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ABSTRACT

The recent occurrence of the Sumatran earthquake in December 2004, which caused
substantial damages in Malaysia, suggests that the current design codes and practices
need to be revisited. This project aims to develop an experimental setup for the
testing of a beam-column joint under seismic loading. Analysis is also conducted to
predict the structural behaviour of the frame structure under a time-history
earthquake data. A three-storey school building in Malaysia is chosen as the case
study. The exterior and end joint of the school building is selected and samples of
that joint are constructed. An experimental setup is then designed for testing the
joint samples. The record of a 2007 Sumatra earthquake which had a magnitude of
M,=8.4 is obtained and used to investigate the time-history response of the school
building. A commercial software, STAAD.Pro is used to analyse the response of the
school building to the earthquake. The outcome from the analysis indicates that the
joint would be able to sustain the maximum moment, shear and axial forces resulting

from the earthquake.
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CHAPTER 1
INTRODUCTION

This chapter will elaborate in details the background that lead to this study, the

problem statement and also the objectives and scope of this study.

1.1 Background of Study

Malaysia is geographically blessed to be located a distant away from high
seismic regions. The nearest fault lines or active seismic sources in Sumatra, which is
about 350km away from Peninsular Malaysia, is considered relatively far away. This

classifies Malaysia in the category of ‘low seismic hazard® (Megawati, et al., 2005).

On 26" December 2004, an earthquake with magnitude of 9.1 on the Richter
scale occurred in the Indian Ocean, off the west coast of Sumatra. The tremors from
the earthquake were reported in several states along the west coast of Peninsular

Malaysia. Several recurrences that followed after the 26"

December earthquake were
also felt. This experience brought forward and instilled some alertness in the public

that Malaysia is not totally safe from earthquakes.

In actual truth, Malaysia has been experiencing tremors as a result of
earthquakes in nearby regions. Table 1.1 shows the data taken from the Malaysian
Meteorological Department’s (MMD) official website showing record of earthquakes
in Malaysia dating back to 1909. The intensity of the recorded earthquakes,
measured according to the Modified Mercalli Scale, is explained in details in

Appendix A.



Table 1.1 Earthquakes felt in Malaysia (Source: Malaysian Meteorological
Department (MMD) Official Website, http://www.kjc.gov.my/home_e.html)

Maximum Intensity Observed

Frequencies (Modified Mercalli Scale)
Peninsuiar’ Malaysia (1909 - September 2007)
Perlis 2 v
Kedah 13 \
Penang 36 VI
Perak 22 VI
Selangor/Kuala Lumpur 46 VI
Negeri Sembilan 7 Vv
Melaka 15 \Y
Johor 27 \
Pahang 7t 1]
Terengganu 1 \%
Kelantan 3 A%
Sabah (1"\79\234-Septe~t§)’_’ber 2007) o2 S G
Sabah 27 VII
Sarawak (1923 - September 2007)
Sarawak 5 Vv

A rough glance at the figures shows some coherence, that is several states
along the west coast of Peninsular Malaysia — Selangor/Kuala Lumpur, Penang,
Johor, and Perak have the highest frequencies of earthquakes. Coincidently, these are
also the most developed states in the country, with a significant number of old and
new buildings being built over the last decade. Despite charting a high growth in the
construction of new buildings, these states are now at the highest risk during the

occurrence of an earthquake.

In view of the safety of structures subjected to earthquakes. the Town and
Country Planning Department and various related parties have commenced work to
draft out guidelines that will ensure the future safety of buildings in Malaysia. As the
study of earthquake on buildings is a relatively new field in Malaysia, continuous

researches and experiments need to be conducted to assess the impacts.



1.2 Problem statement

Most of the buildings in Malaysia use concrete as its main material for
construction. This is backed up by the fact that Malaysia has an abundance of raw

materials required to make concrete.

In a recent study by Mansor et al. of the Malaysian Public Works Department
(PWD) and Universiti Teknologi Malaysia (UTM), it has been clarified that the
existing design code adopted by engineers for buildings in Malaysia does not
incorporate seismic effects. For the design and detailing of reinforced concrete (RC)
structures, engineers have been using BS 8110 ‘Structural use of concrete’. RC
designs done in accordance to BS 8110 are considered lightly reinforced. Since most
RC structures in Malaysia are based on this code, the vulnerability to earthquake risk

is very high.

In papers by Lowes and Altoontash (2003) and Pantelides et al. (2008), the
authors found out that most post-earthquake structural collapses could be attributed
to joint failure. Thus, in order to design a building to withstand earthquake loading,
emphasis on its joint detailing would be very crucial. The structures of RC buildings
in Malaysia are designed as lightly reinforced. Since the extend of earthquake
loading in Malaysia is slightly different as compared to other countries in high-
seismic zones, a more practical study on the joint behaviour should be carried out.

The study should be oriented towards the Malaysian earthquake scenario.

1.3 Objectives and Scope of Study

While previous studies done by the PWD indicate that the buildings in
Malaysia are still safe for occupancy, the reports of cracks in several buildings
indicate otherwise. In an article by 7he Star dated 13" September 2007, the local
print media reported minor cracks appearing in a hospital block in Kuala Lumpur
after an earthquake struck Sumatra. Therefore, generally this research is specifically

meant to investigate the effects of earthquake loading on RC buildings in Malaysia.

To date, limited experiments have been conducted to investigate the
behaviour of RC structures subjected to earthquake forces in Malaysia. Through this

study, the author intends to further investigate the characteristics of lightly reinforced



concrete joints in structures by conducting experimental studies.
In short, the objectives are as follows.
e Designing an experimental setup for the testing of a selected beam-column
joint.
e Analysing the effects of a Sumatran earthquake to the structure using

STAAD.Pro to find out the response of the structure.

The scope of work would cover the following:-
e The structure analysed is a school building designed by Malaysia Public
Work Department (JKR). -
e The project would only involve designing experimental setup for the testing
of the concrete joints.

e Using STAAD.Pro, time-history analysis of Sumatra 2007 earthquake will be

used to analyse its effect to the structure.



2.

