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Abstract. The effect of creep on the strength capacities, ductility, and failure modes
of shear-bolted lap joints at elevated temperatures is investigated. Thirteen bolted lap
joints (representing shear tab connections) are tested under different loading rates:
fast rate (10 mm/min) and slow rates (1 mm/min and 0.3 mm/min) for temperatures
ranging from 450°C to 700°C. The temperature- and the time-dependent behavior of
the lap joints are examined. The results show a change in failure mode from tear-out
failure when using fast loading rate to net section fracture when using slow loading
rates at temperatures 450°C and 500°C. The results show that the failure mode of the
bolted lap joints changed from plate failure to bolt shear failure at temperatures lar-
ger than 500°C. The slow loading rate tests resulted in a reduction in the bolt shear
capacities when compared to the fast rate tests. Moreover, finite element models are
developed to understand the change in failure mode of the connections from tear-out
failure to net section fracture and to bolt shear failure. This study is considered as a
step towards developing design guidelines for shear tab connections at elevated tem-
peratures while considering the effect of creep.

Keywords: Shear tab connections, Single shear-bolted lap joints, Thermal creep, Loading rates, Ele-
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1. Introduction

Shear tab connections are used to transfer gravity loads between the elements of a
steel structure. At ambient temperatures, these connections are designed to resist
the shear forces resulting from gravity loads. However, during a fire, their behav-
ior becomes more complex. Steel beams expand during the heating phase and con-
tract during the cooling phase of the fire. This behavior imposes additional
thermal-induced axial forces on the connection. Also, steel materials and bolts
undergo a significant loss in strength and stiffness when subjected to elevated tem-
peratures. These two factors might result in tear-out failure, block shear, bolt
shear failure, or weld rupture of the shear tab connection. Therefore, the failure
modes of the shear tab connections are affected by both temperature- and time-
dependent factors, which is also known as thermal creep [1].
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Thermal creep effect becomes significant in structural steel materials when the
temperature is larger than 400°C, which is about one-third of the steel melting
point [2]. The thermal creep effect can be defined as explicit or implicit creep. The
explicit creep model requires the steel material to be subjected to a constant load
and temperature for a specific period of time. The creep strains are then added
into the strain profile of the cross-section of the material. However, the implicit
creep model requires the steel material to be subjected to varying load, tempera-
tures, or both. The creep strains are included in the stress—strain curves of the
material [3]. Therefore, it is essential to understand the temperature- and time-de-
pendent behavior of shear tab connections during a fire, which can be represented
by single bolted lap joints [4].

Previous experimental studies investigated the effect of temperature and geomet-
ric parameters on the behavior of shear tab connections during a fire [4-7]. For
instance, experimental results showed that the failure mode of shear tab connec-
tions at 550°C changed from bolt shear to block shear of the beam web when
using Grade 10.9 instead of Grade 8.8 bolts [5]. Also, experimental results of
shear tab connections showed that the failure of the connection changed from
tear-out of the beam web at 400°C to bolt shear failure at 500°C with little to no
plate hole deformation [6]. Additionally, previous results on single shear bolted
lap joints showed that the failure mode changed from tear-out failure at 400°C to
bolt shear failure at 600°C when using different geometric parameters [4]. Also,
experimental results on bolted double splice friction joints showed that the failure
mode changes from plate bearing to bolt shear failure at temperatures above
400°C [7].

All the previous studies investigated the effect of material, geometric properties,
and temperature on the behavior and failure modes of shear tab connections at
elevated temperatures under steady-state temperature conditions. Previous experi-
mental results on bolted lap joints at elevated temperatures indicated a significant
drop of the shear bolt capacity when loaded in a slow rate manner compared to a
fast rate one [8]. However, none of the previous studies experimentally considered
the effect of loading rates or implicit creep on the behavior of shear tab connec-
tions and its different failure modes under elevated temperatures. Also, no previ-
ous studies investigated the implicit creep effect on the plate failure which is
considered a typical failure mode in shear tab connections. Therefore, this paper
aims at investigating the effect of time or implicit creep on both (1) the failure
mode and (2) the behavior of the shear tab connections at elevated temperatures.
An experimental program is conducted to study the effect of creep implicitly on
single shear-bolted lap joint connections, which are a simple representation of
shear tab connections. The loading rates used in this study are 10 mm/min (fast),
1 mm/min (slow), and 0.3 mm/min (slow) to test the single shear-bolted lap joints
under steady-state temperature conditions at temperatures ranging from 450°C to
700°C. The force—displacement relationship of the tested specimens are presented
and discussed. The effect of loading rate and temperature on the behavior and
failure modes of the lap joints are discussed. Then, finite element (FE) models are
developed to validate the experimental results. The aim of this study is to better
understand the thermal creep or time effect on the capacity, ductility, and the
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change in failure mode of shear tab connections subjected to elevated tempera-

