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Building waste is a critical issue in current construction. Innovative design strategies are required to
reduce the depletion of valuable materials and resources through providing flexible and versatile
structures. This study focuses on the development of an industrial, flexible, and demountable wall
panel construction system. The panel system consists of concrete blocks with steel connectors that can
be simply assembled and disassembled onsite. This work experimentally investigates the structural
response of panels under compressive load. After testing the stability and load-bearing capacity of the
designed panels, the construction stage of the walls indicated satisfactory performance with predictable
behavior within the installation process. During the experiment, displacement and strain were
determined using linear variable differential transducers and strain gauges. Careful visual examination
was also performed to observe the formation of cracks in panels. Although the architectural panels
were not designed to resist the structural load, results in terms of load-deflection, strain distribution,

and crack patterns signify that the panels’ response to the compressive load is satisfactory.
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1. INTRODUCTION

In current construction, sustainable criteria are
commonly considered during the ecarly stages of a
building’s life; however, sustainable maintenance and
demolition are often neglected [1]. To support the
sustainable criteria, design concepts must be introduced
that consider the building as part of the environment,
enabling it to supply nourishment for other new
products even after the functional life of the building
[2]. Industrialized building systems (IBS) have emerged
worldwide as a solution to improve construction image
and performance [3, 4]. The method facilitates cost
saving and quality improvement through construction
standardization and reduced labor intensity. In addition,
IBS offers minimal wastage, fewer site materials, and a
cleaner environment.  Although industrialization
improves construction performance, certain issues
persist, such as the designer’s lack of awareness of the
client needs, higher initial construction cost, inflexible
design, an extended amount of time required for initial
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design development, limited space on the site, leakage
problems, minimal contractor experience, and
monotony in aesthetic issues [5-9]. As a result, IBS is
often misinterpreted as a high-risk process that does not
bring benefits to building owners.

The industry has attempted to offer more profitable
and satisfying design solutions by fulfilling the
parameters of affordability, comfort, and adaptability.
Industrial, flexible, and demountable systems (IFD)
enable simple adaptation of buildings while reducing
resource depletion and construction costs [10-13].To
achieve balance between the efficient use of materials,
changing user demands and decreasing life cycle costs,
industrially produced standardized building components
are developed. IFD is a three-pronged strategy that
improves the building process to achieve: (1) maximum
flexibility for the users, (2) industrial production to
increase quality and reduce materials, costs and time,
and (3) the demountability of components that enable
the separate replacement of components with various
life spans, thereby extending the life of the building as a
whole and decreasing waste [14]. This trend supports
the key concept of sustainability, because the produced
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building is easily adapted, reprocessed, reused,or
recycled [15-18].

Integrating the IFD characteristics with the
application of IBS alleviates existing issues on design
changeability, time management, and monotony. This
research, therefore, proposes an applicable IBS system
to improve adaptability in construction. The paper
experimentally and theoretically investigates the
strength behavior of the proposed panel system, which
has been designed for low-rise residential buildings.

2. LAYOUT DESIGN

A two-storey terrace house was considered as the
prototype unit. A structural system based on precast
columns with concrete stabilizing walls was chosen,
which was built upon an in-situ constructed basement.
One of the positive effects of such a system is the
flexibility it possesses. In using bearing concrete outer
walls, the location of the openings must be carefully
calculated for each element. Meanwhile, a system with
precast columns gives the designer greater freedom to
place openings in the outer walls, because only the
columns are supporting the vertical loads. However, the
panels between the columns can be replaced while the
building is still in use, which is a difficult process with
load-bearing concrete walls.

