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Abstract. The behavior of beam-column (B-C) connections received thorough investigation during the past
decades focusing on critically-detailed connections before and after strengthening. Exposure of such B-C
connections to thermal shock due to subjected to cycles of heating–cooling such as in chimneys, concrete
foundations for launching rockets carrying spaceships, concrete near to furnace, clinker silos and nuclear
power plants, or those subjected to fire then extinguished using water would aggravate the weakness of the
high joint zone. In this study, systematic nonlinear finite element analyses (NLFEA) were conducted using
ANSYS to evaluate the effects of the level of the column axial load and thermal shock impact which is a
parameter difficult to evaluate experimentally due to limitations in loading machines and requirement for
complicated testing setups. A total of eight NLFEA models were created, calibrated and properly verified with
reputable experimental literature results. The NLFEA results showed that both level of the column axial load
and thermal shock impact significantly affect the cracks distribution, failure mode, ultimate load capacity, and
ductility of the B-C connection. Column axial load levels up to 75 % were advantageous to the behavior of
virgin B-C connections. The lateral load capacities, net drifts, hysteresis loops, cracks distribution, energy
dissipation, and failure modes were presented.

1. Introduction
One of the main reasons for collapsing of reinforced concrete frame structures is the failure of the B-C
connections by shearing of the joint or column. Critical beam-column (B-C) connection details common in
buildings constructed before 1970s and still used in third-world countries include: discontinuous bottom beam
reinforcement, lap-splicing of the column bars just above the joint, and lack of joint confinement. Proper
strengthening of the B-C joint results in improved structural behavior and failure mode transformation [1].
Failure of the joint or the column is sudden and accompanied with low ductility and energy dissipation. It leads
to dangerous local collapses that may cause progressive total collapse of the structure. The other failure mode
is a desired ductile one in the beam typically at short distance from the face of the column. It is important when
analyzing the B-C connections to consider all the aforementioned failure modes.
Recent studies focused on creating numerical simulations and modeling of the B-C joint under seismic
loading. Researchers proposed three types of B-C joint models such as: rotational hinge models [2];
component models [3–5], and nonlinear finite element analysis (NLFEA) [6]. Each model has advantages and
limitations, and there is no scientific agreement on a model that is optimal for all applications. However, NLFEA
that takes into consideration materials and geometric nonlinearities provides accurate results if properly
simulated, calibrated, and validated with reputable experimental results. It also saves tremendous amount of
time and cost compared with experimental testing [6–7]. Using a strut-and-tie model, Sasmal et al. [8] found
that most of the energy was dissipated through the development of damage in the joint region, which not safe
for the stability of the entire structure. Venkatesana et al. [6] carried out experimental tests and numerical
simulations using ANSYS software for the seismic performance of exterior B-C joints before and after
strengthening with ferrocement jackets, and found that the analytical shear strength predictions were in line
with the test results. Sasmal and Nath [7] introduced a steel bracing technique to strengthen poorly designed
B-C joints, and their NLFEA using ATENA package demonstrated the improvement in crack patterns, ultimate
load, energy dissipation, and ductility after strengthening. Lima et al. [9] modeled the exterior B-C joints as
nonlinear rotational spring elements, and their results conﬁrmed that neglecting the effects of joints damage
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might potentially lead to non-conservative seismic assessment of existing reinforced concrete framed
structures. Ibrahim et al. [10] carried out finite element modeling of exterior beam-column joints strengthened
by ferrocement under cyclic loading found that the effect of orientation angle became less significant on the
ductility with increasing the number of ferrocement layers used for strengthening. More recent studies were
published [11–14] and provided good information toward better understanding of the behavior of the B-C joints,
which considered essential for future calibration of the design codes as well as repairing techniques.
Elevated temperatures cause severe damage for reinforced concrete (RC) structures, such as RC
beams. RC beams have been reported to loss strength and stiffness with relatively large permanent
deformations because of exposure to high temperatures [15]. These harmful effects could be attributed to the
deterioration of mechanical characteristics of concrete and steel rebars and the redistribution of stresses within
the beam due to the elevated temperatures [15, 16]. Currently, the most used technique to repair the heatdamaged RC beams is using carbon fiber reinforced polymer (CFRP) composites. These sheets are advanced
