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Executive Summary 

Composite Plate Shear Wall/ Concrete Filled (C-PSW/CF), also referred to as SpeedCore 

walls, are being used as innovative shear wall commercial high-rise buildings. These walls offer 

advantages such as modularity and construction schedule contraction. The cross-section of C- 

PSWs/CF consists of concrete-infill sandwiched between the steel faceplates, where the steel 

plates are tied together by steel tie bars. Elevated temperatures will result in a deterioration in the 

mechanical properties of steel and concrete during a fire event in buildings. Such degradation can 

lead to stability related failure of structural components. The performance of SpeedCore walls 

under fire loading was investigated by Anvari et al. (2020). A design approach was developed to 

design SpeedCore walls under fire loading without a need for fire protection which will be included 

in the upcoming version of AISC specification. 

Designing SpeedCore walls without fire protection raises concerns regarding the 

performance of other structural components connected to SpeedCore walls under fire loading 

including composite floor systems and wall-to-floor connections. Numerical studies conducted on 

the connections and the floor systems indicated that these structural components undergo thermal 

compression forces during heating and tensile forces during cooling phases of a fire event. The 

existing studies are limited to the stability of the simple shear connections to columns. There are 

no approaches for the performance-based design of floor systems and their connections to walls 

(wall-to-floor connections) at elevated temperatures. Additional studies are needed to evaluate the 

floor systems and wall-to-floor connections performance under fire loading as there are no 

research-based approaches to conduct performance-based design of these systems at elevated 

temperatures. 

The goal of the ongoing research project is to develop an approach for performance-based 

fire resistance design of complete floor systems consisting of SpeedCore walls, composite floor 

slabs, and wall-to-floor connections. This project includes experimental and numerical analyses to 

gain insight into the behavior of the complete system under fire and gravity loading. The results 

obtained from the analyses will be utilized to develop design and detailing recommendations for 

the floor systems and associated connections in under fire and gravity loading. 



This semi-annual report summarizes the progress of the ongoing research project on the 

fire resistance and design of composite floor systems and wall-to-floor connections. The report is 

organized into four chapters that present the overall goal and tasks of the project (Chapter 1), 

designed archetype structures (Chapter 2), the development of numerical models and conducted 

analyses (Chapter 3), and the progress on design of experimental investigations (Chapter 4). A 

summary of the current progress on each task of the project are provided, as follows: 

Archetype structures include 12 story and 22 story office buildings. Coupled and uncoupled 

C-PSW/CF (SpeedCore walls) were designed for the archetype structures in a study by Agrawal 

et al. (2020) for seismic loading. Composite floor systems collect and transfer the lateral forces at 

each story level to C-PSW/CF. The composite floor system of the structures consists of steel 

composite decks, steel beams, and girders and concrete floor slabs. To design the floor systems’ 

components, forces generated in the components due to gravity and lateral loads (seismic and 

wind) were estimated in accordance with ASCE 7 provisions. Chicago and Miami were assumed 

as the locations of the structures to determine wind loads. Collector elements transfer the collected 

inertial forces to the lateral force resisting C-PSW/CF through connections. A rational analysis 

method was used to calculate the axial and shear forces induced by the diaphragm lateral loads in 

the floor system components and their connections to the C-PSW/CF. 

Collectors were designed for the combination of the gravity loads (shear force) and 

diaphragm forces (generated axial loads due to the diaphragm lateral forces). Shear connections 

(single plate) were used to transfer the shear and axial loads to C-PSW/CF. The single plate 

connections were designed for the induced shear forces (gravity loads), axial loads (diaphragm 

forces), imposed bending moments (eccentricity), and the interaction of loads. Shear friction 

reinforcement at the concrete slab to wall connections were designed. The drawings of the 

designed floors and connections in Chapter 2 are provided in appendix A. The designed archetype 

structures will be used in the subsequent steps of the project. 

Numerical models were developed to simulate the behavior of the connections (member 

level) and whole structures (structure level) at ambient and elevated temperatures. Finite Element 

(FE) analysis and Component-based Models (CM) were utilized to develop the numerical models. 

The developed models were benchmarked by comparing the obtained numerical results with 



experimental data reported in the literature. FE models have been validated at two different levels, 

namely member level and system level. For the member level, the details for the development of 

the CM and FE models for shear tab connections are discussed. These details include the properties 

of contacts, geometric, and material nonlinearity. The performance of a designed connection for 

the archetype structures was studied using the benchmarked FE and CB models. The behavior of 

various wall-to-floor connections with different steel plate (C-PSW/CF) detailing was 

investigated. The obtained data indicated that there is a need for steel plate detailing at the 

connection regions to resist the large deformations and rotations in the connections. 

The benchmarked CB models were used to simulate the connection behavior at elevated 

temperatures in system-level FE models. An FE model of a building structure, tested by NIST, 

was developed for system-level simulations. The numerical models’ results compared reasonably 

well with the data obtained from fire tests. The generated forces within the cross-section of the 

steel members and the connections were estimated using the FE models. 

The estimated forces, deformation, and rotations at the connections within the structures 

were used to develop a test matrix for experimental investigations. The proposed test matrix 

includes 8 tests with various loading directions (compression vs tension), loading angles (0 rad vs 

 rad with respect to the horizontal line), and average connection temperatures (20 ℃ to 600 

℃). The testing parameters in the test matrix were defined based on the observation and obtained 

data during the heating and cooling phases of the fire tests. Two test setups (for tests with two 

loading angles) and a specimen are designed to conduct the experimental studies based on the 

proposed test matrix. 
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1 Chapter 1 – Introduction 

1.1 General 

Composite Plate Shear Walls – Concrete Infill, also known as SpeedCore walls, are being 

used in the construction of high-rise buildings as a lateral load resisting system. This wall system 

offers construction schedule contraction (40-50%) compared with the construction time using 

other wall systems. A schematic cross-section of a C-PSW/CF is shown in Fig. 1-1. The cross-

section of a C-PSW/CF comprises steel plates sandwiching plain concrete infill. Steel plates 

running along the length of the wall filled with concrete, which together act as the web of the 

structure. Steel faceplates are connected through steel ties. These walls are typically reinforced by 

boundary elements towards their ends which act as flanges. The steel plates are analogous to the 

primary reinforcement bar in conventional reinforced concrete construction. 

 

Fig. 1-1. Cross-section of a composite plate shear wall- concrete infill (SpeedCore wall) 

 



Fire events may occur during the lifetime of commercial or residential buildings. Fires in 

residential or commercial constructions can subject the structural elements to surface temperatures 

upwards of 2000 °F. The strength and stiffness of construction material degrade at elevated 

temperatures (fire loading). This phenomenon will lead to the degradation of mechanical properties 

of materials, stability failure of structural components during a fire, and the progressive collapse 

of the structures. 

The performance of C-PSW/CF under fire loading was investigated as a part of the project 

supported by Charles Pankow Foundation project (PGA#03-18), American Institute of Steel 

Construction, and Steel Institute of New York. Anvari et al. (2020) have addressed the fire 

resistance (load capacity and rating) of SpeedCore walls using experimental, numerical, and 

analytical investigations. Typical SpeedCore walls, for example, with thickness greater than or 

equal to 24 in., story height/thickness ratio less than 10, and gravity load ratio less than 10%, have 

fire-resistance rating greater than 3 hours without any fire protection. Walls with story height / 

thickness ratio greater than 20, are recommended to have fire protection (at least on the heating 

exposure side). 

Designing SpeedCore walls without any fire protection can be economic and time-saving. 

However, it raises doubt regarding the behavior of floor systems and their connections to the 

SpeedCore walls (wall-to-floor connections) under fire loading. Floor systems undergo large 

deformations under the combination of fire and gravity loading due to the thermal deformations 

and the degradation of mechanical properties of materials at elevated temperatures. The large 

deformation of the floor systems, the generated thermal load at elevated temperatures and the 

interaction of the floor systems with the surrounding structural components will induce complex 

forces and displacements in the walls and wall-to-floor connections. During the cooling phase, the 

generated forces and displacements will undergo significant changes due to the contraction of 

material and the existing significant deformations in the structural components during the heating 

phase. These significant changes during the cooling phase may result in detrimental connection 

failure during the cooling phase. 

Currently, there are no research-based approaches to conduct fire-resistance performance-

based design of wall-to-floor connections subjected to complex forces and deformations, while 



accounting for potential limit states and failure modes including connection failure / fracture. This 

knowledge gap limits the design of SpeedCore walls without appropriate fire protection design 

and may impact the safety of structures during a fire event. 

1.2 Background 

Prior studies on the behavior of composite floor systems and shear connections under fire 

loading were conducted. These studies have shown that large deformations and rotations occur at 

the connections due to thermal gradient, large deformations in girders. The large deformations 

result in the generation of various types of forces and moments in the shear connections during the 

heating and cooling phases. A summary of the prior studies on the performance of the composite 

floor systems and shear connections are provided as follows: 

Agarwal et al. (2014) investigated the progressive collapse failure of steel buildings 

subjected to design fire scenarios using finite element models of 10-story three-dimensional 

buildings. Component based macro models were utilized to model the behavior of the shear tab 

connections used in the building design. The development of the macro models was based on the 

work of Sarraj (2007). Agarwal et al. (2014) expanded this work to include the connection 

moment-rotation responses. In addition, Agarwal et al. (2014) developed axial force-displacement-

moment-rotation-temperature (P-δ-M-θ-T) responses for the connections. However, Agarwal et al. 

(2014) did not consider the shear force displacement moment-rotation-temperature (V-δ-M-θ-T) 

responses for the connections. Based on their investigations, he concluded that gravity columns 

are the weakest link for overall stability of steel-frame buildings during fire. The results provided 

the motivation for experimental testing of a series of large-scale composite beams with simple 

connections. 

Sarraj (2007) conducted extensive finite element modelling and then produced curve fitting 

equations to calculate load – deformation behavior of a fin plate connection, including bolt in 

shear, plate in bearing and friction between plates. The models were verified further by Yu et al 

(2009a-d) and used in combination with Sarraj’s model to simulate and predict their high 

temperature test on web cleat joints under different combinations of bending moment, axial 

tension, and shear. These tests were conducted at the University of Sheffield, UK. The data 



reported showed that the behaviors of the component-based models with different degrees of 

refinement are sufficiently accurate for prediction of the overall joint in the available test results. 

Selamet and Garlock (2010) simulated simple connection behavior during fire using 3D 

finite element models. These simulations were performed on steel floor systems without the 

presence of concrete slabs. The results of these simulations showed that bolt shear fracture and 

shear-tab fracture were potential failure modes during the cooling phase of fires. The research 

performed by Selamet and Garlock (2010) provides insight into the mechanical behavior of simple 

connections for steel floor assemblies subjected to fire. The shear-tab connection models were 

benchmarked using the results of experimental work performed at Cardington. The results of their 

investigation resulted in suggested modifications to typical connections used in steel buildings to 

improve their fire performance. One of the suggested modifications was to increase the gap 

distance between the end of the beam to the connected member. This would allow for more beam-

end rotation during a fire without developing contact between the bottom flange and the connected 

member. 

Hu and Engelhardt (2012) conducted extensive studies on the behavior of shear tab 

connection in fire using both experiments and numerical analysis. The experimental studies in this 

study included a series of elevated temperature tests on connection subassemblies. Tests on single 

plate connections subject to axial tension and inclined tension at elevated temperatures were 

conducted to obtain data and insights into connection behavior. The connection test results were 

used to validate the developed finite element model. The numerical studies included developing 

thermal and structural finite element models of steel beams and beam end connections. The 

capability and limitations of the developed FE model was then evaluated by comparison with test 

results reported in the literature. The finite element model was then used to conduct a series of 

parametric studies to have further insights into the behavior of shear tab connections in fire. In 

addition, the results showed that structural bolts are potentially more vulnerable than other 

connection components at high temperatures, as bolts lose more strength than structural steel with 

increasing temperature. Additionally, results from the inclined tension tests showed that the 

connection experiences a sequential failure under a combination of tension, shear, and rotation. 



