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For example, in case of a /2"-diameter bolt where the number of threads per inch is 13:
P=1/(13-1)=0.0833" and,

H = 0.866x0.0833 = 0.0722"

Figure 1-3 Thread dimensions (from Wikipedia Commons, based on the American National
Standards Institute ANSI B1.1)

1.6 LITERATURE REVIEW

In recent years, a number of powerful finite element software packages such as ABAQUS,
LUSAS, ANSYS, and LAGAMINE have become commercially available. They have the

capability to solve a wide range of engineering problems in an efficient and accurate manner.

The basis to the finite element method as we know it today was first presented by Richard
Courant in a lecture he gave to the American Association for the Advancement of Science in
1941[38]. However, the finite element method and its full development and implementation

lagged behind until the eatly 1970's. That is when big industries started using FEA to



streamline their products. Nowadays, and with the advent of cheap supercomputing devices;
FEA has become an integral tool in the engineering design process. Many engineers have tried
to investigate the effects of elevated temperatures on steel connections with mixed results and

through different analyses approaches.

Bose et al. made the first attempt to investigate the connection response making use of finite
element analysis to study the behavior of welded beam-to-column connections by considering
strain hardening, buckling and material plasticity in the analysis. The obtained results

compared closely with the available experimental data [5].

Another early attempt to study the steel moment-connections behavior came in 1984, when
Patel and Chen analyzed welded connections where the beam was either fully welded to the
column or partially welded at the flange, and treated the connection as a two-dimensional
problem [6]. This simplified the problem greatly since there were no bolts and the whole
analysis was done in two dimensions. A general purpose program NONSAP developed by
Bathe et al. based on plane stress isoparametric elements was used for this analysis and

obtained satisfactory correlations with experimental results.

In 1988, a three-dimensional finite element analysis was conducted by Atamiaz Sibai and Frey
[7] on un-stiffened welded connections using shell elements, and showed good agreement
between the experimental and numerical results. These positive findings indicate the efficiency
and reliability of the finite element method in accurately predicting the behavior of welded

beam-to-column connections.

Krishnamurthy et al. [8] studied the behavior of bolted end-plate connections and developed

a finite element methodology for the analysis of splice-plate connections. A moment—rotation



10

relationship was established based on the analysis of a large number of geometric

configurations of connections.

Lipson and Hague [9] developed a finite element model with the primary aim of improving
the understanding of single angle connections welded to the column flange and bolted to the
beam web. Richard et al. [10] conducted finite element analyses on single web plate
connections to simulate the full connection arrangements as well as part of the beam. An
inelastic finite element model was developed to account for the bolt response based on a
statistical evaluation of tests on single bolts. In addition, Richard et al. developed a finite
element model to predict the response of double web cleat connections, and obtained a good

agreement between the simulation results and experimental data.

Krishnamurthy developed a sophisticated finite element model that takes into account the bolt
preloading and considers the support of the end-plate as rigid. The close correlation between
the numerical results and experimental data demonstrated the importance of including the bolt
heads and welds in the numerical models in order to accurately define the connection response
[11]. Based on the work conducted by Krishnamurthy et al., Murray and Kukreti [12] studied
the behavior of flush end-plate connection and eight types of extended end-plate
arrangements. K.S. Al-Jabri et al. [13] developed a 3D finite element model using ABAQUS,
in which he studied the behavior of a group of flush-end plate connections under elevated
temperatures with good agreement to some experimental results of the same connections he
conducted as part of his Ph.D. dissertation. The experimental work developed extensive data

about the moment-temperature-rotation response of bare steel flush-end plate connections.
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Recently, a detailed 3D nonlinear FE model was developed by Rahman and Mahamid et al.
[14] [15] to study shear tab steel connections. This study was published by the American

Institute of Steel Construction.

Han et al. [16] developed a nonlinear finite element model based on the elastoplastic finite
element theory to analyze the load versus deformation (P-A) relation of steel beam to concrete
filled steel tubular CFST column connections after exposure to fire. The results of the FE
model were verified against the results of full scale tests performed on similar connections;
and it proved to be reasonably accurate. The outcome of this research described the post-fire
behavior of steel beam to CEFST column connections under a constant axial load and a

cyclically increasing flexural load.