materials that can be easily applied on the structures and characterized by outstanding mechanical and
corrosion resistance characteristics. Various studies were performed to investigate the flexural behavior of RC
beams wrapped with CFRP. The results showed that externally bonded carbon FRP (CFRP) sheets and
laminates can enhance the flexural behavior of the beams and recover, to certain limit, the flexural strength of
heat-damaged beams. Strengthening level or recovery depends on several factors such as fire resistance
[17], elevated temperature [18, 19], fiber type [20–23], analysis type [24–28], energy integrity resistance [29],
anchored system [30], heating condition [31–33], degree of beam’s damage and geometry and type of fiber
sheet [34], and safety factors for CFRP strengthening of bridges [35].
Reinforcing concrete structures are often subjected to cycles of heating–cooling such as in chimneys,
concrete foundations for launching rockets carrying spaceships, concrete near to furnace, clinker silos and
nuclear power plants, or those subjected to fire then extinguished using water. Temperature cycles are critical
to the stability of concrete structures and require considerations upon design [36, 37]. As well stipulated, the
mechanical properties of concrete are preserved for exposure temperatures below 300 °C, yet are decreased
considerably as temperature exceeds 500 °C. Additional damage results from rabid cooling such as in the
case of distinguishing of fire with cool water due to creation of temperature gradient between concrete core
and its surface. This results in tensile stresses on the concrete surface that are high enough to crack concrete
and this considered as another source of damage results from incompatible expansion and contraction of
aggregate and surrounding cement paste. The magnitude of damage is influenced by many factors such as
the size of concrete members, the type of cement and aggregate, the concrete moisture content and the
predominant environmental factors, Those are represented in heating exposure time and rate, type of cooling,
and maximum temperature attained [38]. Different types of materials and techniques were used in
strengthening and retrofitting of existing concrete structures such as steel plates bolting, reinforced concrete
jackets, pre-stressed external tendons, and most recently FRP composite which has been used on a large
scale in different countries. FRP composites have many advantages over conventional methods represented
in ease of application, high strength-to-weight ratio, excellent mechanical strength, and good resistance to
corrosion, especially that most structures are damaged due to dynamic loads, corrosion of steel, and freezethaw cycles [39, 40].
Many reinforced concrete bridges are deteriorating due to problems related to environment and increase
in load of trucks. Also, the impact of thermal shock on the behavior of deficient reinforced concrete B-C
connections must receive miniature consideration. The scientific problem considered in the study is indeed
one of the problems in the modern theory of deficient reinforced concrete B-C connections. A lack of literature
regarding behavior of deficient columns damaged by thermal shock necessitated conducting the present
investigation. In this study, NLFEA program were carried out to find the improvements in the strength and
ductility behavior of reinforced concrete (RC) B-C connections damaged by thermal shock. This parametric
study provides systematic nonlinear FEA using ANSYS software addressing key parameters related to the
behavior of B-C connections under cyclic loading. The study takes into consideration.
The study is aimed at establishing the impact of thermal shock on the structural behavior of reinforced
concrete B-C connections. As a result of the work carried out, the following tasks were solved: (1) the effect
of the column axial load up to high levels (0, 25 %, 50 %, and 75 %), which is a parameter difficult to evaluate
experimentally due to limitations in the loading machines and requirement of a special setup; (2) the significant
reduction in strength and ductility of B-C connection due to thermal shock; (3) the impact of thermal shock on
the lateral load capacities, net drifts, hysteresis loops, cracks distribution, energy dissipation, and failure
modes. Eight NLFEA models were created, calibrated, and properly verified with the experimental results
published by Shannag and Alhassan [1]. The actual loading setup, dimensions, reinforcement details,
materials properties for the concrete and steel were considered in the NLFEA models.

2. Methods
ANSYS V16 software is an effective numerical method and important tool in the analysis of complex
structures. The main benefits that NLFEA include: 1) substantial savings in the cost, time, and effort compared
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with the fabrication and experimental testing of structure elements; 2) allows to change any parameter of
interest to evaluate its influence on the structure, such as the concrete compressive strength; 3) allows to see
the stress, strain, and displacement values at any location and at any load level. Eighteen full-scale models
strengthened using CFRP are developed to carry out different investigated parameters.

Figure 1. Specimen geometry, steel detailing, and schematic of applied loads setup
(dimensions are in mm) [1].