1.3 Project Goal 

The goal of the project is to develop a research-based design approach to design wall-to-

floor connections under fire loading. The design provisions will consider both standard and design 

fire scenarios and develop design methods that account for the complexities of behavior including 

thermal deformations (expansion / contraction, bowing), restraints including axial and flexural 

deformations and forces induced in the connections, and connection limit states including fracture 

failure. The developed approach will enable the structural engineers to design/evaluate these 

structural components to resist the generated forces and deflections in the floor systems and wall-

to-floor connections by estimating the strength of the connections at elevated temperatures. 

1.4 Project Tasks’ Overview 

This research project includes several tasks to achieve the goal of this project. The details 

of each task are summarized as follows: 

1.4.1 Task 1 – Design 

C-PSW/CFs were designed for a mid-rise (12 stories-uncoupled walls) and a high-rise (24 

stories-coupled walls) structure in a recently completed FEMA P695 study project (Agrawal et al. 

2020. The floor system of the structures will be conducted according to the current design building 

codes and design guidelines at ambient conditions under gravity loads and axial forces caused by 

diaphragm action to transfer lateral loads to the composite walls. The structural loads will be 

determined using ASCE 7 (ASCE, 2016) building code. The gravity frames, floor systems 

(composite floors), and connections will be designed per AISC specification (AISC, 2016). The 

archetype structures will be used in the subsequent tasks of the project. 

1.4.2 Task 2 – Analysis 

Benchmarked numerical models including Finite Element (FE) analysis and Component-

Based Models (CB) will be employed to develop models of the designed connections and 

structures (Task 1) to evaluate the behavior of the connections and complete system at elevated 

temperatures. The similarities and differences of FE and CB analyses will be assessed to make 

modeling recommendations (along with a range of calibration) for performance-based design. 

Using the complete system models, the deformations and forces induced in the composite floors, 

gravity columns, C-PSW/CF, and floor-to-wall connections will be obtained. The obtained data 



will also be used in the development of test setups and the design of specimens for experimental 

studies. 

1.4.3 Task 3 – Testing 

The results from Task 2 will be used to define, design, and then conduct experimental 

investigations to evaluate the behavior of floor system-to-wall connections at elevated 

temperatures. These connections will be subjected to fire loading effects including thermal loading 

(heating and cooling), deformations and forces induced by restraints and interactions. Different 

connection and wall detailing parameters will be considered. A test setup will be designed to apply 

displacements and temperatures using hydraulic rams and heating equipment. 

1.4.4 Task 4 – Parametric Studies 

The obtained data from the experimental studies (Task 3) will be utilized to further 

benchmark the numerical models. Using the benchmarked numerical models, parametric studies 

will be conducted to evaluate the effects of various parameters such as (i) wall and plate 

parameters, (ii) floor system parameters and (iii) connection detailing, etc. 

1.4.5 Task 5 - Design Approach and Recommendations 

The obtained results from the experimental and numerical investigations will be gathered 

to develop a performance-based design recommendation for the floor systems and the associated 

connections to under fire loading. The recommendations will be implemented to the designed 

archetype structures (Task 1) to verify (using the numerical models) the accuracy and effectiveness 

of the developed approach and complete the loop after attaining the project goal. 

1.5 Current Research Progress and Report Layout 

The current research report consists of five chapters including (1) introduction, (2) 

designed archetype structures, (3) numerical models and (4) experimental investigations. 

The first chapter (current chapter) includes the project goal, project tasks, and a literature 

review on the related previous studies on the behavior of floor systems and shear connections at 

elevated temperatures. 



The floor system and the gravity frames of the two archetype structures were designed. The 

gravity load and diaphragm loads were considered to design the diaphragms’ components and 

wall-to-floor connections. The details of the design steps and the final drawings of the floor system 

and the wall-to-floor connections are provided in Chapter 2. 

Chapter 3 describes the developed numerical models to simulate the behavior of 

connections and the whole structure system. Finite element models and component-based models 

were developed and benchmarked based on the obtained data from the experiments. The obtained 

results from a preliminary study on the behavior of wall-to-floor connections with different details 

are also discussed. The benchmarked structure level finite element model was used to estimate the 

generated forces, moments, and rotations within the connections of structures tested at elevated 

temperatures. 

The obtained data from the structure level models were used to develop a test matrix for 

experimental studies. Test setups and specimens were designed to conduct the experimental studies 

based on the proposed test matrix. The details of the current progress on the experimental studies 

are discussed in Chapter 4. 

  



2 Chapter 2 – Designed Archetype Structures 

2.1 General 

This chapter describes the detailed design approach used to design floors of the archetype 

structures with C-PSW/CF (SpeedCore walls). The floor components for two archetype structures 

were designed. The archetype structures include a low-rise structure (12 stories) with planar 

composite walls and a mid-rise structure (22 stories) with C-shaped composite walls. The walls 

were designed following the provisions of applicable building code, seismic design code and 

FEMA P695 in a study by Agrawal et al. (2020). In the next tasks of the current project, the 

designed archetype structures will be simulated to evaluate the behavior of the complete system 

including the deformations and forces induced in the composite floors, gravity columns, 

SpeedCore walls, and floor-to-wall connections. 

Planar walls were considered for the shorter structure (12 stories) while C-shaped walls 

were considered for taller structures (22 stories) because the core geometry typically used in taller 

structures includes C-shaped walls as the elevator core. Fig 2-1 shows the location of the planar 

C-PSWs/CF and C-shaped C-PSW/CF within the structure and the structures parameters are listed 

in Table 2-1. The floor plan varied based on the length of the composite walls. Seven bays were 

used in the east-west direction and three bays in the north-south direction. Two walls in both 

directions were used as lateral load carrying members. C-shaped walls were designed as uncoupled 

walls in the direction of consideration of lateral loading (parallel to the web). These walls are 

coupled in the perpendicular direction with the coupling action achieved using composite coupling 

beams connecting both the walls at each floor. 



 

(a) 

 

(b) 

Fig. 2-1. Location of C-PSW/CF in 12 stories (a) and 22 stories (b) structures 



 

Table 2-1. Archetype structures parameters 
B
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Number of floors 12 22 

Height of floors 14 ft (17ft- first floor) 14 ft (17ft- first floor) 

Total height 171 ft 311 ft 

Length 215 ft 210 ft 

Width 115 ft 120 ft 

Bay span 

(EW direction) 

30 ft 

(35 ft – center bay) 

30 ft 

(30 ft – center bay) 

Bay span 

(NS direction) 

40 ft 

(35 ft – center bay) 

40 ft 

(40 ft – center bay) 

C
-P

S
W

/C
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Wall thickness 32 in 
28 in (tw- web) 

32 in (tf- flange) 

Wall length 37 ft 
42 ft (web depth) 

12 ft (flange length) 

Steel plate thickness 8/16 in 9/16 in 

Coupling beam length N/A 8 ft 

 

C-PSW/CF act as the vertical elements of the overall lateral force-resisting system. The 

composite floor systems serve as the horizontal elements or diaphragms that collect and transfer 

the lateral forces at each story level to the C-PSW/CF. The framing elements (girders or beams) 

which are directly connected to the C-PSW/CF, eventually transfer these lateral forces to the C-

PSW/CF. The composite floor systems typically consist of trapezoidal metal decks, steel beams, 

and girders, all composite with the concrete floor slab (see Fig 2-2). Gravity loads and lateral forces 

resisted by the composite floors can be calculated using applicable ASCE 7 provisions. The 

composite floors should be designed for the calculated in-plane shear and bending stresses. The 

collectors (girders) are designed to collect the inertial forces from the floor beams and transfer 

them to the C-PSW/CF system. The connections between the collector (girders) and the C-

PSW/CF should be designed to transfer the lateral forces and the gravity loads as applicable. 



 
Fig. 2-2. Components of a diaphragm for a building with C-PSW/CF and a floor/collector to wall. 

 

There are limited studies and guidelines on the design of diaphragm components under 

lateral loadings. Sabelli et al. (2011) discussed the design of composite steel deck composite 

diaphragms for seismic loads. A rational analysis method can be used to distribute lateral forces 

and calculate their effects (stresses, forces, etc.) on various elements of the diaphragms. Collectors 

and chords can be conservatively designed as non-composite members to resist the axial forces 

induced by the diaphragm forces (AISC seismic manual, 2016). The connections between 

collectors (girders) and C-PSW/CF are designed to transfer gravity loads and diaphragm lateral 

loads to C-PSW/CF. Currently, there are no guidelines on the specific design of C-PSW/CF to 



floor connections. However single-plate shear connections can be designed and used to transfer 

forces from the collectors (girders) to the C-PSW/CF. Shear tabs in single plate connections should 

be designed for the generated shear forces (gravity loads), axial loads (diaphragm forces), imposed 

bending moments (eccentricity) and the interaction of the loads. 

In the current section, the diaphragm loads due to lateral loads (wind and seismic) were 

computed. Diaphragm lateral loads were distributed between the components of the composite 

floors of archetype structures using a rational analysis method. The components of the floors were 

designed for the generated forces due to gravity and lateral loads (wind and seismic). Single plate 

connections were used to connect the floor components to the C-PSW/CF. These connections were 

designed for the applied gravity and axial loads (due to lateral loads). The detailed design 

procedure of the diaphragms is discussed in the following sections of this chapter. 

2.2 Load Determination 

The gravity and the lateral loads for the archetype structures were estimated based on the 

weight of the material and ASCE 7-16 provisions. 

2.2.1 Gravity Loads 

The floors were designed for the live loads as per ASCE7-16. A uniform live load of 50 

psf (office use) and a partition load of 15 psf were used in the design of the floors. A dead load 

equal to 51 psf was applied to the floors according to the Vulcraft (by Nucor) for a composite deck 

(3VLI) with a steel deck height of 3 in and a concrete thickness of 2.5 in. The cross-section of the 

composite steel deck is shown in Fig 2-3. The estimated gravity loads (dead and live loads) are 

summarized in Table 2-2. 

 
Fig. 2-3. Cross-section of the composite steel deck.  

 



Table 2-2. Estimated gravity load for the design of archetype structures 

Loads Magnitude (psf) 

Dead Loads 

(DL) 

Composite steel deck  51 

Superimposed dead load 15 

Curtain wall (only exterior beams) 15 

Live Loads 

(LL) 

Construction live load 20 

Live load (office building) 50 

Partition load 15 

2.2.2 Wind Load 

Wind pressures on the main wind force-resisting system of structures can be calculated 

using the provisions in ASCE 7-16 Chapters 27 and 28 subject to the conditions and limitations in 

those chapters. The wind loads were calculated as per ASCE 7-16, Chapter 27. It was assumed 

that the buildings were located in Chicago and Miami. Table 1-3. Provides the parameters used to 

calculate the wind pressure at different stories of the buildings. The wind pressure distributed over 

the height of the structure was calculated. The wind load associated with each story was calculated 

by summing the leeward and windward pressures over the tributary height of the story. The 

calculated wind loads for 12-story and 22-story buildings are presented in Tables 2-4 and 2-5, 

respectively. 

Table 2-3. Wind load calculation parameters 

Risk category II Office building 

Basic wind speed 
107 mph & 

169 mph 
Chicago (107 mph), Miami (169 mph) 

Wind directionality factor (Kd) 0.85 Building-Main wind force resisting system (0.85) 

Surface roughness category B  

Exposure category D  

Topographic factor (Kzt) 1 The building is not situated on a hill, ridge or escarpment. 

Ground elevation factor (Ke) 1 It is permitted to take Ke = 1 for all elevations. 



Gust effect factor (G) Section 26.11 

The gust-effect factor for the buildings were calculated 

based on the flexibility of the structures as per ASCE 7-

16 section 26.11. 