CHAPTER 2
LITERATURE REVIEW

Inelastic Property of Concrete Subjected to Repetitive Loads

The main problems associated with concrete structures during earthquakes

are bending deformation and also shear force generated due to dynamic deformation

(Tatsuo (ed.) 1997). Concrete loses its resistance and stiffness when it is subjected to

high repetitive stress in the plastic zone. Figure 2.1 below shows the stress-strain

curve of concrete and the variation of tangent elasticity modulus, E, which represents

stiffness.
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As the strain in concrete increases, the stiffness gradually decreases. Quoting Tatsuo

(ed.) (2008),

“A peak stress point is observed when the strain is in the range of 1.5 x Vijcks

2.5 x 107, After this, stress begins to reduce, indicating negative stiffness.”
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The stress-strain curve envelope under repetitive loading also shows

similar pattern as the curve envelope under static loading.(Refer Figure 2.2)

2.2 Beam-Column Joints

In an incidence of an earthquake, structural failure may occur in 2 modes as
described by Erdey (2007):-

e Overall failure — involves collapse or overturning of the entire structure.

e Component failure — failure of one or more structural elements, mostly joints,

due to a type of damage that makes the structural component or joint

unusable.

The mechanism of overall failure will not be discussed here. More details on
component failure, particularly in joints, will be explained. Figure 2.3 shows the joint

degradation of a concrete structure.



Figure 2.3. Initial stages of column joint degradation in the progressive failure of a
fashion center parking structure in the Whittier Narrows earthquake, 1987.
(Source: Erdey, 2007)

Erdey (2007), on his explanation of the failure of the fashion center parking
structure, described:-
“...during each aftershock, the large, rapidly reversed horizontal shear forces
produced a grinding action at the beam-column joint that pulverized the
concrete until it totally disappeared. Once the concrete was gone, the slender
rebars, lacking lateral confinement, could no longer support the weight of the

massive concrete floor structure and buckled.”

In a study by Laura and Altoontash (2003) and Pantelides et al. (2008), they
reported that RC buildings constructed before the 1970s had beam-column joints
with no steel hoops provided at the joint region. The consequence of this orientation
was serious stiffness and strength loss. Also, longitudinal bars had insufficient
anchorage passing through or terminating in the joint. In certain cases, the building
joints designed according to older standards were found to be insufficient, thus
resulting in the damage or collapse of the structure during earthquakes. Another
beam-column joints failure reported by the authors was due to the pullout of the
bottom steel reinforcement at the joint which was not embedded sufficiently into the
column. Pantelides et al. (2008) also reported a reduction in bond strength for
longitudinal bars with relatively large diameter passing through a column of

relatively small depth.
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2.3 Earthquakes

Worldwide, earthquakes are being monitored round the clock by various
seismic agencies such as the United States Geological Survey (USGS) and
Earthquake Engineering Research Institute (EERI). Continuous monitoring has
enabled us to draft out a global incidence map of previous seismic events. This has
helped in the prediction of earthquakes and consequently the reduction in casualties

and damages. The following Figure 2.4 shows the global seismic activities to date.
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Figure 2.4. The active volcanic and earthquake zones.

In Malaysia, we are indirectly affected by the Sumatran seismic zone which
consists of 2 sources, the Sumatran fault and the Sumatran subduction zone (Refer to
Figure 2.5). While the Sumatran fault is only capable of producing earthquake
magnitudes of not more than 7.8, the Sumatran subduction zone however has a
higher magnitude potential (Megawati, et al.,2005). The highest magnitude recorded
due to the Sumatran subduction was in 1833 with a magnitude of 8.8-9.2 (Adnan and
Irsyam, 2002). As Kuala Lumpur is located at about 500km away from the
subduction zone, this would mean that an earthquake with magnitude M;=8.5 would

result in devastating ground motions. It was estimated that the recurrence interval of

the 1833 incident was 265 years.
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Bolt (2003), in his work described that earthquakes can be associated with 3
types of elastic waves:-

e Primary or P wave — It is the faster of the waves and propagates with a
motion similar to that of sound, i.e. it compresses and dilates the rock. This
wave can travel through both solid rock and liquid material (Refer to Figure
2.6a).

e Secondary or S wave — It is the slower wave and cannot be transmitted
through liquid. When it propagates, it shears the rock sideways at right angles
to the direction of travel. (Refer to Figure 2.6b)

e Surface wave (Love & Rayleigh wave) — The Love wave is almost similar to

that of the S wave, however it moves the ground sideways in a horizontal



plane, at right angles to the direction of propagation (Refer to Figure 2.6c).
The Rayleigh wave has both vertical and horizontal movement similar to that

of rolling ocean waves (Refer to Figure 2.6d).
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Figure 2.6. Ground motion near the ground surface in four types of earthquake
waves. (Source: Bolt, 2003)

Earthquakes are difficult to measure and can only be detected by
electronically sensitive equipments called seismograph. These equipments produce
graphs called seismogram that show the ground motion at a measuring station. In
general, a seismogram of an earthquake has certain characteristics. It shows the
arrival time of the P-waves, S-waves, and surface waves. The following Figure 2.7

shows an example of a seismogram.



Earthquake: Jan Mayen Island (71.84N 1.49W), June 15, 1995, M=5.0
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Figure 2.7 The seismogram of an earthquake
(Source:chuma.cas.usf.edu/~juster/A2/seismogram.gif)

2.4 Cracks and Cyclic Loading

Concrete in general would experience cracking due to numerous factors such
as shrinkage, creep, deformation and settlement. However, BS 8110 has taken into
account the allowance for certain crack widths in the design of concrete structures. In
a paper by Walraven (1994), the author highlighted an experiment that investigated
the effect of flexural shear on a beam that had been axially loaded earlier until
cracking occurred. The result of the experiment showed that the vertical cracks
across the cross section of the beam did not have a significant effect on the flexural
strength of the beam.

During the occurrence of an earthquake, buildings will be subjected to a
repeated loading-unloading process call cyclic loading. The force induced on the
building is caused by the building’s relative movement to the ground acceleration.
The paper by Walraven (1994) stated that there is difference in strength of concrete
between the first and subsequent loading cycles.

..This can be explained by the irreversible damage to the cement
matrix...any new cycle of loading leads to further damage of the crack faces,
resulting in steadily increasing values of the shear displacement and the crack
width at peak loading”

(Walraven, 1994)



2.5 Earthquake Related Tests

While conducting numerical analysis would enable mathematical co-relations
to be established, it is still important to conduct simulated earthquake tests. These
tests would assist in providing a clearer picture and enhance understanding regarding
structural behaviour when subjected to earthquake loading. Some previously

conducted tests are briefly discussed.