tures.

2. Experimental Program

2.1. Test Specimens

Thirteen single shear-bolted lap joints are designed and tested at different temper-
atures and loading rates to show their effect on axial force—displacement relation-
ships and failure modes. Each specimen is composed of a 10 mm x 80 mm x
770 mm and a 20 mm x 80 mm x 770 mm S235 (A36 [9]) steel plates connected by
M24 Grade 10.9 (A490 [10]) bolt with threads excluded from the shear plane, as
shown in Fig. 1. The bolt is pre-tensioned using a pre-tensioning wrench with a
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Figure 1. Specimen setup dimensions: (a) fop view of the setup; (b)
elevation view of the setup (c) top view of the setup; (d) elevation

view of the setup.
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minimum bolt pre-tension force of 257 kN as per AISC 360 [11]. The specimens
are designed as per AISC 360 Specifications (2016) such that tear-out failure of
the 10 mm thick plate occurs at ambient temperatures and changes to bolt shear
failure at 550°C. Strength retention factors for the steel and bolt material proper-
ties available in AISC Appendix 4 [11] are used to calculate the elevated tempera-
tures capacities of the bolted lap joints.

2.2. Setup and Instrumentation

The experimental program is performed using a Tinius-Olsen Universal Testing
Machine. A fire testing electric furnace composed of three separate heating zones
and of 800 mm x 550 mm x 830 mm internal dimensions is used for the elevated
temperature tests. The specimens surface temperature is measured during the test
by placing four thermocouples of type K, T1, T2, T3, and T4, on both plates, bolt
head, and bolt nut, respectively. The four thermocouples are distributed after the
pre-tensioning of the bolt, as shown in Fig. 2a. The thermocouples are then pro-
tected by wrapping stainless steel foils to prevent direct exposure to the thermal
radiation emitted by the coils of the electric furnace, as shown in Fig. 2b. Also, to
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Figure 2. Instrumentation layout: (a) thermocouple positions (b)
stainless steel foils.



Effect of Creep on Shear Tab Connections 2519

efficiently heat the specimens and prevent heat loss during the experiments, the
internal faces of the furnace are lined with ceramic fiber wool material, and the
external surfaces are covered with the same material. The force—displacement rela-
tionships and temperatures of the thermocouples are monitored by a data acquisi-
tion system, as shown in Fig. 3.

2.3. Test Loading Protocol

All specimens are tested in steady-state temperature conditions while varying the
loading rate between different tests. The testing procedure consists of three stages.
First, the specimen is heated up until it reaches a specified temperature. After
reaching the desired temperature, the temperature is held constant for 30 min to
ensure a uniform temperature distribution among the components of the speci-
men. The specimen is loaded by a specified displacement-controlled load for the
test (10 mm/min, 1 mm/min, or 0.3 mm/min) until the full fracture of the speci-
men occurs while maintaining the selected temperature constant.

3. Test Results

3.1. Experimental Observation

An experimental program is conducted to understand the effect of loading rates
on shear tab connections behavior in fire events. Table 1 summarizes the tests per-
formed and their specified temperatures, loading rates, peak loads (P), maximum
machine displacement (A), and failure mode. The results show that at ambient
temperatures, the tested specimens failed in tear-out failure at both fast (10 mm/
min) and slow (I mm/min) loading rates, as shown in Fig. 4. However, at 450°C
the bolted lap joints failed in tear-out failure using a fast loading rate (10 mm/
min) and changed to net section fracture of the plate using a slow loading rate
(1 mm/min). Similarly, as temperature increases to 500°C, the failure mode also
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Figure 3. Full experimental setup.