Enclosure classification Enclosed  

 

Table 2-4. Wind loads for 12 story building (loads are in kips) 

Floor NS Chicago EW Chicago NS Miami EW Miami 

1 120.93 55.02 313.76 144.40 

2 113.49 52.01 294.44 136.52 

3 117.89 54.42 305.87 142.82 

4 121.18 56.21 314.38 147.52 

5 123.83 57.66 321.28 151.33 

6 126.09 58.89 327.13 154.55 

7 128.05 59.96 332.22 157.37 

8 129.80 60.91 336.76 159.87 

9 131.38 61.77 340.85 162.13 

10 132.82 62.56 344.58 164.19 

11 134.14 63.28 348.03 166.09 

12 67.54 31.90 175.24 83.72 

 

Table 2-5. Wind loads for 22 story building (loads are in kips) 

Floor NS Chicago EW Chicago NS Miami EW Miami 

1 125.90 60.62 333.86 162.17 

2 117.92 57.21 312.72 153.05 

3 122.28 59.75 324.28 159.85 

4 125.53 61.65 332.89 164.92 

5 128.16 63.18 339.87 169.03 

6 130.39 64.48 345.78 172.51 

7 132.33 65.62 350.93 175.55 

8 134.06 66.62 355.52 178.24 

9 135.62 67.53 359.65 180.68 

10 137.05 68.37 363.43 182.90 

11 138.36 69.13 366.91 184.95 

12 139.58 69.84 370.15 186.86 

13 140.72 70.51 373.16 188.64 

14 141.79 71.13 376.00 190.30 

15 142.79 71.72 378.67 191.88 

16 143.75 72.28 381.21 193.37 



17 144.66 72.81 383.61 194.79 

18 145.52 73.31 385.90 196.14 

19 146.35 73.79 388.10 197.43 

20 147.14 74.26 390.19 198.66 

21 147.90 74.70 392.21 199.85 

22 74.23 37.51 196.84 100.36 

 

2.2.3 Seismic Load 

Diaphragms should be designed as part of seismic force-resisting systems for buildings 

assigned to SDC B through F. The seismic forces that are applied the seismic force-resisting 

systems over the height of a building are needed to determine diaphragm forces. The Equivalent 

Lateral Force (ELF) procedure (ASCE7-16 section 12.8) can be used to calculate the seismic forces 

on the seismic force-resisting systems for the archetype structures.  The diaphragm seismic loads 

were computed using ASCE 7-16 section 12.10. The force in collectors and their connection to the 

vertical elements was calculated as the maximum of: 

1. Forces calculated using the seismic load effects including overstrength factors with seismic 

forces determined by the equivalent lateral force. 

2. Forces calculated using the seismic load effects including overstrength calculated by: 

 

where 

 

 

3. Forces calculated using the load combinations of ASCE 7-16 Section 2.3.6 with seismic 

forces determined by: 

 



where SDS is the spectral response acceleration parameter at short periods, Ie is importance 

factor. A response modification factor, R, of 6.5, seismic ductility Cd of 5.5 and overstrength factor 

Ωo of 2.5 was used (ASCE7, 2016). An importance factor, Ie, of 1.0 was used for risk category II. 

The calculated diaphragm loads to calculate the collector and their connections are provided in 

Table 2-6 and Table 2-7 for 12 story and 22 story archetype structures, respectively. 

Table 2-6. Diaphragm seismic design forces for 12 story building (forces are in kips) 

   

Section 

12.8 

Eq. 

12.10.1 

Eq. 

12.10.2 

Eq. 

12.10.3  

Floor 
Weight 

(kip) 
Height (ft) Fx Fpx Fpx,min Fpx,max 

Maximum of 

(ΩoFx, ΩoFpx, Fpx,min) 

1 2967 17 17 207 593 1187 593 

2 2967 31 40 224 593 1187 593 

3 2967 45 68 243 593 1187 606 

4 2967 59 99 262 593 1187 655 

5 2967 73 134 282 593 1187 706 

6 2967 87 172 303 593 1187 759 

7 2967 101 212 325 593 1187 814 

8 2967 115 255 348 593 1187 870 

9 2967 129 299 372 593 1187 929 

10 2967 143 346 396 593 1187 989 

11 2967 157 395 420 593 1187 1051 

12 2967 171 446 446 593 1187 1114 

 

Table 2-7. Diaphragm seismic design forces for 22 story building (forces are in kips) 

   

Section 

12.8 

Eq. 

12.10.1 

Eq. 

12.10.2 

Eq. 

12.10.3  

Floor 
Weight 

(kip) 
Height (ft) Fx Fpx Fpx,min Fpx,max 

Maximum of 

(ΩoFx, ΩoFpx,r, Fpx,min) 

1 3024 17 2 135 605 1210 605 

2 3024 31 6 141 605 1210 605 

3 3024 45 11 148 605 1210 605 

4 3024 59 18 155 605 1210 605 

5 3024 73 26 162 605 1210 605 

6 3024 87 36 171 605 1210 605 

7 3024 101 47 179 605 1210 605 

8 3024 115 59 188 605 1210 605 

9 3024 129 73 197 605 1210 605 

10 3024 143 87 206 605 1210 605 

11 3024 157 103 216 605 1210 605 

12 3024 171 120 227 605 1210 605 

13 3024 185 138 237 605 1210 605 



14 3024 199 157 248 605 1210 621 

15 3024 213 178 260 605 1210 650 

16 3024 227 199 272 605 1210 679 

17 3024 241 221 284 605 1210 709 

18 3024 255 245 296 605 1210 740 

19 3024 269 270 309 605 1210 772 

20 3024 283 295 322 605 1210 805 

21 3024 297 322 336 605 1210 839 

22 3024 311 349 349 605 1210 873 

 

2.2.4 General Structure Integrity Forces 

According to AISC specification (AISC 360, 2016) beam and girder end connections 

should have a minimum nominal axial tensile strength equal to the 2/3 of the required vertical 

shear strength not less than 10 kips. The strength requirements for the structural integrity were 

evaluated throughout the design procedure. 

2.3 Design Floor Components 

In the previous section, the induced forces in the floor components due to the gravity and 

lateral loads to the diaphragms were calculated. A rational analysis method was used to calculate 

the generated axial and shear forces due to lateral forces. The components were designed using the 

building codes. The designed composite floors were also checked for the required serviceability 

requirements per AISC Design Guide 11 (Murray et al., 2016). 

2.3.1 Design for Gravity Loads 

Steel beams were designed as per AISC specification Chapter F and G (AISC, 2016) for 

the construction phase. The composite beams and girders were designed per AISC specification 

Chapter G and I (AISC, 2016) under gravity loads. The stiffness of the beams and girders was 

checked to comply with the deflection limits per IBC section 1604 (ICC, 2018). 

2.3.2 Vibration Serviceability 

The designed floor was checked for vibration serviceability (walking vibration) using 

AISC Design Guide 11 (Murray et al., 2016). Electronic office was assumed for the type of 

occupancy. Recommended live load equal to 6 psf was used for the vibration analysis. The edge 

beams were assumed to be connected to cladding. A damping ratio equal to 0.025 was used to 



calculate the natural frequency of panels. A summary of the used parameters for the vibration 

analysis is provided in Table 2-8. 

Table 2-8. Vibration analysis parameters 

Building occupancy Electronic office  

Live load for vibration analysis 6 psf Table 3-1 (DG 11) 

Damping ratio 0.025 

Table 4-2 (DG 11) 

bi = 0.01 (structural system) 

+ 0.01 (ceiling and ductwork) 

+ 0.005 (Electric office fit-out) 

Acceleration limit 0.5% ao/g Table 4-1 (DG 11) 

2.3.3 Design for Lateral Load 

Illustrated in Fig 2-4 is the composite floor of the 12-story archetype structure with 

uncoupled C-PSWs/CF with the direction of the generated axial load within the floor components 

due to the diaphragm load. In the direction of analysis, the diaphragm is modeled as a beam with 

a depth equal to the full diaphragm depth. Because the walls do not extend the full depth of the 

diaphragm, collector elements are needed to collect the shear from the diaphragm and to transfer 

it to the walls. Equivalent beam model with rigid supports was used to calculate the applied forces 

to the collectors and chords. 



  
Fig. 2-4. The direction of the generated force in collectors and chords due to diaphragm loads 

The equivalent beam in this case is simply supported. C-PSWs/CF are assumed to be rigid 

supports in the direction of analysis. In the next step, the distributed diaphragm load was calculated 

based on the obtained reaction forces at the location of the walls. 

The collector and chords were designed for the calculated forces using the equivalent beam 

model. The steel sections were designed for the combined axial and bending loads as per AISC 

specification Chapter E, F, I and H (AISC, 2016) and AISC seismic manual Part 8 (AISC seismic 

manual, 2016). The designed steel sections for collectors are summarized in Table 2-9. The 

framing plans of archetype structures are provided in appendix A. 

Table 2-9. Size of the collectors for both 12 story and 22 story archetype structures 

 NS collectors EW collectors 

Seismic W24x131 W24x94 



Wind (Miami) W24x117 W16x67 

Wind (Chicago) W24x94 W16x67 

2.4  Floor to C-PSW/CF Connections 

There are no studies and guidelines on the design of the shear connections to C-PSW/CF. 

The composite floor connections to C-PSW/CF (steel section to wall and concrete slab to wall) 

were designed to transfer the gravity loads and diaphragm lateral loads to C-PSW/CF. 

2.4.1 Steel Sections to C-PSW/CF Connection 

Simple shear connections are used in the archetype structures to connect the W-shaped 

steel sections to C-PSW/CF. These connections are primarily designed to transfer gravity shear 

force due to gravity loads. Collectors gather the lateral force of the floor as axial force and transfer 

the axial force to C-PSW/CF through shear connections. Due to lateral loads shear connections of 

the collectors are expected to be subjected to shear, axial load as shown in Fig 2-5. In Table 2-10 

a summary of the axial load at the collectors to wall connections in the floors with maximum and 

minimum diaphragm load for each archetype structure is presented. These connections were 

designed for the shear (gravity load), axial (due to lateral loads), moment (eccentricity) and the 

combination of these forces following AISC specification (AISC, 2016). The details of the steel 

sections (collectors) to C-PSW/CF connections designed for both 12 story and 22 story buildings 

are presented in Table 2-11. For each load case (seismic or wind), connections are designed for 

floors with the maximum diaphragm loads. The drawings of the designed connections are provided 

in appendix A. 



