. 

At 4th column from the braced bay, the gravity load is more dominating, and we observed 

plastic strains in the shear tab (See Figure 4-24b). 

(a) (b) 

(a) (b) 
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Figure 4-23. 3rd Column from braced frame: (a) axial force distribution on either side of the 

connection; (b) plastic strain. 

 

Figure 4-24. 4th Column from braced frame: (a) axial force distribution on either side of the 

connection; (b) plastic strain. 

 The deformed shape profile after the gravity load step and at the end of combined gravity 

load and collector axial forces are shown in Figure 4-25. 

 

Figure 4-25. Deformed Shape at the end of: (a) gravity loading, (b) gravity and axial force. 

(a) (b) 
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4.7 Proposed Shake Table Testing at NHERI UCSD 

The collector load path evaluation, and demand and performance of the seismic collectors 

analytical work is tied up with shake table test at NHERI UC San Diego. The testing is proposed 

for Summer/Fall 2019. This section describes the proposed experiment at NHERI UC San Diego. 

4.7.1 Objective 

The NHERI UCSD testing program will involve shake table testing of a 0.4 scale single-story 

test specimen of the collector path region of a steel composite deck floor system. The scale is 

selected as the smallest feasible for producing realistic fidelity to full scale steel deck floor details 

while still fitting on the UCSD shake table. The objective of this test program is to examine the 

behavior and performance of steel collectors under inertial force mechanisms. The shake table test 

is proposed in two phases. The research objectives of the Phase I Shake Table Testing include: (1) 

Participation of deck and slab in collector action; (2) Degree of bracing of collector by deck; (3) 

Load paths, including through columns; (4) Interaction of gravity, lateral and collector forces; and 

(5) Cyclic performance of different details. Phase II objectives include: (1) Ability to control 

collector force in presence of deck/slab; (2) Alternate load paths (than direct collector) to the 

SFRS; (3) Cyclic performance of ductile collector elements/connections; (4) Damage to (or 

protection of) surrounding elements; and (5) Interaction with out-of-plane bending. A companion 

project is currently under consideration with AISI and SDI for a second specimen with roof deck 

to evaluate the effectiveness of open web steel joist in bracing the collector and open web steel 

joist as seismic collector. 
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4.7.2 Experimental Set-up 

The specimen will encompass the portion of one (elevated) floor level tributary to a single 

LFRS element (See Figure 4-26a). At 0.4 scale, the platen of the NHERI UCSD shake table can 

fit a 4-bay x 2-bay floor footprint (with the long dimension in the table motion direction) without 

the need for expensive outriggers. This specimen configuration permits: (a) inertial force 

generation from adjacent bays and collector behavior for an interior collector braced transversely 

by the floor system; and, (b) the generation of collector forces along a 3-span line, with the 4th bay 

occupying the LFRS element (See Figure 4-26b). The proposed test setup is under consideration 

to add in outriggers with equivalent masses of the gravity floor system to mobilize the inertial 

forces. 

 

Figure 4-26. Shake table test specimen: (a) Isometric view; (b) South Elevation. 

Note that due to the gradual buildup of collector action (Refer to Figure 2-4b), it is possible, in 

a single test, to test multiple details, from modified GLRS connections on a typical beam to special 

welded collector details on a larger collector member (See insets in Figure 4-26b). As seen in the 

Figure 4-26a schematic, stability in the direction perpendicular to the table motion can be provided 

by X-shaped cables. Added mass will be employed to permit minimal ground motion scaling, to 

produce a realistic gravity-lateral force ratio. Note that the specimen permits the inertial forces to 

develop in the deck/slab system, including strut mechanisms. Likewise the collector force path 
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will travel through the gravity system columns, and the interaction of the GLRS and secondary 

lateral resistance will be captured in this testing.  

 

Figure 4-27. Shake Table Test Specimen with composite floor (rendered). 

The LFRS element in the direction of the table motion can be an accepted SFRS: Special 

Concentric Braced Frame (SCBF), Special Moment Frame (SMF), or Buckling Restrained Brace 

Frame (BRBF). The latter may be an attractive option for test repeatability (See Figure 4-27). 

Conversely, the LFRS can simply be a sufficiently strong element to allow the inertial forces to be 

generated in the floor system (since the test specimen is simply a floor deck rather than a full 

building structure). In the latter case, the opportunity exists to perform multiple tests on a single 

specimen by relocating the SFRS element from B1-2 to B4-5. Likewise, if slab damage is 

localized, an exterior collector can also be investigated by relocating the SFRS elements at A4-5 

and C4-5. Note also that mass can be added along column lines A & C to represent tributary mass 

from additional (outer) bays.  

A second test specimen is under consideration with companion project with AISI, SDI, SJI and 

Vulcraft. The second specimen shown schematically in Figure 4-28. The second specimen may 
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have different options, including open web steel joist in a roof bracing a steel wide flange collector 

and/or open web steel joist bracing a collector which is also an open web steel joist. Like specimen 

1, specimen 2 will also have a different collector along the line with different type of connection. 

The objective is to evaluate the bracing provided by the open web steel joist in bracing the 

collector.  

 

Figure 4-28. Proposed roof system specimen for shake table test at NHERI UCSD. 

4.7.3 Test Matrix 

The Shake Table testing for Phase I (Existing Collector Details) will allow the most critical 

conditions identified in the NHERI Lehigh EF Testing (described in Chapter 5) to be examined 

under realistic inertial force mechanisms. These conditions will be discussed with the industry 

team to solicit the most impactful design parameter combinations from the LU test matrix. In 

particular, since multiple collector connection details can be examined in one test, deck orientation 

and slab thickness become key design parameter decisions in the research, as well as perimeter vs. 

interior collectors, and gravity column orientation. 
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The loading, in addition to low amplitude white noise tests to determine the test specimen 

modal properties to track evolving damage in the test specimen, can be:  (1) Increasing low 

amplitude +/- pulses; (2) Increasing intensity strong ground motions; or (4) Input records based on 

floor acceleration spectra. The Phase II NHERI UCSD shake table tests will provide crucial 

information on the ability of innovative collector details to reduce and better control inertial forces 

while interacting with floor deck/slab system and the GLRS.  

The data obtained from the shake table test will then be used to calibrate the analytical models. 

The analytical models will be used to perform research thrust 4, to combine the capacity with the 

demand. New design recommendation for the collector member and collector connection will be 

provided. 

4.8 Conclusions for Collector Load Path 

The collector load path analysis is presented in this chapter. The chapter covers collector load 

path analysis in horizontal plane of the diaphragm and vertical plane of the collector system. The 

following conclusions can be drawn from this chapter: 

(1) The axial force profile in collector is not linear at design force level (prior to slab damage), 

contrary to design assumptions, but matches at ultimate 

(2) The initial stiffness of the diaphragm is same under tension and compression, but degrades 

fast in tension as the slab cracks. 

(3) The force transfer from slab to SFRS is controlled by the shear stud failure.  

(4) The collector load path in the vertical plane of the collector is near to the top flange for 

eccentric connection like TFW.  
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5 COLLECTOR CONNECTIONS 

A key thrust of this overall research project is understanding the current design practice related 

to the collector connections. The collector connections are unique in a sense that they are intended 

to remain elastic with a system overstrength factor. Often times this system overstrength factor 

leads to a design that is non-conventional for steel structures (See Appendix A). The major part of 

the dissertation work is related to developing analytical models for the collector connections and 

understanding the response of the same under a combination of loading. A 2D plane stress bolt 

model was specially developed for the analytical modeling. The large scale testing at NHERI 

Lehigh EF, which is in final stages of planning, will be testing these collector connections under 

various combination of loading. 

The development and calibration of 2D plane stress model for the bolts is described in section 

5.1. The development of 2D plane stress models for collector connections study under tension is 

described in section 5.1. The analytical models and results for collector under tension is discussed 

in section 5.2 and 5.3. The development of sub-assemblage model to look at combination of 

loading is discussed in section 5.4. The results from sub-assemblage models are discussed in 

section 5.5. The Lehigh testing is discussed in section 5.7. The analytical work in support of testing 

is described in section 5.8. Conclusions for this chapter are summarized in section 5.10. 

5.1 2D Plane Stress Bolt Model 

One of the major challenges faced in analytical modeling of the collectors was bolt model. 

The response of a bolt under shear has been modeled traditionally in various ways. Detailed 3D 

model of the bolts [95] [96] can accurately simulate the bolt response. However, the models are 

too detailed for modeling a bay. Simple models [41] [42] can capture the system response, but are 
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unable to capture local effects including bolt bearing. Hence, a 2D plane stress model for a bolt 

was developed for this project. The model was calibrated to existing test data on single bolt shear 

response and system behavior including progressive collapse. The motivation behind developing 

the bolt model was to get a robust model that can be deployed in implicit analysis and not prone 

to convergence failures. The following sub-sections describe the concept and schematics, response 

and calibration process for the bolt model. 

5.1.1 Concept and Schematics 

The 2D plane stress bolt model is shown conceptually in Figure 5-1. The bolt model consists 

of two identical wheels with elastic layers for beam web and shear tab on top of each other. The 

two wheels are connected via rigid elastic springs in the center of the elastic core, which is killed 

when the bolt shear strength reaches the capacity.  

 

Figure 5-1. Schematics of 2D Plane Stress Model of a bolt. 

The bolt model consists of outer and inner elastic cores (shown with light blue color in Figure 

5-1). These cores are connected to each other with nonlinear link elements. The link elements are 
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calibrated with the bolt shear properties, shown in Figure 5-2a. The material properties were 

adjusted based on the amount of initial pretension in the bolt. 

 

Figure 5-2. Bolt Model: (a) Material Properties of link elements; (b) Behavior of pretension 

elements. 

The initial pretension was modeled using elastic-plastic elements. The backbone behavior of 

these elements is shown in Figure 5-2b. The initial pretension was offset to the middle of the 

washer in the plates using rigid offset elements as shown in Figure 5-1. The bolt hole was modeled 

with a physical gap and surface to surface contact elements were used to capture the bearing. The 

plate elements under the bolt washer were calibrated to account for increased strength due to 

pretension of the bolt (shown in red in Figure 5-1). The inelastic behavior of the bolt response is 

captured in the nonlinear links. 

5.1.2 Bolt Model Response 

The response of the bolt model under shear was obtained using two plate test [97] [98] 

[99]. The FE model of the two plate test is shown in Figure 5-3a. The response of the bolt model 

without pretension is shown in Figure 5-3b. As evident from the plot, the bolt model is able to 

capture the initial stiffness and strength of the bolt, less the slip part. The response of the bolt in 

test was measured past the slip. The bolt modeled here are A325X 1” diameter with two plates.  
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Figure 5-3. Bolt Response: (a) FE Model; (b) Without Pretension. 

The response of the bolt was further enhanced to take into account the effect of pretension 

and expected values. Figure 5-4 a & b shows the material properties for the link elements modified 

to capture pretension and response of the bolt compared to the test data. 

 

Figure 5-4. Bolt Expected Response: (a) Properties of link; (b) Response vs. Test Data. 

The bolt model captures the bolt bearing on the shear tab or the beam web. Figure 5-5 a,b 

shows the onset of bolt hole deformation and at ultimate for a relatively thin connected plates. The 

response of the bolt model in shear, bolt hole deformation were calibrated to the test data ranging 

from component level test to system level response and is discussed briefly in next sub section. 

The bolt model cyclic response in shown in Figure 5-6. 
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Figure 5-5. Bolt bearing response: (a) onset of bolt hole deformation; (b) at ultimate. 

 

Figure 5-6. Cyclic response of the bolt model compared to backbone test data. 

5.1.3 Bolt Model Calibration 

The calibration of the 2D plane stress bolt model was performed based on the test data, which 

was available for single bolt in shear and then system response including progressive collapse. 

This section provides the calibration work performed on the bolt.  

The response of a bolt under shear was calibrated to the experimental work performed by 

[98] [97]. A schematics of the test and results from the test are shown in Figure 5-7. 
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Figure 5-7. Bolt hole deformation and bolt shear after test and bolt shear response [97]. 

The calibrated response is shown in Figure 5-4. The test result and the FE model results 

matched in close within engineering acceptable errors. The response of the bolt bearing was then 

calibrated with the experimental work by Rex and Easterling [100]. Rex and Easterling performed 

experiment of 46 samples with various parameters and plotted the bolt hole deformation. The 

schematics of the test setup and FE model is shown in Figure 5-8.  

