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Seismic Performance of Wall-Slab Joints in Industrialized
Building System (IBS) Under Out-Of-Plane Reversible
Cyclic Loading

N. H. Abdul Hamid and M. A. Masrom

Abstract—This paper presents the performance of a full-scale
wall-slab joint in tunnel form system subjected to lateral cyclic
loading. The objectives are to determine seismic behavior of the
hysteresis loops, strength capacity, stiffness, ductility, damage
states and modes of failure. Wall-slab joint was tested up to
failure drift of 2.5%. Theoretical equations were developed to
calculate ductility and moment resistance of wall section. From
visual observation, a lot of cracks were occurred at joint and
upper part of wall panel. Spalling of concrete was observed at
the top part of the joints and fractured of longitudinal
reinforcement bar when the wall is pushing under out-of-plane
direction. Validation between the theoretical values and
experimental results were compared. There was a good
agreement between them. Therefore, the moment resistance
and ductility of the joint were determined and designed
accordingly.

Index Terms—Damage states, ductility, strength, stiffness.

I. INTRODUCTION

Currently, the construction industry in Malaysia is shifting
from conventional method toward modular system which
known as Industrialized Building System (IBS). IBS is the
construction system where most of the structural elements
such as beams, columns, walls, slabs and staircases are
prepared in the factories/plants and assemble at site within a
short period of time. Precast structural elements are
transported to site for erection using lorries, cranes and heavy
machineries. Tunnel form system 1is one type of
Industrialized Building System widely used in construction
of precast reinforced concrete buildings. This system has
been implemented in the construction of houses and
condominiums either in seismic or non-seismic regions. This
technique uses wet concrete at site and pours into two
half-tunnel forms steel mould to make load bearing wall and
floor slab, simultaneously. It becomes more popular as
compare to conventional method in erecting medium to
high-rise RC buildings.

One of the major issues addresses in designing of high-rise
RC building is to determine the capacity of RC structures
subjected to lateral force consists of wind and earthquake
loads. However, wind load is not a major problem in
Malaysia because wind load is too small as compare to
earthquake load. Many codes of practice were developed to
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accommodate wind load factor in determining structural
integrity and stability of the RC buildings.

Meanwhile, seismic load is always impair to the building
structure and cause the holocaust to buildings either partial or
full collapse.

A lot of past earthquakes events in Sumatra caused tremor
to the people who live in high-rise RC buildings in Malaysia.
It was reported that many Malaysian especially those who
stay in high-rise buildings felt the swaying of the buildings
during these earthquakes. It was discovered that through
building inspections, there were about 30 percent out of 65
buildings in Kuala Lumpur, Putrajaya, and Klang are very
vulnerable to earthquake. The main reason is that these RC
buildings were designed in accordance to British Standard
(BS 8110) where there is no provision for earthquake
loading.

The initial work and analysis of tunnel form building was
conducted by Balkaya and Kalkan [1]. Followed by Yuksel
and Kalkan [2] who were carried out experiment work using
tunnel form building by testing its under quasi-static cyclic
lateral loadings. They discovered the wall-slab interface
suffered severe damages after the testing. In the RC building,
the crucial zone in determining the stability of the building is
the seismic performance of joint in beam-column,
wall-foundation, wall-slab and slab-beam [3]. The reinforced
concrete joints should have sufficient strength to resist the
induced stresses and sufficient stiffness to control undue
deformations. Large deformations of joints result in
significant increase in the inter-storey displacement. Basics
seismic design requirements for RC buildings are to avoid
any collapse of the structures under strong earthquake and
remain functional under low earthquake excitations [4].

There are three basic minimum parameters need to be
fulfilled in seismic design of RC buildings in medium and
high seismic regions. The first parameter is the ductility of
structures starting from elastic to inelastic behavior which
can be measured in term of displacement, strains and
curvature. The amount of reinforcement bars in concrete is
very important in determining the ductility of structures [5].