2520 Fire Technology 2021

Table 1
Test Matrix and Results for Fast and Slow Rate Tests

Maximum
Temperature Peak load, displacement,
Test name (°C) Loading rate Failure mode P (kN) A (mm)
20°C-Fuast 20 10 mm/min Tear-Out 205.83 69.38
20°C-Slow 20 1 mm/min Tear-Out 172.56 71.34
450°C-Fast 450 10 mm/min Tear-Out 138.45 70.32
450°C-Slow 450 0.3 mm/min  Tear-Out 136.47 8700
500°C-Fast 500 10 mm/min Tear-Out 124.17 103.15
500°C-Slow-1 500 1 mm/min Net Section Fracture 114.49 65.56
500°C-Slow-0.3 500 0.3 mm/min Net Section Fracture 109.53 63.49
550°C-Fast 550 10 mm/min Bolt Shear Fracture 114.45 42.25
550°C-Slow 550 1 mm/min Bolt Shear Fracture 98.05 34.92
600°C-Fast 600 10 mm/min Bolt Shear Fracture 81.7 42.98
600°C-Slow 600 0.3 mm/min Bolt Shear Fracture 5791 49.36
700°C-Fast 700 10 mm/min Bolt Shear Fracture 38.04 45.33
700°C-Slow 700 0.3 mm/min Bolt Shear Fracture 21.23 47.81

(b)

Figure 4. 20°C-Fast: (a) top view of the failure; (b) profile view of
the failure.



Effect of Creep on Shear Tab Connections 2521

(b)

(©)

Figure 5. Failure of 500°C experiments: (a) 500°C-Fast; (b) 500°C-
Slow-1; (c) 500°C-Slow-0.3.

changed from tear-out failure to net section fracture of the plate when using fast
(10 mm/min) and slow loading rates (1 mm/min and 0.3 mm/min), respectively.
Figure 5a shows the plate tear-out failure at 500°C and Fig. 5b and c¢ show the
change to net section fracture when using slower rates. All tests conducted at tem-
peratures 550°C, 600°C, and 700°C, using fast (10 mm/min) and slow (1 mm/min
and 0.3 mm/min) loading rates, failed in bolt shear. Figures 6a and b show the
bolt shear failure of the fast rate test at 700°C. Also, limited hole ovalization was
observed at 700°C as shown in Fig. 6c.

3.2. Temperature-Dependent Behavior

3.2.1. Effect of Temperature on Behavior and Failure Mode The force—displace-
ment relationships are presented in Fig. 7. All experiments ranging between 20°C
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Figure 6. 700°C-Fast: (a) top view of the failure; (b) elevation view
of the fracture; (c) hole ovalization of the plates.

and 500°C failed in either tear-out failure or net section failure. However, when
tests were performed at temperatures larger than 500°C, the failure changed from
base plate failure to bolt shear failure due to the drastic degradation of the bolt
shear capacity relative to that of the base material [12]. This observation occurred
in both fast and slow rate tests. The temperature at which the failure mode shifts
from failure in the plate to failure in the bolt depends on the dimensions and
material properties of the base plate and the bolt. Figure 7 shows that the initial
stiffness of the tested specimens degrades as temperature increases for both fast
and slow loading rates. Also, it can be noticed that the bolted lap joints capacities
decrease as temperature increases. For instance, at 500°C-Fast, the maximum
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Figure 7. Force-displacement curves for: (a) Fast loading rate 20°C
to 700°C; (b) Slow loading rate 20°C to 700°C.

capacity decreased by around 40% of its strength at ambient temperatures for the
fast rate tests. Additionally, the maximum displacement of the lap joints increases
as temperature increases. This increase indicates a more ductile behavior of steel
material at elevated temperatures. For example, the maximum axial displacement
increases from 69.4 mm at 20°C-Fast to 103.4 mm at 500°C-Fast.