2.1. Experimental Work Review
The validation process of the finite element model is based on the experimental work performed by
Shannag and Alhassan [1]. The experimental work used in this paper was conducted by Shunnag and
Alhassan [6] and the basic NLFEA models were calibrated based on that tested specimens. A total of ten
nonlinear NLFEA models were created, calibrated, and properly verified with reputable experimental results,
therefore the actual member's dimensions and reinforcement details as shown in Fig. 1. The column was
rectangular with dimension 125×150 mm and 750 mm in cross-section and length, while the beam was
rectangular with 200×125 mm and 1600 mm in cross section and length. The support was hinged at the bottom
end of the column while kept free at the other end to allow for relative drift; simple rollers supported the beamsends as shown in (Fig. 1).

2.2. Description of Non-linear Finite Element Analysis (NLFEA)
Concrete is non-homogenous and brittle material and has different behavior in tension and
compression. SOLID 65 element is capable to predict the nonlinear behavior of concrete materials by using a
smeared crack approach by ultimate uniaxial tensile and compressive strengths. The average compressive
strength of the cylinders before and after being damaged by thermal shock were 25.8 and 10 MPa,
respectively, and the average splitting tensile strength of the cylinders before and after being damaged by
thermal shock were 3.1 and 0.7 MPa, respectively [41]. Poisson's ratio of 0.2 and shear transfer coefficient
(βt) of 0.2 for βt was used in this study. Fig. 2(a) shows the stress-strain relationship for unconfined concrete
which describes the post-peak stress-strain behavior.
LINK180 element was used to model the steel reinforcement. The 3-D spar element is a uniaxial
tension-compression element with three degrees of freedom at each node with translations in the nodal x, y,
and z directions. The element is also capable of plastic deformation. The steel in simulated models was
assumed to be an elastic-perfectly plastic material and the same in compression and tension. There are two
types of steel reinforcement in column, longitudinal bars (axial) with 14 mm-diameter and lateral bars (stirrups)
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with 8 mm-diameter and spacing of 250 mm, and there are two types of steel reinforcement in beam,
longitudinal bars (axial) with 14, 10 mm-diameter and lateral bars (stirrups) with 8 mm-diameter and spacing
of 150 mm. Poisson's ratio of 0.3 and the yield stress of undamaged and damaged columns were 300 MPa
and 0.78fy [42], respectively, as well as the elastic modulus were 200 GPa and 0.6Es [32], respectively, were
used for the steel reinforcement. Fig. 2(b) shows the idealized stress-strain relationship. The steel plates were
assumed to be linear elastic materials with a Poisson ratio and elastic modulus of 0.3 and 200 GPa,
respectively.
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Figure 2. Stress-strain curves for: a. unconfined concrete [41] and b. steel reinforcement [42].
Table 1. Maximum loads and drifts under cyclic loading.
Group

I

II

Maximum horizontal
load, kN

Maximum horizontal
net drift, mm

14.5

7.67

21.8

15.05

26.2

22.51

75

27.6

26.52

BC0J-D

0

9.2 (0.63)

6.19 (0.81)

BC25J-D

25

14.7 (0.67)

11.85 (0.79)

BC50J-D

50

18.2 (0.69)

17.21 (0.76)

20.4 (0.74)

20.86 (0.74)

Specimen

Axial load, %

BC0J-UD

0

BC25J-UD

25

BC50J-UD

50

BC75J-UD

Un-damaged/
Damaged

Un-damaged

BC75J-D
75
Note: C: Column, UD: un-damaged, D: Damaged

Damaged

Full model was simulated to study the behavior of the control reinforced concrete B-C connection. The
bond between the concrete and reinforcing bars was assumed to be perfect (no slippage). Also, full bond was
assumed between the concrete and HPCJ to simulate strong contact interface, so coincide nodes were
merged into single node with an appropriate tolerance. A convergence study was conducted to specify the
optimum mesh size with 25 mm element meshing size as shown in Fig. 1. The boundary conditions at the two
ends of the beam were constrained vertically Uy = 0, whereas the bottom end of the column was modeled as
hinge support. The column axial load was applied at first loading step, and then the horizontal load was applied
as displacement-controlled loading to ensure that the descending part of the load-displacement response
curve is involved. This loading was applied incrementally to avoid sudden failure (solution divergence); the
more the load sub-steps within a loading step, the more stable is the analysis process. ANSYS can
automatically divide the loading into steps, but the number of sub-steps must be inserted manually. For each
loading increment, the stiffness matrix of each element is updated each iteration to achieve the nonlinear
response convergence using Newton-Raphson equilibrium iterative method with a tolerance of 0.001.