The second parameter is the stiffness of the structure
which can be classified as brittle or flexible [6]. Brittle
structure having greater stiffness proves to be less durable
during earthquake while ductile structure performs well in
earthquake. The brittle members need strong enough to
withstand the lateral force. This force induces by yielding of
the ductile members, allowing a suitable margin to give a
high level of confidence that the brittle elements will not
reach their failure loads [7]. Predominantly, RC buildings in
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Malaysia were designed without considering the seismic
loading in RC buildings. Members in the structure should
have adequate strength to carry the design loads safely. It
should be pointed out that the designer should avoid brittle
type of failure, by making a capacity design [8].

The third parameter is the capability of the structures to
absorb earthquake energy during ground motion. The
construction materials such as concrete, steel and timber are
capable to absorb earthquake energy up to 5% only [9].
However, structures with base isolation system or
active/passive damper can absorb the energy up to 20% [10].

Most of civil engineers assume that earthquakes will not
happen in Malaysia as compare with Indonesia which located
closed to the Pacific Ring of Fire. However, they cannot
overlook this matter because Kuala Lumpur is located 450
km away from Sunda Plate. This plate is one of the most
active plates in the world with velocity movement of
70mm/year. Furthermore, there are a few sleeping fault lines
in West Malaysia such as Kuala Lumpur Fault, Bukit Tinggi
Fault and Kenyir Fault which cause very small magnitude of
earthquake between 2.8 to 4.2 scale Richter.

Therefore, the buildings in Malaysia are susceptible to
damage and risk of collapse if bigger earthquake happened in
the neighboring countries or in Malaysia. Due to that
situation, the aim of this research is to perform wall-slab
connection designed according to BS 8110 and tested under
earthquake loading. It is important to conduct an experiment
work in order to give the real scenario of the overall
behaviour of RC buildings during minor and major
earthquake. Thus, this paper is focused on the seismic
performance of wall-slab connection in IBS (industrialized
building system) subjected to reversible out-of-plane lateral
cyclic loading.

II. DESIGN OF WALL-SLAB CONNECTION

The specimen comprises of reinforced foundation beam,
wall and slab as shown in Fig. 1. The length of foundation is
1800mm, 900mm width and 400mm height. Meanwhile, the
height, width and thickness of wall panel which is seating on
foundation beam are 1500mm, 1000mm and 150mm,
respectively. The width, thickness and length of the floor slab
are 1500mm, 150mm and 2000mm, respectively. The
diameter of longitudinal reinforcement bars for the
foundation beam are 16mm and diameter of transverse
reinforcement bars are 12mm. The fabric wires mesh (BRC-7)
is with dimension of 200mm vertically and 100mm
horizontally were used in wall and slab as double layer of
wires mesh. The lapping bars from foundation beam and wall
are designed as fixed joint and comprises of fixed moment
and shear force.

III. THEORITICAL BACKGROUND

The theoretical background of wall-slab joint is similar
approach for beam-column joint which is known as Strain
Compatibility Approach. Under this approach, stress-strain
relationships of the concrete and reinforcement bars are
determined and analyzed. Fig. 2 shows the cross-section of
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wall together with reinforcement bars and curvature of the
strain at yield point and ultimate state. The performance of
wall panel under earthquake excitation can be measured in
terms of ductility, strength, stiffness and stability. Ductility
of a wall is normally determined for a particular cross section
by taking into account the yield displacement, ultimate
displacement, yield load and ultimate load of the structures.
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Fig. 2. (a) Cross section of wall, (b) Strain at yield state, (c) Strain at ultimate
state

The derivation of ductility () in terms of curvature based
on Fig. 2 is defined as
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_&(d-—kd (7

”_a(& j

ﬂ_guEs[1+mp—w/m2p2+2mp] ®)
T, x,/d



IACSIT International Journal of Engineering and Technology, Vol. 4, No. 1, February 2012

The experiment result was validated by comparing with
calculated moment resistance according to the equation (8).
The theoretical value of ductility in equation (8) is derived
based on stress diagram as shown in Fig. 3.