2.5.1 Simulated Seismic Load Tests on Reinforced Concrete Columns — by

Watson and Park (1994)

Watson and Park (1994) carried out simulated seismic load tests on RC
columns with various quantities of transverse reinforcement to obtained more
suitable equations for the design of transverse reinforcement. 11 RC columns, each
3.9m high with 400mm square or octagonal cross section were subjected to low,
moderate or high axial compressive loads and to reversible quasi-state lateral loads
that resemble severe earthquake loading (Refer to Figure 2.8). Reference is made to
the American (ACI 318-89) and New Zealand (NZS 3101) code for the detailing of

the reinforcements. (Refer to Figure 2.9)
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Figure 2.8. Dimensions of Column Units and Loading Arrangements
(Source: Watson and Park, 1994)
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Figure 2.9. Reinforcement detailing (Source: Watson and Park, 1994)

The reversible quasi-static load was applied at the mid-height of the column
through a loading frame by a hydraulic jack. A universal testing machine was used to
apply the axial compressive load at each end of the column.

It was found that the design charts adopted for ductility gave a more
satisfactory prediction of column behaviour but yet conservative predictions. Hence,
the derivation of the refined design equations for the quantities of confining

reinforcement (required in the potential plastic-hinge regions of columns) is justified.

2.5.2 Modeling Reinforced-Concrete Beam-Column Joints Subjected to Cyclic

Loading — by Lowes and Altoontash (2003)

The authors reviewed experiments by other researchers and found out that
joint failure can be attributed to shear and anchorage failure at the joints. They then
developed a model to represent the response of reinforced-concrete beam-column
joints under reversed cyclic loading. The joint model explicitly represents the
mechanisms that may determine inelastic joint action through the combined action of
one-dimensional shear panel, bar-slip and interface-shear components. It is a four-
node, 12-degree-of-freedom element that can be use in two-dimensional nonlinear

analysis of RC structures. The model is showed in Figure 2.10.
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Several models were simulated and observed to determine the response of the
proposed model. Through the results, it can be concluded that the proposed model
represents the fundamental characteristics of response for joints subjected to

moderate shear forces.

2.5.3 Seismic Rehabilitation of Reinforced Concrete Frame Interior Beam-

Column Joints with FRP Composites - by Pantelides, et al. (2008)

The authors conducted an experimental research to investigate the usage of
carbon fiber-reinforced plastic (CFRP) for seismic rehabilitation of RC interior
beam-column joints. CFRP was aimed at improving storey shear capacity,
displacement ductility, energy dissipation and inelastic rotation capacity of the joint
under simulated seismic load.

The research is based on the understanding that RC buildings constructed
before 1970s have beam-column joints with insufficient shear strength. This fact
becomes even more significant when several building collapses due to inadequate
Jjoint confinement were reported during earthquakes.

Pantelides, et al. tested 2 types of beam-column joints; Type | had a beam
406mm wide and 610mm deep, while Type Il has a beam 406mm wide and 406mm
deep. Both types had a column with dimensions 406x406 mm. The detailing of the
reinforcement followed older standards like the ACI Building Code Requirements
for Reinforced Concrete 318-63 (ACI 1963). The experimental setup is as shown in

Figure 2.11.
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The end result of the experiment showed that CFRP was successful in

promoting ductile behaviour by delaying brittle joint shear failure and pullout of the

beam bottom steel bars at the joint.

2.5.4 Dynamic Shear and Axial-Load Failure of Reinforced Concrete Columns

— by Elwood and Moehle (2008)

The authors conducted an experimental research using shaking table tests to
investigate the behaviour of a frame subjected to simulate earthquake motion. The
global response of the frames and the shear and axial-load response are discussed in

the paper. Figure 2.12 shows the specimen that was tested.
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Figure 2.12.  Shaking table test specimen by Elwood and Moehle.
(Source: Elwood and Moehle, 2008)

Quoting Elwood and Moehle (2008), “Shaking table tests were designed to
observe the process of dynamic shear and axial-load failures in reinforced concrete
columns when an alternative load path is provided for load redistribution.” The
centre column was designed to undergo shear and axial load failure during testing by
having wide spacing of transverse reinforcement. Theoretically, the shear and axial
load would then be redistributed to the 2 outer columns.

Column axial-load stresses were simulated by adding introducing 31,000 kg
of mass (equivalent to a seven-storey building). The additional axial load needed to
induce failure in the centre column was achieved using a pneumatic jack.

The result from the experiment showed that redistribution of loads happens
during shear and axial-load failure of a reinforced concrete column. This could be

observed from the sudden dynamic amplification of the axial loads transferred to the

outer columns as the centre column failed.
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CHAPTER 3
METHODOLOGY

This chapter will be provide more details on the overall project flow, determination
of sample, theory used for design and calculation of the specimen and support

system, sample preparation, and the experimental setup.

3.1 Project Flow Chart

Generally, this research can be divided into 2 different stages: Stage 1 and
Stage 2. Pre-experimental works are done in Stage 1 and covers literature review,
developing experimental setup, design of specimen, support system, and testing jig,
and seeking quotation from suppliers.

Setting of experimental works are done in Stage 2 and involves procurement
of materials, setting up of experiment, software analysis using STAAD.Pro. results
and discussion, conclusion, and the completion of this research. The summary of

project flow is as shown in Figure 3.1.

Literature Review

l

Develop experimental setup

l

Obtain data of time-history of an earthquake

!

Analyse time history response of a structure due to the

earthquake

!

Results and discussion

Figure 3.1. Summary of project flow
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3.2 Developing Experimental Setup

The following will explain the process of selecting the joint sample,

estimating the joint capacity, and the steps used for the design of the support system.

3.2.1 Selection of Sample

Choosing a school building as a case study, the design of the structure is
reviewed. The design had been done by the Malaysia Public Works Department
(PWD) in 1991. This case study is suitable in this context due to the design standard
which was based on BS 8110:1985. The first step required was to select a joint to be
investigated. An external beam-column joint as shown in Figure 3.2 was selected due
to constraints of the testing equipment. The structural drawing of the building is

available in Appendix B

column

gl D = e
i

Figure 3.2. Joint selected for the experiment

During an earthquake, a building is subjected to ground acceleration, thus
inducing lateral forces on the structure. In order to simulate the earthquake lateral
force acting on the joint, the sample needs to be reoriented. Figure 3.3 shows the
proposed orientation of the joint sample to be tested.