Yu et al. [41] studied experimentally shear behavior of ASTM A325 and A490 bolts in fire and
post-fire conditions. An electric furnace was used to heat a specimen of two bolts (7/8"
diameter) under double shear while a digital video camera was used to take real-time images
through an observation port. The deformations were determined based on the digital imagery
using a software. The temperature of the tested bolts was kept constant during all tests while
the shear load increased until failure; this was repeated for different temperatures (from 25 to
800°C in 100°C increments). As a result, shear strength reduction factors for A325 and A490
bolts during fire were obtained from the tests. It was also found that the residual shear strength

of the bolts after heating would be reduced by 40%0-45%.

Lu et al. [17] produced a finite element model using ABAQUS to simulate the behavior of
single lap screw connections connecting two metal deck sheets in an industrial building roof.
The model predicted the failure of the connection, when exposed to fire, under bearing of the

screws on the metal sheets. The results were not correlated to any actual testing.
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Yu et al. [18] used ABAQUS to investigate the tying capacity of web cleat connections under
fire conditions. The three dimensional finite element model developed was good enough to
reproduce the results of a full-scale test, up to the point of fracture. This is useful to indicate
the critical locations, but not enough to predict the occurrence of component failure. A

simulation of the bearing strength of bolt holes in the bolted connection was also discussed.

Rahman et al. [29] [35] used ANSYS to study the moment-rotation-temperature response of
flush end-plate bare steel connections. These connections were part of a group of connections
tested experimentally by Al-Jabri et al. [1] at the University of Sheffield in the UK and the
finite element model results were in a very close agreement with experimental results. The
finite element model utilized three-dimensional solid elements analyzed thermally and

statically.

Lien et al. [39] used the Vector Form Intrinsic Finite Element (VFIFE) method to investigate
the behavior of a few steel structures (two simply supported beams, a simply supported
column and a five-story three-span frame with localized fire) during the heating and cooling
phases of a fire. As a result, they proposed a numerical model that can effectively predict the
nonlinear behavior of each structure during both heating and cooling phases. No three-

dimensional modeling was performed and all the structures studied were linear elements.

Mao et al. [40] did experimental and three-dimensional finite element study of the fire response
of steel semi-rigid beam-column moment connections. The experimental work for this study
was performed in the fire laboratory center of the Architecture and Building Research Institute
(ABRI) in Taiwan. A single cantilever w-beam attached to a vertical column was tested multiple
times under two different loading conditions. The first type of loading was done by applying

a constant transverse loading on the beam with increasing temperature, while in the second
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type the temperature was constant with increasing transverse loading. The numerical model,

developed using ANSYS, was in a very close agreement with the experimental results.

Rahman et al. [30] also used ANSYS to study the behavior of fin-plate connections in fire.
Four types of element were used in the modeling of beams, column, fin-plate, and bolts. These
elements were: two types of 3-D solid elements, pre-tensioning elements and contact elements.
An 8-node solid brick element was used to model the entire structure and a 10-tetrahedral
element with curved edges was used to model the bolts. Despite realistic results being

predicted by the model, no experimental data was used to investigate its accuracy.

1.7 PROBLEM STATEMENT

Tension bolts in a moment-resisting steel connection, which are usually located at the top two
ot three rows, are more susceptible to failure during a fire than their compression counterparts.
That is because the top row of bolts has to carry the applied tension load as the end plate in
the connection starts to separate from the column, while in compression that same plate will

help relief some of the stress on the bottom bolts.

This research examines experimentally the effects of elevated temperatures on structural A325
steel bolts under tension loading in simulated fire conditions. It also uses finite element analysis
to predict the behavior of such bolts in similar conditions in order to validate the experimental
results and establish a reliable FE model to study fully the bolt behavior and failure
mechanism. The software used to perform the FE analysis is ANSYS Workbench, version
14.0, which is used to build a detailed three dimensional and parametric model of the tested
bolts. This FE model, once calibrated, could serve as an alternative way to experimental
investigation of the behavior of bolted connections under high temperatures, considering the

high costs and difficult setup process for testing such connections.
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1.8 RESEARCH OBIJECTIVES AND SCOPE

This research aims to:
1. Develop a practical procedure and a protocol to test steel bolts under tension loads.

2. Conduct elevated temperatures tests of A325 bolts under loading and record deflection

data.

3. Create a finite element model that accurately predicts the experimental results. The finite
element model geometry is made to be parametric, so that future research is facilitated for
any type of bolts and for different sizes. The parametric design is also useful for

performing necessary sensitivity analyses.

4. Provide criteria to define the degradation in bolts strength and plot possible failure

mechanisms.