 
Fig. 2-5. Shear and axial force on the shear connection of a collector to C-PSW/CF 

 

Table 2-10. Summary of axial loads at the collectors to C-PSW/CF connection in floors with maximum and 

minimum diaphragm load (units are in kips) 

12 story archetype structure 

 NS-Seismic EW- Seismic 
NS-Wind 

(Miami) 

EW-Wind 

(Miami) 

NS-Wind 

(Chicago) 

EW-Wind 

(Chicago) 

Max. 231 247 72 37 28 14 

Min. 123 131 61 30 23 12 

22 story archetype structure 

 NS-Seismic EW- Seismic 
NS-Wind 

(Miami) 

EW-Wind 

(Miami) 

NS-Wind 

(Chicago) 

EW-Wind 

(Chicago) 

Max. 218 197 98 45 37 17 

Min. 151 137 78 35 30 13 

 

 

 

Table 2-11. Collectors to C-PSW/CF connections’ details for both 12 story and 22 story archetype structures 



 NS - Seismic 
NS – Wind 

(Miami) 

NS – Wind 

(Chicago) 
EW- Seismic 

EW- Wind 

(Miami & Chicago) 

Steel section W24×131 W24×117 W24×94 W24×94 W16×67 

Number of bolts 12 (A325) 6 (A325) 5 (A325) 12 (A325) 4 (A325) 

Bolt diameter 1-1/8in 1-1/8 in 1-1/8 in 1-1/8 in 1-1/8 in 

Bolt spacings 3.0 in 3.0 in 3.0 in 3.0 in 3.0 in 

Distance to edges 2.25 in 2.25 in 2.25 in 2.25 in 2.25 in 

Gap between wall 

and steel section 
1.00 in 1.00 in 1.00 in 1.00 in 1.00 in 

Shear tab size 9/16”×8.5”×19.5” 3/8”×5.5”×19.5” 5/16”×5.5”×16.5” 9/16”×8.5”×19.5” 3/8”×5.5”×13.5” 

Shear tab material 

properties 

Fy = 50 ksi 

Fu = 65 ksi 

Fy = 50 ksi 

Fu = 65 ksi 

Fy = 50 ksi 

Fu = 65 ksi 

Fy = 50 ksi 

Fu = 65 ksi 

Fy = 50 ksi 

Fu = 65 ksi 

Weld 
Fillet weld 

3/8 in 

Fillet weld 

1/4 in 

Fillet weld 

1/4 in 

Fillet weld 

3/8 in 

Fillet weld 

1/4 in 

Design load 

(Shear) 
64 kips 64 kips 64 kips 30 kips 30 kips 

Design load 

(Axial) 
231 kips 98 kips 37 kips 247 kips 

45 kips (Miami) 

17 kips (Chicago)  

2.4.2 Slab to C-PSW/CF Connection 

Shear friction reinforcement was designed at the face of the wall to transfer the diaphragm 

loads to C-PSW/CF. The shear capacity of the shear-friction reinforcement perpendicular to the 

shear plane was calculated as per ACI 318-19 section 22.9.4.2. A contact friction coefficient equal 

to 0.7 was used as per ACI 318-19 Table 22.9.4.2. Anchorage into the wall can be achieved by 

straight deformed reinforcing bars, deformed reinforcing bars with standard hooks at the ends, or 

headed deformed reinforcing bars or shear studs. 

Support is required when the composite floor decking interfaces with C-PSW/CF. The 

support can be provided by attaching a steel angle (ledger angle) to the wall. A minimum bearing 

of 2 in is required to support the end of the composite floor decking (Rackham et al., 2009). The 

detail of the concrete slab to C-PSW/CF connection is shown in Fig 1-6. The designed shear 

friction reinforcement is provided in Table 2-12. 



  
Fig. 2-6. Details of the concrete slab to C-PSW/CF connection. 

 

Table 2-12. Designed shear friction reinforcement for the concrete slab to C-

PSW/CF connection. 

 12 story 22 story 

Seismic 
#4 @ 18 in (NS) 

#3 @ 18 in (EW) 

NA (NS) 

#3 @ 18 in (EW) 

Wind (Miami) 
#3 @ 18 in (NS) 

#3 @ 18 in (EW) 

NA (NS) 

#3 @ 18 in (EW) 

Wind (Chicago) 
#3 @ 18 in (NS) 

#3 @ 18 in (EW) 

NA (NS) 

#3 @ 18 in (EW) 

 

2.5 Gravity Columns 

A computer program (ETABS) was used to calculate the applied loads to gravity columns 

and design them. Gravity columns were designed per AISC specification (AISC, 2016). The 

columns were divided in three types based on the numbers of the girders connected to the columns 

including corner, edge and interior columns. Framing elevation drawings for the archetype 

structures showing the selected sizes for the gravity columns are provided in Appendix A. 



2.6 Summary 

Two archetype structures using uncoupled and coupled using C-PSW/CF were designed in 

accordance with building codes. The floor components were designed for the gravity and the 

diaphragm lateral loads. The diaphragm lateral loads due to seismic and wind loads were estimated 

using ASCE 7 (2016) provisions. The details of the structures’ floor component design are 

discussed in this chapter. A complete set of drawings for the designed floors, their connection to 

C-PSW/CF and the gravity columns are provided in Appendix A. The finalized archetype 

structures will be simulated using 3D numerical models to study the behavior of the structures 

under various fire scenarios. Current progress on the development of the 3D numerical models is 

discussed in the next chapter. 

  



3 Chapter 3 - Numerical Analyses 

3.1 General 

Finite Element (FE) Analyses were utilized to study the behavior of connections (member 

level) and overall structures (system level). A commercial FE software (ABAQUS, 2017) was 

used to develop the FE models and conduct analyses. Material properties of the models were 

specified per Eurocode and AISC specification (EN 1992-1-2 (2004), EN 1993-1-2 (2005), EN 

1994-1-2 (2005), AISC 360 (2016)). The developed FE models were benchmarked at both member 

and system levels based on the measured data from fire tests available in the literature. The 

recorded temperatures from the tests were used as inputs in the analysis to account for the material 

degradation at elevated temperatures. The displacements (structural response) estimated by the FE 

models were compared with the data measured in the fire tests. 

3.2 Member Level Models 

Two types of numerical analyses were utilized to simulate the behavior of connections 

under fire loading namely Finite Element (FE) analysis and Component-Based (CB) Model. The 

3D detailed FE models were developed using commercially available FE software (ABAQUS, 

2017). Component-based models were used based on the developed models by Sarraj (2007). The 

developed models were benchmarked using the obtained experimental data from the literature (Hu 

& Engelhardt, 2012). In the next step of the analysis, the developed models using both methods 

were utilized to study the behavior of a connection (with W16x67 steel section) designed for 

archetype structures (see Chapter 2) at ambient and elevated temperatures. 

3.2.1 Finite Element Models 

A three-dimensional (3D) FE model was developed which includes a simple shear 

connection connected to a C-PSW/CF. The FE model consists of a steel section (W section), bolts 

and a shear tab plate connected to a C-PSW/CF. The C-PSW/CF’s model includes a concrete infill 

sandwiched by steel plates. Steel plates are connected together with steel tie bars. 

The FE model of C-PSW/CF and the connected connection were benchmarked separately 

since currently there is no experimental data on the behavior of wall-to-floor connections (a simple 

shear connection connected to a C-PSW/CF). The modeling technique developed by Anvari et al. 



(2020) was utilized to build C-PSW/CF’s FE model. The obtained data from experimental fire 

tests on simple shear connections, reported by Hu & Engelhardt (2012), was utilized to benchmark 

the shear connection’s FE model (FE models of the shear connections without C-PSW/CF). The 

details of the tested connection are shown in Fig. 3-1. 

 

 

(a) (b) 

 Fig. 3-1. The details of the tested connections (a) the test setup used for connections subjected to an axial 

force (b) connections’ detail (dimensions are in mm). Retrived from Hu & Engelhardt (2012). 

 

The shear connection specimens included a W12x26 steel section made from ASTM A992 

connected to a shear tab plate (9.5 mm thick) made from A36 steel. Three structural bolts (A325) 

with a diameter of 19 mm were used to connect W12x26 steel section to the shear tab. Fire tests 

were performed as thermal steady-state tests where the specimens were heated to the target 

temperature. Then, displacements were applied until failure while the temperature remained 

constant over the test duration. 

3.2.1.1 Material properties 

Steel and concrete material properties were specified per Eurocode 3 (2005). In absence of 

more information on the temperature-dependent material properties of A325 bolts, bolt strength 

was taken as prescribed by Eurocode 3 (2005). Fig 3-2 shows the reduction factor of the strength 



of steel beam, plate and high strength bolt against temperature. The density and modulus of 

elasticity are assumed to be the same as structural steels at elevated temperatures. Fig 3-3 shows 

the engineering stress-strain curve for steel at elevated temperatures. The engineering stress-strain 

relation was converted to true stress-strain using Equations (3.1) and (3.2). True stress-strain 

relations were input in the developed FE models. Poisson’s ratio was assumed 0.3 for all 

temperature magnitudes. 

 ln(1 )t e = + 
 

Eq. (3.1) 

 (1 )t e e =  + 
 

Eq. (3.2) 

 

Fig.3-2. Reduction factor of strength of structural steel, plate, and bolt (Eurocode 3 (2005))  

 

Fig. 3-3. Engineering stress-strain for steel at elevated temperature (Eurocode 3 (2005)) 



A material damage model was defined in order to simulate any fracture in connections. The 

damage model’s parameters including damage initiation and damage evolution were specified 

based on experimental coupon tests’ data. A FE model the tested coupon was built to validate the 

FE models using the damage model. The dimensions of the coupon were obtained from ASTM E8 

(2018) standard. Fig 3-4 shows the comparison stress-strain curves obtained from the FE analysis 

and the coupon experimental test (at ambient). A damage initiation strain equal to 0.219 was used. 

The damage evolution parameters namely the damage variable and the associated displacements 

are presented in Table 3-1. In the next steps of the current project, the damage model will be further 

developed for elevated temperatures. 

Table 3-1. Applied damaged evolution parameters for steel material properties 

Damage variable Displacement (mm) 

0 0 

0.025 1 

0.05 1.8 

0.11 3.3 

1 3.4 

 

 

Fig. 3-4. The compariosn of the obtained reuslts from the W12x26’s web coupon test and FE models 



3.2.1.2 FE stress models development 

Three-dimensional (3D) solid elements are used to build the simple shear connections 

(connection level) FE models. C3D8R elements were used to simulate the steel beam section, shear 

tab plate and bolts. C3D8R is an 8-node linear brick element with reduced integration. The reduced 

integration elements were used to increase the computational efficiency of the analysis. Hourglass 

control available in ABAQUS was used for better convergence. Contact was defined between the 

bolts, shear tab, and beam web to model the transfer of forces through the bolted connection. 

Penalty enforcement of contact constraints with finite sliding formulation (with a friction 

coefficient of 0.35) was used to model the contacts pairs. The purpose of choosing the penalty 

contact was to reduce the penetration rate between the master and slave nodes ABAQUS. The bolt 

holes are larger than the bolt hole’s dimension per AISC specification (AISC 2016). A typical 

model showing the mesh density is shown in Fig 3-5. 

 

 

 

 (a)  

 

 

 
(b) (c) (d) 

Fig. 3-5. Shear tab connection detail model (a) full model, (b) shear tab, (c) bolt, (d) beam 

 

The stress analysis model for C-PSW/CF includes steel plates, concrete infill and tie bars. 

The concrete infill is modeled using C3D8R elements. Steel plates are modeled using S4R 



elements which are 4-node general-purpose linear shell elements. These reduced integration 

elements are used to increase the computational efficiency of the analysis. Tie bars are modeled 

using B31 element, a 2-node linear beam element. Cartesian type connector elements were 

employed to simulate the temperature-dependent force-slip behavior of studs and ties. The force-

slip relationship for the connectors was based on Ollgaard et al. (1971) and was modified to 

consider temperature-dependent properties as discussed by Selden (2014). 

All the degrees of freedom are restrained at the edges of the wall (through thickness of the 

walls). Tie bars are embedded in the concrete infill. Hard contact and tangential behavior with a 

friction coefficient of 0.55 were used to define the contact properties between the steel plates and 

concrete-infill of the models. Concrete material behavior was simulated using the ‘Concrete 

damaged plasticity’ material model in ABAQUS. This model is based on plasticity and continuum 

damage mechanics that considers the tensile cracking and compressive crushing of concrete as two 

main failure mechanisms (Simulia 2016). Fig 3-6 shows the developed FE model for the shear 

connection connected to C-PSW/CF. 

   

Fig. 3-6. Developed FE model simulating simple shear connection to C-PSW/CF wall 



A rigid surface was specified at the free end of the steel beam. A reference point was 

assigned to the rigid surface at the center of the steel section. Displacements are applied to the 

reference point. The stress FE analysis is conducted in two steps. In the first step of the analysis, 

all bolts were fixed and a displacement equal to half of the difference of the bolt hole diameter and 

bolt diameter (dhole/2 – dbolt/2) is applied. After the initiation of contact between the bolts, beam 

web and shear tab, the applied fixed boundary conditions on the bolts were eliminated in the second 

step of the analysis. The applied displacements are linearly increased until the end of the analysis 

in the second step. 