            

Figure 5-8. Bolt Bearing Calibration: (a) Test Set-up [100]; (b) FE Model. 

The FE model results for the bolt bearing on the plate is shown by plastic strain plot of the 

bolt hole in Figure 5-9a. Figure 5-9b shows the comparison of the FE result to the test data. Notice 
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that the bolt hole deformation and bearing is calibrated in 2D plane stress model to account for the 

triaxial state of stresses.  

   

Figure 5-9. Results for bolt bearing: (a) Plastic strain of the deformed hole; (b) Response. 

The 2D model was then calibrated against the 3D model. The 3D model and the results 

showing the comparison are shown in Figure 5-10. 

  

Figure 5-10. Solid Bolt: (a) FE model for bolt in double shear; (b) Plastic strain in the bolt; (c) 

Comparison. 

The bolt model was calibrated to a system response. There are no experimental data for a 

collector testing. Hence, results from a progressive collapse [93] were used to calibrate the models 

to system level response. The FE model and the result comparison is shown in Figure 5-11. 
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Figure 5-11. FE model for the progressive collapse and result comparison. 

5.2 Collector Connection under Axial Forces: Analytical Model 

The collector connection under tension was analyzed through plane stress model of a 

collector member, connection and column from the evaluation structure (member CD, See Figure 

3-3). The model is shown in Figure 5-12 with close up of the connection region. The collector 

member chosen was W24x162. The top flange was welded and the gravity shear tab was full depth. 

The bolts were modeled with the plane stress model described in the section 5.1. Following sub-

sections describe the material properties, calibration process and analysis performed with this 

model. The idealized boundary conditions were considered, considering braced frame at the end 

of the connection, where it was pinned (See Figure 5-12). 

 

Figure 5-12. Analytical model of the Collector Connection under axial force. 
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5.2.1 Material Properties 

The material properties used in the analytical models are described in this section. The 

material properties are based on the previous material testing performed. The engineering test data 

was converted to true stress strain data using logarithmic conversion. Figure 5-13 describes the 

material properties of 50ksi steel with nominal engineering, expected engineering, true stress strain 

and FE model input. 

 

Figure 5-13. Material Properties for A992 Steel. 

 

Figure 5-14. Material Properties for E70xx Weld. 



91 

  

Figure 5-14 describes the material properties of the weld material. The engineering weld 

material properties were adopted from [47]. The initial results shown in the dissertation are based 

on these material properties. The analyses will be rerun before physical testing once the coupon 

testing of the material is performed.  

5.2.2 Calibration of Collector Connection Model 

The frame elements including columns, collectors including the effect of slab were 

calibrated using full scale experimental data from Nakashima et. al [101]. In the full-scale 

experiment, two moment frames (one bare steel, one composite) (See Figure 5-15) were loaded 

cyclically in parallel through large deformations until failure. Figure 5-16 shows the plane stress 

FE model of the full-scale experiment. The model had nonlinear elements for beam, column and 

slab. The FE global results for the total base shear vs. roof drift for both cases matched closely 

with the experimental data (See Figure 5-17).   

 
Figure 5-15. Test Specimen: (a) South Elevation; (b) Plan View; (c) East Elevation; (d) Profile 

of Steel Deck Diaphragm. 
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Figure 5-16. Plane stress FE model: (a) Bare Frame; and, (b) Composite Frame. 

  

Figure 5-17. FE model result vs. experiment: (a) Bare Frame; and, (b) Composite Frame. 

The models were able to capture the initial stiffness and strength of the framing members 

as seen in Figure 5-17. The 2D plane stress model of the collector connection was compared to 

solid model and the calibration results are shown in Figure 5-18.  

 

Figure 5-18. Solid Model: (a) FE Model; (b) Comparison to 2D Plane Stress Model. 
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5.2.3 Analyses Method  

The models were subjected to nonlinear pushover using displacement control method. The 

displacement control method was chosen because of the bolt model. The bolt models have contact 

elements, which are open at the start of analysis. The stiffness for the open contacts is zero and 

displacement control method allows the contact to work. Slow dynamic technique was used with 

implicit analysis. Analyses are initially nonlinear increasing-amplitude tension, followed by cyclic 

protocols. 

 

Figure 5-19. Collector axial force response for various applied center of force. 

 

Figure 5-20. Collector shear force response for various applied center of force. 
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The displacement was applied to various levels at the end of the collector as shown in 

Figure 5-19 inset. As seen, the response of the connection depends on the center of force applied. 

The shear response of the collector for various center of force is shown in Figure 5-20. The shear 

response depends heavily on the center of force. The center of force creates a moment at the face 

of the connection. Hence, the shear force reduces accordingly. The axial force response as 

compared to the axial force response of the connection obtained from the center of force study 

(See Section 4.6.2). The comparison is shown in Figure 5-21. 

 

Figure 5-21.  Comparison of axial response with center of force results. 

The results in Figure 5-21 shows that for the eccentric connection like TFW, the center of 

force should be kept at the distance obtained from the multi-bay collector analyses. 

5.3 Collector Connection under Axial Forces: Results 

The baseline design for the collector connection was analyzed under axial forces as discussed 

in the previous sections. This section presents the results from the baseline design of TFW 

connection (collector – W24x162, shear tab – 18”x4.5”x3/4”, 6-1” diameter A325X fully 
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pretensioned bolts). Figure 5-22 shows the load deformation for the same collector connection 

with limit state sequence.  

 

Figure 5-22. Load Deformation for the baseline TFW collector connection under axial force 

with limit state sequence. 

As evident from Figure 5-22, the initial stiffness of the top flange is less than the shear tab, 

primarily due to pretension. The bolt slip occurs at the service level loads and the bolts come in to 

bearing. As the bolts slip, the top flange takes over the shear tab in terms of load participation (See 

Figure 5-24). 

 

Figure 5-23. Bolt limit state in shear sequence for the TFW collector connection. 
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The collector axial force carrying capacity then enters the nonlinear range with the top 

flange yielding (See Figure 5-22) and the bolts yielding (See Figure 5-23). The connection is 

limited by the bolts failing in shear (See Figure 5-23). The top flange at that point carries all the 

axial forces and that leads to necking and failure of the top flange.  

 

Figure 5-24. Axial force distribution in top flange and shear tab as limit states occur. 

The shear force distribution is shown in Figure 5-25. The total shear force at the connection face 

is very small~20kips, but the shear tab and top flange opposes the shear. The individual shear 

forces in the top flange and shear tab are relatively higher (See Figure 5-25). The shear and moment 

are generated due to eccentricity of the connection (See Figure 5-26). The moment generated at 

the connection is at 20% of plastic moment capacity of the collector at peak load. 

 

Figure 5-25. Shear force distribution at the connection face in TFW connection. 
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Figure 5-26. (a) FBD of Collector Connection; (b) Moment in TFW due to eccentricity of the 

connection. 

 

Figure 5-27. (a) Collector Connection axial deformation vs. Collector End Deformation, (b) 

Axial stretch profile at the connection face at different stages. 

The collector connection region axial deformation w.r.t. collector end deformation is 

shown in Figure 5-27a. The collector remains elastic apart from the connection region as shown 

in Figure 5-28.  

 

Figure 5-28. Plastic Strain at the collector connection region. 

The axial deformation profile for various steps is shown in Figure 5-27b. The axial stretch 

profile shows that as the shear tab takes on damage, the demand on the top flange increases. This 
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leads not only to added axial deformation demand, but also puts a moment at the connection face. 

The eccentric connection puts a double curvature moment at the face of connection and at the 

column face. Figure 5-29a shows the rotation at the column face w.r.t. the collector end 

deformation. Figure 5-29b shows the rotation at the end of the shear tab w.r.t. same measurement.  

It is to be noted that the collector connections are not designed for the moment that is 

generated due to eccentricity in the geometry or in the load path.  

 

Figure 5-29. Rotation profile w.r.t. collector end deformation: (a) At the column face; (b) at the 

end of shear tab. 

The rotation at the face of the connection and at the end of shear tab leads to negative 

moment in the collector section. The vertical displacement profile for the baseline design is shown 

in Figure 5-30. The moment relation is explained in the following sub-sections. 
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Figure 5-30. Collector vertical displacement profile (a) for different center of force; (b) 

displacement profile for baseline design. 

5.4 Collector Sub-assemblage Model 

The collector members and connections are primarily designed for the axial collector forces. 

The collectors however, being part of the frame, undergoes frame drift. The collectors are not 

designed for the forces generated due to frame drift. The forces and moment induces because of 

the frame drift are not trivial. In order to study the effect of frame drift, a collector sub-assemblage 

model of the collector connection with adjoining members was developed. The primary objective 

of this model was to study the effect of frame drift on collector connections and also to investigate 

the moment-rotation behavior of the collector connections. 

(a) 

(b) 
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Figure 5-31. Collector Sub Assemblage Model: (a) Full model; (b) Close-up of the connection. 

The collector sub-assemblage model is shown in Figure 5-31. The model is extended from 

the collector connection model described in section 5.2. The sub assemblage models a part of 

structure from the evaluation structure. The assumption is that the point of inflection is at the mid-

span of the collector and the column. The idealized boundary conditions are used. The column 

base is pinned and the ends of the collector members are supported by rollers (See Figure 5-31a). 

The models do not consider the gravity load, stability effects and slab effects. The models were 

subjected to nonlinear pushover analysis producing frame drift as shown in Figure 5-31a. 

(a) 

(b) 
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5.5 Collector Sub-assemblage Model Results 

The baseline design for the collector connection was analyzed under frame drift as discussed 

in the previous section. The result for the baseline design in terms of moment- rotation behavior 

of the connection is shown in Figure 5-32. The horizontal trend line shows the theoretical plastic 

moment capacity of the section. The model matches the theoretical plastic moment and initial 

stiffness. At 2% rotation, the trailing side flange hit the column as shown in Figure 5-32 inset. 

 

Figure 5-32. Moment-Rotation for the baseline collector connection design. 

 

Figure 5-33. Deflected shape of the collector connection due to frame drift. 
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Figure 5-34. Neutral Axis in the connection as the damage accumulates under frame drift. 

The deflected shape of the collector connection under frame drift is shown in Figure 5-33. 

As expected, the connection on the leading side is under positive moment and the connection on 

the trailing side is under negative moment. The bolts become critical first on the leading side.  

The neutral axis position during the loading is shown in Figure 5-34. The neutral axis starts 

in the center when the bolts are fully pretensioned. The neutral axis starts shifting towards the top 

flange as the bolts slip and come into bearing. The neutral axis for eccentric top flange connections 

under frame drift lies primarily in the top flange.  

     

Figure 5-35. Axial force components in the leading and trailing side connections due to frame 

drift. 
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The axial forces in the top flange and shear tab are shown in Figure 5-35. The leading side 

shows that the forces in the tab and flanges oppose each other. For the trailing side, the top flange 

forces increases as the bottom flange gets into contact with the column. The initial study showed 

that the collector bolts starts to fail at 2% drift. The connections are not designed to carry the forces 

due to the frame drift. Hence, the intent of the code to keep these element elastic is contradicted. 

5.6 TFW Collector Connections: Parametric Study 

The parametric study on the TFW collector connection was performed. The various 

parameters considered in this study were: (a) Erection Gap; (b) gravity shear tab thickness; (c) 

gravity shear tab depth, which is also a measure of number of bolts; (d) pretension versus snug 

tight bolts; (e) length of collector; (f) Weld access hole; and, (g) frame drift. 

5.6.1 Effect of Erection Gap 

The effect of the erection gap on the collector connection response was studied using the 

collector sub-assemblage model discussed in section 5.4. The erection gap is used by the 

fabricators to help erect the collector in place and have easy access to weld the gravity shear tab. 

For a typical gravity shear tab connection, the erection gap is specified as ½”. For collectors, the 

typical practice varies from ½” to 1” depending on the designer. The various erection gap 

considered in this study were: ½”, ¾” and 1”. The results for the axial force distribution on the 

trailing and leading side of the connection are shown in Figure 5-36. The trailing side shows 

sudden jump in the response, marking the drifts where the trailing side collector hits the column. 
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Figure 5-36. Axial force distribution for baseline TFW collector connection for frame drift only 

with various erection gap: (a) Leading side; (b) Trailing side. 

 

Figure 5-37. Moment Rotation for baseline TFW collector connection with various erection gap: 

(a) Leading side; (b) Trailing side. 