1.9 DISSERTATION ORGANIZATION

This dissertation is divided into seven chapters:

- Chapter 1: the current chapter, which is concerned with introducing this work and relevant

background material, defining its scope and presenting relevant literature review.

- Chapter 2: lays out a description of the thermal and mechanical material properties of steel

and the effects of elevated temperatures on these properties.
- Chapter 3: details the setup and procedures used in conducting the experimental work.

- Chapter 4: covers the finite element model and analysis.
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Chapter 5: presents the results of the experimental work and the finite element model,
with a comparison between the two. In addition, it also summarizes the conclusions and

possible future work.
Chapter 6: further details about the experimental setup.

Chapter 7: lists a full description of a finite element model used in this research and details

the properties and key parameters of this model.
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CHAPTER 2

MATERIAL PROPERTIES

2.1 THERMAL PROPERTIES OF STEEL

Considerable research has been done to investigate the change in thermal and mechanical
properties of structural steel under elevated temperatures. It is clear that the strength and
modulus of elasticity of steel will decrease with the rise in temperature. However, without the
need for a thermal analysis, the thermal conductivity and the specific heat of steel could be

considered as constants.

The following sections present a short summary of some of the thermal properties of steel

that may be relevant to finite element analyses.

2.1.1 Thermal Conductivity

The thermal conductivity is the coefficient that dictates the rate at which heat is conducted
through the material. [33] There is not a significant change in thermal conductivity between
different grades of steel, so the Eurocode EN 1993-1-2 describes its change with respect to

temperature using an approximate linear equation [33], shown in Figure 2-1:

A =54 —(0.0333 x T) For 800° C >T =2 20° C 2.1-a
A=273 For 1200° C > T = 800° C 2.1-b
Where, T is steel temperature (°C)

A is the thermal conductivity of steel (W/mK)
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Figure 2-1 Coefficient of thermal conductivity of steel as a function of temperature (EN 1993-1-2)

2.1.2 Thermal Expansion
Thermal expansion is the rate at which a material length changes as a function of temperature.
The Eurocode EN 1993-1-2 gives the following equations to determine the coefficient of

thermal expansion for steel [33]:

0, =1.2x10°T + 0.4 x 10°T* - 2.416 x 10* For 750° C > T > 20° C 2.2-a
a, = 1.1x107 For 860° C >T > 750° C 2.2-b
o, =2x10°T—-6.2x 10" For 1200° C > T > 860° C 2.2-c

Where, T is steel temperature (°C)

0, is the thermal expansion of steel
A linearized form of this equation was given in EN 1994-1-2 [33]:
o, =1.4x10°T

Figure 2-2 shows a graphical representation of the variation of the thermal expansion

coefficient with respect to temperature.



EN 1993-1-2 ====EN 1994-1-2

20
o 18
X 16
=
< 14
'—
o 12
& 10
2 3
g
$ 6
w
T 4
s
= 2
w
E o0

0 200 400 600 800 1000 1200

TEMPERATURE (°C)

Figure 2-2 Coefficient of thermal expansion of steel as a function of temperature

2.1.3 Specific Heat
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Specific heat represents the amount of energy (in joules) that a material needs to gain in order

to raise the temperature of unit mass (1 kg) of the material by 1°C [33]. The Eurocode EN

1993-1-2 suggests the following approximate equations for determining the specific heat for

most steels (in J/kg.K):

C. =425+ 0.773 T = 1.69 x 10° T* + 2.22 x 10°T®  For 600° C > T >20° C

c. = 666 + 13002/ (738 —T) For 735° C > T > 600° C
c. = 545 + 17820/ (T —731) For 900° C > T >735°C
c. = 650 For 1200° C > T > 900° C

Where, T is steel temperature (°C)

¢, is the specific heat of steal (J/kg.K)

2.3-a

2.3-b

2.3-c

2.3-d

Figure 2-3 shows a graphical representation of the specific heat of steel as a function of

temper ature.
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The spike in the curve at 730° C corresponds to a phase change of steel when the steel changes

from ferrite to austenite.
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Figure 2-3 Specific heat of steel as a function of temperature

Note: Steel density and Poisson's ratio are considered independent of temperature.