The selected joint is rotated 90° for several reasons:-
1) The apparatus is only limited to applying force in the vertical direction. There
are no other apparatuses available in-house to simulate the horizontal force.

2) No specific mounting frame was fabricated in order hold the column in its



actual position. It was more economical to utilize available apparatuses and

fabricate lesser new ones.

column

Vertical
force

<$=m |ateral

force

T

After 90° rotation

Figure 3.3. Proposed orientation of the beam-column joint for tesfing.

Having selected the joint, the detailing of reinforcement bars and dimensions
were determined based on the structural drawings by PWD. The length of column
was fixed at 3250mm, taking the vertical distance from the middle of one floor to the
floor above. The column had a cross section of 350mm depth and 250mm width. The
main reinforcement bars for the column were 4-Y20. with shear links of R10-200.

There are two different sizes of beams in this joint. The beam parallel to the
direction of the applied force had a depth of 550mm and a width of 200mm. The top
and bottom reinforcement bars used were 2-Y20 respectively, with shear links of
R10-200. The beam perpendicular to the direction of the applied force had a depth of
550mm and a width of 150mm. The top and bottom reinforcement bars were 2-Y 16
respectively, with shear links of R10-250.

Besides the two beams mentioned earlier, a third beam was also introduced,
having a depth of 550mm and width of 200mm. The purpose of introducing this
beam was to act as a restraint for the joint (from the top) and also to provide a
surface for applying the load. The beam would have similar reinforcement details as

the other beam with similar dimensions; however, this end of the beam would have
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its reinforcement protruding out and threaded to facilitate connection with the testing
apparatus. All R10 bars used as shear links were replaced with R9 bars and spaced at
an equivalent spacing because of the unavailability of R10 bars at the time of casting.
R10-200 was replaced with R9-175, while R10-250 was replaced with R9-200.

The following Figure 3.4 shows the final detailing of the joint.

A
T
q
L " J
: Y20
FRONT VIEW
LIGHTLY REINFORCED JOINT SPECIMEN (350 X 250) SECTION A-A

Figure 3.4. Lightly reinforced joint detailing

3.2.2 [Estimating joint capacity

Based on the proposed orientation of the beam-column joint, it can be
assumed that the column would now behave as a beam. The beam, which acts as a
restraint and also gives strength to the joint, is ignored in the computation of the joint
capacity. Given the dimensions of the column and the reinforcements, the capacity of

the joint can be estimated.

e Concrete grade = 30N/mm?*

e Depth, H=350mm;

e Width, B=250mm;

e Cover=40mm;

e Reinforcement bar strength, f, = 410N/mm? / 460N/mm? / S00N/mm’

e Area (020mm rebar), A, = 314mm’



Since all samples were out-sourced, there was a possibility that the contractor
replaced the Y-type bars with the T-tvpe bars due to difficulty in obtaining the Y-
type bars. Three types of bar strengths were used in the estimation of the joint
capacity. The column was assumed to be a singly reinforced rectangular section in
bending. Bending of the section will induce a resultant tensile force Fy in the
reinforcement steel and a resultant compressive force in the concrete . which acts

through the centroid of the effective area of concrete in compression (Figure 3.5).
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Figure 3.5. Singly reinforced section with rectangular stress block

For equilibrium, the compressive force in the concrete should be balanced by

the tensile force of the reinforcement.

FL‘L‘ 3= Fs‘l
0.45f.,bs = 0.95f4,

The moment of resistance of the section is given by,
M=Fyxz
Since the loading that will be applied on the joint samples during testing will

be a point load, the moment of resistance computed should be converted to an

equivalent point load by the formula:-

. ) . PL
Bending moment due to point load acting at centre span, M = e

Point load, P = % M



Detailed computation for the estimation of joint capacity is shown in Appendix C.

Table 3.2 summarizes the computation of the joint capacity.

Table 3.1. Joint capacity

Bar strength, fy Moment of resistance Equivalent point load
(N/mm?) (kNm) (kN)
410 64.52 7941
460 71.17 87.59
500 76.31 93.92

3.2.3 Design of Plate Girder Supports

As there are no existing methods or equipments available to support the
specimen during the “pushing and pulling” action while testing, a customized support
system needs to be built. The design of this support system, incorporating plate
girders is done in accordance to BS5950:2000 Part 1.

From the estimation of joint capacity, the point loads are multiplied with a
safety factor and used in designing the plate girder support. After several trial and
errors, the following dimensions were determined for the plate girder design. The
detailed calculation can be referred to in Appendix D. The Figures 3.6 and 3.7 are the

cross-section and isometric views of the 1255mm x 200mm x 100mm plate girders.

Figure 3.6. Cross-section of the 1255mm x 200mm x 100mm plate girder
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Figure 3.7. [sometric view of the 1255mm x 200mm x 100mm plate girder

Figures 3.8 and 3.9 shows the cross-section and isometric view of the 975mm

X 200mm x 100mm plate girder.

Figure 3.8. Cross section of the 975mm x 200mm x 100mm plate girder
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Figure 3.9. Isometric view of the 975mm x 200mm x 100mm plate girder

The use of the plate girders will be shown in the following chapters. Table 3.3
summarizes the estimated moment capacity of the plate girders. It can be seen that
the plate girders are designed to have additional capacity and would not fail even

though the concrete joint samples have reach their ultimate capacity.

Table 3.2. Moment capacity of plate girders

Plate girder Imposed Moment Status Additional
section moment (kNm) | capacity (kNm) capacity (%)
1255 x 200 x 100 31.375 45.54 OK! +31.1
975 x 200 x 100 24.375 43.73 OK! +44.3

28




3.2.4 Design of Bolted Connection

Connection A

0
- e

Connection B

Figure 3.10. Connection detail of support system

In order to attach the support system together, bolts and nuts are used. The

design for the connections is done in accordance to BS5950:2000 Part 1.