2.3. Investigated Parameters
The ANSYS program package was used to simulate the actual seismic structural behavior of the
validated specimens as shown in Table 1. After that the simulated models were expanded to provide a
parametric study in terms of the effect of column axial load level (0 %, 25 %, 50 %, and 75 %) and thermal
shock damaged (un-damaged control B-C connection damaged B-C connection). A full description of the finite
element modeling groups is shown in Table 1.
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2.4. Validation Process
The basic NLFEA models were calibrated based on the tested specimens by Shannag and Alhassan
[1] and therefore the actual members’ dimensions and reinforcement details (Fig. 1) as well as materials
properties for the concrete and steel (Fig. 2) were considered in the NLFEA models. Proper calibration was
ensured using proper mesh size, boundary conditions, rate of loading, and considering materials’
nonlinearities. Fig. 3 (top) shows the experimental load-drift hysteresis results for a virgin (top left) and
strengthened (top right) B-C connections tested by Shannag and Alhassan [1]. Fig. 4 also shows the NLFEA
results of this study for companion models. It can be clearly seen that the agreement is very good between
the experimental and NLFEA results in terms of the ultimate load, ultimate drift, stiffness, degradation during
the pushing and pulling stages of the loading. The cracking patterns, deformed shapes, and failure modes
generated from the NLFEA were logical and in good agreement with the experimental results (Fig. 5).
30
NLFEA-S2

Load, KN

20
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-10
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50
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Figure 4. Validation of the NLFEA results with Shannag and Alhassan [1] results.

Figure 5. Typical cracks patterns.

3.

Results and Discussion
3.1. Failure Mode

Fig. 5 shows the crack patterns and the brittle failure modes of the simulated beam-column connections.
The first crack in control beam-column connection occurred in the top and the bottom of the diagonal joint area
in the pushing part of the loading while in the pulling part crack begin to appear at the top and the bottom of
the another diagonal side. Therefore, when the displacement increased the initial cracks extended from the
joints side corner diagonally and also extended in the third direction due to the cyclic load that leads to open
and closed these crack so for that reason the strength decreased. With further load increase, the cracks
extended toward the beam and column and this caused a crushing failure in the concrete. Prior to failure, the
control beam-column connection exhibited a yielding in the tension steel reinforcement at an ultimate
horizontal load of 19.0 kN and the corresponding horizontal net drift of 9.1 mm. Fig. 6 shows the stress
contours in the concrete and steel generated from ANSYS for each model. Comparing the stress contours for
the specimens of each group show that as the column axial load increases, the intensity of the tensile stress
within the joint area are is reduced and the yielding spreads more into the beam main steel. This indicates that
the column axial load is advantageous for transforming the failure from brittle one in the joint into a ductile one
in the beam, which reflects a strong column-weak beam action.
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Figure 6. Typical Stress contours in concrete and steel.

3.2. Horizontal load-displacement hysteretic loops
The horizontal load-displacement hysteretic loops for all simulated B-C joints are shown in Fig. 7
(un-damaged) and Fig. 8 (Damaged). Inspection of Fig. 8 reveals that joint BC0J-D (axial load of 0 %,
Damaged) exhibited minimum horizontal load and displacement. Joint BC0J-UD (axial load of 0 %, Undamaged) (Fig. 7) exhibited higher strength and displacement than joint BC0J-D (Fig. 8) although the imposed
Al-Rousan, R.
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lateral reinforcement in these joint region is still inadequate to transmit the failure mechanism to the RC beam.
Horizontal load-displacement loops of un-damaged joint show a considerable enhancement in the
performance in terms of horizontal load and displacement (Fig. 7 and Fig. 8) because of the un-damaged
system provided confinement to the joint rejoin by providing external cracks arresting mechanism and
improving the post cracking ductility after reaching the ultimate load capacity and displacement. Also, the axial
load level had a strong impact on the Horizontal load-displacement loops (Fig. 7 and Fig. 8) because the
compressive stress in the column increased with the increasing of axial load which leads to the initiation of
joint tensile concrete cracks that cause reduction in joint strength and maintaining the integrity of the joint
connections.
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Figure 7. Horizontal load-net drift hysteresis loops for the un-damaged B-C connections.
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Figure 8. Horizontal load-net drift hysteresis loops for the damaged B-C connections.
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3.3. Horizontal load-displacement envelopes
Fig. 9 shows the load-displacement envelopes for all simulated B-C joints were the maximum loads and
corresponding displacements attained in each half cycle (pushing and pulling). Inspection of Fig. 9 reveals
that the load and displacement increased with the increase of axial load percentage as well as the thermal
shock had a helpful impact on both load and displacement.
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Figure 9. Horizontal load-displacement envelopes of B-C connections.