2.2 MECHANICAL PROPERTIES OF STEEL

2.2.1 General Steel Properties

Under elevated temperatures the mechanical properties of steel will deteriorate, normally steel
loses most of its strength at temperatures higher than 900° C. At ambient temperatures the
yield point in the stress-strain curve can be easily identified, however, at elevated temperatures
there is not a distinctive yield point, so the yield strength is determined based on the use of
proof strength. Proof strength is the point of the stress-strain curve that intersects with a line
passing through 1% strain at the same slope as the linear portion of the stress-strain curve. An

example of determining the proof strength is shown in Figure 2-4.
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Figure 2-4 Degradation of steel properties and determination of proof strength (Buchanan [19])

To determine the stress-strain curve at elevated temperatures two methods have been
commonly utilized, transient-state and steady-state methods. In transient-state method the
load is applied constantly with increasing temperature, during the test a temperature-strain
relationship will be recorded. While in steady-state method the test model will be heated to a
specific temperature then a tensile test is performed, and the stress-strain curve is recorded

during the test.

Both methods can be used to determine the mechanical properties of steel. However, it has
been proven that transient-state tests results are more representative of actual behavior. Thus,
the test results from this method have been adopted in the Eurocode as shown in Figure 2-5

for S275 steel.

For other types of steel, the EN 1993-1-2 provides reduction factors for stress-strain
relationship of steel at elevated temperatures, these reduction factors are plotted in Figure 2-

6 for yield strength, modulus of elasticity, and proportional limit.
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Figure 2-5 Strain-stress curves at increasing temperatures for S275 steel (EC3 curves)
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Figure 2-6 Reduction factors for stress-strain relationship of steel at elevated temperatures (EC3)
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Chen et al. [30] investigated the changes in the mechanical properties of high strength and
mild structural steel at elevated temperatures. The mechanical properties of steel as described
in design standards is based on testing hot-rolled carbon steel with mild strength but not high
strength steel. The results of their investigation showed that in general the yield strengths
predicted by available design standards were conservative while the modulus of elasticity

values predicted based on transient-state tests were not conservative for high strength steel.

2.2.2 Bolts and Welds Strength at High Temperature
Figure 2-7 represents the strength reduction factors for bolts (in tension or shear) due to

elevated temperatures as recommended by Eurocode 3 (EN 1993-1-2:2005 Table D.1).
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Figure 2-7 Strength reduction factors for bolts (EN 1993-1-2:2005)

The Eurocode 3 has also provided similar reduction factors for fillet welds under elevated
temperatures, as shown in Figure 2-8. The design strength for butt welds, temperatures up to
700°C, should be taken as "equal to the strength of the weaker part joined using the

appropriate reduction factors for structural steel.”
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Figure 2-8 Strength reduction factors for Welds (EN 1993-1-2:2005)

2.3 JOHNSON-COOK MODEL

The Johnson-Cook constitutive model is used to represent the strength behavior of materials,
typically metals, subjected to large strains, high strain rates and high temperatures. With this

model, the yield stress gy varies depending on strain, strain rate and temperature.

The model defines the yield stress as:
oy = [A + B(gg’ff)’v] (1 + Clné)[1 — (Ty)M] 2.4

ng £ Effective plastic strain

14
&
g= ¢ / ¢.: Normalized effective plastic strain rate. Where & is strain rate used to determine
0

A, Band N
T-Tg

Ty = : Homologous temperature
Tm—TR

Ty Melting temperature

Ty: Reference temperature when determining .4, B and N
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The expression in the first set of brackets gives the stress as a function of strain when & = 1.0
sec' and Ty = 0 (i.e. for laboratory experiments at room temperature). The constant A is the

basic yield stress at low strains while B and IN represent the effect of strain hardening.

The expressions in the second set of brackets represent the effects of strain rate on the yield
strength of the material. The reference strain rate against which the material data was measured

is used to normalize the plastic strain rate enhancement. 1.0/second is used by default.

The expression in the third set of brackets represents thermal softening such that the yield

stress drops to zero at the melting temperature Ty [37]

The Johnson-Cook model is used in temperature-related finite element analyses, mostly related

to explicit dynamics.

2.4 AMBIENT TEMPERATURE PROPERTIES
Material properties for the specimen components at ambient temperature are listed in Table

2-1. These are the properties used in creating the finite element model in this research project.

Part Ultimate Stress Yield Stress Modulus of Elasticity
(ksi) (ksi) (ksi)x10’

A325 bolt 120 92 29

HSS 62 50 29

Steel bars 58 36 29

Table 2-1 Ambient material properties

Note: mechanical properties of all used hollow structural sections are based on ASTM A500

Grade C.