3.2.2 Component-Based Model 

3.2.2.1 Model’s Development  

To model the connection behavior in the building structure, a practical approach will be to 

consider simple mathematical models defined using springs. Sarraj (2007) developed 

mathematical models to estimate the force-displacement relationship of different components (i.e., 

plate in bearing and bolt in shear) of each bolt in shear tab connection and then apply this as spring 

connectors in ABAQUS. Each bolt can be represented by a group of three axial springs connected 

in series: (1) shear plate in bearing, (2) bolt in shear, and (3) beam web in bearing (see Fig. 3-7). 

These springs will account for the stiffness of the connection at elevated temperature, and then 

they can be combined in one equivalent connector element in FE models. 



 

                     Fig. 3-7. Schematic diagram of the model for a shear tab connection 

 

The proposed model by Sarraj has been validated by many researchers, and they found that 

the predictions made by this model compare well with the experimental results (Yu et al. 2009 & 

Agrawal et al., 2014). Sarraj’s component models were used in an FE model to predict the response 

of connection under fire loading reported by Hu (2012). Descriptions of the development of the 

springs for plates in bearing and the bolts in shear are provided below: 

• Plate in bearing: To model a plate in bearing, bearing behavior is achieved by calculating the 

force-displacement- temperature ((𝐹𝑏 − ∆𝑑 − 𝑇)) for a bolt hole. The initial stiffness of a shear 

connection is denoted as, 𝐾𝑖, which is composed of three parts: 



 

 

 

 

 

where Ω(T) is a parameter found by curve-fitting parameter as a function of temperature tp 

plate thickness and fy yield strength, respectively; 𝑑𝑏 is the bolt diameter, E(T) is the elastic 

modulus of the plate, Le the plate edge distance, and G(T) is the shear modulus of elasticity. 

• Bolt in shear: the bolt shear stiffness can be represented using the following proposed 

temperature-dependent expression. 

 

 

where G(T) is the temperature-dependent shear modulus; 𝐴𝑠 is the cross-sectional area of 

the bolt; and 𝑑𝑏 is bolt diameter. In the model, the post peak behaviors (ductility) have been 

modified to have a more conservative estimation as proposed by Agrawal (2014). For example, 

the reducing zone of the force-displacement (𝐹𝑏 − ∆𝑑) The curve has been changed by assuming 

that 𝐹𝑏 − ∆𝑑  𝑡ℎ𝑒 relationship follows the curve prescribed by Sarraj (2007) until bearing 

deformation (∆𝑏) is equal to half of the bolt diameter (𝑑𝑏). Beyond that point, it decreases linearly 

so that the bearing force (𝐹𝑏) is zero when bearing displacement (∆𝑏) is equal to the bolt diameter 

as seen in Fig.3-8. Similarly, the shear force-displacement relationship in the bolt follows the 

equation given by Sarraj (2007) till maximum shear strength is reached. Then, the shear force is 

kept unchanged at the same level as shear deformation reaches half the bolt diameter, and then 

shear force linearly declines so that it becomes zero when shear deformation equals the bolt 

diameter, as seen in Fig. 3-9. 



 
Fig. 3-8. Force-deformation behavior of a 19 mm diameter A325 bolt in a 20.6mm diameter hole in bearing 

 
Fig. 3-9. Force-deformation behavior of a 19mm diameter A325 bolt in a 20.6mm diameter hole in shear 

 

Reduction factors of steel plate, beam, and bolt given by Eurocode 3 (2005) were used to 

calculate the strength (𝐹𝑦 and 𝐹𝑢) at elevated temperature. Elastic (E) and shear modulus (G) of the 

bolt at elevated temperatures were assumed to be similar to the steel. There is a limited 

experimental data on stress- strain behavior of bolts at elevated temperatures. Therefore, values 

for strength degradation recommended by Eurocode 3 (2005) were used for the bolt strength at 

elevated temperature. Poisson’s ratio was assumed 0.3 for all temperature values. The reduction 

factor of strength of steel beam, plate and high strength bolt against temperature as seen in Fig. 3-

2 



The connection model consists of two bodies representing the beam end and the end supporting 

element. The distance between the two bodies is zero. The boundary condition of the rigid body 

representing the supporting element is fixed. The body representing the beam-end, is connected 

to the supporting element with several one-dimensional springs. Shell element with reduced 

integration was used to represent the bodies. 25 mm displacement was applied at the center of 

the beam and this value represents the deformation capacity that the connection in the test 

reached at ambient temperature.  



3.2.3 Numerical Models Benchmarking 

The developed FE model of C-PSW/CF was extensively benchmarked in a study by Anvari 

et al. (2020) at elevated temperatures. The new addition of the FE model (simple shear connection) 

was benchmarked separately using the obtained data from experimental studies performed by Hu 

and Engelhardt (2012). 

Two numerical analyses were benchmarked using experimental data reported by Hu and 

Engelhardt (2012). A summary of the comparison results is given in Table 3-2. As described 

earlier, the CB and FE were subjected to a pure axial force. The connection behavior was simulated 

for five different temperatures (20 °C, 400°C, 500°C, 550°C, and 700°C). The load–displacement 

relationships for connection specimens at elevated temperatures were compared with data obtained 

from the CB and FE. Fig 3-10 and 3-11 show the load–displacement response comparisons 

between the numerical models and the test at 400°C and 700°C, respectively. 

Additionally, the design strength prescribed by AISC was plotted in the figures. The 

strength predictions from AISC were conservative compared to the models’ results. The deformed 

shapes of the FE model were compared with test, and it shows a good agreement as seen in the 

figures. Table 3-2 presents the comparisons between the peak load obtained from the test and the 

peak load from the models. The table shows the different failure modes of the test and both models.  

Bearing failure of the beam web was the primary failure mode at the ambient temperature and 

400°C. However, at 500°C and above, shear fracture of the bolt was behind the connection failure 

as it is presented in Table 3-2 and shown in Fig 3-11. 

Shear fracture failure of the bolts is expected since the bolt capacity is much less than the 

capacity of the structural steel at 500°C (see Fig 3-2). The obtained peak loads from the models 

were in a good agreement with the test considering that the CB and FE overestimated the 

connection strength of the test slightly about 4% and 5% respectively at 400°C and about 2% at 

700°C, respectively. The deformation value at the peak load predicted by CB was smaller than the 

test and the FE by about 2% and 17%, respectively. Furthermore, the deformation value at the peak 

load predicted by the FE was 15% larger than the test. Moreover, FE models tended to overestimate 

the force during the initial five minutes and that is attributed to the limitations of the material 

stress-strain curves at elevated temperatures. In general, the numerical models predicted the peak 



connection strength reasonably well. The ability of the FE model to predict the overall load– 

deformation response of the connections was also reasonably good. 

 

 
(a) 

 
(b) 

Fig. 3-10. Comparison of predicted response from the models with the test data by Hu (2012) at 400 ℃ (a) load-

displacement response comparison, (b) deformation comparison between the FE model and the test 

 



 
(a) 

 
(b) 

Fig. 3-11. Comparison of predicted response from the models with the test data by Hu (2012) at 700 ℃ (a) load-

displacement response comparison, (b) deformation comparison between the FE model and the test 

Table 3-2. A summary of FE, CBM and experimental results (tested by Hu and Engelhardt (2012)) 

Temperature 

(℃) 

Strength by AISC 

(kN) 

Peak Load 

(kN) 
Failure Mode 

Shear Bearing Test CB FE Test CB FE 

20 300 287 335 465 349 Bearing Bearing Bearing 

400 232 230 312 325 327 Bearing Bearing Bearing 

500 165 179 211 252 244 Bolt shear Bolt shear Bolt shear 

550 115 143 149 189 177 Bolt shear Bolt shear Bolt shear 

700 30 53 48 49 49 Bolt shear Bolt shear Bolt shear 



The FE model using the damage model was also benchmarked based on the obtained data 

from the experimental studies conducted by Hu and Engelhardt (2012). Fig 3-12a shows the force-

displacement curves obtained from the FE analysis and the experimental studies. The estimated 

response was close to the obtained data from the experimental studies. The FE analysis 

overestimates the peak strength of the connection. The maximum displacement (failure) occurred 

at 21 mm while the failure in the test (beam web tearing) occurred at 23 mm. The deformed shape 

of the connections at failure are compared in Fig 3-12b and 3-12c. The FE analysis was stopped 

after the first fracture occurred in the FE analysis. The termination of the FE analysis was due to 

the large displacements in the fractured part that resulted in the convergence issues in the FE 

analysis. Therefore, the complete failure shape (fracture in all bolt holes) did not occur. The FE 

damage model will be further developed for elevated temperatures. 

 

 

(a) 



  

(b) (c) 

Fig. 3-12. The comparison of the obtained force-displacement response from the experimental studies and FE 

analysis with damage model at ambient 

 

3.2.4 Preliminary Connection Study 

The floor system of the archetype structures was designed in the first task of the current 

research project (see Chapter 2). The designed connection with the smallest steel beam section 

(W16x67) was selected to study the behavior of the connection using FE and CB models. The 

obtained structural response of the connection using both analyses is discussed in the current 

section. 

The behavior of different configurations of the connection were studied numerically 

namely (1) simple shear connection (shear tab end is fixed) and wall-to-floor connections (2) 

welded between the tie bars and (3) with tie bars behind the shear tab. The behavior of connections 

which included C-PSW/CF were only simulated using FE models. In the next steps of the project, 

the flexibility of steel plates (C-PSW/CF) will be studied using the FE analysis (FE and CB 

models). Based on the obtained data, a model will be developed to expand CB models to estimate 

the response of the connections welded to C-PSW/CF. 

3.2.4.1 Simple shear connection 

The behavior of the simple shear connection was studied using FE and CB at ambient and 

elevated temperatures. This connection includes a W16x67 steel section bolted to a shear tab with 



4 bolts. The dimension of the connection, the developed FE, and CB models of the connection are 

shown in Fig 3-13. 

 

(a) 

 

 

 

(b) (c) 

Fig. 3-13. (a) Dimensions of the simple shear connection, (b) the developed FE model of the connetion, (c) the 

developed CB model of the connection 

          The connection was loaded axially (pure tension) and with a /6 rad angle (See Fig.3-14). 

The obtained displacement-force response of the connection is shown in Fig 3-14. The name of 

each models represents the loading angle and the temperature of the connection. For all cases, a 

uniform temperature distribution within the connection components was applied. 



  
(a) 

 
(b) 

 
(c) 

Fig. 3-14. (a) Loading configurations used for the numerical simulations..The obtained force-displacement 

response of the simple shear connection from FE and CB models at elevated tempeatures with two loading angle 

namely (b) 0 rad (pure tension) and (c) /6 rad  



In Fig 3-14, the x-axis (displacement) represents the displacement of the beam section in 

x-axis and the y-axis represents the x-component of the generated force in the steel beam section. 

The obtained force-displacement responses from both FE and CB models show that both models 

estimated the general trend and the peak force closely. In CB model, the bolt fracture was assumed 

to occur when the displacement in the bolts exceeds the half of the bolt diameter (db/2). Since the 

damage model is not defined in FE models thus, the fracture of the connection’s components (bolts, 

shear tab plate and beam) is not modeled. The FE models will be developed in the next steps of 

the research project to define a damage model. 

3.2.4.2 Wall-to-floor connection – between tie bars 

A FE model of the designed simple shear connection (W16x67) welded to C-PSW/CF was 

developed (see Fig 3-6). The modeled wall had a thickness (tw) equal to 457 mm (18 in), a wall 

height equal to 3.5 tw and a wall length equal to 2.5 tw, tie bar spacing equal to half of wall thickness 

(228 mm – 9 in) and steel plate thickness (tp) of 9.5 mm (3/8 in). Fixed boundary condition 

(UX=UY=UZ=0) was applied all edges of the wall through the wall thickness. 