3.4. Ultimate horizontal load corresponding net drift displacement
The assessment of beams for horizontal load corresponding net drift displacement shows the excellent
performance of B-C connections. For B-C connections, horizontal load corresponding net drift displacement
can be related to the serviceability and ultimate load limit states, respectively, as shown in Table 1. The
horizontal load corresponding net drift displacement percentages are defined as the horizontal load
corresponding net drift displacement, respectively, of damaged B-C connections divided by the horizontal load
corresponding net drift displacement, respectively, of damaged B-C connections as shown in Table 1. The
drift displacement indicates how much the un-damaged B-C connections can sustain deformations without
failure. Strength ratio also predicts the increase of load that the model can sustain.
Fig. 10 and 11 show the horizontal load corresponding net drift displacement with respect to undamaged B-C connections, respectively, for all simulated models. Inspection of Fig. 10 reveals that the
average enhancement percentage in horizontal load for the un-damaged is 50 %, 81 %, and 90 % for axial
load of 25 %, 50 %, and 75 %, respectively. This reflected that the ultimate horizontal load increased with the
increase of axial load percentages. Also, the average reduction percentage in horizontal load for the damaged
with respect to un-damaged is 37 % is 33 %, 31 %, and 26 % for axial load of 0 %, 25 %, 50 %, and 75 %,
respectively. Fig. 11 reveals that the average enhancement percentage in horizontal net drift for the undamaged is 96 %, 193 %, and 245 % for axial load of 25 %, 50 %, and 75 %, respectively. Also, the average
reduction percentage in horizontal net drift for the damaged with respect to un-damaged is 19 % is 21 %,
24 %, and 25 % for axial load of 0 %, 25 %, 50 %, and 75 %, respectively.

33%
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20
14.5 kN
37%

15
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Figure 10. Ultimate horizontal load of B-C connections.
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Figure 11. Ultimate horizontal net drift displacement of B-C connections.

3.5. The displacement ductility
The displacement ductility of the B-C connections was calculated from the ratio between the maximum
and yield displacements (dm/dy). Table 2 shows the maximum and yield displacements which obtained from
NLFEA results. Inspection of Table 2 reveals that the un-damaged connections BC0J-UD and BC25J-UD
exhibited poor seismic performance and due to that the joint panel failed before the beam yielding of steel
reinforcement. In contrast, BC50J-UD and BC75J-UD exhibited high displacement ductility values because of
the excellent confinement to the joint-column region by higher axial load percentage which forced the joint to
fail in a ductile behavior through formation of the plastic hinge in the beam. Also, Table 2 shows that the
displacement ductility increased with the increased of axial load. While, all damaged connections exhibited
poor seismic performance due to that the joint panel failed before the beam yielding of steel reinforcement.
Table 2. Displacement ductility values, energy dissipation, and steel strain.