The collector hitting the column is non-desirable situation as the local and global buckling 

becomes an issue. Moment-rotation for the TFW collector connection discussed in section 5.3, 

refer here in as “baseline TFW collector connection”, is shown in Figure 5-37. The observation 

from the result is that for a typical full depth shear tab in a TFW collector connection, the level of 

frame drift (to avoid collector hitting the column) depends on the erection gap. ½” erection gap 

allows ~2%, ¾” allows 3% and 1” allows 4% frame drift. This is an important consideration for 

designing the TFW connection which is not accounted by all designers.  

(a) (b) 

(a) (b) 
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Figure 5-38. Moment rotation for TFW with various shear depth sizes indicating the frame drift 

at which the bottom flange of the trailing connection hits the column: (a) HST=12”; (b) HST=9”. 

The study for further performed for not full depth shear tabs for the TFW connection. The 

summary result is shown in Figure 5-38. The connections were created such that the centroid of 

the collector lined up with the centroid of the shear tab, which is a typical practice. The results 

indicate that as the shear tab depth and number of bolts are reduced, the allowable frame drift 

before the bottom flange of the collector comes in contact with the column reduces. The results 

shown in Figure 5-38 are for erection gap of ¾”. As the number of bolts reduced to 4, the frame 

drift got reduced from 3% to ~2%. A parameter is defined as α = Erection Gap/ Beam Depth to 

account for the erection gap effect on frame drift of collector connection. 

Table 5-1. Effect of erection gap on drift capacity of TFW collector. 

# Erection Gap α Allowable Frame drift 

  in  % 

1 ½ 0.0204 2.1 

2 ¾ 0.0306 3.0 

3 1 0.0408 4.0 

The results for various erection gap and shear tab depth combination studied are 

summarized in Table 5-1. Lowering the erection gap or height of the shear tab reduces the frame 

drift capacity of the TFW collector connection. 

(a) (b) 
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5.6.2 Effect of Shear Tab Thickness 

The effect of shear tab thickness on the TFW collector connection was studied through the 

collector connection models described in sections 5.2 and 5.4. The results of average bolt response 

for baseline TFW collector connection with various shear tab thicknesses is shown in Figure 5-39. 

The average bolt response means the average of all the bolts in the connection. The results indicate 

that as the thickness of the shear tab decreases from 1” to ¼”, the stiffness of the shear tab reduces. 

Also, the ductility of the connection increases as the thickness of the shear tab is decreased. 

 

Figure 5-39. Average bolt response for baseline TFW connection with various shear tab 

thicknesses (# of bolts =6). 

The axial force distribution of the baseline TFW collector connection with 3 different shear 

tab thicknesses is plotted in Figure 5-40. The component response of the shear tab shown the 

decrease in stiffness as the thickness is reduced. However, the total response of the connection is 

counter intuiting. The total response of the connection is maximum for 3/8” thick shear tab and 

lowest for ¾” shear tab. The total response of the connection is limited by the bolt failure (See 

Figure 5-22). For a thin shear tab, the bolt holes deform locally in bearing (See Figure 5-41), 

allowing the rest of the bolts to pick the force due to displacement compatibility. The local bearing 

at the bolt holes contribute to the overall ductility of the connection. 
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Figure 5-40. Change in axial force distribution of TFW collector connection with varying shear 

tab thicknesses. 

 

Figure 5-41. Plastic strain in shear tab and beam web bearing at bolt holes for various shear tab 

thicknesses: (a) tST=3/4”; (b) tST=1/2”; and (c) tST=3/8”. 

   

Figure 5-42. Baseline TFW connection moment-rotation response for various shear tab 

thicknesses on: (a) Leading side of the connection; (b) Trailing side of the connection. 

(a) (b) 
(c) 

(a) (b) 
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The moment rotation for various shear tab thickness were obtained using collector sub-

assemblage model. The results for the moment-rotation are shown in Figure 5-42. The moment 

rotation plots shows the change in stiffness of the connection. Hence, the shear tab thickness 

relative to the strength of the bolt is an important parameter for ductility of the connection. For a 

balanced design, where the shear tab thickness and bolt strength are close, the connection has 

higher ductility. 

5.6.3 Effect of Bolt Pretension 

The typical practice on the collector connections is to pretension the bolt. This section 

describes the effect of pretension on the response of the collector connections. The average 

response of the bolt for baseline TFW collector connection with different number of bolts and 

pretension and snug tight situation is shown in Figure 5-43.  

 

 

Figure 5-43. Effect of pretension on average bolt response of TFW collector connection for 

various depth of shear tab and number of bolts (A325X 1” Dia): (a) # Bolt =6, HST=18”; (b) # 

Bolt =5, HST=15”; (c) # Bolt =4, HST=12”; (d) # Bolt =3, HST=9”. 

(a) (b) 

(c) (d) 
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The axial force distribution of the collector connection at the face of the connection for the 

same set of parameters is shown in Figure 5-44. The response indicate that for all cases, the snug 

tight bolts provide more ductility and also more strength to the connection. This is due to the 

deformation compatibility of the connection. In snug-tight bolts, the flanges carry the primary axial 

forces and the shear tab is engaged in a later stage. The snug tight bolts capacity protect the bolts 

for gravity load, which is not possible in case of fully pretensioned bolts where bolts share a good 

amount of axial forces in service load range (See Figure 5-24). 

  

  

Figure 5-44. Effect of pretension on axial force distribution of TFW collector connection for 

various depth of shear tab and number of bolts (A325X 1” Dia): (a) # Bolt =6, HST=18”; (b) # 

Bolt =5, HST=15”; (c) # Bolt =4, HST=12”; (d) # Bolt =3, HST=9”.  

The effect of the bolt pretension and snug tight on the moment-rotation response of the 

connection is shown in Figure 5-45. The snug tight bolts have very small initial stiffness (due to 

slip) as compared to fully pretensioned bolts. The stiffness matches closely for the two cases as 

the bolts come into bearing. Hence, for the welded flange collector connections, there is no need 

for fully pretensioned bolts. The better ductility of the connection is achieved while using snug-

(a) (b) 

(c) (d) 
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tight bolts. The design code [3] doesn’t talk about the pretension bolts for the seismic collectors. 

Hence, for designers, using snug-tight bolts is a better option than using fully pretensioned bolts 

(which is a common practice, see Figure A-4). 

  

  

Figure 5-45. Effect of pretension on moment-rotation of TFW collector connection for various 

depth of shear tab and number of bolts (A325X 1” Dia): (a) # Bolt =6, HST=18”; (b) # Bolt =5, 

HST=15”; (c) # Bolt =4, HST=12”; (d) # Bolt =3, HST=9”. 

5.6.4 Effect of Collector Length 

The effect of collector member length on the response of the collector connection is 

discussed in this section. The effect of the member length on the axial force distribution of the 

collector connection is shown in Figure 5-46. The collector deformation is directly proportional to 

the length of the collector. The difference in the strength of the connection is observed for various 

length. The shorter the collector member is, the higher strength of the connection was observed.  

The increased strength of the collector connection is attributed to the fact that the 

connection is eccentric and hence the axial load creates shear at the face of the connection (See 

Figure 5-47). For a shorter span, the axial force component in the flanges is higher. For moment 

(a) (b) 

(c) (d) 
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equilibrium to satisfy in a shorter span, the forces need to be higher. Hence, the flanges are under 

biaxial state of stresses. The overall shear in the connection is small as the flange and shear tab 

fight, but the shear in the tab is smaller. This allows the shear tab to carry more axial force (See 

shear tab axial force component in Figure 5-46). Hence, the connection carries a bit more in axial. 

 

Figure 5-46. Axial force distribution for baseline TFW collector connection for various collector 

member length. 

 

 

Figure 5-47. Shear force distribution for baseline TFW collector connection at the column face 

for various collector member length. 
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Normalizing the collector connection deformation demand to the length of the collector 

suggests that there is not a significance impact of length on the response of the connection. 

5.6.5 Effect of Weld Access hole 

The weld access holes are a critical part of the welded flange connections. The design code 

[3] doesn’t provide any guidance on which type of weld access hole to use for collectors. This 

section describes the impact of weld access hole on the performance of TFW collector connections. 

 

Figure 5-48. TFW collector connection with different weld access holes: (a) Standard detail; (b) 

WUF-W alternate hole from AWS D1.8. 

In this study, two types of weld access holes were used. First is a standard hole (See Figure 

5-48a), which is shown schematically here. The other was the structural weld access hole specified 

in AWS D1.8 as alternate for WUF-W details. The collector connection model was used to study 

the difference in response of the connection. 

 

Figure 5-49. Shear force distribution at the connection face for baseline TFW collector 

connection for various weld access hole: (a) standard hole; (b) WUF-W alternate hole.  

(a) (b) 

(a) (b) 
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The difference in the response of the connection was observed with different weld access 

holes in the shear response. The shear response for two weld access holes is shown in Figure 5-49. 

The standard weld access hole and WUF-W hole have same total shear force at the connection. 

However, in standard hole, the shear in the flange and shear tab are much higher and fight each 

other. In case of alternate access hole, the shear in the flange and shear tab act in the same direction. 

An economical solution might be to use AWS D1.1 weld access hole, which is a common detail 

for the collector connections. 

5.6.6 Effect of Frame Drift 

The collector members and connections are not designed for the frame drift. However, as 

part of the frame, the collectors undergo frame drift. This section describes the effect of frame drift 

on the collector connections. The analytical work was performed using two solution techniques 

described in Figure 5-50. In first technique, the frame drift was applied first, then the column was 

help in place and collector was placed under tension. This replicates the time history of the 

collector forces and frame drifts. Former is controlled by the higher mode effects and later is 

controlled by the first mode. Second technique was to place collector under axial load and hold 

the load and then apply frame drift. The intent was to evaluate the connection capacity for the 

frame drift under design load. 

   

Figure 5-50. Analytical model with solution technique for studying the effect of frame drift on 

TFW collector connection: (a) Increasing axial force under constant drift; (b) Increasing drift 

under constant axial force. 

(a) (b) 
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The first technique was used on the baseline TFW collector connection with erection gaps 

of ½” and ¾”. The frame drifts of 0%, 2% and 4% were applied to the connections and then placed 

under axial loads. The response (for ½” erection gap) of the trailing side of the connection is shown 

in Figure 5-51. The markers on the graph indicate the bolt failures. The leading side connection 

response is shown in Figure 5-52. 

 

Figure 5-51. Trailing side axial force distribution response for various level of frame drift with 

axial force for ½” erection gap. 
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Figure 5-52. Leading side axial force distribution response for various level of frame drift with 

axial force for ½” erection gap. 

The figures indicate that the capacity of the connection is significantly reduced as the frame 

drift is applied. The capacity of the connection and performance is shown in Table 5-2. The 

connection performs as intended under no frame drift. However, under 2% and 4% frame drift, the 

bolts fail and the collector flange yields at a lower force. For 4% drift, only at an axial force of 

56kips, which is 10 times less than the design force, the flange yields. This shows that the intent 

of the design code to keep these elements elastic may not hold true. 

Table 5-2. Connection performance for ½” erection gap under various frame drift. 

 

Frame Drift 

0% 2% 4% 

Ultimate capacity (k) 1311 1037 770 

Capacity/oNu  2.19 1.73 1.28 

Axial Load at 1st Bolt Failure (k) 1311 0† 0† 

Axial Load at Flange Yield (k) 1087 960 56 

†Bolt Failure observed during the frame drift. 
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The results for ¾” erection gap are shown in Figure 5-53 and Figure 5-54 and the results 

are summarized in Hence, the conclusion from this part of the study is that the collector 

connections are not designed for frame drift and under the frame drift of 2-4%, the elements yield 

and the load carrying capacity drops significantly. Thus, the connections should be designed for 

frame drift in additional to the overstrength axial forces. The results from the second technique are 

shown in Figure 5-55 at design load. The collectors were placed under design load of 600 kips 

axial force and then the frame drift was applied. The two important observations are: (1) the axial 

force component in the flange and shear tab changes as the frame drift is applied (due to moment); 

(2) The connection has bolt failures at frame drift of less than 2%. The first observation suggests 

that even though the collector load may be small, the individual component force in the flange can 

lead to yielding of the connection. The second observation suggests that the connections are not 

robust for the frame drift and will not remain elastic under design load and frame drift. 

 

 

Table 5-3.  
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Figure 5-53. Trailing side axial force distribution response for various level of frame drift with 

axial force for ¾” erection gap. 