A tension force was applied to the end of the steel beam section. The comparison of the 

force-displacement response of the simple shear connection and the wall-to-floor connection at 

elevated temperatures is shown in Fig 3-15a. A different response was obtained from the wall-to-

floor connection compared to the simple shear connection’s due to the flexibility of the steel plate 

in C-PSW/CF. Wall-to-floor connections had a low stiffness at ambient and elevated temperatures. 

The generated force at the end of the beam (wall-to-floor connections) did not reach the peak forces 

of the simple shear connections before the displacement exceeds the half of the bolt diameter. The 

generated forces for wall-to-floor connections exceeded the generated forces in the simple shear 

connection at displacement larger than the half of the bolt displacement (≈ db). However, large 

strains occur at the tie bars and steel plate at these displacements which are not realistic. The 

development of the damage material models (to simulate the fracture of steel material) is in 

progress. The obtained results from the models with defined damage material properties will be 

provided in the next project reports. 

To gain insight into the obtained behavior of wall-to-floor connections, the applied 

displacements at the end of the beams and the obtained displacements in the steel plate of C-



PSW/CF are compared in Fig 3-15b. The displacements of the steel plate are obtained from a node 

at the middle of the shear tab and steel plate interface. As shown in Fig 3-15b, the displacements 

in the beam were close to the obtained displacement in the steel plate of C-PSW/CF. The steel 

plate could not resist the applied forces in the out-of-plane direction due to having a low stiffness. 

 

(a) 

 

(b) 

Fig. 3-15. Comparison of the force-displacement response of a simple shear connection (W16x67) and a wall-to-

floor connection under tensile load with an angle of (1) 0 rad and (2) /6 rad at elevated temperatures 



3.2.4.3 Wall-to-girder connection – tie bars behind the shear tab 

In the next step of the FE analyses, tie bars were added to the interior face of the steel plate 

(at the location of the shear tab) to increase the stiffness of the steel plate. Two cases with three 

and five tie bars welded at the back of the steel plate/shear tab were studied. Fig 3-16 shows the 

cross-section of the modeled wall using three and five bars. 

  

(a) (b) 

Fig. 3-16. Cross-section of the C-PSW/CF with (a) 3tie bars and (b) 5 tie bars at the location of the shear tabs  

 

The obtained displacement-force responses of the wall-to-floor connections with extra tie 

bars at the location of the tie bars are compared with the cases without any extra tie bars in Fig 3-

17. The obtained results indicated that the welding extra tie bars increase the stiffness of the 

connection. The obtained forces in the connection with five tie bars were more than the capacity 

of the connection with three tie bars. For instance, the generated force was about 170 kN, 376 kN 

and 478 kN for the connections without and extra tie bars, 3 and 5 extra tie bars at the location of 

the shear tab, respectively. 



 

 Fig. 3-17. Force-displacement response of the shear connection vs wall-to-floor connections with 

various configurations  

A maximum strain of 0.15 was assumed to occur before fracture of the tie bars. The strain 

in the extra tie bars (behind the shear tab) exceeded 0.15 at a displacement (beam end) equal to 

about 7 mm and 10 mm for the models with 3 and 5 tie bars, respectively. It is assumed that the 

tie bars fracture at these points and the stiffness of the connections will drop significantly. 

The deformed shape (scale factor = 5) of the wall-to-floor connection with 5 extra tie bars 

(at displacement = 10 mm) and the equivalent plastic strains (PEEQ) for the components of the 

connection are shown in Fig 3-18. PEEQ values more than zero indicate the yielding of the 

material. The plastic strain exceeded 0.15 in tie bars’ cross-section at the locations close to the 

steel plate. No yielding occurred in the bolts’ shank and the corner of the bolts’ nut yielded locally. 

Yielding happened in steel plates at the location of the shear tab and the surrounding tie bars. Local 

yielding occurred at bolt holes in the shear tab and the steel beam web. 



 

Fig. 3-18 The deformed shape (scale factor =5) of the wall-to-floor connection and the equivalent plastic strain in 

the components of the connection. 



The obtained results from the numerical studies of the wall-to-floor connections with 

various steel plate detailing indicated that there is a need for a detailed design of the steel plate of 

C-PSW/CF at the connection regions to obtain satisfactory performance. Wall-to-floor 

connections may be exposed to axial loads transferring the diaphragm load to C-PSW/CF. The 

flexibility of the steel plate results in the development of large deformations (or strains) in steel 

plate and tie bars. The degradation of the stiffness of material at elevated temperatures may result 

in significant deformation and rotation of the connections. Further investigations will be conducted 

studying other connection detailing (e.g., reinforcing steel plates) to develop a connection design. 

3.3 System-Level Models 

3.3.1 Fire test 

Nonlinear inelastic FE models were developed to simulate and assess the performance of 

3D building structure under a combination of fire and gravity loads. A couple of fire experiments 

conducted on the 2-story steel framed building with composite floors in the National Fire Research 

Laboratory (NIST). The data obtained from these tests (Choe et. al. 2020) were used to evaluate 

the validity of the FE models in predicting the system level response. The tests were conducted on 

a single compartment of a two-story structural steel frame. Both tests had the same floor assembly. 

However, the difference between the two tests is presented in Table 3.3. The tests frame had three 

by two bays in plan (18 m × 11 m) with a total building height of 7.2 m, and the fire was in a large 

compartment on the first floor at the south-central bay with dimensions of 9.1 m x 6.1 m with a 

3.8 m ceiling height as seen in Fig. 3-19. All steel columns in the building were W12x106. The 

long horizontal beams in the tested bay were W16x31 with shear tab connections at the beam’s 

ends. The vertical girders in the tested bay were W18x35 with extended shear tab connections at 

the girder’s ends. All steel shapes and shear tabs were made from A992 steel and A36 steel, 

respectively. The concrete slab was lightweight concrete that had a compressive strength of 28 

MPa. The details of the concrete slab section are shown in Fig. 3-20. The tested bay was exposed 

to fire temperature following ASTM E119 time-temperature curve. The total floor load was around 

5 kPa while the adjacent floors were loaded with a uniformly distributed load of 1.3 kPa. Fig. 3-

21 shows the locations of the selected vertical and horizontal displacement sensors (labelled VD 

and HD, respectively) of the test assembly. 



 

 

 
(a) 

 
(b) 

Fig. 3-19. NIST fire test (Choe (2020)) (a) a picture during the fire test, (b) plan view of the test building showing 

the tested bay at the south center of the building. 

 



 

Fig. 3-20. Details of (a) shear tab connection, (b) extended shear tab connection (Choe (2020)) 

 

Fig. 3-21. Locations of displacement measurements with dimention in cm (Choe (2020)) 



 

Table 3.3. The differences between Test 1 and 2 (Choe (2020)) 

 Slab reinforcement Fire duration Mechanical load 

Test #1 WWR 152x152 MW 10 107 min Removed at 107 min 

Test #2 Rebar #3 131 min Kept during 2hrs cooling 

 

3.3.2 Development of FE Model  

To evaluate the overall response of a steel framed structure under fire exposure, a detailed 

FE model was developed in ABAQUS and benchmarked using data reported by Choe (2020). The 

developed FE model was used for fire resistance analysis at system level. The model includes an 

appropriate discretization of the structure, material properties, and boundary conditions. A detailed 

discussion is presented in the following sections. 

3.3.2.1 Material modeling  

Temperature-dependent material properties from Eurocode 2 (2004) and Eurocode 3 

(2005) were used with the numerical model of building the structure. These material models 

include nonlinear mechanical properties for the steel and concrete for the dynamic stress analysis. 

The structural steel elastic properties were defined using an isotropic elastic model that includes 

temperature dependency. The inelastic steel properties were defined using a plasticity model that 

include temperature dependence. The built-in model of Concrete Damaged Plasticity (CDP) 

developed by (Lee & Fenves, 1998) was used to model the temperature dependent compressive 

and tensile behavior of concrete. The stress-strain temperature relationships and thermal expansion 

(α-T) relationships for steel and concrete were developed using the mathematical models provided 

by Eurocodes 2 (2005) and Eurocode 3 (2005).  Fig. 3-22 and Fig. 3-23 show the stress-strain-

temperature relationship for steel and concrete, respectively. 



 
Fig. 3-22. Stress-strain curve of steel at elevated temperature  

 
Fig.3-23. Stress-strain curve of concrete at elevated temperature 

 

3.3.2.2 Thermal Loading  

3.3.2.2.1 Test 1  

Thermal responses obtained from Test 1 for the structural members were used as nodal 

temperature time histories. Fig. 3-24-26 show the measured temperature from the test of the 

composite beams, composite section of concrete floor slab and excerpts of the measured 

connection temperatures, respectively. The fire and mechanical loads were removed at 

approximately 107 min. These temperature histories were used to define the thermal loading while 

conducting the structural analysis to obtain the displacement response and the demanding 

connection forces. The locations used to input the measured temperatures in the slab and beam are 

shown in Fig. 3-27. As it will be discussed in the next section, only the continuous portion of the 

slab was modeled for the structural analysis. Three equally spaced locations along the thickness of 



the slab portion, and three locations along the depth of the beam used to assign the recorded 

temperature values as an input. Note that contour distribution in Fig. 3-27 is used only for 

illustration purposes in which heat transfer analysis was not performed in this study. However, 

thermal models will be benchmarked later for further analyses and investigation. 

 

Fig. 3-24. Measured temperatures of (a) W16×31 composite beam and (b) W18×35 composite girder (Choe (2020)) 

 

 
Fig. 3-25. Measured temperatures of (a) deep section and (b) shallow section of the concrete floor slab (Choe (2020)) 



 

 

(a) (b) 

Fig. 3-26. (a) Temperatures of the beam-end connection regions and (b) location of thermocouples mounted at the 

end of composite beam and the connection Choe (2020)) 
 

 
Fig. 3-27. Integration points at the composite slab with beam 

 

 

 

 

 



3.3.2.2.2 Test 2 

Similar to what it was discussed in section 3.2.2.2.1 regarding the thermal loading of Test 

1, the thermal responses obtained from Test 2 for the slab and girders were used as nodal 

temperature time histories. Fig.3-28 shows the measured temperature from the test of the 

composite beams and composite section of concrete floor slab. The fire load was removed at 131 

min which was longer than the fire load in Test 1 by 24 min. The mechanical load was not removed 

and kept during the 2 hrs. cooling. It should be noted that due to lack of connection temperatures 

data of Test 2, these data were predicted based on the available temperatures from Test 1. As 

shown in Fig.3-29, it was assumed conservatively that the difference between the bottom flange 

and the average connection temperatures from Test 1 was similar to the difference between the 

bottom flange and the connection temperature of Test 2. This prediction in this study is adopted 

temporary. However, the results will be updated once the data of Test 2 becomes available in 

literature. Fig.3-30 shows the measured and predicted temperature of the secondary beam bottom 

flange and the connection of Test 2, respectively. 

 

Fig. 3-28. The measured temperature of the composite beams and composite section of concrete floor slab in Test 

2 Choe et al. (2020)) 



 

Fig.3-29. The difference gap between the temperature of beam bottom flange and the average connection in Test 1  

 

 

Fig. 3-30. The measured and predicted temperatures time histories of the secondary beam bottom flange and the 

connection in Test 2 
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3.3.2.3 Structural analysis 

A nonlinear dynamic explicit analysis was carried out to obtain the force-deformation 

response of the structural system at room and elevated temperature. Explicit dynamic analysis is 

an ideal choice of systems with very significant non-linearity and negative stiffness. Two-node 

beam elements were used to model the beams and columns. The composite floor slab was modeled 

using 4-node with reduced integration shell elements for the concrete. The effective thickness of 

the slab was conservatively modeled as 83.5 mm thick lightweight concrete, to match the concrete 

thickness above the deck flutes. The steel deck was idealized as rebar embedded in the slab, using 

the built-in embedded rebar option in ABAQUS. This tool modifies the stiffness of the shell 

elements to account for the reinforcement in the slab. Composite action between the concrete slab 

and the supporting beam was developed by rigidly connecting the shell (S4R) elements to the beam 

(B31) elements at regular intervals as shown in the schematic in Fig.3-31. With this approach, 

fully composite behavior was modeled, and force-slip temperature behavior of the shear studs was 

not included. The contribution of the concrete slab ribs was ignored. The development and 

validation of this technique for modeling floor systems at elevated temperatures has been presented 

in detail by Cedeno et al. (2011). Additionally, Selden (2014) further validated this modeling 

approach by showing that the moment capacity of beams at elevated temperatures is the same 

regardless of the level of composite action. This is due to the significant decrease in steel yield 

strength with temperature, which causes full plastification of the beam section before shear stud 

fracture.  