Connection A
Based on the highest point load acting on the support of 93.92kN (assume 100kN),
the area of bolt required to sustain the tension force can be calculated. Taking the

tension strength of bolt, fy = 460N/mm’ . the force acting per bolt is,

Therefore, the area of bolt required is given by,

25x10°N

Ay e = 54.35mm’
T 460N [ mm”
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Connection B
Taking the tension strength of bolt f| = 460N/mm’ | the area of bolt required is given
by,

" 100x10°N

= —=217.39mm’
460N/ mm”

The following Table 3.4 shows the diameter of bolts with their corresponding tensile
stress area. For Connection A and Connection B, the bolt with diameter 16mm and

24mm was selected because it had larger tensile stress areas than the required one.

Table 3.3. Bolt diameter and corresponding tensile stress area

Diameter of | Tensile stress
bolt, D (mm) | area, A, (mm°)
12 84.3
16 1557
20 245
7 303
24 353
Al 459
30 561

3.2.5 Experimental Setup

The experiment involves the use of a dynamic actuator with a capacity of
2000kN, mounted on a universal frame (refer to Figure 3.11). The following facilities

are located at the Civil Engineering Laboratory of Universiti Teknologi PETRONAS
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Figure 3.11. Dynamic actuator mounted on a universal frame

The universal frame is fixed onto a strong floor, with voids at every 1 m
interval. These voids in the floor will be utilized to secure the support system for the
joint sample onto the ground as shown in Figure 3.12. The sample of the beam-
column joint is then secured down to the supports by means of bolts and plate girders
to prevent it from movement. Stiffened plate girders are used as the supports,
supporting the sample at 2 points.

To lift the sample onto the support, a 10 tonne gantry crane will be used
along with a forklift. On each sample, 2 hooks have been casted in to act as lifting
points. Once the sample has been placed on the supports, the test jig will then be

bolted on to the joint. The test jig can also be connected to the actuator by using

bolts.
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Figure 3.12. Experimental setup

3.3 Data of Time-History for Sumatra 2007 Earthquake

In analysing the time-history response, a sample of an earthquake data was
obtained from the Consortium of Organizations for Strong-Motion Observation
Systems (COSMOS) Virtual Data Center website. COSMOS is a non-profit
organization aimed to create awareness for earthquake safety. It provides free

acquisition and application of strong-motion data to users.

The time history data of an earthquake recorded in Southern Sumatra on 12"
September 2007 at 11.10 UTC was chosen. The epicentre is located at -4.52 in
latitude and 101.374 longitude, with the depth of 34km. The earthquake had a
magnitude of M=8.4 and was recorded by the Sikuai Island station located West of

Sumatra. Figure 3.13 shows the seismogram of the earthquake.
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Figure 3.13. Seismogram of earthquake recorded at the Sikuai Island station, West

Sumatra

The seismogram is made up of 25,799 data points with acceleration ranges
from -33.368cm/s> to 40.017cm/s’. The duration of earthquake recorded is

approximately 129 seconds.

3.4 Analysis of Time-History Response of Structure

Using the time-history data of 2007 Sumatra earthquake, the school structure
is modelled in STAAD.Pro, and the seismic load is imposed on the structure. The

results of the analysis are reported in Chapter 4.
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3.4.1 Modelling of Structure using STAAD.Pro
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Figure 3.14. Model of school building in STAAD.Pro.

This model is 3 storeys in total (including foundation column), supported by
38 columns on each floor, and has a total of 372 beams (refer Figure 3.14). All
column bases are assigned as fixed supports. The roof beams are assigned
dimensions of 600mm x 150mm, while the other floor beams have dimensions of
550mm x 150mm. The beams had lengths of 3m (spanning from one column to the
adjacent column) and 7.8m (spanning from one column to the opposite column). The
columns have equal dimensions for each floor, which is 250mm x 350mm. The
height of each column was 3.6m. The material assigned for the model is concrete,
which has density of 23.6kN/m>. The Young’s Modulus (E) is 21.7GPa. In an actual
structure, there exists damping. Therefore, this model has also been assigned a
critical damping coefficient of 0.05.

For the load cases, the model was assigned a dynamic load case. Self weight
of the structure was considered in the X, Y and Z direction, with a factor of 1.0. For
each of the floors (except ground floor), a distributed load of 1.5kN/m? was also
assigned in the X, Y, and Z direction. The time-history of the Sumatra earthquake
selected earlier is then input into the software. The inputs required are the time

(seconds) and the corresponding acceleration (meter/second/second).
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CHAPTER 4
RESULTS AND DISCUSSION

Compressive tests have been conducted on the cube samples for 8 days. 14

days, and 29 days strength respectively. Also, the results of the STAAD.Pro analysis

are discussed.

4.1 Cube Test

Compressive strength tests have been conducted on the cube samples for 8
days, 14 days, and 29 days to verify the designed concrete strength. Detailed
information on the cube test results is shown in Appendix E. Table 4.1 shows the

summary of the cube tests results.

Table 4.1. Results of compressive test on cube samples

Compressive strength
Cubes p (N/mm?) g
Days 1 2 3
8 36.05 36.11 37.52
14 47.58 43.18 46.62
29 53.75 SHV2, 54.21

From the table, it can be seen that the concrete strength exceeds the design
strength of 30N/mm?. Comparing the result shows slight variation due to the nature
of concrete which is a variable material, having a wide range of strengths and stress-
strain behaviour. (Mosley, 1999). It is also observed that the concrete far exceeds the
design strength. This may be due to the type of cement being used in the concreting
process, which may have contained admixtures that would enhance the concrete

strength. Figure 4.1 shows the concrete hardening process.
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Figure 4.1. Increase of concrete strength with age.

With the increase in concrete strength, the joint capacity is expected to be
higher than the initial estimate. However, this assumption can only be verified by

conducting the actual experiment.

4.2 Experimental works

For this experiment, the concrete joint samples, steel supports and testing jig
were outsourced from a local contractor. Figures 4.2 and 4.3 show the actual items

that have been fabricated.

Z
x
£

4 S
Figure 4.2. Plate girders (1255x200x100mm and 975x200x100mm)
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Figure 4.3. Concrete joint sample

Figure 4.4 shows the fracture on the concrete cubes after testing. None of the

cubes exhibited explosive failure pattern.

ipe . ALY -

" Figure 4.4. Concrete cube test

Besides conducting the cube tests, some pre-experimental preparations were
such as lifting and positioning of sample and supports. demarcation of gridlines on
the concrete joint, and fixing of strain gauges. Figures 4.5 to 4.7 show the

preparation done to the samples.
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Figure 4.5. Lifting and positioing of joint smple.