 

Figure 5-54. Leading side axial force distribution response for various level of frame drift with 

axial force for ¾” erection gap. 

Hence, the conclusion from this part of the study is that the collector connections are not 

designed for frame drift and under the frame drift of 2-4%, the elements yield and the load carrying 

capacity drops significantly. Thus, the connections should be designed for frame drift in additional 

to the overstrength axial forces. The results from the second technique are shown in Figure 5-55 

at design load. The collectors were placed under design load of 600 kips axial force and then the 

frame drift was applied. The two important observations are: (1) the axial force component in the 

flange and shear tab changes as the frame drift is applied (due to moment); (2) The connection has 

bolt failures at frame drift of less than 2%. The first observation suggests that even though the 

collector load may be small, the individual component force in the flange can lead to yielding of 

the connection. The second observation suggests that the connections are not robust for the frame 

drift and will not remain elastic under design load and frame drift. 
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Table 5-3. Connection performance for ¾” erection gap under various frame drift. 

 

Frame Drift 

0% 2% 4% 

Ultimate capacity (k) 1311 926 757 

Capacity/oNu  2.19 1.54 1.26 

Axial Load at 1st Bolt Failure (k) 1311 0† 0† 

Axial Load at Flange Yield (k) 1087 910 40 

†Bolt Failure observed during the frame drift. 

 

Figure 5-55. Capacity of baseline TFW connection for the frame drift at design load: (a) Trailing 

connection; (b) Leading Connection.  

5.7 Lehigh Testing: Collector Connections 

This section describes the large scale testing of the collector connections at NHERI Lehigh 

EF. The testing is proposed to begin at the end of summer 2018. This section describes the 

objective, test set-up, testing matrix, scaling and analytical work for the test program. 

5.7.1 Objective 

The NHERI Lehigh Experimental Facility (EF) testing program will involve (destructive) 

testing of large-scale test specimens of collectors in a steel composite floor system. The objective 

of this test program is to examine the behavior of different collector details. Both existing and 

(a) (b) 
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innovative details are investigated in the NHERI Lehigh EF Testing Program. The first phase of 

the testing will focus on typical practices for collector details. Testing will provide direct 

observation of performance of collector connections. Data products will provide direct quantitative 

information of the collector properties: stiffness, strength, failure modes, damage evolution(s), 

hysteretic characteristic and deformation capacity. The observations will provide currently 

unavailable knowledge on collector connections efficiency within the context of the 

deck/slab/frame system, permitting rationally-based design approaches for these elements.  

5.7.2 Collector Connections: Experimental Set-up 

The specimen will be a portion of the collector span isolated from the larger floor system (See 

Figure 3-3), and will contain a full collector element spanning between gravity columns and 

column stubs. The Lehigh test set-up is shown in Figure 5-56. The test set-up is unique in various 

aspects and is discussed in detail in the following sections. 
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Figure 5-56. 3D View of the Lehigh Connection Test Set-up. 

The Lehigh test set-up for the collector connections has following features: 

1. Two (2) loading actuators, each 550 kips capacity 

2. Two (2) reaction actuators, each 550 kips capacity 

3. Boundary conditions to simulate the collector in a floor system 

4. Gravity actuators to simulate gravity load as needed 

5. Reusable test fixture to reduce the unit cost of the test. 

 

Figure 5-57. Experimental set up for Collector Connections (Top View). 

The two loading actuators in the test set-up (right side on Figure 5-57) serves dual purpose. 

First is to provide sufficient capacity (1100kips) total to test the collector connections. Second, to 

provide the accurate center of force to the load. The center of force is important for these 

connections, as explained in Sections 4.6 and 5.2.3. The two actuators on the left side (See Figure 

5-57) serves dual purpose as well. For the loading protocol of axial load only, these actuators will 

serve as a stiff reaction block, providing 1100 kips capacity. Secondly, for the tests where including 

frame drift in the response of the connections is important, these “displacement controlled” 

actuators will be used to rotate the column to certain degree of frame drift. 

The boundary conditions for the test simulate the actual collector in a composite floor and will 

be discussed later in the section. The gravity loading actuators (not shown for clarity) can apply 
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gravity load as needed. The test set-up has been designed to reduce the unit cost of test by having 

a reusable test fixture and a splice at 7’ from the connection region of interest. The justification for 

the splice and reusable test fixture is shown in later sections. 

5.7.3 Collector Connections: Testing Matrix 

The primary parameters evaluated in the testing program for collector connections include: (1) 

various collector connections (TFW and AFW); (2) typical practices; and (3) alternate design 

approaches. The testing matrix for the collector connections is shown in Table 5-4. Given the 

absence of information on collectors, later test parameters will be set based on the findings of the 

early tests, and the test matrix will be expanded from those shown in Table 5-4 to include additional 

specimens. 

Table 5-4. Lehigh Testing Matrix for Collector Connections. 

Collector Connection Tests 

Test # Connection Scale Tab Design Weld Design Loading 

1 
TFW 0.75 

Typ. Practice Typ. Practice T/C 

2 Typ. Practice Typ. Practice T/C/ROT 

3 
AFW 0.67 

Typ. Practice Typ. Practice T/C/ROT 

4 Typ. Practice Typ. Practice TBD 

5 TFW 0.75 Typ. Practice Typ. Practice TBD 

6 
TFW 0.75 

TBD† TBD* T/C/ROT 

7 TBD† TBD* T/C/ROT 

8 
AFW 0.67 

TBD† TBD* T/C/ROT 

9 TBD† TBD* T/C/ROT 
†Snug bolts; slotted holes; partial depth shear tabs 

*AWS D1.8 Weld access hole; Backing Bar removed; WPS 

 

As indicated in the test matrix, specimens will be constructed to cover two key design practices: 

(1) typical practices, and (2) alternate design approaches. The typical approaches are shown in 
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detail drawing of the connections in Figure 3-5 and Figure 3-6. These typical details include the 

full depth gravity shear tab for the welded flange collector connections, fully pretensioned bolts, 

backing bar to remain, continuity plate and WPS for the welded flange and continuity plates as per 

the typical practice.  

The first loading protocols will be an increasing amplitude cyclic axial load introduced in 

collector connections. The next set of loading protocol would replicate the frame drift and then 

axial forces would be applied. The rationale for this loading protocol is that typically the building 

drift is controlled by the first mode, while the diaphragm and collector forces are controlled by the 

higher mode effects. Such characterization tests are appropriate given the lack of experimental 

data on collectors. Depending on initial findings, the alternate design approaches, that includes 

alternate weld access hole, special treatment to backing bar, changes in WPS, alternate design 

approaches for the shear tab, including slotted holes (See Figure A-6) might be considered. The 

primary objective is to understand the behavior of the collector connections with typical practices 

and test alternate design approaches if there are any issues in typical practices. 

5.7.4 Selection and Scaling of Members for Testing 

The Lehigh test set-up explained in previous sections has the maximum force capacity of 

1100kips. The full scale collector connection analysis show that the maximum expected force in 

these connections is much higher than the capacity of the test set-up (See Figure 5-22). Hence, the 

collector members and connections are scaled for the testing program. This section describes the 

selection and scaling of the connections and members for the Lehigh Collector Connection Testing 

program.  

The top flange welded collector connection was chosen to be the connection at column line 

E, with collector member DE (See Figure 5-58). The collector member is a W24x162.   
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Figure 5-58. Selection of member for TFW connection test from evaluation structure. 

The expected strength of the full scale collector member (combining shear tab limit state 

with flange fracture) for the worst case is shown in Table 5-5. The scale for TFW was set at 3/4 

and the scaled member and the collector connection is shown in the bottom part of the Table 5-5. 

The objective of the scaling was not to exceed the capacity of the test set-up and have as close to 

realistic case as possible. The member was scaled down to W18x97. The gravity connection 

scaling and the bolts are shown in the Table 5-5. The length of the member is limited by the space 

in the Lehigh lab to be 20’. 

Table 5-5. Scaling of the member and connection for TFW collector connection testing. 

Scale Section Length 

Shear Tab  

(H x W x t) Bolt Dia 

# of 

bolts 

Factored 

Strength 

Maximum Exp. 

Axial Capacity 

   ft in x in x in in  k k 

1.0 W24X162 30 18 x 4.5 x 1/2  1 6 714 1499 

          

0.75 W18x97 20 13.75 x 3.5 x 3/8 3/4 6 435 940 
Actual Scale Factor 0.667   0.750 1.000 0.781 0.792 

 

 The detail of the TFW connection for the full scale prototype and scaled collector 

connection at ¾ scale for the testing is shown in Figure 5-59.  
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Figure 5-59. TFW Connection Detail: (a) Full-Scale; (b) ¾ Scale for testing. 

 The all flange welded (AFW) collector connection was chosen as the connection at column 

line C and member CD was selected for the AFW testing as shown in Figure 5-60. 

 

Figure 5-60. Selection of member for AFW connection test from evaluation structure. 

The expected strength of the full scale collector member for AFW connection (combining 

shear tab limit state with flange fracture) for the worst case is shown in Table 5-6. The scale for 

AFW was set at 2/3 and the scaled member and the collector connection is shown in the bottom 

(a) (b) 
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part of the Table 5-6. The member was scaled down to W16x57. The gravity connection scaling 

and the bolts are shown in the Table 5-6.  

Table 5-6. Scaling of the member and connection for AFW collector connection testing. 

Scale Section Length 

Shear Tab  

(H x W x t) 

Bolt 

Dia 

# of 

bolts 

Factored 

Strength 

Maximum Exp. 

Axial Capacity 

   ft in in  k k 

1.0 W24X162 30 18 x 4.5 x 1/2 1 6 1427 2633 

          

0.67 W16x57 20 11 3/4 x 3 1/4 x 3/8  5/8 6 458 978 
Actual Scale Factor 0.667   0.625 1.000 0.566 0.609 

 

The detail of the full scale evaluation structure connection and 2/3 scale for AFW for 

testing is shown in Figure 5-61. 

     

Figure 5-61. AFW Collector Connection Detail: (a) Full Scale; (b) 2/3 Scale for testing. 

The full scale structure column was designed as W14x233 as per Spec J-10 [88] for 

concentrated loads through the flanges. The scaled column for each connection was kept constant 

as W12x136 for ease of construction. The column was scaled for ¾ specimen first, but was kept 

the same for 2/3 scale specimen. 

(a) (b) 
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5.8 Analytical Work in support of Lehigh Connection Testing 

The analytical work performed in support of Lehigh testing for the collector connections is 

described in this section. The work includes determining the correct boundary conditions for the 

test, designing the column to avoid shear failures, positioning the actuators to achieve the correct 

center of force and to avoid overloading the actuators and predicting results for the Lehigh test 

under different load combinations. 

5.8.1 Boundary Conditions 

The boundary conditions for the Lehigh test were chosen such that the reusable test fixture 

would not yield and the connection could be rotated without yielding the other end (loading end 

in Figure 5-57). The analytical work performed in determining the boundary conditions is 

discussed in this section.  

 

Figure 5-62. Analytical model for determining the boundary condition for Lehigh Connection 

Test. 

The analytical model representing the Lehigh Test Set-up is shown in Figure 5-62. The 

objective was to determine the appropriate boundary conditions at the location of the force 

controlled actuators and at the column base (indicated in Figure 5-62). The analysis involved 

rotating the column at the connection face to maximum of ±4% and determining the B.C. set that 
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will allow the connection to develop full moment and keep the reusable fixture elastic. Table 5-7 

lists various B.C.s considered in this study. 

Table 5-7. Various set of boundary conditions considered for Lehigh Tension Test. 

B.C. # Base of Column Force Actuators 

1 None Restrained 

2 Pinned None 

3 Roller None 

 

The analytical results for the first set of B.C. is shown in Figure 5-63. The connection 

survived for only 1.5% frame drift due to constrained loading actuator. This also led to yielding of 

the reusable test fixture. Hence, a decision was made to free the loading actuator while placing 

collector connection under frame drift. 

 

Figure 5-63. Plastic Strain in the test specimen at 1.5% frame drift with 1st set of B.C. 

The analytical results for the 2nd set of B.C., where the base of the column was pinned, but 

the loading actuator was left to freely translate is shown in Figure 5-64. The pinned base and the 

free column allowed the connection to rotate to 3.3% frame drift. The pinned end restrained the 

motion of the frame members and led to overstressing of the collector connection and yielding of 

the reusable test fixture at the other end. This result was also not desirable. Hence, the 3rd set of 

B.C. was used, where the column was free to translate for the frame drift. 
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Figure 5-64. Plastic Strain in the test specimen at 3.3% frame drift with 2nd set of B.C. 