 

Fig. 3-31. Schematic of modeling approach for composite floor system 

 



CB model for shear tab connections described in section 3.2.2 was adopted to simulate the 

behavior of connection at elevated temperatures. The multiple spring model shown in Fig.3-32 

was used to model the behavior of the various components of the connections and calculate the 

complete temperature-dependent coupled axial and shear force–deformation–moment–rotation 

(P– δ –M– θ-T) and (V-δ-M-θ-T) responses, respectively of the shear tab connections shown in 

Fig. 3-20. For example, Fig. 3-33 shows the coupled (P– δ – θ)  and (V– δ – θ) responses of the 

connection sown in Fig 3-20 (a) at ambient temperature. In these plot, negative values of θ 

represent the clockwise rotation of the beam end. It can be seen from the figure that the sudden 

reduction in in the plot (blue circles) which indicate the contact occurrence between the bottom 

flange of the beam and the supporting surface, which it decreases as the θ values increase. For 

instance, in Fig.3-33, for θ = 0 ̊ ,the connection loses all the strength in tension after about +21 

mm. However, in compression, this is not the case, where as the displacement reduces below -10 

mm, the connection started losing its strength up to contact occurred at about -17mm which made 

the connection to resist more compressive forces.         

        Fig.3-32 shows how the applied loading was oriented. The angle between the horizontal axis 

of the connection and the loading direction was assumed conservatively to be 30° in order to 

generate and obtain the shear forces response (V-δ-θ-T). Failure criteria was incorporated into the 

connector elements to capture and simulate any possible fracture in the connections. Cartesian 

spring was selected to define the behavior of the shear connection components. This type of spring 

has three available components of relative motion (U1, U2, and U3). By activating the axial 

component (U1) and shear (U2) in the spring, the behavior of the shear tab connection can be 

defined. In the first step of the analysis, the gravity loads were gradually applied to the structural 

system at room temperature until the loads were stabilized. In the second step, the structural system 

was subjected to predefined temperatures obtained from the test as predefined fields in the model. 

Fig. 3-34 shows the discretization of the FE model used for system level validation. 



  

(a) (b) 

Fig. 3-33. Coupled (a) P– δ – θ and (b) M-δ-θ responses of the connection 

 

 

Fig.3-32. Corresponding schematic diagram of the CB model for a shear plate connection of 3 bolts 

 



 

 

 
Fig. 3-34. The developed FE model for structural level  

 

 

3.3.2.4 Comparison between the numerical & experimental results 

The FE model was benchmarked using experimental data reported by Choe (2020) namely 

Test 1 and Test 2. A summary of the comparison results is presented in Table 3-4. The comparison 

of calculated deflections in the fire affected slab (at a distance of 1.5 m and 4.5 m from the south 

edge of the affected compartment), beams (mid- span) and lateral deflection of the southeastern 

column (at floor level) with those measured during the tests are summarized in Table 3-4. The slab 

and beams undergo a rapid rise in deflections as the temperature increases. The maximum 

deflection was obtained in the secondary beam of about 575 mm in Test 1 (which reaches a peak 

temperature of over 800 °C) as compared to 474 mm with maximum temperature of 1000 °C in 

Test 2. The reduction in temperature between the two tests are due to the increase in the slab 

reinforcement which delayed the vertical deflection by about 100 mm. The thermal expansion of 

the beams resulted in the lateral displacement of the south column in the tested bay. Fig. 3-35 and 

Fig. 3-36 show the comparison of measured and predicted displacement at point 8 in the slab and 



point 11 in the girder for Test 1 and 2, respectively. In Fig. 3-35, the FE model showed a good 

agreement during the 75 min, and then it underpredicted the peak displacement slightly in Test 2. 

However, In Test 2, predicted displacement was in a very good agreement. And that can be 

attribute to the availability of the temperatures data unlike Test 1. However, in Fig. 3-36, the FE 

result tended to overpredict the displacement slightly during the analysis in Test 1 but 

underestimated  it during cooling in Test 2 . These differences may be due to the limitations of the 

material properties or the CDP model, which it would require more investigation on different 

stress-strain curves so that it would lead to a better comparison. No failure was observed in the 

slab, beams, or column for the duration of fire exposure. The fire and the mechanical loading were 

removed at 107 min in Test 1 due to safety concern and that explains the recovery of the members 

during the cooling phase. Fig. 3-37 shows the mid-span deflection as a function of the bottom 

flange temperature. When the bottom flange temperature reached 700℃, the horizontal girder 

displacements increased at faster pace. One possible reason for that is the rapid degradation of the 

strength and the stiffness of steel at higher temperature. Fig. 3-38 shows the deformed state of the 

structural model at the end of the analysis. As seen from the figure, the portion of the slab and 

beams in the fire affected compartment undergoes significant deflection. Fig.3-39 shows the 

comparison between the test floor slab (Test 1) after cooling, showing the concrete fracture along 

the perimeter of the tested bay and the secondary beam. Additionally, the figure shows the 

distribution of the predicted cracks in the concrete slab after all the structural components have 

cooled down. Overall, the FE model was able to reasonably predict the structural response at both 

member and system levels. In addition, the CB model used to simulate the connection behavior 

showed a reasonable agreement with the experimental data, therefore, this approach can be used 

for modeling connection in the building models. 

 

 

 

 

 



 

 

 

 

 

 

(a) (b) 

Fig.3-35. Comparison of the predicted displacement with the measured response of the slab at point VD8 for (a) 

Test 1 and (b) Test 2 (test by Choe (2020)) 

  

(a) (b) 

Fig. 3-36. Comparison of the predicted displacement with the measured response of the vertical girder at point 

VD11 for (a) Test 1 and (b) Test 2 (test by Choe (2020)) 
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Fig.3-37. Displacement- temperature comparison between the predicted and the measured response at point VD5 

and VD10 for Test 1 (test by Choe (2020)) 

 
Fig. 3-38. Deformed shape of the 3D building structure  

 

 

 

 

 

 

 

 



 

 

 

Fig. 3-39. Comparison between the top of the test floor slab after colling and the predicted deformation for Test 1 

(test by Choe (2020)) 

 

 

 



 

Table 3-4. The comparison between the displacemnt obtained from the test and the predcited values from FE model 

Sensors Location 

Peak displacement 

(mm) 

Test 1 Test 2 

Exp FE Exp FE 

VD1 174 233 196 253 

VD3 434 392 373 376 

VD5 575 370 474 447 

VD7 70 67 106 95 

VD8 475 345 490 491 

VD10 212 185 280 276 

VD11 61 67 121 97 

HD4 22 39 16 22 

HD6 32 34 28 35 

HD9 33 35 - 35 

 

3.3.2.5 Connections Response 

Based on the developed FE model of a floor system from the full-scale tests performed by 

NIST, a study was done to investigate the behavior of the shear connections during fire and to have 

insights into how the connection resist the forces and deformations induced by thermal loads. It 

was found that local flange and web buckling occurred during the early stages of heating period in 

all the beam-girder/column connections (C1-C4,&C8-C9) due to thermally induced axial 

compressive forces. 

 Failure in the model is defined as the point where the either axial or shear deformation in 

the connection reachs 9.5 mm. This value represents the value of half of the bolt diameter. Due to 

the limitations of the software, this failure displacement criterion for the connector elements had 

to be independent of temperature. Fig.3-40 presents the plan view of composite connection 

location in the experimental compartment showing the abbreviation of connection from 1-10 (C1-

C10). Table 3-5 and 3-6 present the summary of the connection forces in Test 1 and Test 2, 

respectively.  



 

Fig.3-40.A plan view of composite connection location in the experimental compartment 

 

Connection  

 
 

Max Axial Force “P"  

[KN] 

Max Shear Force "V"   

[KN] 

Max Moment "M" 

 [KN.m] 

Max 

Rotation, UR 

[rad] 

Contact 

Rotation 

[rad] 

Type # 
Compression 

(+ve) 

Tension   

 (-ve) 
(+ve) (-ve) 

Compressi

on  

  (-ve) 

Tension 

 (+ve) 
  

Standard  

C1 337 140 37 2 11 3.5 0.065 

0.063 

C2 222 0 26 29 5.5 1.7 0.065 

C3 222 0 29 26 5.5 1.7 0.065 

C4 (failed) 370 0 4.5 45 8 0.5 0.095 

C7 337 140 2 37 11 3.5 0.065 

C8 (failed) 370 0 45 4.5 8 0.5 0.095 

Extended 

C5 323 280 46 10 11 4.0 0.04 

0.057 
C6 161 200 13 45 11 4.0 0.04 

C9 154 200 10 46 11 4.0 0.04 

C10 323 280 45 13 11 4.0 0.04 

 

 

 

 

Table 3-5. A summary of the connection forces from Test 1 



 

Connection 
Max Axial Force “P"  

[KN] 

Max Shear Force 

"V"   

[KN] 

Max Moment "M"  

[KN.m] 

Max 

Rotation, UR 

[rad] 

Contact 

Rotation 

[rad] 

Type # 
Compressi

on (+ve) 

Tension    

(-ve) 
(+ve) (-ve) 

Compression 

(-ve) 

Tension 

(+ve) 
  

Standard 

C1 320 0 36 0 11 0.0 0.065 

0.063 

C2 223 0 22 14 2.9 1.5 0.065 

C3 223 0 14 22 2.9 1.5 0.065 

C4 (failed) 362 0 0 23 8 0.0 0.095 

C7 337 140 0 36 11 0.0 0.065 

C8 (failed) 362 0 23 0 8 0.0 0.095 

Extended 

C5 305 125 57 0 11 0.0 0.04 

0.057 
C6 187 38 0 45 11 0.0 0.04 

C9 187 42 0 45 11 0.0 0.04 

C10 304 100 57 0 11 0.0 0.04 

 

          In all the beam-girder/column connections, the maximum compression force in Test 1 is 

close to the compression force in Test 2 and that can be attribute to the governing limit state which 

is lower flange local buckling occurring in these connections. Fig. 3-41 shows the thermally 

induced axial force time history in the heated secondary beam with temperature time history in the 

beam and connection (C3) in Test 1. Positive value represents the compressive force and negative 

values represent the tensile forces in all axial force figures. As Fig.3-41 illustrates, the axial force 

increases in the beam until the beam web buckle at 45 min. The beam continues carrying some 

forces, but the beam was losing its strength and stiffness due to the increase in the beam 

temperature. The axial capacity of the beam in compression is limited by web and flange local 

buckling near the connection during heating. The axial capacity of the beam in tension is limited 

by the tensile capacity of the connection (e.g., bolt shear, bearing) during cooling. At 60 min, the 

connection closes the gap between the girder and beam lower flange as seen in Fig.3-42, that led 

to unchanged to the axial force. At 107 min, the fire and load were removed which led to decreasing 

in the compressive force due to the beam recovery during the colling stage. Fig.3-43 shows the 

moment time history at the connection and the beam midspan for comparison, which stays well 

below the moment capacity throughout the fire. At large connection rotations, the beam contacts 

the girder, which develops moment near the connection region. This behavior is clearly visible in 

the figure. Due to the extent of the lower flange buckling, the mid span positive moment decreased 

Table 3-6. A summary of the connection forces from Test 2 



until cooling started, then the moment decreased at a faster pace developing hogging moment. The 

moment in the connection was almost zero in the beginning of fire. However, as the fire continues  

to burn and the beam starts to deflect, negative moments start to develop at the beam ends. Fig.3-

44 shows the axial time history in the connection (C6) (Fig.3-20b). This connection connects the 

east and west girder to the column in Test 1. It can be seen from the figure that the maximum axial 

force reaches at the point when the cooling phase started. In addition, the maximum value reached 

the shear strength of bolt at 500℃ which is in accordance with bolt fracture occurred in Test 1. 