Figure 4.6. Gridlines at 50mm x 50mm spacing and strain gauges.
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Figure 4.7. Final experimental etup

4.3 Time-history Response of Structure to Earthquake

The natural period of the structure is 0.691s, as obtained from STAAD.Pro.
Figure 4.8 shows the structure’s various mode shapes. Mode shape | gives the

response only in Z-direction, while mode shape 2 in X-direction.

Mode Shape 1
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Wode Shape 2

Figure 4.8. (a) Mode shape 1; (b) Mode shape 2 of the model after analysis.

Table 4.2 shows the participation factor in each direction for modes 1 and 2.

Mode 1 has the largest participation factor in Z-direction (81%), where the largest

displacement occurs in the similar direction. It can be concluded that mode | governs

the response of the building.

Table 4.2. Participation Factor for Each Mode.

S Frequency | Period | Participation | Participation | Participation Z
(Hz) (s) X (%) Y (%) (Vo)
| 1.447 0.691 0.000 0.000 80.929
2 1.456 0.687 88.992 0.000 0.000

Node 91 (refer Figure 4.9), which had the largest displacement amplitude

was selected to obtain its time-history response. This was in contrary to the actual

joint selected for the experimental case study, which is the exterior and end column.

This represents a more conservative approach in determining the time-history

response of a particular joint.
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Figure 4.9. Time-history displacement response of joint subjected to Sumatra
earthquake.

Figure 4.10 shows the time-history response of the node 91 as obtained from

STAAD.Pro, for displacement in Z-direction.

Z-Disp.(mm)

9 ] 7.42 -9
6 - -6
= =

2 62.1 =

4 I N0l 'l ! B =
5 25 50 75 100 12903
6 -6
5 -8.45 -8

Time - Displacement

Figure 4.10. Time-history displacement response of joint subjected to Sumatra
earthquake.

The maximum responses for the earthquake specified (Sumatra, 2007) are
summarized in Table 4.3. The maximum displacement of the structure under the
given earthquake is 8.45mm, and the joint is located at the top floor. The
displacement is important in the earthquake analysis because stresses in the structural

members are directly proportional to the relative displacement. The absolute
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acceleration is indicative of the force experienced by the structure during the

excitation (Tedesco, 1998).

- Table 4.3. Maximum Response of Structure

Maximum displacement (mm), x__ 8.45
Maximum velocity (mm/s), X, 73.6
Maximum acceleration (m/ s’), X 1.03
Maximum base shear (kN), V_ 218

From the analysis done in STAAD.Pro, the following outputs are obtained as

the internal forces developed in the structure (see Table 4.4).

Table 4.4. Maximum Forces in Members of Structure

Axial Force | Shear Force Moment
(KN) (kN) (kNm)
Beam (550x150mm)  max 0.716 4.66 18.17
min -0.716 -4.51 -18.17
Column (250x350mm) max 12.3 6.30 13.76
min -12.3 -6.09 -14.23

The maximum moment in the beam is 18.17kNm, which is less than the joint
capacity (64.52kNm) calculated in Chapter 3. The maximum shear force in the beam
is 4.66kN, which is lower compared to the shear capacity (95.22kN). Ignoring the
additionally axial capacity contributed by the reinforcement bars, the axial capacity
of the beam is equal to the designed concrete compressive strength of 2625kN (Refer
to Appendix F). This shows that the axial capacity of the column is higher than the
maximum axial force.

As the internal forces of the members are less than its capacity, the structure
is expected to be safe from the earthquake with the same or less in magnitude with
the 2007 Sumatra earthquake. The time-history response can also be used to calculate

the fatigue of the structure in the experimental work.



CHAPTER 5
CONCLUSION AND RECOMMENDATION

This project is a pre-experimental study to investigate the effect of an
earthquake on building joints. Building joint failure is one of the main causes of
structural failure. In this project, a school building is selected as the case study. An
exterior joint is chosen and samples of it are fabricated. With the joint samples
fabricated, the objective of this project is to design an experimental setup for the
testing of the joints. In addition, software analysis using STAAD.Pro is done to

obtain a theoretical implication of the earthquake on the joint.

The design of experimental setup involved surveying laboratory facilities,
reinforced concrete and steel design according to BS 8110 and BS 5950, fabrication

and modification works, planning, and procurement.

From the STAAD.Pro output, it can be summarized that the maximum joint
displacement that can occur is 8.45mm. This value is a linear indication of the
stresses that can occur in the structural members. Comparing the maximum forces in
the members, it can be concluded that the joint has higher capacity and is expected to

be safe from the earthquake of magnitude similar or lesser than the 2007 Sumatra

earthquake.

As a conclusion, the preliminary ground works have been completed for this
project and the next stage to be accomplished is conducting the experimental study.
Further works that can be undertaken for the experimental study is fatigue analysis

by using statistical methods such as rainflow cycle counting method.

There are many structural aspects which can be further investigated.

Suggested future works which can be done are such as:-

e Experimental test on other types of RC joints and joints with different

detailing.
e Experimental test on steel joint connections.

e Experimental test on retrofitted joints.
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APPENDIX
APPENDIX A

Modified Mercalli Scale

The Mercalli scale originated with the widely used simple ten-degree Rossi-Forel
scale, which was revised by Italian volcanologist Giuseppe Mercalli in 1883 and
1902. The terms or Mercalli scale should not be used unless one really means the
original ten-degree scale of 1902.

In 1902 the ten-degree Mercalli scale was expanded to twelve degrees by Italian
physicist Adolfo Cancani. It was later completely re-written by German geophysicist
August Heinrich Sieberg and became known as the Mercalli-Cancani-Sieberg
(MCS) scale. The Mercalli-Cancani-Sieberg scale was later modified and published
in English by Harry O. Wood and Frank Neumann in 1931 as the Mercalli-Wood-
Neuman (MWN) scale. It was later improved by Charles Richter, the father of the
Richter magnitude scale. The scale is known today as the Modified Mercalli Scale
and commonly abbreviated MM or lo.