Except for the proposed panels, the other structural

elements of the designed unit are selected according to
the standards available in the “Modular Design Guide”
and the components available in the IBS catalog booklet
(Ministry of Housing and Local Government Malaysia,
2009). The constructability of the walls using the panels
is an important factor that must be considered in the
development of the panels. Given that the main walls in
the front and rear fagade are considered non-load
bearing, the main requirements for the interlocking
panels must include stability and the ability to distribute
the weight load to the beams and columns.
The structural design of the proposed layout was
analyzed using ETABS2000 (Version 9.0.4) software.
The internal forces were extracted and applied for the
design. The sections and structural elements were
checked according to the UBC97 Code (Figure 1).
Subsequently, the capacity and applied stress for each
column were compared. The results indicate that the
non-load bearing concrete panels can be applied in the
double building following the structural capability of
the beams and columns.

3. CHOICE OF PANEL CONFIGURATION

The panel system is essential to the entire concept. To
achieve a flexible and adaptable panel system, a number
of panel models were configured along with their

interlocking mechanisms (Table 1). The major design
consideration being that the panels could be assembled
and disassembled easily while the air-tightness is being
fulfilled. The dimensions of the panel (600 L x 100 W x
400 H) mm follow modular design rules, which require
a horizontal controlling dimension of 3 M or 300 mm,
and a vertical dimension of 1M or 100 mm.
Accordingly, other spaces in the house are also in
conformity ~with modular dimensions, thereby
encouraging the application of other modularly
coordinated components, such as doors and windows.
After a primitive analysis of the proposed designs,
alternative 5 was considered as the final design choice
to achieve the objectives of easy production and
constructability in addition to satisfying the modular
coordination requirements.

The interlocking mechanism was designed to
obviate the need for formworks, thereby speeding up the
construction process. Meanwhile, the monotony of
appearance is another common issue in the application
of prefabricated concrete panels [19]. The simplest wall
configuration is a straight and right-angled wall that
forms a rectangular room or yard boundary. Whenever
more complex wall configurations are required, special
patterns should be prepared to fit the proposed wall
configuration.
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Figure 1. Frame elements section scheme in the first floor and
general 3D view of the model
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The application of the proposed panel block in a
house can break the monotony of the wall appearance,
thus improving the building’s aesthetic appeal following

that create the following advantages: increase of
construction productivity [20, 21] as well as reduction
in construction duration, labor cost [22, 23], and

smaller size and adjustability. Moreover, the applied construction cost.

mortar-less technique results in changeable elements

TABLE 1. Alternatives of interlocking panels, proposed in this study

Alternatives

Advantages
Dimension: (600L x 100W x 400H) mm

Disadvantages

& |

-

TR |
e 1 1 I
1 E - o Sufficient interlocking mechanism in
e ‘/I — four directions
W5

e Requires complicated moulds for

fabrication

e Bolt and nut connections reduce the

speed of installation and uninstalling
process

o Sufficient interlocking mechanism in
four directions
¢ Slanting shape of the panel for

e Requires complicated moulds for
fabrication

2 e Bolt and nut connections reduce the
reducing the water penetration speed of installation and uninstalling
e The interlocking mechanism replaced process
the connections in two sides
e Simple shape of the moulds for
fabrication ¢ Bolt and nut connections reduce the
3 e The interlocking mechanism replaced speed of installation and uninstalling
the connections in two sides process
e Excluding the two end quarters with
half panels
Sufficient interlocking mechanism
e Simple shape of the moulds for e Three parts of the connection might
4 fabrication not be easily adjusted during the
e Easy installation process installation
e Connections are concealed in one side
of the panels’ surface
¢ Simple shape of the moulds
e The connections are embedded inside o Alignment of the panels have a close
5 the panels and extra connector is not relation with the smoothness of the

required
e Concealed connections
o Sufficient interlocking mechanism

surfaces
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TABLE 2. Definition of IFD characteristics for the panel system

IFD criteria

Design characteristics

Industrial

Standardized parts

Modular system

Simple assembly protocol

Able to reduce waste

Changeable

Increased regularity in system and
materials

The entire layout consists of subparts that are manufactured in series. However, the small size of the panels
prevents uniformity of design and introduces potential problems in component standardization.