M =0.45f_b(0.9(0.5h—0.45x)) + AB(0.5h—

0.5AB)+ 0.5BC(0.5h— AB—BS/3)-0.5CD(0.5h—

AB—BC-2/3CD)+ DE(0.5h— AB— BC—-CD-0.5DE)
©)

where f,=678N /mm? (from tensile test), Young’s

Modulus, E, = 200 x 10 N/mm? then the strain &, when the
stress is 0.95fy is given by

£,=0.95f /(200x107)=3.22x10’ (10)

Lood Actuotor

By considering the equilibrium of forces in composite
action in the Fig. 3, it has given the moment resistance of the
section as:

If the maximum compressive strain in concrete is 0.0035
and the neutral axis depth is x, the strain in steel is to g at
depth ¢ from the neutral axis,

where
c=(¢,/0.0035)x=0.9201x (11)
X—C=Xx—0.9201/x=0.0799x (12)
Hence,

AB =0.0799x, BC =0.9201Xx,
CD =0.9201%, DE = (h—1.9201x)
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Fig. 3. Stress diagram of wall section.
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IV. CONSTRUCTION OF WALL-SLAB JOINT

The sub-assemblage of RC wall-slab joint comprises of
foundation shear wall and floor slab were constructed on
strong floor. Initially, the foundation beam’s cage was
prepared in the lab prior to the construction of formwork as
shown in Fig. 4.

Fig. 4. Preparation of foundation beam cage.

Fig. 5 shows the skeleton wall-slab joint using fabric wires
mesh (BRC-7) were cut according to the size of the floor slab
and wall panel. Reinforcement bars with 12mm diameter
were used to tie wall and slab skeleton at cross-bracing joints
with 200mm spacing between each other.

-~

1’

of wal-slab consist BR-7.

Fig. 6. Pouring of ready-mix concrete into the mould.
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Fig. 6 shows the pouring of ready-mix concrete into the
steel mould through top opening of wall panel. The wet
concrete was poured up to the level of slab steel mould and
let the wet concrete to cure and hardened for a few days.

Fig. 7 shows the finish product of wall-slab joint is seating
on foundation beam. This sub-assemblage of wall-slab joint
was painted with color before any experimental work took
place. This specimen is ready for instrumentation and
experimental set-up before start testing.

Fig. 7. The sample is ready for testing

V. INSTRUMENTATION AND EXPERIMENTAL SET-UP

Fig. 1 shows the systematic arrangement of linear
potentiometers and location of double actuator. Load cell
with capacity of 250kN is connected to double actuator and
supported by the reaction frame. A total number of ten (10)
LVDT were installed to record the deflection of sample.
Strain gauges were installed to record the strain of bars due to
alternate tension and compression stress. Strain gauges can
detect the elongation of reinforcement bar starting from
yielding, elasto-plastic, plastic and ultimate strain. The strain
gauges at reinforcement bar were installed prior to casting of
sample. The exact and detail arrangement of strain gauges
attached to the reinforcement bars (BRC-A7) are shown in
Fig. 8.

Fig. 8. Location of strain-gauge on the BRC-A7

Double actuator imposed the lateral cyclic loading on to
the wall using control displacement. While the head of load
cell is connected to steel plate and clamped to the wall by
screwed up snug tight the treaded bars. The RC wall became
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sandwiched by steel plate clamping to the double actuator
head so that the wall can be pushed and pulled laterally
during the experiment work without any gap between the
steel plates. At the of end floor slab, two steel plates are
attached to wall using high yield threaded rods. The slab is
supported by UB steel section to ensure that the support is
fixed and the wall is free to rotate in-plane. The foundation
beam is clamped to strong floor by penetrating the high yield
threaded bar through the holes located in foundation beam.

VI. TESTING PROCEDURE AND LOADING REGIME

In order to evaluate the seismic performance of the
wall-slab connection under out-of-plane cyclic loading, a
proper arrangement of loading regime and testing procedure
needs to be adopted in this experimental work. The initial
calibration of the instruments need to be carried out before
imposed any lateral load to the structures. After all the
instruments were tested and functional well, then the real test
can take place. Each drift will be tested for two cycles in
order to get better graph for the hysteresis loops. Fig. 9 shows
the loading regime which used for the tests in terms of lateral
displacement and number of cycles. The specimen were
loaded with a hydraulic actuator having 250 KN capacities
through a load cell with incremental of lateral displacements.
The load is applied in full cycles which involves push and
pull activities. At each incremental of displacement, the
maximum load was maintained constant for a few seconds in

order to measure and record the load, displacement response
of the walls and the steel strain via electronic data logger.
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Fig. 9. Loading regime for the testing procedure.