The lower degrees of the MM scale generally deal with the manner in which the
earthquake is felt by people. The higher numbers of the scale are based on observed
structural damage. The table below is a rough guide to the degrees of the Modified
Mercalli Scale. The colors and descriptive names shown here differ from those used
on certain shake maps in other articles.

Table A-1. Mercalli Intensity Scale

I. Instrumental Not felt by many people unless in favorable conditions.

Felt only by a few people at best, especially on the upper
_ floors of buildings. Delicately suspended objects may
swing.

Felt quite noticeably by people indoors, especially on the
~ |{upper floors of buildings. Many do not recognize it as an
earthquake. Standing motor cars may rock slightly.
Vibration similar to the passing of a truck. Duration
estimated.

IIL Slight

Felt indoors by many people, outdoors by few people
during the day. At night, some awakened. Dishes.
IV. Moderate windO\‘vs, d‘001's disturbed; \vgll_f, makg cn:acking sopnd.

2 Sensation like heavy truck striking building. Standing
motor cars rocked noticeably. Dishes and windows rattle
alarmingly.

V. Rather Strong

Felt by all; many frightened and run outdoors, walk

unsteadily. Windows, dishes, glassware broken; books
VL Strong off shelves; some heavy furniture moved or overturned; a
few instances of fallen plaster. Damage slight.

Difficult to stand; furniture broken: damage negligible in

VII. Very Strong building of good design and construction; slight to

moderate in well-built ordinary structures; considerable
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damage in poorly built or badly designed structures;
some chimneys broken. Noticed by people driving motor
cars.

Damage slight in specially designed structures;
considerable in ordinary substantial buildings with partial
VIII. Destructive collapse. Damage great in poorly built structures. Fall of
chimneys, factory stacks, columns, monuments, walls.
Heavy furniture moved.

General panic; damage considerable in specially
designed structures, well designed frame structures
thrown out of plumb. Damage great in substantial
buildings, with partial collapse. Buildings shifted off
foundations.

Some well built wooden structures destroyed; most

X. Disastrous masonry and frame structures destroyed with foundation.
Rails bent.

. Few, if any masonry structures remain standing. Bridges
XI. Very Disastrous destroyed. Rails bent greatly.

Total damage - Almost everything is destroyed. Lines of

. sight and level distorted. Objects thrown into the air. The
XII. CataStrophlc ground moves in waves or ripples. Large amounts of rock
may move position.

Richter Scale

The Richter magnitude of an earthquake is determined from the logarithm of the
amplitude of waves recorded by seismographs (adjustments are included to
compensate for the variation in the distance between the various seismographs and
the epicenter of the earthquake). Because of the logarithmic basis of the scale, each
whole number increase in magnitude represents a tenfold increase in measured
amplitude; in terms of energy, each whole number increase corresponds to an
increase of about 31.6 times the amount of energy released.

Events with magnitudes of about 4.6 or greater are strong enough to be recorded by
any of the seismographs in the world, given that the seismograph's sensors are not
located in an earthquake's shadow.

The following describes the typical effects of earthquakes of various magnitudes near
the epicenter. This table should be taken with extreme caution, since intensity and
thus ground effects depend not only on the magnitude, but also on the distance to the
epicenter, the depth of the earthquake's focus beneath the epicenter, and geological
conditions (certain terrains can amplify seismic signals).
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Table A-2. Richter scale

Richter T : ! Frequency of
Magnitudes Description Earthquake Effects Ocaitience
Less than2.0  Micro Microearthquakes, not felt. AOIES 00
per day

About 1,000

2.0-2.9 Minor Generally not felt, but recorded.
per day

49,000 per year

3.0-3.9 Minor Often felt, but rarely causes damage. (est))

Noticeable shaking of indoor items, rattling 6,200 per year

it Light noises. Significant damage unlikely. (est.)
Can cause major damage to poorly
) constructed buildings over small regions. At
5.0-5.9 Moderate 2 : 800 per year
most slight damage to well-designed
buildings.
Can be destructive in areas up to about 160
- ‘ong . : 2
6:0-6.2 blong kilometres (100 mi) across in populated areas. 120 peryear
7.0-7.9 Major Can cause serious damage over larger areas. 18 per year
8.0-8.9 Great Can cause ‘serlous. damage in areas several | per year
hundred miles across.
9099 Gréat Devastating in areas several thousand miles | per 20 years
across.
. Never recorded; see below for equivalent Extremely rare
10.0+ Epic -y g )
seismic energy yield. (Unknown)

Table A-3 shows the comparison between the Modified Mercalli scale and the
Richter scale
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Table A-3. Non-numerical comparison between Mercalli Intensity Scale and Richter

Scale
Mercalli Intensity Richter
Scale Scale
| <35
Il 3.5
I 4.2
[\ 4.5
Vv 4.8
VI 5.4
Wil 6.1
il 6.5
IX 6.9
X 723
Xl 8.1
Xl >8.1
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APPENDIX C

Analysis of singly reinforced rectangular section in bending

Determining the ultimate moment of resistance of the cross-section given that:-
fy = 410N/mm” for the reinforcement and:
f.,= 30 N/mm? for concrete, cover = 40mm

b=25 0.45f,,
> <+—>
A
. SI —>» Fe
g neutral
€0 | Sp=essssssss sedes mesSnas nenins aisTT Tttt “
I z
Vi e ® | As=628mm’(2-Y20) <
FS[

For equilibrium of the compressive and tensile forces on the section,

A
Therefore,

0.45f . bs= 095 j;.As
045 X 30X 250X s =035 X 410 X 628
s = 72.48mm

And

3 72.48

XxX=—= = 80.53num < 0.642d
0.5 0.5

Therefore, the steel has yielded and £, = 0.85],

Moment of resistance of the section is:-
M=F, Xz
. 5 o)
=0.95[,4,(d —3)

T2 a0

—) x 1078

=0.95 X 410 X 628 X (300— —
= 64.52kNm
Assuming sample to be similar with a simply-supported beam, for point load,

bending moment is given by the formula:-

PL
M=—
4
<+ 4 :
P=—-—XM= X 64.52 = 79.41kN
L 3.25



Analysis of singly reinforced rectangular section in bending

Determining the ultimate moment of resistance of the cross-section given that:-
f, = 460N/mm” for the reinforcement and:
foo = 30 N/mm? for concrete, cover = 40mm

b=25 0.45f,,
<+—>
A
. SI —>» Fe
g neutral
S B e = axis~ "o TTTTTT =
Z
vV ) e ® | A=628mm’ (2-T20) <
Fg