All the dimensions follow the modular system coordination.

The panels can be assembled on site via simple procedures and lightweight equipment.
The installation process is less labor-intensive following the application of easy-dry connections

The exact number of panels required for a specified design can be ascertained from the blue prints.
Therefore, little waste is produced during manufacturing and onsite assembly.

Standard components can be changed during the service life following the dry connecting system.

Few panel types are required for different installation locations in the modular house layout.

Flexible

Freedom of design

Adaptable during assembly
Changing of layout

Layout freedom

Adjustability of building parts

Separation of the structural and infill
elements

Optimal use of interior space for
maximum resource application

The small and changeable parts provide free and adaptable design.
The panel assembly does not depend on strict planning; and changing panels does not require special skills.

The modular layout can be changed with minimal disturbance to other parts of the building. The new and
changing parts simply need to follow the modular design rules.

There are open and free interior spaces for future modifications.

Bearing structure: prefab elements have limited adjustability
Outer shell: dry connections allow practically adjustable installation

Interior finishing: caulking and sealing is conducted before painting; it is not adjustable but weak enough to
be dismantled in the future

The non-load bearing panels are separated from structural beams and columns.

The thickness of the panels (100 mm) provides wider space for interior optimization compared with
conventional brick walls (150 mm)

Demountable

Reusable from other buildings
Dry connections

Demounting without waste
Reuse of materials

Reuse of building parts

The panels can be used in other modular buildings without alteration.
The main interfaces in the layout are the mechanical connections.
The mortar-less construction allows the future separation of the components without structural destruction.

Although reusing the building components is the best scenario for reducing waste, the concrete may also be
reused as recycled concrete aggregate and recycled concrete fines, among others.

The panels of one building can be reused in the other buildings.

4. THEORETICAL ANALYSIS

according to the presented criteria under each category.
Fulfilling all the suggested criteria may not be possible,
but the proposed innovative designs have attempted to

Few existing modern buildings have been deliberately
designed for flexibility; thus, it is difficult to assess their
flexibility over time [24]. After designing the prototype
panels, theoretical analysis was applied to discuss the
technical criteria for the IFD design and the productive
application of the components.

The technical requirements of IFD building design
parameters have been identified by different researchers
[15, 25-39]. Three main categories have been
considered for analysis as: industrial properties,
flexibility, and demountability criteria. It has been tried
to explain the characteristics of the design components

improve the prominent parameters. Table 2 details the
theoretical evaluation of the suggested prototype panel
according to the IFD design criteria.

5. EXPERIMENTAL ANALYSIS

Experimental analysis was applied to test the alignment
and load-bearing capacity of the designed prototype
panel. The process of preparation and testing are
described in the sections below.
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5. 1. Fabrication and Casting  In this study, mortar
was used instead of concrete to maximize the amount of
paste in the mix and avoid further complications from
other variables involving different types of coarse
aggregate. The materials used for the panel production
were ordinary Portland cement, clean water, and fine
aggregate. A few samples were taken during the casting
and stored under the same conditions as the panels and
tested at approximately the same time. The material
properties of the mortar were tested in the laboratory.
These properties are detailed in Table 3.

Steel mold inserts were utilized for casting the
panels. After the designing process, these inserts were
fabricated in a workshop for the following components:
stretched panels, half panels, corner blocks, and first-
last row panels. Each mold consisted of seven movable
parts. The primary designed mold was applicable to all
types of configurations. Two spacer plates were applied
to divide the mold into half panels and corner blocks.
Furthermore, for the first and last row panels, only one
of the side frames was adopted. The parts were joined
by bolts and nuts (Figure 2).