3.3. Time-Dependent Behavior

3.3.1. Effect of Loading Rate on Plate Tear-out Behavior The force—displacement
relationships of the bolted lap joints at ambient, 450°C, and 500°C temperatures
are shown in Fig. 8. At ambient temperature, the strength capacities for both
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Figure 8. Force-displacement curves for tests at: (a) 20°C; (b) 450°C;
(c) 500°C.

loading rates differed due to variation in material strength and geometric toler-
ance, such as plate thickness, as shown in Fig. 8a. At 450°C-Fuast, the connection
failed due to plate tear-out with a maximum capacity of 138.5 kN, as shown in
Fig. 8b. However, at 450°C-Slow, the lap joint failed in net section fracture of the
plate at a capacity equals to 136.5 kN. Also, at 450°C, the connection behaved in
a less ductile manner when using a slower loading rate due to the change in fail-
ure mode, as shown in Fig. 8b. At 500°C, three steady-state tests were carried out
to better understand the change in behavior and failure mode at different loading
rates, as shown in Fig. 8c. The 500°C-Fast experiment resulted in plate tear-out
failure with a maximum capacity of 124.2 kN. Both slow rate tests, 500°C-Slow-1
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Figure 9. Force-displacement curves for tests at: (a) 550°C; (b)

600°C; (c) 700°C.

and 500°C-Slow-0.3, resulted in a net section fracture with maximum capacities of
114.5 kN and 109.5 kN, respectively. The difference in lap joints capacities at
500°C for both 500°C-Slow-1 and 500°C-Slow-0.3 as compared to 500°C-Fast is
7.8% and 11.8%, respectively. As shown in Fig. 8c, the connection behaves in a
less ductile manner as the rate decreases from 10 mm/min to 1 mm/min and
0.3 mm/min. This indicates that net section fracture results with a less ductile
behavior of the lap joint connections. The results show that when using a slow
loading rate, the effect of implicit creep changes the failure mode from plate tear-
out to net section fracture. This change in failure mode is due to the redistribu-
tion of stresses resulting from the additional creep strains.
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Figure 10. FE Model: (a) Perspective view; (b) Elevation view.

3.3.2. Effect of Loading Rate on Bolt Shear Behavior Figure 9 shows the force—
displacement relationships of the bolted lap joints at temperatures 550°C, 600°C,
and 700°C. At temperatures larger than 500°C, the failure mode of the tested
specimens changed from failure in the base plate to bolt shear failure when using
fast and slow loading rates, respectively. The results show that the bolt shear
capacities are significantly reduced when using a slow loading rate. At 550°C-
Slow, the bolt shear capacity decreased by 14.3% compared to the 550°C-Fast
test, as shown in Fig. 9a. Then, this loss in strength, between fast and slow load-
ing rates, continues to increase until it reaches its maximum value of 44.2% at
700°C, as shown in Fig. 9c. This difference in strength capacities is due to the
implicit creep effect on the bolt material when subjected to elevated temperatures.
Therefore, ignoring the rate-dependent effect, or the effect of time, on the behav-
ior of base plate and bolt materials in the fire design of shear tab connections can
result in unsafe predictions in terms of ultimate capacity and failure of the con-
nections.

4. FE Modeling of the Lap Joint Connections

Finite element models of the tested lap joints are developed in Abaqus as shown
in Fig. 10 to better understand the change of failure mode of the connections
from tear-out failure to net section fracture when using fast and slow loading
rates. Also the change of failure mode from tear-out failure and net section frac-
ture to bolt shear failure is investigated.
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Figure 11. Comparison between results from experiments and FE
models at: (a) 450°C; (b) 500°C.

4.1. Model Discretization

Eight-node brick elements with reduced integration (C3D8-R) are used to dis-
cretize the components of the assembly model in Abaqus. Fine mesh is used in the
connection region of the lap joint to account for the high stress present in this
region. Also, the mapped meshing technique is used to discretize the bolts and the
connection region to avoid stress concentration around the bolt holes. Surface to
surface contact with a finite sliding friction coefficient of 0.3 is used to model the
contact between the plates and bolts of the modeled lap joints.

4.2. Applied Loads and Boundary Conditions

Two loading steps are developed. The first step is applying the pre-tensioning
force on the bolt. Pre-tensioning of the bolts is done by applying pressure load on
the bolt head and nut equivalent to the required pre-tensioning force. The second
step is applying the axial displacement control load. The load is applied on the
10 mm thick plate edge. A fixed boundary condition is assigned on the 20 mm
thick plate edge to simulate the experiments performed.