VII. VISUAL OBSERVATIONS AND EXPERIMENTAL RESULTS

Table I shows the classification of Damage States of
wall-slab joint according to percentage drift and visual
observation during experimental work. The wall-slab joint
behaves elastically up to 0.9% drift before yielding and
categorized it’s under Damage State 2. In the elastic range,
the strain in concrete and reinforcement were deformed in the
same rate.

TABLE I: CLASSIFICATION OF DAMAGE STATES

Damage State | Drift interval (%) Visual Observations
1(Operational) 0.1-0.5 o Cracks started
e Elastic behavior
2(Moderate) 0.6-1.0 ® Yielding of Wall-slab joint at 0.9% drift.
3(Major) 1.1-16 e Reinforcement yielded at 1.3% drift.
e Ultimate state at 1.6% drift
o Inelastic behavior
4(Near 1.7-2.2 e  Loose-fitting of wall- slab connection at 2.0% drift
e Sudden drop of stiffness at 2.1% drift which indicated fracturing of wall-slab connection
collapse) o Inelastic behavior
5(Collapse) 2.3-25 e No more cracks propagated
e Enlargement of cracks
e Fracturing of reinforcement
o Inelastic behavior

At 0.9% drift, the wall-slab joint behaved inelastic up to
1.0% drift. The reinforcement bar of BRC-A7 was yielded at
1.3% drift with ultimate load reached at 1.6% drift. This
phenomenon can be categorized under Damage State 3.

Damage State 4 occurred between 1.7% to 2.2% drift
where wall-slab joint loose-fitting between them. It was
followed by the sudden drop of applied lateral cyclic load at
2.1% drift. As soon as the tensile stress in the concrete
exceeding the modulus of rupture (tensile strength), the
cracking took place and the concrete immediately
experienced cracking and spalling of the concrete. The
minimum amount of longitudinal reinforcement bars in the
concrete is unable to carry the additional loads which come
from lateral loading. Fractured of longitudinal reinforcement
bars consequently enlarged the concrete cracks and caused
immediate collapse of structure can be classified as Damage
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State 5.

Table II shows the comparison between the experimental
results and theoretical values of ultimate moment and
ductility of wall-slab joint. The theoretical values were
obtained based on the equation 1 to 8 as described above. The
experimental value for ultimate moment has similar value
with theoretical value with percentage difference of 0.01%.
The corresponding ratio of ultimate moment between
experimental and theoretical values is 0.99. Therefore, there
are a good agreement between the experimental value and
theoretical value. The ductility ratio between the
experimental value and theoretical valus is 0.89 which shows
that the theoretical value is slightly higher than the
experimental. Basically, the ductility of wall-slab connection
can be considered as low since it was failed under brittle
failure mode.
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TABLE II: COMPARISON BETWEEN EXPERIMENTAL AND THEORETICAL
RESULTS OF MOMENT AND DUCTILITY.

Experiment Theoretical Ratio
Value Value values
@ 2 /2
Moment resistance
(kNm) 37.79 37.97 0.99
Ductility 2.22 2.5 0.89

Fig. 10 shows the cracks occurred at wall-slab joint.
Spalling of concrete occurred at top part of the joint when the
lateral load is applied on top of the wall. Applied lateral
cyclic loading on the sample was induced the alternate
tension and compression stress at the joints.

Fig.10: Cracks occurred wall-slab joint from side view.

Fig. 11 shows the crack on the wall from rear view during
1.6% drift. It can be observed that the higher stress was
induced many cracks at wall which closed to the vicinity of
wall-slab joint. Stress in the upper part of wall-slab joint is
greater than the bottom part. Therefore, a lot of cracks
occurred at upper part of the wall and the cracks started to
propagate from slab to both sides of the wall.

Fig. 11. Cracks at wall-slab joint from rear view.

Fig. 12 shows concrete was broken into two pieces and
fractured of reinforcement bar at wall-slab joint due to the
total loss of strength to resist the lateral cyclic load. The
upper of the wall collapsed and categorized it under Damage
State 5.
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Fig. 12. Fractured of BRC-A7 and broken of joint.