The analytical result for the 3rd set of B.C., where the column was allowed to translate 

freely by providing a roller at the base is shown in Figure 5-65. This set of B.C. allows the 

connection to rotate for the frame drift and protects the reusable test fixture. The elastic strain in 

the reusable test fixture (See Figure 5-66) is very small, allowing the fixture to remain elastic for 

rest of the loading protocol (combination of axial + frame drift). 

 

Figure 5-65. Plastic Strain in the test specimen at 4% frame drift with 3rd set of B.C. 

 

Figure 5-66. Axial strain in the reusable test fixture at the end of frame drift. 
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5.8.2 Column Design 

The columns for the collector connection testing were scaled from W14x233 to W12x136. 

The column member were checked for the concentrated forces as per spec J10 [88]. However, due 

to the test set-up actuators, a short beam condition is created at the back flanges of the column, 

which may lead to shear failure. This section describes the analytical work performed to identify 

the problem, and provide possible solutions. The Lehigh test analytical model shown in Figure 

5-62 was subjected to axial forces by applying force on the loading actuators.  

 

Figure 5-67. Column axial displacement profile for the maximum top flange force. 

The maximum expected load in the flange occurs prior to necking (See Figure 5-67). At 

this point, due to the positions of the actuator at the back end of the column, a small shear span is 

created. This sear span will not happen in an actual structure as we have connection typically on 

either side of the column. But, in the test set-up, due to use of dual actuators, this situation is 

created. The analysis shows that no matter whether we use a continuity plate or not, the column 

will fail in shear (See Figure 5-68). 
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Figure 5-68. Column axial displacement and plastic strain: (a,b) with continuity plates; (b) 

without continuity plates. 

The shear capacity of W12x136 is 318kips. The two possible solutions to prevent the shear 

failure of the column were: (1) increase the section to a size which has enough shear capacity; (b) 

providing doubler plate. 1st option was ruled out to keep the cost lower. Hence, in the final 

drawings of fabrication, a doubler plate was designed (7/8” thick) to prevent the column from 

failing in shear (See Figure 5-69). 

  

Figure 5-69. Test Column fabrication drawings with doubler plates to prevent shear failure. 

(a) (b) (c) (d) 
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5.8.3 Actuator Positioning 

The positioning of the two actuators with respect to the collector for TFW and AFW 

connection testing was ensured such that the eccentricity of the connection and actuator will not 

cause either actuators to overload. This section discusses analytical studies performed for the 

positioning of actuators w.r.t. the collector for TFW and AFW cases. An initial study was 

performed to check for a unique configuration which will work for both TFW and AFW. Figure 

5-70 shows a schematics of a parameter “a” that defines the distance between the centroids of 

actuators and the collector. 

 

Figure 5-70. Schematics of relative positioning of actuators w.r.t. the collector. 

The parameter “a” was varied from zero (0) meaning the centroid of actuators and the 

collectors coincide to a number that represent a distance to the top of the collector. Positive values 

of “a” means that the centroid of the actuators is “a” distance above the centroid of the collector. 

The analytical results are summarized in Figure 5-71. The AFW case is balanced when the 

centroid of the actuators coincide with the centroid of the collector. However, this position is not 

acceptable for TFW, as the center of force is not correct and also the actuator force will exceed the 

capacity (See Figure 5-71a). As the actuator centroid is shifted up relative to the collector, AFW 

case is unbalanced, and TFW gets balanced. Hence, no single position can be used for both TFW 

and AFW cases. Hence, a different position for TFW and AFW was recommended.  
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Figure 5-71. Distribution of actuator forces for various actuator position: (a) a=0; (b) a=1; (c) 

a=2; (d) a=3; (e) a=4; and (f) a=6. 

The finalized dimension “a” for AFW was zero (0) and for TFW was a=3. These position 

of the actuators provided the most balanced forces for the test set-up without overloading the 

actuators for TFW and AFW testing. 

5.9 Results Prediction for Lehigh Test: Analytical Work 

This section provides the test result prediction for the first phase of testing for collector 

connections at Lehigh. The results are categorized by: first by the type of connection (TFW and 

AFW), and second by the loading protocol (axial force only and axial and rotation loading 

protocol). The results discussed in this section provides the envelope of maximum response using 

(a) (b) 

(c) (d) 

(e) (f) 
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pushover analysis for axial forces in one direction and combination of frame drift and axial forces 

producing tension in the collector connection. 

5.9.1 AFW under axial force 

The analytical result for the scaled AFW connection under nonlinear pushover placing the 

connection under tension is shown in Figure 5-72. The bolts slip under the service load as indicated 

in the sequence. The flanges start to yield before the bolts come into bearing. The connection is 

limited by the failure of the bolts.  

 

Figure 5-72. Global response with sequence for the scaled AFW connection under axial forces. 

The design calculations for the connection are shown in Table 5-8. The design calculations 

show that the connection is controlled in the web by bolt shear strength and is seen in the global 

response. The relative strength of the shear tab and beam web in bearing is close to the bolt shear 

strength. Hence, local yielding in the shear tab and beam web is expected for this connection as 

shown in Figure 5-73. The plastic strain at ultimate are plotted for the connection, flanges, shear 

tab and beam web. There is small yielding observed in the shear tab and beam web local at the 

location of the bolt holes. 



134 

  

Table 5-8. Component axial strength for the scaled AFW connection. 

Component Axial Strength 
Component Factored Nominal Expected 

FLANGES 
Top Flange Yield (k) 229.1 254.5 280.0 

Bottom Flange Yield (k) 229.1 254.5 280.0 

WEB 

GSY of Shear Tab (k) 200.4 222.7 244.9 

NSF of Shear Tab (k) 134.8 179.8 197.7 

S.C. Bolt (k) 57.0 57.0 57.0 

Bolt Shear Failure (k) 93.9 125.2 158.1 

Shear Tab Bearing (k) 119.3 159.0 175.0 

Beam Web Bearing (k) 136.8 182.4 200.6 

Beam BSF (k) 147.3 196.3 216.0 

Shear Tab BSF (k) 128.4 171.2 188.4 

 

                 

Figure 5-73. Plastic strain at ultimate in scaled AFW connection in: (a) Flanges; (b) Shear Tab; 

(c) Beam web. 

 

 

Figure 5-74. Distribution of forces in (a) Connection; (b) Actuators. 
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The force distribution in the flanges and the shear tab is shown in Figure 5-74a. The 

distribution of forces in the actuators is shown in Figure 5-74b. The overstrength times the design 

force is 390 kips. The connection remains elastic to that point. The maximum capacity of the 

connection is 905 kips. Hence, the inherent overstrength of the connection with respect to the 

design forces is 2.32 under axial load.  

5.9.2 AFW under rotation and axial force 

The AFW connection for Lehigh testing was analyzed under combination of frame drift 

and axial load. This section describes the findings from the analytical models. As discussed 

previously, the frame drift is controlled by the first mode and diaphragm forces are controlled by 

the higher modes. The loading protocol was chosen to apply frame drift first and then place the 

collector under axial tension force. The frame drift was applied counterclockwise (as shown in 

Figure 5-77) and clockwise for two analyses and then collector was placed under tension.  

 

Figure 5-75. Axial force components for 4% CCW drift and axial force in scaled AFW collector 

connection. 
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The results for the first protocol are shown in Figure 5-75. The flanges yield in the drift 

part and the total strength of the connection is much smaller than the axial loading protocol only 

(See Figure 5-72). The flanges yield at 2% frame drift and at the end of the 4% drift, the plastic 

strain in the flanges are at 10%. The deformed shape and the plastic strain is shown in Figure 5-77. 

             

Figure 5-76. Plastic strain in the flanges at drift of: (a) 2.2%; and (b) 4%. 

        

Figure 5-77. Deformed shape and plastic strain in the AFW specimen at ultimate. 

The study on different levels of frame drift response on the collector connection was 

performed. The results are summarized in Table 5-9. The frame drift drastically reduces the load 

where the bolt fails and the flanges yield. The theory of element being elastic at service load is far 

from being correct. The results for the AFW connection rotated in the other direction are shown in 

Figure 5-78. The connection due to frame drift results in the failure of bottom flange before 

reaching the design load. The loading protocol is yet to be finalized for Lehigh testing. The results 

presented here will be used to determine the loading protocols. 
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Table 5-9. Capacity of the scaled AFW connection at various drift levels. 

  

Frame Drift 

0% 1% 2% 3% 4% 

Ultimate capacity (k) 932 909 857 845 584 

Capacity/oNu  2.39 2.33 2.20 2.17 1.50 

Axial Load at 1st Bolt 

Failure 
(k) 932 43 48 60 50 

Axial Load at Flange 

Yield 
(k) 632 251 0† 0† 0† 

† Event happened at frame drift, no net axial load 

 

 

Figure 5-78. Axial force components for 4% CW drift and axial force in scaled AFW collector 

connection. 

5.9.3 TFW under axial force 

The analytical result for the scaled TFW connection under nonlinear pushover placing the 

connection under tension is shown in Figure 5-79. The bolts slip under the service load as indicated 

in the sequence. The flange start to yield before the bolts come into bearing. The connection is 

limited by the failure of the bolts. The response mimics the full scale evaluation structure shown 

in Figure 5-22. Hence, this proves that the scaling of the connection did not change the limit state 

sequence. The design calculations for the connection are shown in Table 5-10. 
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Figure 5-79. Global response with sequence for the scaled TFW connection under axial forces. 

The design calculations provides data that suggest the limit state in the web should be 

controlled by the shear tab bearing. However, analytical results showed that the shear tab started 

to yield in bearing, but bolt shear strength was the controlling limit state. Plastic strain at ultimate 

in the connection, shear tab and beam web is shown in Figure 5-80. 

Table 5-10. Component axial strength for the scaled TFW connection. 

Component Axial Strength 
Component Factored Nominal Expected 

FLANGES Top Flange Yield (k) 434.6 482.9 531.1 

Bottom Flange Yield (k) 0.0 0.0 0.0 

WEB 

GSY of Shear Tab (k) 232.0 257.8 283.6 

NSF of Shear Tab (k) 155.4 207.2 227.9 

S.C. Bolt (k) 57.0 57.0 57.0 

Bolt Shear Failure (k) 135.2 180.2 227.6 

Shear Tab Bearing (k) 111.1 148.1 162.9 

Beam Web Bearing (k) 158.4 211.3 232.4 

Beam BSF (k) 213.9 285.2 313.7 

Shear Tab BSF (k) 149.9 199.9 219.9 
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Figure 5-80. Plastic strain at ultimate in scaled TFW connection in: (a) Flanges; (b) Shear Tab; 

(c) Beam web. 

The test result prediction shows that at ultimate, the flange will fracture and the bolts will 

fail. The force distribution in the actuators on the loading side and reaction side are shown in Figure 

5-81. The load levels in the bottom and top actuator flips from the reaction to the loading side. 

This flip of load happens due to the eccentricity of the TFW connection. 

   

Figure 5-81. Distribution of forces in the actuator for scaled TFW connection: (a) Loading 

actuators; (b) Reaction Actuators. 

The shear force distribution at the face of the connection and axial force distribution is 

shown in Figure 5-82. As explained in section 5.6.5, the shear forces in the flange and web combine 

to fight the external shear due to eccentric load path. The axial force distribution shows that the 
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shear tab carries more than the flange at the start. This happens due to pretensioned bolts. As the 

bolts slip, flange takes over the shear tab in terms of axial load carrying capacity. 

   

Figure 5-82. (a) Shear force distribution at connection face; (b) Axial force distribution. 

The design strength of the connection is 400 kips (oNu). The connection remains elastic 

to that point, which is the design intent. The maximum capacity of the connection is 780 kips, 

which is almost twice the design forces. 

5.9.4 TFW under rotation and axial force 

The scaled TFW connection for Lehigh testing was analyzed under combination of frame 

drift and axial load. This section describes the findings from the analytical models. As discussed 

previously, the frame drift is controlled by the first mode and diaphragm forces are controlled by 

the higher modes. The loading protocol was chosen to apply frame drift first and then place the 

collector under axial tension force. The frame drift was applied counterclockwise (as shown in 

Figure 5-83) and clockwise (See Figure 5-84) for two analyses and then collector was placed under 

tension. The results provided in this section serves as envelope for results for testing at Lehigh. 