Additionally, after the bolt fracture and the fire and mechanical loading removed, the axial force 

continued decreasing until turned into tensile force at later stage of the test. 

 

 

 

Fig.3-41. Axial force time history of connection (C3) 
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Fig.3-42. Rotation of connection (C3) 

 

 

 

 

 

 

 

 

 

 

Fig.3-43. Bending moment time history of connection (C3) 
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Fig.3-44. Axial force time history of connection (C6) 

 

 Similar to connection (C3) behavior in Test1, Fig.3-45 shows the connection (C3) in Test 

2 followed the same trend. However, the cooling phase started at 131 min which longer than test 

1 by 24 min. The maximum rotation which is limited by the gap distance between the beam and 

the girder, is the same for all the connection type as presented in Table 3-5 and 3-6. However, C4 

and C8, where they located in the north beam, failed due to excessive axial displacement in both 

tests as shown in Fig 3-46 and that can be attribute to the large rotation (0.095 rad) that these 
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connections reached to which exceeded the failure limit that was defined in the model (9.5mm). 

The contact  rotation value was calculated using Eq.3.3, where 𝑆 is the gap distance, and ℎ is the 

beam depth. Similarly, Fig.3-47 shows the connection (C6) in Test 2 had the same trend as C6 in 

Test 1 (Fig.3-44). The axial force exceeded the shear strength of bolts at 500℃. Then, once the 

cooling stage started, the axial force started decreasing until the end of the analysis turning the 

compressive force into tensile due to the beam recovery as the temperature decreases. Overall, the 

finite element model was  able to capture the large deformation and the change of contact 

conditions reasonably for the duration of fire. 

In summary, it can be concluded from this study that during the fire growth, the connection 

is subjected to large compression and rotation which lead to buckling in the beam. The maximum 

compressive force was reached simultaneously with beam lower flange buckling, at which time 

the compressive force decreased. Additionally, the maximum connection rotation depends on the 

gap distance between the beam and the girder, when contact between the beam bottom flange and 

the supporting surface occurred in all the beam-girder/column, which led to local buckling 

occurring during heating. So, Increasing the gap distance can be a way to delay the contact. It is 

also observed that for the connections where the contact did not happen, bolt shear failure occurred. 

Thereby, changing the bolt grade can be also a way to increase the capacity of the connection. 

Result show that the type of shear connection may change the fire response of the connection 

during the heating phase, where the all the beam-girder/column connection exhibited local 

buckling while all the other girder-column connections exhibited bolt shear failure. 

 



 

 

Fig.3-45. Axial force time history of connection (C3) 
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Fig.3-46. Axial force time history of connection (C4) 

 

 

 

 

Fig.3-47. Axial force time history of connection (C6) 

 

                                            Eq.3.3 
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3.4 Summary 

Numerical models were developed and benchmarked at both member level and system 

level using experimental results from relevant fire tests reported in the literature. ABAQUS 

software was used to perform the analyses. Two different numerical models were developed, 

namely CB and detailed 3D FE models to evaluate the capability of estimating behavior and the 

fire response of structures and structural members. Comparisons between the results of analyses 

and fire tests at both levels were made and summarized. The material properties were specified 

per Eurocode (2004) and Eurocode (2005). 

A preliminary connection study using various connection configuration with and without 

C-PSW/CF was conducted using 3D FE and CB models. CB model was only used for the 

connections without C-PSW/CF. Currently, the flexibility of the steel plate of C-PSW/CF is not 

specified in CB model. A model will be developed to predict the influence of the steel plates on 

the connections to upgrade it. Different force-displacement responses were obtained using various 

connection details such as welding the shear tab between the tie bars and welding tie bars behind 

the steel plate at the location of the shear tab. Further studies will be done to study other detailing 

in the connection region of the steel plate (e.g., adding reinforcement plate). 

System level analyses was performed using the benchmarked CB models to simulate the 

connection behavior at elevated temperatures. An FE model of a building structure, tested by 

NIST, was developed for system-level simulations. The numerical models’ results compared 

reasonably well with the data obtained from fire tests (Test1 and 2). The forces generated in the 

steel members and connections were evaluated using the FE models. 

  



4 Chapter 4 – Experimental Investigations 

4.1 General 

The designed connections for archetype structures (Chapter 2) and the obtained data from 

the numerical analyses (Chapter 3) were used to design wall-to-floor connection specimens and 

the test setup to conduct experimental investigations. The results from the fire tests will be used to 

understand the behavior of wall-to-floor connections at elevated temperatures and further 

benchmark the developed numerical models. This chapter includes a proposed experimental test 

matrix, preliminary design of test setup, and wall-to-floor connection specimens. The proposed 

test matrix is developed based on the obtained results from the numerical analysis (Chapter 3). 

Laboratory-scaled specimens for wall-to-floor connections are designed based on the designed 

walls and connections for archetype structures (Chapter 2). 

4.2 Proposed Test Matrix 

The obtained data from the structure level numerical analysis were used to evaluate the 

forces and displacements in the wall-to-floor connection during a fire event. The axial forces 

generated in the cross-sections of the steel beams for the experimental test conducted by NIST are 

presented in Fig. 3-41 and Fig. 3-44. These data were used to develop a test matrix for experimental 

investigations. 

A compression axial force was generated within the cross-section of the steel beam at the 

early stages of the fire tests. The maximum axial force occurred at an average connection 

temperature around 500 ℃ (see Fig. 3-41). Due to exposure to fire, deflection occurred in the 

beams at elevated temperatures (see Fig. 3-36). The mid-span displacement of the beam (sagging) 

increased until the unloading or termination of the heating the specimen. The deflection of the 

beam resulted in connection rotations at elevated temperatures. 

The axial compressive force within the cross-section of the steel beam reduced during the 

cooling phase. For the second test (conducted by NIST) tensile forces were developed when the 

average temperature of the connection was less than 400 ℃ during the cooling phase (see Fig.3-

47). Overall, the contraction of the material due to the temperature reduction combined with the 



deflection of the beams (sagging) results in the generation of tensile forces, acting at inclined 

angles, in the connections. 

An experimental test matrix is proposed based on the current observations from the 

structure-level numerical analyses (Table 4-1). The test matrix consists of 8 wall-to-floor 

connections’ specimens. The test matrix includes tests at ambient and elevated temperatures (20 

℃ to 600 ℃) with two types of loading directions (compression and tension) and two loading 

angles (0 rad and /6 rad with respect to the horizontal line). 

For compression tests with a zero rad. loading angle, fire tests will be conducted at ambient 

and with the connection average temperatures equal to 400 ℃ and 500 ℃. The goal for this series 

of fire tests is to study the behavior of the wall-to-floor connections at the early stages of a fire 

event. For compression tests with /6 rad. loading angle, specimens will be tested with a 

connection average temperature of 500 ℃ and 600 ℃ to evaluate the behavior of the connections 

at the later stages of a fire event. Three tension fire tests with a /6 rad. loading angle will be 

conducted (at ambient, 400 ℃ and 500 ℃) to study the behavior of the connections during a 

cooling phase. 

Table 4-1. Proposed test matix for wall to-floor connections 

Specimen Loading Angle (rad) Average Temperature (℃) Loading Direction 

1 0 20 

Compression 

2 0 400 

3 0 500 

4 /6 500 

5 /6 600 

6 /6 20 

Tension 7 /6 400 

8 /6 500 

 

Electrical high-temperature ceramic fiber heaters will be used to heat the connections 

region, beam and steel plate (of C-PSW/CF). Tests at elevated temperatures will include two steps 

namely, (1) heating and (2) loading. In the first step of the tests (heating), specimens will be heated 



to achieve the target average temperature. Then, the applied heat will be kept constant while a 

compression or tensile force will be applied at the end of the connection until failure or the 

termination of the test. 

4.3 Specimen 

The wall-to-floor connection specimen includes a C-PSW/CF with two simple shear 

connections welded to the exterior face of the C-PSW/CF. Figure 4-1 shows a schematic drawing 

of a wall-to-floor connection specimen. C-PSW/CF specimen has a cross section of 406.4 mm x 

1219.2 mm (16 in x 48 in) and a height of 4267.2 mm (168 in). A steel plate thickness equal to 

12.7 mm (1/2 in) will be used to build the C-PSW/CF specimens. The thickness of the steel plate 

is selected based on the designed walls for archetype structure with uncoupled C-PSW/CF (see 

Chapter 2). The connection parts (shear tab and bolts) will be built based on the designed wall-to-

floor connection with W16 x67 steel beam for the archetype structures. 

The details of the specimen at the connection region (using extra tie bar, reinforcing plate, 

etc.), tie bar spacing will be designed and shared with advisory panel in the next step of the project. 

 

 Figure 4-1. Wall-to-floor connection’s specimen 

 



4.4 Test Setup 

Two test setups for testing the specimens with a loading angle of zero rad. and /6 rad. are 

designed as shown in Figures 4-2(a) and 4-2(b), respectively. The test setup for the tests with a 

zero rad. loading angle includes a hydraulic jack bolted to a fixed frame. The hydraulic jack can 

apply compressive and tensile forces to the end of the steel beam in the axial direction. 

The hydraulic jack will be attached to the strong wall with at angle of /3 to the wall to 

apply inclined (/6) compressive and tensile forces to the end of the beam. Radiant ceramic fiber 

heater will be used to heat the connection, a portion of the steel beam and the steel plate of C-

PSW/CF. 

 

(a) 



 

(b) 

Fig. 4-2. Designed test setup for fire tests with (a) zero rad and (b) /6 loading angle 

4.5 Summary and Discussions 

An experimental test matrix was proposed based on the obtained data from the structure 

level numerical analysis. The test matrix includes tests with various loading angles, loading 

directions and temperatures. The proposed fire tests will be used to: (i) evaluate the behavior of 

the wall-to-floor connections during the heating and cooling phases of a fire event, (ii) benchmark 

numerical models for 3D finite element analysis for conducting parametric studies, and (iii) 

benchmark component-based models for modeling connections while conducting system-level fire 

simulations of overall building behavior under fire loading (later in the project). Two test setups 

are designed to conduct the tests. The specimens will be designed and detailed based on the walls 

and connections designed for the archetype structures earlier in the project. 
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Appendix. A. Structural Drawings 

 
Fig A-1 Framing plan for 12 story archetype structure designed for wind load (Chicago) 

 
Fig A-2. Framing plan for 12 story archetype structure designed for wind load (Miami) 



 
Fig A-3. Framing plan for 12 story archetype structure designed for seismic load 

 
Fig A-4. Framing plan for 22 story archetype structure designed for wind load (Chicago) 



 
Fig A-5. Framing plan for 22 story archetype structure designed for wind load (Miami) 

 
Fig A-6. Framing plan for 22 story archetype structure designed for seismic load 

 



 
Fig A-7. NS collectors to C-PSW/CF connection designed for wind load (Chicago) 

 
Fig A-8. NS collectors to C-PSW/CF connection designed for wind load (Miami) 



 
Fig A-9. NS collectors to C-PSW/CF connection designed for seismic load 

 

 
Fig A-10. EW collectors to C-PSW/CF connection designed for wind load (Chicago and Miami) 



 
Fig A-11. EW collectors to C-PSW/CF connection designed for seismic load 

 

 
Fig A-12. Framing elevation (gravity columns) for 12 story archetype structure 



 
Fig A-13. Framing elevation (gravity columns) for 22 story archetype structure 
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