VIII. ANALYSIS OF RESULTS

Fig. 13 shows the load versus displacement for the
specimen starting from 0.1% to 2.5% drift. It can be seen that
there are two profile lines which differ in color. The blue line
profiles represent a push load-displacement characteristic
whilst the red line profile is corresponding to pull
load-displacement characteristic. It can be observed that the
load-displacement shows a proportional linear characteristic
up to 0.9% drift while in pull-load displacement up to 0.6%
drift. The wall-slab joint yielded at 0.9% drift stage and
afterwards it was behave inelastic manner. The ultimate load
is 50.38kN at 1.6% drift under pushing load and 40.62kN
under pulling load. At 1.7% drift, there is a reduction of
pushing loading due to strength degradation. Then, it was
followed by a sudden drop of load at 2.1% drift.

LVDT1

L)

Load (kN)

—4— Push lcad-dizplacement

—a— Pull load-dispiaceme

-10 1] 10
displacement {mm)

-50 40 30 -20 30 40 50

Fig. 13. Load-displacement profile of wall (LVDT 1)

Fig. 14 shows the location of strain gauge in the wall-slab
joint corresponding to their load-strain profile. The lateral
cyclic load imposed on the sample was caused alternate
compression and tension stress in the reinforcement.
Nonetheless, the tension strain was induced the greater effect
in the reinforcement rather than the compression strain. Thus,
the analysis on the load-strain behavior presented in Fig. 14
was concentrated based on tension strain developed in the
reinforcement bar.
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Load vs Strain
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Fig. 14. Load versus strain for reinforcement.

The hysteresis loops of wall-slab joint have plotted by
using the data obtained from 0.3% drift until 2.5% drift as
shown in Fig. 15. Fig. 15 shows the hysteresis loop of
wall-slab joint which based on data obtained in LVDT 1. By
observing the individual hysteresis loop at every drift
percentage, it can be discovered that the individual loop
shows the small enclosed pattern of loop. This indicate the
small energy dissipation in the system which not effective to
maintain longer under lateral cyclic loading. Consequently,
the brittle failure happened in the wall-slab connection.

Load vs Displacement (LWVDT 1)

Load (KN}

displacement [mm)

Fig. 15. Hysteresis loops of wall based on LVDT 1

LVDT 1

B'xA
S
\

N

N

—— ushireg shiffness {100 1)

—a— Pullim; stillness (LvDT 1)

stilfness (K mim)

e

0 02 04 05 0 1 12 14 16 18 I 22 24 16 13

dArif %1

Fig. 16. Stiffness profile of wall based on LVDT 1.
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Fig. 16 shows the stiffness profile of the wall-slab joint for
LVDT 1. There are two line profiles in red and blue color
which represent pulling stiffness and pushing stiffness. At
0.1% drift pushing stiffness of the wall is greater than its
pulling stiffness. The position was return back as had
occurred at 0.1 % drift previously within 0.8% to 1.8% drift
intensity. By focusing on pushing stiffness of the wall, it can
be observed that the sudden drop in stiffness was take place at
2.1% drift. Basically, the stiffness of wall in both load
direction are showing degradation in stiffness with respect to
an ascending in drift intensity. It was discovered that LVDT 2
was showed the similar pattern of stiffness as discussed in
LVDT 1.

IX. CONCLUSION

The biggest hysteresis loops were occurred at LVDT1
which located the closest to the double actuator. The
theoretical moment capacity is slightly higher than
experiment moment capacity. However, there is a good
relationship between them. The stiffness of wall-slab joint
started to decrease from 0.2% drift until 2.1% drift and lost it
stiffness after 2.1% drift. The theoretical ductility is higher
than the experimental ductility. Nevertheless, these ductility
of the wall-slab joint is still below the requirement for
seismic ductility which normally between 3 to 6. Therefore,
this type of structure needs to increase the percentage of
reinforcement bars in the concrete and proper detailing at
joint is required for seismic loading. Many cracks were
observed in the vicinity of the wall-slab joint. Most of the
cracks developed at the rear wall, bottom of slab and
wall-slab joint surface. It was discovered that the wall-slab
joint was governed by brittle modes failure. The minimum
amount of vertical and horizontal steel at the wall-slab joint
was unable to carry the additional load. Therefore, spalling
and cracking of concrete cover were observed, longitudinal
reinforcements yielded and fractured suddenly without any
warning.
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