The results in Figure 5-83 shows that the connection is not elastic at the design load level. The 

bolts slip and comes into bearing. The 5 out of 6 bolts fail in the frame drift, marked as square 

markers in Figure 5-83. 
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Figure 5-83. Axial force components for 4% CCW drift and axial force in scaled TFW collector 

connection. 

   

  

Figure 5-84. Plastic strain profile for CCW frame drift and axial force for the scaled TFW 

connection at: (a) 1% drift; (b) 2% drift; (c) 3% drift; (d) 4% drift; (e) 4% drift + design load; (f) 

ultimate. 

The evolution of plastic strain in the connection as the connection undergoes frame drift in 

counter-clockwise direction and then under axial load is shown in Figure 5-84. The flange starts 

to yield at 3% frame drift, without any axial load. At the service load level (See Figure 5-84e), the 

(a) (b) (c) 

(d) (e) (f) 
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flange has completely yielded. Notice the differences in the plastic strain due to axial load only 

and combination of axial and frame drifts. 

 

Figure 5-85. Axial force components for 4% CW drift and axial force in scaled TFW collector 

connection. 

The results for the frame drift going in the other direction (clockwise) are shown in Figure 

5-85. The results again indicate the slip, bearing of the bolts in the frame drift. The flange starts 

yielding at 3% frame drift. The bolts also starts to fail around 1.5% drift. The evolution of plastic 

strain in the flange, web and shear tab for the frame drift and then for frame drift and axial load is 

shown in Figure 5-86. The welded top flange starts to yield between 2-3% frame drift. The plastic 

strain in the flange at service load level is close to 5%, which means the flange is already in the 

strain hardening region of the material. The design level strains shows that even a TFW connection 

will not remain elastic with combination of frame drifts and axial load. 

The deformation demands at the collector connection are shown here. The collector 

displacement demands to accommodate such forces are of the order of 2”, which is 1.2% frame 
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drift. Hence, the plausibility of the connection going through such high strains should not be 

neglected in the design. 

 

  

Figure 5-86. Plastic strain profile for CW frame drift and axial force for the scaled TFW 

connection at: (a) 1% drift; (b) 2% drift; (c) 3% drift; (d) 4% drift; (e) 4% drift + design load; (f) 

ultimate.  

5.10  Conclusions for Collector Connections 

The collector connection analysis is presented in this chapter. The chapter covers the backbone 

response of the collector connections and effect of various parameters. The connections were 

analyzed under combination of loading including axial and frame drift. The parametric study on 

TFW collector connection is performed. The Lehigh testing program is presented along with the 

analytical work and result prediction. The following conclusions can be drawn from this chapter: 

(1) The 2D plane stress model of the bolt, calibrated to experimental data can be used for 

understanding the collector connection response. 

(a) (b) (c) 

(d) (e) (f) 
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(2) The collector connection response is dependent on the center of force. For typical design 

practice, the TFW connection strength is limited by the failure of the gravity shear tab. The 

overstrength of the connection as compared to design force is 2.0-3.0. 

(3) The collector connections undergo plastic deformation and bolt failures under frame drift, 

which the connections are not designed for. 

(4) The parametric study of the top flange welded collector connection provides following 

conclusions and design recommendations: 

a. The erection gap for TFW connection should be chosen based on beam depth, frame 

drift and shear tab connection in order to avoid bottom flange hitting the column. 

The bottom flange hitting the column may lead to local and global instability issues 

for the collector connection and collector member. 

b. Shear tab thickness controls the ductility of the connection. Relative strength of the 

shear tab and bolt shear strength should be kept closer to achieve larger ductility in 

the connection. 

c. Shear tab depth impacts the collector capability to accommodate the frame drifts. 

Higher the shear tab depth, the more collector connection can accommodate frame 

drift before allowing the bottom flange to hit the column. 

d. Bolt pretension for the collector is not required by the design code. Snug tight bolts 

allows higher ductility in the connection due to deformation compatibility of the 

connection. 

e. Frame drift lowers the strength capacity of the connection. Frame drift also causes 

the connection to yield at design level forces. This is contradictory to design code 
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intent. Collector connections should be designed for frame drifts in addition to axial 

collector forces.  

(5) The Lehigh testing will evaluate the typical collector connection design procedures. The 

set-up is capable of placing collector connection under combination of frame drift and axial 

forces. The testing matrix includes all typical practices and alternate design approaches that 

can affect the response of the connection. 

(6) AFW collector connection is more susceptible to frame drifts than TFW connection. More 

than 2% frame drifts (with no net axial forces) can lead to fracture of one flange at the design 

level axial forces.  

(7) Frame drift not only leads to premature yielding in the flanges, but also leads to bolt failure 

in the gravity shear tab, which will lead to overstressing of the flanges to carry gravity shear 

in addition to collector forces. Hence, pretension bolts are not recommended for collector 

connections. Instead, horizontal slotted holes for gravity shear tab in welded connections 

may be more desirable. 
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6 COLLECTOR MEMBERS 

The second thrust of the research project is evaluating collector member stability modes and 

the role of slab in bracing the collectors. Collector members are treated as beam-columns as they 

are under gravity load and transfer the collector forces. The design treats the collector as non-

composite due to lack of knowledge. However, the collector members are part of a floor system 

which had composite slab with shear studs, or they are part of a roof system which has metal deck. 

The stability of these members are a critical issue. The members have unique boundary conditions 

as they have slab/roof on the top flange. This leads to a special bracing situation for the collectors. 

The analytical work performed as part of this dissertation was to look at the stability modes of the 

collectors and help in developing a test-setup for testing at Lehigh.  

The development of 3D model for the collector members and the adjoining floor is described 

in section 6.1. Preliminary results from the floor model are discussed in section 6.2. The Lehigh 

testing for the collector members is discussed in section 6.3. The analytical work in support of 

testing is described in section 0. Conclusions for this chapter are summarized in section 6.5. 

6.1 Collector Member Analytical Model 

The 3D vertical plane model of the frame is represented in the vertical plane by 3D elements 

with nonlinear geometry capabilities (See Figure 6-1) for compression (stability). The 3D vertical 

plane model is part of the evaluation structure highlighted in Figure 6-2. For different collector 

connections and demand, other portions of the evaluation structure are considered. The model 

considers residual stresses in the collector element. Collector beam, floor framing, deck and 

columns are modeled using nonlinear 3D shell elements. Concrete is modeled with solid elements 

having microplane [89] material properties, which allows the concrete to crack and crush. 
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Figure 6-1. 3D Vertical Plane Model: (a) Full FE model with deck and slab; (b) Frame with 

collector; and, (c) Close-up of the connections. 

 

Figure 6-2. Evaluation Structure portion being modeled in 3D Vertical Plane. 

The collector element was validated using the theoretical answers from AISC design 

including the effects of residual stresses. The model was validated independently for beam loading 
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and for column loading. The bearing between metal deck to column and slab to column is modeled 

using surface to surface contact elements. The surface to surface contact between metal deck and 

collector models the friction between them. The shear studs are modeled with nonlinear beam 

elements. The shear studs are calibrated to the theoretical model of Hwang and Kwak [94] (See 

Figure 6-3b). A simple model to test shear stud behavior is shown in Figure 6-3a. The FE response 

(See Figure 6-3c) matches closely to the theoretical curve in cyclic loading. 

   

Figure 6-3. Shear Stud: (a) FE Model; (b) Theoretical model [94]; and, (c) Cyclic response. 

The models were subjected to nonlinear pushovers to evaluate the stability limit state and 

corresponding load-deflection for the collector member. Slow dynamic technique using implicit 

analysis was used.  

The material models for the collector, connection and gravity framing were used similar to 

the connection models, described in section 5.2.1. The material models for the concrete and deck 

are similar to the ones used for the collector load path, described in section 4.5.1. The preliminary 

analyses were performed using elastic model, and then the material models were subsequently 

changed to represent nonlinear behavior. 
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6.2 Collector Member Analytical Model: Preliminary Results 

This section provides the preliminary results for the collector member stability model 

discussed in the previous section. The buckling modes for the bare collector are summarized in 

Figure 6-4. These stability modes matches with the AISC Seismic theoretical buckling modes for 

the roof collector with deck parallel. The theoretical values matches closely with AISC values. 

 

Figure 6-4. Bare Collector Stability Modes: (a) Weak Axis Buckling; (b) Strong Axis Buckling; 

and (c) Torsional Buckling. 

To study the effect of slab, a simplified model was created with the collector and column 

stubs. The top flange nodes were constrained in the axial direction. The simplified model is shown 

in Figure 6-5a and the buckling mode is shown in Figure 6-5b. The buckling mode comes out to 

be Constrained Axis- Flexural Torsional Buckling. The theoretical answer was in close agreement 

with the analytical solution. 

 

Figure 6-5. (a) Simplified model for slab effects; (b) CAFTB mode. 
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Figure 6-6. Weak Axis Buckling with deck parallel: (a) model; (b) Buckling mode. 

The roof deck parallel with gravity beams framing in the collector model is shown in Figure 

6-6. The buckling mode was a torsional buckling third mode. This mode represents stability modes 

for a roof collector with deck parallel. Detailed analysis of the collector member stability is being 

performed by a fellow graduate student. 

6.3 Lehigh Testing: Collector Members 

This section describes the large scale testing of the collector members at NHERI Lehigh EF. 

The testing is proposed for spring 2019. This section describes the objective, test set-up, testing 

matrix, scaling and analytical work for the collector member test program. 

The test specimens will consist of one-bay of the evaluation structure, as shown in Fig. 10, 

and includes the collector beam, floor slab with transverse gravity beams, collector connections, 

and columns. The test specimen will be subjected to compression and cyclic load protocol. Key 

parameters in the testing include slab orientation and thickness and collector connection.  

6.3.1 Objectives 

The NHERI Lehigh Experimental Facility (EF) testing program will involve (destructive) 

testing of large-scale test specimens of collector members in a steel composite floor system. The 
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objective of this test program is to examine the stability modes of the collector and to evaluate the 

inherent bracing provided by the slab. The first phase of the testing will focus on the composite 

floor collector members. The testing will provide direct observation of the performance of the 

collector members under a combination of loading. Data products will provide direct quantitative 

information of the collector properties: stiffness, strength, failure modes, and damage evolution, 

buckling modes, hysteretic characteristic and deformation capacity. The observations will provide 

currently unavailable knowledge on collector member efficiency within the context of the 

deck/slab/frame system, permitting rationally-based design approaches for these elements.  

6.3.2 Collector Members: Experimental Set-up 

The specimen will be a portion of the collector span isolated from the larger floor system (See 

Figure 3-3), and will contain a full collector element spanning between gravity columns and 

column stubs. The collector to be tested at Lehigh will represent a perimeter collector. The set-up 

will include gravity members, roof or floor with the collector member. The Lehigh test set-up is 

shown in Figure 6-7. The figure shows the Lehigh test set-up with open web steel joist and a roof 

deck. The same set-up will be used for testing a collector member in a composite floor system. 

The test-set-up is oriented on the floor. Hence, to apply the gravity load, separate set of actuators 

will be used. As mentioned before, the collector member to be tested will represent a perimeter 

collector (gravity framing on one side only) (See Figure 6-9). The test set-up allows a tributary 

width of 5’ on the collector. Analytical results to support this tributary width is discussed in section 

0. The Lehigh test set-up for the collector connections has following features: 

1. Two (2) loading actuators, each 550 kips capacity 

2. Two (2) reaction actuators, each 550 kips capacity 

3. Boundary conditions to simulate the collector in a floor system 
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4. Gravity actuators to simulate gravity load as needed 

 

Figure 6-7. 3D View of the Lehigh Member Test Set-up. 

 

Figure 6-8. Experimental set up for Collector Members (Top View). 
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The test set-up shown is an extended set-up of the collector connection testing, discussed in 

section 5.7. The only changes made to the test set-up are addition of the flooring members and not 

using the reusable test fixture. 

6.3.3 Collector Members: Testing Matrix 

The primary parameters evaluated in the testing program for collector members include: 

(1) floor orientation: deck parallel and perpendicular; (2) floor versus roof collector; and (3) 

framing by deck or slab or rolled steel or open web steel joist.. The testing matrix for the collector 

member is shown in Table 6-1. Given the absence of information on collectors, later test 

parameters will be set based on the findings of the early tests, and the test matrix will be expanded 

from those shown in Table 6-1 to include additional specimens. 