For equilibrium of the compressive and tensile forces on the section,
F,=F

cE st

Therefore,
045f ,bs= 0.95f A,
045 X 30X 250X s =035 X460 X 628

s = 81.31mm
And
y=-2 =23 _ 9034mm < 0.615d
.9 0.5

Therefore, the steel has yielded and £, = 0.95],
Moment of resistance of the section is:-
M=F, %z
=0.957,4.(d -3)

21.321

3

=095 X 460 X 628 X (300—

) X107°¢
— 71.17kNm
Assuming sample to be similar with a simply-supported beam, for point load,
bending moment is given by the formula:-
PL
T4

i

4 4
P=—-—XM= X 71.17 = 87.59kN
L 325
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Analysis of singly reinforced rectangular section in bending

Determining the ultimate moment of resistance of the cross-section given that:-
f, = 500N/mm” for the reinforcement and:

~ # i
fou= 30 N/mm~ for concrete, cover = 40mm

b=25 0.45f,,
—> <+——>
= SI —12> Fo
g neutral
‘I? = [EPEET R 108 S i e axIgiiEs =TT T o
L z
[ I ® A= 628mm” (2-T20) <
Fy

For equilibrium of the compressive and tensile forces on the section,
F, =F

(4% st
Therefore,

0.45f . bs= 095f A,
0.45 X 30 X 250 X s = 035 X 500 X 628
s = 88.39mm

And

s 88.3%
X=—=
0.9 0.5

Therefore, the steel has yielded and £, = 0.957,

=98.21mm < 0.595d

Moment of resistance of the section is:-
M=F, Xz
=0.95f,4,(d -3)

22.38

o

=0.95 X 500 X 628 X (300—

) X 114
— 76.31kNm

Assuming sample to be similar with a simply-supported beam, for point load,
bending moment is given by the formula:-

PL
M= —
B

4 4
=—XM=——=X7631=9392kN
'Y 3.25
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APPENDIX D
Estimating loading for the design of plate girder

Taking a safety factor of 2,
i.  Point load = 79.41kN x 2 = 158.82kN
ii.  Point load = 87.59kN x 2 = 175.18kN
iii.  Point load = 93.92kN x 2 = 187.84kN

Assuming 200kN point load acting on the joint:- I 100N
00k

\ K

I 200kN j
= S0kN I
: L

] I SO0kN

|
|

IlO()kN 100N I -

4
l 100k

To determine the moment imposed on the /255mm x 200mm x 100mm plate girder:-

_PL_ (100AN)(1.255m)
4 4
M =31.375kNm

M

—>Therefore, the design of the plate girder should sustain an imposed moment of

31.375kNm.

To determine the imposed moment on the 975mm x 200mm x 100mm plate girder:-

PL _ (100kN)(0.975m)

4 4
M =24.375kNm

M=

—Therefore, the design of the plate girder should sustain an imposed moment of

24.375kNm.



Figure 1. Cross-section of 1255mm x 200mm x 100mm plate girder

Given that the plastic modulus of a section is equal to the algebraic sum of the first
moments of area about the equal area axis,

Region| Area, A (mm?) | Distance to centroid, y (mm) [Ay (mm?)
A1 2730 425 116025
A2 350 17.5 6125
A3 350 175 6125

128275

For single axis bending, the moment capacity (low shear load) is given by:-
JWC = P).S

¥

Al
M, = (355 ~ ) (128275mm®) = 45537625Nmm ¥ 45.54kAm
. mm-

> 31.375kNm

Figure 2. Cross section of 975mm x 200mm x 100mm plate girder
Given that the plastic modulus of a section is equal to the algebraic sum of the first
moments of area about the equal area axis,

Region| Area, A (mm?) | Distance to centroid, y (mm) [Aly (mm?®)
A1 2610 425 110925
A2 350 7.5 6125
A3 350 745 6125

123175

For single axis bending, the moment capacity (low shear load) is given by:-
I’VIE — -p).S

N
A, = (355 = | (123175mm?®) = 43727125Nmm ¥ 43.73kNm
mm- )

> 24.375kNm



APPENDIX E

Concrete Cube Testing

C;)ncrete supplier

Buildcon Concrete Sdn. Bhd.

Client

Civil Engineering Department, Universiti Teknologi PETRONAS

Concrete grade 30 Casting date 9/2/2009
Cube dimensions Width Total No. of Cubes 9
(mm) 150
Length Nominal aggregate 20
(mm) 150 size (mm)
Height
(mm) 150
Concrete Loading | Maximum Sample
age Weight | Density rate Peak stress | Teste
(days) | Date/Time | Cube No. (kg) | (kg/m3) | (kN/s) | Lload (kN) | (N/mm?)| by
8 17/2/2009 ] 7.97 2361.48 6.8 811.1 36.05
(Tuesday) 2 7.95 2355.56 812.6 36.12 | MCC
12.20pm 3 799 2367.41 844.2 37.52.
14 23/2/2009 4 8.02 2376.30 6.8 1071 47.60
(Monday) 5 7.92 2346.67 971.6 4318 |vcCC
10.30am 6 8.06 2388.15 1044 46.40
29 10/3/2009 7 7.91 2343.70 6.8 1209 53.73
(Tuesday) 8 7.89 | 2337.78 1254 5573 |vCC
12.45pm 9 7.89 2337.78 1220 54.22
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APPENDIX F

Determining shear capacity of the column

S . s o)
For the 9mm diameter shear links, Ag, = 63.6mm~

A, 2x8636
= =0.727
5y 7jis)

v

The ultimate shear stress, v, (for concrete strength of ., = 30 N/mm?) = 0.579N/mm?>

Therefore, the shear resistance of concrete plus shear links is given by:-

A
Vn:( £0.95f,, + bvf)d

£,
V, = (0.727 x 0.95 x 250+ 250 x 0.579;300
¥, = (0727 x 0.95 x 250+ 250 ¥ 0.579)300

V, = 95223.75N ¥ 95.22kN

Determining axial capacity of the column

Axial capacity = Concrete strength x Cross section area of column
=30 N/mm” x 250mm x 350mm
= 2625kN
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