4.3. Material Properties

Idealized bilinear stress—strain relationships are used to represent the behavior of
the tested materials in the Abaqus models. The tensile strength of the plate mate-
rials is that of A36 material. Also, the tensile strength of the bolts material is that
of Grade 10.9 bolts. The retention factors for A36 materials proposed by Hu
et al. [13] are used. For the structural bolts, retention factors proposed by Kodur
et al. [12] are used.
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models at: (a) 550°C; (b) 600°C; (c) 700°C.

5.1. Effect of Temperature
The FE results of the lap joints are compared to the experiments performed. Fig-
ures 11 and 12 show the force—displacement curves for the FE simulations versus
the experimental results at all temperatures. It is noticed that in Figs. 11 and 12,
the force—displacement curves of the FE model are abrupt at a certain displace-
ment compared to the experimental force—displacement curves. This cut indicates
that the plate or bolt element has reached its ultimate stress capacity and accord-
ingly the FE analysis stopped at this stage since no fracture mechanism was
defined for the model. The FE simulations predict the change in failure mode

Comparison between resulis from experiments and FE
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Figure 13. FE models failure mode using 40 mm edge distance: (a)
plate tear-out at 500°C; (b) bolt shear failure at 550°C.

from tear-out failure at 500°C to bolt shear failure at 550°C as shown in Fig. 12a
and b. It can be shown that the FE models predict the force—displacement rela-
tionships with reasonable accuracy.

5.2. Effect of Loading Rate and Edge distance on Failure Mode

To account for the effect of the loading rate on the failure mode of bolted lap
joints at elevated temperatures and to better understand the change in failure
mode from tear-out failure to net section fracture, two FE models are developed.
In the models, the edge distance of the tested lap joints at temperatures 450°C and
500°C is once modeled as 40 mm and once decreased from 40 to 30 mm. This
decrease in edge distance resulted in a change of the failure mode from tear-out
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Figure 14. FE model net section fracture failure mode using 30 mm
edge distance at 500°C.

failure to net section fracture. Figures 13a and 14 show the tear-out failure and
net section fracture at 500°C, respectively. Thus, the decrease in edge distance
caused the redistribution of stresses leading to a change in the failure mode from
tear-out failure to net section fracture of the plate. Therefore, using a slow load-
ing rate at 450°C and 500°C in the experimental program, leads to a change in the
failure mode from tear-out failure to net section fracture. This is due to the redis-
tribution of stresses due to the effect of implicit creep.

6. Summary and Conclusions

This research highlights the effect of loading rate or implicit creep on shear tab
connections at elevated temperatures in terms of strength, ductility, and failure
modes. The rate- and temperature-dependent behavior of shear tab connections,
represented by lap joints, are experimentally tested at ambient and elevated tem-
peratures ranging from 450°C to 700°C under steady-state temperature conditions.
FE models are then developed to reproduce the experimental results and to better
understand the effect of temperature and edge distance on the change in the fail-
ure mode of the connection.

The results show that at 450°C-Fast and 500°C-Fast, the connection failed due
to plate tear-out. However, 450°C-Slow, 500°C-Slow-1, and 500°C-Slow-0.3 tests
showed that the connection failed due to net section fracture of the plate. At
550°C, 600°C, and 700°C, all fast and slow rate tests failed in bolt shear. Also, the
results show that the bolt shear capacity of the connections experienced a consid-
erable reduction in strength capacity between fast and slow rate tests. The change
of failure mode from tear-out failure to net section fracture and the significant
reduction in bolt shear capacity is due to the effect of implicit creep on the steel
and bolt material at elevated temperatures.

The FE models developed predict with reasonable accuracy the force—displace-
ment relationships and the failure mode of the experiments performed under the
fast loading rate. In the models with decreased edge distance from 40 to 30 mm,
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the failure mode in the models changed from plate tear-out to net section fracture
due to the reduction in edge distance. This indicates that a 40 mm edge distance is
considered not sufficient to maintain the plate tear-out failure mode when using
slow loading rates.
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