Table 6-1. Lehigh Testing Matrix for Collector Members. 

Collector Member Tests  

Test # Connection Scale Slab  
Deck 

Orientation Loading 

1 

TBD 0.67 

Yes Parallel C 

2 Yes Perpendicular C 

3 No Parallel C 

4 No Perpendicular C 

Others  As needed based on research findings and Industry Advisory Group input 

 

As indicated in the test matrix, specimens will be constructed to cover two key design 

collectors: (1) composite floor, and (2) roof system. The composite floor will include the shear 

stud, metal deck and slab. Investigation will include the protected zone study for the collectors. 

The differences in the special moment frame versus a collector is not clearly defined. The testing 

will shed light on this aspect. 

The first loading protocols will be an increasing amplitude cyclic axial load introduced in 
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collector members. The next set of loading protocol would replicate the frame drift and then axial 

forces would be applied. The rationale for this loading protocol is that typically the building drift 

is controlled by the first mode, while the diaphragm and collector forces are controlled by the 

higher mode effects. Such characterization tests are appropriate given the lack of experimental 

data on collectors. Depending on initial findings on the role of slab in bracing the collector, the 

testing matrix will be expanded to include typical practices. In typical practices for deck 

perpendicular, the collector is braced by kickers to the bottom flange. These are expensive and 

testing will provide data that can lead to design implications of providing kickers. 

6.3.4 Selection and Scaling of Members 

The Lehigh test set-up explained in previous sections has the maximum force capacity of 

1100kips. The full scale collector connection analysis show that the maximum expected force in 

the collector members for the evaluation structure will exceed the capacity of the test set-up. 

Hence, the collector members, connections and the floor elements are scaled for the testing 

program. This section describes the selection and scaling of the connections, members and floor 

system elements for the Lehigh Collector Member Testing program.  

 

Figure 6-9. Test Schematics for Collector Element at NHERI Lehigh EF (a) Interior collector; 

(b) Perimeter Collector. 
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The collector in a composite floor was scaled from the full-scale evaluation structure as 

discussed in Section 3.3.1. Notice that the critical load obtained from the theoretical equations are 

not actual load, as the design doesn’t count on concrete to transfer forces. However, concrete is in 

parallel with collector and will transfer the forces. Hence, while scaling the members, the concrete 

bearing capacity was accounted for. Table 6-2 summarizes the scaling of collector in a composite 

floor for deck parallel.  

Table 6-2. Scaling of collector for composite floor in deck parallel orientation. 

 

The testing at Lehigh will include the gravity load. Hence, along with the members, the 

gravity load was also scaled down. The final scale was chosen as 2/3. The collector member was 

scaled from W24x162 to W16x57. Table 6-4 summarizes the scale factor for all important 

properties for the collector member. Table 6-5 provides the scaling for the slab, metal deck and 

shear stud. The scaling of the metal deck and shear stud was performed with the available sizes. 

Table 6-3. Scaling of collector for composite floor in deck perpendicular orientation. 

 

# Bracing Case Scale Section Length

DL

 including 

SW LL

Deck 

Height

Metal 

Deck 

gage

Metal 

Deck T

Metal 

Deck 

gage

Concrete 

T

Resultatnt 

Design 

Load

Factored 

Gravity Load 

(at 3rd point)

Expected 

Actuator 

Load

Unfactored 

Gravity Load 

(at 3rd point) Limit State

ft psf psf in in in k k k k

1 1.0 W24X162 30 107.1 50 3 18 0.047 18 3.5 1815 82 1898 71 CAFTB

1a 0.75 W18X97 22.5 80.3 37.5 2 20 0.036 20 2.6 1196 35 1231 30 Major Axis FB
0.750 0.750 0.750 0.667 0.755 0.743 0.812 0.649 0.805 0.649

1b 0.67 W16X57 20 68.3 33.3 2 22 0.03 22 2.3 671 23 694.6 20 CAFTB

0.667 0.638 0.666 0.667 0.622 0.657 0.608 0.534 0.605 0.536

1c 0.67 W16X67 20 71.2 33.3 2 22 0.03 22 2.3 803 24 826.6 21 Major Axis FB

0.667 0.665 0.666 0.667 0.622 0.657 0.665 0.544 0.660 0.544

Collector + 

Deck+Slab

1/3rd 

bracing

Actual Scale Factor

Actual Scale Factor

Actual Scale Factor

# Bracing Case Scale Section Length

DL

 including 

SW LL

Deck 

Height

Metal 

Deck 

gage

Metal 

Deck T

Metal 

Deck 

gage

Concrete 

T

Resultatnt 

Design 

Load

Factored 

Gravity Load 

(at 3rd point)

Expected 

Actuator 

Load

Unfactored 

Gravity Load 

(at 3rd point) Limit State

ft psf psf in in in k k k k

2 1.0 W24X162 30 107.1 50 3 18 0.047 18 3.5 1434 27 1413 24 CAFTB

2a 0.75 W18X97 22.5 80.3 37.5 2 20 0.036 20 2.6 946.5 12 937.2 10 CAFTB

0.750 0.750 0.750 0.667 0.755 0.743 0.813 0.649 0.815 0.649

2b 0.67 W16X57 20 68.3 33.3 2 22 0.03 22 2.3 462.8 8 456.4 7 CAFTB

0.667 0.638 0.666 0.667 0.622 0.657 0.568 0.534 0.568 0.536

2c 0.67 W16X67 20 71.2 33.3 2 22 0.03 22 2.3 648.8 8 642.3 7 CAFTB

0.667 0.665 0.666 0.667 0.622 0.657 0.673 0.544 0.674 0.544

Collector + 

Deck+Slab

No 

bracing

Actual Scale Factor

Actual Scale Factor

Actual Scale Factor
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Table 6-4. Scaling factors for collector for composite floor. 

 

Table 6-5. Scaling factors for deck and slab for composite floor. 

Scale 

Metal Deck 

Depth 

Metal 

Deck gage 

Metal Deck 

Thickness 

Concrete 

Thickness 

Shear Stud 

Diameter 

Shear Stud 

Length 

  in   in in in in 

1.0 3 18 0.0474 3.5  7/8 4  3/16 

         

0.67 2 22 0.0295 2.3  1/2 2 5/8 

 

For deck parallel, W16x57 was preferred over W16x67 as the member has the same 

buckling mode as the full scale member. The scaling for deck perpendicular is shown in Table 6-3. 

For simplicity, the scale was kept same and the scaled member was W16x57. 

Table 6-6. Scaling of collector for roof system in deck parallel orientation. 

 

The scaling of the collector for the roof system is shown in Table 6-6 and Table 6-7 for 

deck parallel and deck perpendicular. The member for the roof collector was chosen as the same 

Scale Section A d tw bf tf Ix Iy rx/ry Zx Zy Length

in2 in in in in in4 in4 in3 in3 ft

1 W24X162 47.8 25 0.705 13 1.22 5170 443 3.42 468 105 30

0.75 W18X97 28.5 18.6 0.535 11.1 0.87 1750 201 2.95 211 55.3 22.5
0.772 0.744 0.759 0.854 0.713 0.763 0.821 0.864 0.767 0.808 0.750

0.67 W16X57 16.8 16.4 0.43 7.12 0.715 758 43.1 4.19 105 18.9 20

0.593 0.656 0.610 0.548 0.586 0.619 0.558 1.228 0.608 0.565 0.667

0.67 W16X67 19.6 16.3 0.395 10.2 0.665 954 119 2.83 130 35.5 20

0.640 0.652 0.560 0.785 0.545 0.655 0.720 0.829 0.652 0.697 0.667

Actual Scale Factor

Actual Scale Factor

Actual Scale Factor

# Bracing Case Scale Section Length

DL

 including 

SW LL

Deck 

Height

Metal 

Deck 

gage

Metal 

Deck T

Resultatnt 

Design 

Load

Factored 

Gravity Load 

(at 3rd point)

Expected 

Actuator 

Load

Unfactored 

Gravity Load 

(at 3rd point) Limit State

ft psf psf in in k k k k

1.0 W24X162 30 46.7 50 3 18 0.0474 1852 42 1842 44 Minor Axis FB

0.75 W18X97 22.5 35.3 37.5 1.5 20 0.0358 1188 18 1184 18 Major Axis FB
0.750 0.756 0.750 0.500 0.755 0.801 0.651 0.802 0.651

0.67 W16X57 20 31.4 33.3 1.5 22 0.0295 619 13 616 13 Minor Axis FB

0.667 0.672 0.666 0.500 0.622 0.578 0.546 0.579 0.545

0.67 W16X67 20 32.3 33.3 1.5 22 0.0295 772 13 770 13 Major Axis FB

0.667 0.692 0.666 0.500 0.622 0.645 0.552 0.646 0.549

Collector 

+ Deck

1/3rd 

bracing
Full

Actual Scale Factor

Actual Scale Factor

Actual Scale Factor
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as for the composite floor. This doesn’t represent an actual design, but the intent was to keep the 

same member for ease of test set-up and material orders. 

Table 6-7. Scaling of collector for roof system in deck perpendicular orientation. 

 

Table 6-8. Scaling factors for deck and slab for roof system. 

Scale 

Metal Deck 

Depth 

Metal Deck 

gage 

Metal Deck 

Thickness 

Shear Stud 

Diameter 

Shear Stud 

Length 

  in   in in in 

1.0 3 18 0.0474   3/4  4  3/16 

        

0.67 1.5 22 0.0295   1/2  2  5/8  

 

The scaling factors for the roof collector elements including metal deck and shear stud is 

shown in Table 6-8. The metal deck for the roof was chosen from the available sizes and is not 

scaled completely to the factor.  

6.4 Analytical Work in support of Lehigh Testing 

The analytical work performed in support of Lehigh member testing is described in this 

section. The analytical work was performed to determine whether a short span of 5’ (See Figure 

6-10b) is sufficient to represent the tributary slab and roof system or a set-up with full tributary 

width of the slab is required (See Figure 6-10a). The full tributary width specimen and set-up costs 

more as the floor is up in the air. The shorter span was easy to accommodate in the current set-up 

and tributary floor will be braced by the test floor at Lehigh. 

# Bracing Case Scale Section Length

DL

 including 

SW LL

Deck 

Height

Metal 

Deck 

gage

Metal 

Deck T

Resultatnt 

Design 

Load

Factored 

Gravity Load 

(at 3rd point)

Expected 

Actuator 

Load

Unfactored 

Gravity Load 

(at 3rd point) Limit State

ft psf psf in in k k k k

1 W24X162 30 31.9 100 3 18 0.0474 1301 15 1263 20 CAFTB

0.75 W18X97 22.5 24.1 75 1.5 20 0.0358 857 6 840 8 CAFTB

0.750 0.756 0.750 0.500 0.755 0.812 0.651 0.815 0.650

0.67 W16X57 20 21.4 66.6 1.5 22 0.0295 375 4 365 6 CAFTB

0.667 0.672 0.666 0.500 0.622 0.537 0.545 0.538 0.545

0.67 W16X67 20 22.0 66.6 1.5 22 0.0295 563 4 552 6 CAFTB

0.667 0.692 0.666 0.500 0.622 0.658 0.549 0.661 0.547

Collector 

+ Deck

No 

Bracing
Full

Actual Scale Factor

Actual Scale Factor

Actual Scale Factor
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Figure 6-10. Lehigh member Test Set-up: (a) Full tributary floor; (b) short tributary floor. 

The analytical model developed in section 6.1 was used to perform analytical study for this 

part of the Lehigh testing. The boundary conditions used for the analysis are shown in Figure 6-11. 

The model consists of tributary width of 20’ (scaled to 2/3rd from the full scale evaluation structure) 

and 5’ (to represent the other option for Lehigh test set-up). The columns attached to the collector 

were restricted at the point where actuator would be connected. 

 

Figure 6-11. Analytical model with boundary conditions for Lehigh test-setup analysis for 

collector members with full tributary width of the roof. 
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The gravity columns were pinned and the deck at the end of the gravity girder was restricted 

in axial direction to represent the continuity of the metal deck. The columns were prevented from 

twisting as will be the case with actuators. The Eigenvalue analysis was performed for both 

tributary widths. For the case with full tributary width, the results are summarized in Figure 6-12. 

The buckling modes are shown along with the eigenvalue solution in inset.  