Specimen

Steel
strain, µɛ

Yield
displacement
dy, mm

Maximum
displacement
dm, mm

Displacement
ductility dm/dy

Energy
dissipation,
kN.mm

BC0J-UD

916.75

Not yielded

7.29

NA

165

BC25J-UD

1375.6

Not yielded

14.30

NA

498

BC50J-UD

1651.1

2.636

21.39

8.5

918

BC75J-UD

1742.3

2.164

25.19

12.3

1150

BC0J-D

601.35

Not yielded

5.86

NA

75

BC25J-D

958.55

Not yielded

11.35

NA

250

BC50J-D

1183.7

Not yielded

16.44

NA

481

BC75J-D
1333.8
Not yielded
Note: C: Column, UD: un-damaged, D: Damaged

19.73

NA

654

Group

I

II

3.6. Energy dissipation
The energy dissipation is defined as the area under the hysteretic loop for each cyclic load so when the
building subjected to lateral loading a higher energy dissipation capability to absorb more energy. Fig. 12
shows the energy dissipation versus investigated parameter of simulated beam-column connections.
Inspection of Fig. 12 reveals that the average enhancement percentage in energy dissipation for the undamaged is 202 %, 458 %, and 598 % for axial load of 25 %, 50 %, and 75 %, respectively. This reflected that
the energy dissipation increased with the increase of axial load percentages. Also, the average reduction
percentage in energy dissipation for the damaged with respect to un-damaged is 46 % is 50 %, 53 %, and
57 % for axial load of 0 %, 25 %, 50 %, and 75 %, respectively.
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8
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Figure 12. Energy dissipation of B-C connections.

3.7. Secant stiffness degradation
The secant stiffness degradation of the B-C connections is considered as a qualitative measure of the
secant stiffness in each cycle. The method of stiffness degradation calculation involved: plotting the horizontal
load-displacement hysteretic loops envelopes of each connection and then the secant stiffness for each cycle
was calculated by dividing the summation of the maximum pushing and pulling loads on the summation of the
maximum pushing and pulling corresponding displacements (the slope of the line between the maximum
pulling and pushing and loads in each cycle) as shown in Fig. 13. Inspection of Fig. 13 reveals that the sharp
reduction in secant stiffness values for damaged connections because the first crack initiated at initial stages
of loading due to connection critical reinforcement details which caused concrete strength reduction and
softening. While the stabilized reduction in secant stiffness values is clearly shown in un-damaged connections
because the high strength concrete prevented the formation of main cracks to the joint-column region. Also,
the un-damaged concrete considerably increased the initial secant stiffness of the connections and number of
cycles. The effect of the column axial load percentage on increasing initial stiffness, stabilizing stiffness
degradation, and increasing number of cycles is clear due to the increase in column compressive stress and
reduces of the diagonal tensile stresses with the increasing of axial load. In addition, Fig. 13 shows that the
secant stiffness degradation slightly increased when the axial load increased with a percentage of 4, 7, and
10 for axial load of 25 %, 50 %, and 75 %, respectively, with respect to un-damaged connection subjected to
0 % axial load. In addition, the thermal shock had an average reduction in the secant stiffness degradation of
39 %.
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Figure 13. Secant stiffness degradation of simulated connection.

3.8. Comparison of NLFEA with other results
Comparison of NLFEA with Alhassan et al. [43], in virgin B-C connections, column axial load levels up
to 75 % of its ultimate capacity were advantageous to its structural performance and substantially improve its
lateral load capacity and ultimate net drift as a result of the induced axial compressive stresses in the joint
region that alleviate the induced shear stresses by lateral loading which experienced similar behavior of
NLFEA. The use of a higher axial load results in increase in the number of hysteresis loops indicating higher
energy dissipation, enhanced ductility, and more stabilized stiffness degradation. The intensity of the stresses
Al-Rousan, R.
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within the joint decreases and yielding of steel spreads more to the beam main steel is almost the same
performance as the NLFEA.

4.

Conclusions

1. The performance of damaged beam-column connection was poor under cyclic loading simulating
earthquake excitation, while the un-damaged beam-column connection had a significant enhancement on the
seismic behavior of the weak connections. Higher horizontal load levels and larger horizontal drift
displacements were attained and higher energy dissipation were achieved, and a significant increase in the
joint strength was recorded.
2. In general, the higher axial load percentage results in increase in the number of hysteresis loops
indicating higher energy dissipation, enhanced ductility, and more stabilized stiffness degradation. The
intensity of the stresses within the joint decreases and yielding of steel spreads more to the beam main steel.
3. The energy of un-damaged beam-column connections could be dissipated by the joint before the
system loses its stability as well as it is an indication of the joint maximum capacity to be stressed until failure.
4. Thermal shock has a significant impact on the behavior of beam-column connections. The increase
in ductility is directly related to a decrease of compressive strength due to thermal shock.
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