 

 

Figure 6-12. Buckling modes of the collector with full tributary width of the roof system for 

deck parallel: (a) 1st mode weak axis buckling; (b) 2nd mode. 

 

 

Figure 6-13. Analytical model with boundary conditions for deck parallel collector with shorter 

tributary width of the roof system. 
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The alternate Lehigh test set-up was modeled similarly and the analytical model with the 

boundary condition is shown in Figure 6-13. The shorter tributary width of the metal deck was 

used. The gravity girder (opposite to the collector) was restrained at the ends in the gravity 

direction. This special boundary condition was provided to avoid using the full tributary width.  

    

Figure 6-14. Comparison of the 1st buckling mode for deck parallel for: (a) full tributary width 

of the roof; (b) shorter tributary width of the roof. 

        

Figure 6-15. Comparison of the 2nd buckling mode for deck parallel for: (a) full tributary width 

of the roof; (b) shorter tributary width of the roof. 

The results comparing the buckling modes and critical loads are shown in Figure 6-14 and 

Figure 6-15. The comparison of each of the buckling modes for the two cases along with the critical 

load indicates that the shorter tributary width of the metal deck will work using the boundary 

conditions as indicated in Figure 6-13. 
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Figure 6-16. Comparison of the 1st buckling mode (CAFTB) for deck perpendicular for: (a) full 

tributary width of the roof; (b) shorter tributary width of the roof. 

A similar analytical study was performed for the deck perpendicular case. As per the design 

code [3], the collector is controlled by CAFTB stability limit state. The eigenvalue solutions for 

the full tributary width of the deck and shorter tributary width of the deck is summarized in Figure 

6-16. The buckling modes obtained for the two cases are similar: Constrained Axis Flexural 

Torsional Buckling (CAFTB). The critical loads (highlighted in inset in Figure 6-16) are also 

within the engineering tolerances. Hence, for the Lehigh test for the collector members, a shorter 

tributary width of 5’ was finalized. 

6.5 Conclusions from Collector Members 

The analytical model for collector member analysis is presented in this chapter. The chapter 

presents the detailed model of individual elements for the collector member stability. The 

preliminary analysis results for the deck parallel and perpendicular for the roof system collector is 

shown. The Lehigh collector member testing program is presented along with the analytical work. 

The following conclusions can be drawn from this chapter: 

(1) The 3D model calibrated to the various test data is able to predict the idealized stability 

limit states and load for various collector member conditions. 



162 

  

(2) The Lehigh test set-up, which will have a short tributary width 5’ of the roof or floor 

system will be able to evaluate the stability limit state states for collectors. 

(3) The Lehigh test-setup will also permit the evaluation of inherent bracing provided by the 

slab. The testing matrix involves various parameters to be evaluated, which will impact 

the current design methodology for the collectors, including design of collectors as non-

composite member. 

(4) The evaluation of inherent bracing provided by the slab will have design implication as 

this will potentially reduce the requirements of providing kickers, leading to lower cost. 
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7 CONCLUSIONS AND SUGGESTED FUTURE WORK 

This dissertation focuses on the analytical work to understand the behavior and response of 

seismic collectors in composite steel deck diaphragms. The collectors are critical elements and 

design code intends to keep them elastic. The work presented in this dissertation also includes the 

analytical work for large scale testing for the collector connections and collector members at 

Lehigh and shake table testing at UCSD. The analytical work described in this dissertation will be 

complimented by the experimental work. 

To this end, a suite of analytical studies were performed to determine the collector load path 

in the horizontal plane and vertical plane of the collector in composite floor. 2D plane stress models 

were developed and calibrated for understanding the behavior of welded flange collector 

connections under various load combination. Extensive parametric studies were performed using 

2D models for the eccentric TFW collector connection. 2D models were used to design the large 

scale testing of collector connections at Lehigh. The models were used to predict the test results. 

3D models for the stability of the collector members were developed.  3D models were used to 

design the large scale testing for collector members at Lehigh.  

7.1 Conclusions 

The conclusion for collector load path investigations are: 

 In the horizontal plane of the collector, the axial force profile in collector is not 

linear at design force level (prior to slab damage), contrary to design assumptions, 

but matches at ultimate. 

 The initial stiffness of the diaphragm is same under tension and compression, but 

degrades fast in tension as the slab cracks. The force transfer from slab to SFRS is 
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controlled by the shear stud failure. The nonlinear force profile in the collector leads 

to overstressing of the shear studs in the collector near to vertical elements of the 

SFRS. This is not accounted for in current design practice. 

 In the vertical plane of the collector, the center of force for eccentric TFW collector 

connection lies near to the top of the flange. This eccentric center of force generates 

additional moment in the member and collector connection which is not accounted 

for in the current design procedure. 

The conclusion for collector connection investigations are: 

 The response of the collector connection under axial load only satisfies the 

design intent of the collectors and the connection remains elastic under design 

load. The inherent overstrength of the connection following the design 

guidelines is around 2.0, which is additional to the system overstrength factor 

used in special load combinations. 

 The collector connections are not designed for frame drift. The ramification of 

this design approach is that the connections undergo plastic deformation in the 

flanges and failure in the gravity connection under combination of frame drift 

and axial forces. This inelastic response of the connection contradicts the design 

intent. Hence, frame drifts should be accounted for while designing collector 

connections. It is noted that the frame drift reduces the overall strength capacity 

of the connection.  

 Collector depth, erection gap, gravity shear tab depth and allowable drifts are 

important parameters for TFW connection design for the frame drift. Higher 

erection gap and full depth shear tab allows connection to rotate more before 



165 

  

the bottom flange hits the column, which is undesirable and unaccounted in the 

design. 

  Shear tab strength relative to bolt shear controls the ductility of the connection. 

The closer the values for these two parameters are, higher ductility is achieved 

in the connection. 

 Snug tight bolts should be preferred in collector connections as compared to 

pretensioned bolts. Pretensioned bolts leads to premature failure of the bolts 

(deformation demands) under collector forces, that overstresses the welded 

flange to carry both axial and gravity shear. 

 AFW connections are more critical than TFW connection under frame drift. 

Frame drift yields the flanges in AFW connection. AFW connection may have 

flange fracture under service level loads in combination with frame drifts.  

The conclusion for collector member investigations are: 

 The stability of the collector member may not control, as the collector 

connection is the weak link. 

 The Lehigh test set-up with a shorter tributary width and boundary conditions 

can mimic the collectors in a floor or roof system.  

In summary, the following main conclusions are drawn from this dissertation: 

1. The axial force profile along a collector run is close to linear after concrete slab 

cracks/crushes as assumed in design. However, the axial force profile is not linear 

(exponential) in shape prior to damage in concrete slab. This non-linear profile may lead 
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to overstressing of the shear studs on the collector near to braced frame, and should be 

considered in design of shear studs on the collector 

2. The design of collector connections should include the effects due to frame drifts. At 

design level forces, frame drifts may lead to: 

 Top Flange Welded Connection 

o Yielding of the top flange 

o Damage in the gravity shear tab (bolt failures, bolt bearing) 

 All Flange Welded Connection 

o Yielding of flanges 

3. The moment due to eccentricity of TFW collector connections should be accounted for in 

design of connection. 

4. Higher deformation capacity may be achieved when the relative strength of the shear tab 

bearing is close to bolt shear strength 

5. Snug tight bolts may provide higher deformation capacity to the connection than 

pretensioned bolts  

6. Collector depth and design frame drift should be used to detail the erection gap in TFW 

connection to allow the flange to accommodate frame drifts without letting the bottom 

flange hit the column 

7.2 Suggested Future Work 

The following work is proposed for future research on this topic: 

(1) Perform parametric study of isolated floor models for different SFRS configuration, 

slab thickness, collector connections etc. under monotonic and cyclic body force 
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pushover. The collector force profile for various parameters is required to better 

guide the design procedure. The use of relaxed overstrength factors for collector 

members and connections is required for an economic design. 

(2) The collector connection response is shown for a suite of parameters. However, 3D 

models of the weld with backing bar detail and local instability of the connection 

region is required to better understand the behavior of welded flange connections. 

(3) The impact of slab on the connection needs to be investigated specially under frame 

drifts. The bottom flange will get more stresses due to strain compatibility. A better 

model of the connection with slab and shear studs will provide insight on the 

behavior. 

(4) Collector member stability and inherent bracing provided by the slab needs to be 

investigated. The relative strength of the collector connection w.r.t. member limit 

state will provide better understanding of the critical link in the collector load path. 

(5) Models need to be calibrated to the testing result (post testing) in order to provide 

calibrated models for performing analyses for the shake table testing. 
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A. APPENDIX A: CURRENT DESIGN PRACTICES: 

COLLECTOR CONNECTIONS 

This appendix provides typical collector connection details used in practice. The examples 

shown here are typical practices for the West Coast. The drawings were obtained from OSHPD 

(Office of Statewide Health Planning and Development, CA) and Herrick Steel Inc. The collector 

connection details are divided in to following three sub parts (MST, TFW and AFW). 

A.1 Multiple Bolt Row Shear Tab (MST) Connection 

MST connection is a common collector connection which is typically used when gravity 

connection is not sufficient to transfer the magnified collector forces. Some typical details for the 

connection include MST with full depth shear tab (See Figure A-1). Notice the Demand Critical 

Welds (DCWs) with backing bar for the shear tab. DCWs are specified for SFRS parts as per the 

design code [3]. 

 

Figure A-1. MST with full depth shear tab. 
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Figure A-2. MST with slotted holes. 

Another type of detail common for MST connection is slotted holes in the shear tab. Notice 

that the collectors are designed for axial load, but collectors transfer gravity load too. Some 

designers, in order to separate these force transfer, make vertical slotted holes for the collector 

action, and horizontal slotted holes for the gravity connection. A design example incorporating 

both types of slotted holes is shown in Figure A-2. 

 

Figure A-3. MST with higher bolt spacing. 
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Another detail observed for MST is a higher bolt spacing between the vertical bolt rows of the 

connection (See Figure A-3). This practice ensures a higher moment resistance to the connection. 

A.2 Top Flange Welded (TFW) Connection 

Top Flange Welded (TFW) is not a very common collector connection due to complicated 

design procedure and eccentricity. However, TFW is a preferred connection when MST fails to 

meet the design strength and a designer wants to avoid moment transfer through the collector 

connection. A wide range of TFW detail practice has been observed in the field. Some of the 

typical details for TFW are discussed here. Figure A-4 describes a typical TFW connection. Notice 

DCW welds, backing bar detail and continuity plate detail. In these types of connections, the weld 

is designed to carry all of the collector force and shear tab to carry gravity load. 

 

Figure A-4. Typical TFW detail with single row full depth gravity connection. 

Another detail is a TFW with multiple bolt row shear tab. This is not a very common 

practice, unless the gravity load is so high that a single row shear tab is not sufficient. One such 

detail is shown in Figure A-5.  
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Figure A-5. TFW connection with multiple bolt row shear tab. 

Another detail for TFW connection is shown in Figure A-6. In this detail, the weld detail 

including weld access hole conforms to WUF-W detail and AWS D1.8 access hole. The slotted 

holes are used to decouple the shear tab and welded flange to transfer the gravity load and collector 

load respectively.  

 

Figure A-6. TFW with slotted holes for gravity connection. 
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A.3 All Flange Welded (AFW) Connection 

All flange welded (AFW) connection involves welding both flanges for transferring the 

collector forces. These connections are different from moment connections as AFW are intended 

to remain elastic. Different designers treat the detailing of these connections differently. One of 

the common AFW detail found is shown in Figure A-7. The typical details involve leaving the 

backing bar for the top flange, but back gouging the bottom flange backing bar. The continuity 

plates are required for both top and bottom flanges. 

 

Figure A-7. Typical AFW collector connection detail with full depth shear tab. 

For the collector members that are not same on either side of the column, continuity plate becomes 

important, as the bottom flanges are not in a straight line. In these cases, detail of sloping continuity 

plate for the bottom flange is common. One such detail is shown in Figure A-8.  
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Figure A-8. AFW connection with sloping continuity plates for the bottom flange. 

Some designers also use bolted top and bottom flange plates for the AFW collector 

connection. One such detail is shown in Figure A-9. 

 

Figure A-9. Bolted top and bottom flange plates for AFW connection. 
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Table A-1. Summary of various design approaches for welded flange collector connections. 

A summary of design for the welded flange collector connections with comparison of the 

strength is shown in Table A-1.  
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