TABLE 3. Material properties

Material Mortar

(50 x50x50) (500 x100x100)

Size of the sample

mm mm

Compressive strength (N/mm?) 28.23

Flexural strength (MPa) 2.13
1 i

Figure 2. Main panel mould plan nd prspective view

For casting the specimen, the molds were cleaned,
oiled, and placed on a table with an electric vibrator.
The mortar was then poured from a ready mixing rotary.
After vibration, the extra material was removed from
the surface of the mold, and the indentations were
thoroughly filled.

5.2.TestSetup A compression-testing machine was
used to determine the compressive strength of the
individual panel and two prism specimens. The test
specimens consisted of a set of eight panel blocks
installed in two rows. Each row contained two stretcher
panels, a half panel, and a corner block. The specimen
rested on steel shelves that were bolted to a pair of large

steel reaction frames. The panels were tested in a

vertical position with steel box supporters clamped to

the steel frame. Overviews of the testing rig and
specimen are presented in Figures 3 and 4, respectively.

For this study, the test setup included the steps below.

1- The apparatus and impactor were checked to
prevent interface while the panels were lifted.

2- End support and brackets were applied to the
panels. The specimen was centered in relation to
the support condition.

3- An I-beam was applied to ensure load uniformity
along the specimen’s length from the top.

4- A leveling ruler was used to ensure the proper
leveling of the panels.

5- The strain gauges and linear variable differential
transducers (LVDTs) were installed, after which
the data logger was checked for recording data.

After the equipment was warmed up, the strain gauges
were zeroed. The computer program that converted all
the signals from the amplifiers into useful data was then
activated. All the LVDTs were rechecked to ensure that
they were indicating voltages near zero.

Figure 3. Individual panel testiﬂg
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Figure 6. Location of LVDTs on the surface of the specimen
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Next, a pilot test was conducted to ascertain the testing
condition and the specimen’s workability. The specimen
was at the same condition as the main test. The overall
test results were satisfactory except for the improper and
inadequate alignment of some test panels. This problem
was rectified for the main experimental test, from which
more reasonable results were obtained.

5. 3. Measurements Digital measurement devices
were placed onto all panels of the specimen to obtain
the thickness parallel, plane perpendicular, and loading
parallel displacements in addition to the strains. The
devices were placed in locations where they were
expected to measure higher stress and displacements,
such as near the connections, mid-points, and
interlocking edges.

Displacements were measured by five LVDTs on
either side. Figure 5 shows the location of the LVDTs
for individual panel testing. LVDTs 1 to 4 measured the
load parallel deflection in critical points, and LVDTs 5
to 10 measured the plane perpendicular deflection at the
mid-height of the panel. The locations of the transducers
for the main test are detailed in Figure 6. The small
arrows represent LVDT measurements in relation to a
fixed point. LVDTs 1 to 3 were positioned at the mid-
height of the panels; LVDTs 4, 5, 8, 9, and 10 were
100 mm from the top; and LVDTs 6 and 7 were placed
100 mm from the bottom.

The strains were measured with strain gauges glued
onto the precast panels. A total of 10 electrical strain
gauges (ESG) were used in each specimen for strain
measurement. The strain gauges were placed near the
interlocking areas and at mid-height of the panels. The
strain gauges were 30 mm in length.

Next, the specimen was placed in the loading frame
in the correct position. The instruments were checked
and properly adjusted before applying the load. The
load was applied from the top as uniform pressure; no
axial load was applied. A small load of approximately
1 kN was first applied to ensure the operation of all the
instruments. Then, the load was gradually increased.
The structural behavior of the specimen was carefully
observed during the load application. During the test,
displacements and strains were automatically recorded
by a Data Logger UCAM-20PC connected to a
computer. The crack pattern was also noted, and cracks
were marked on the surface of the specimen, indicating
the corresponding load.

6. STRUCTURAL RESPONSE

The structural behavior of the panels was observed by
measuring the surface strains and displacements. For
improved understanding of each panel’s performance,
the results of the test were analyzed in terms of cracking

patterns, load-stress curves, and load displacement
profiles.

6. 1. Individual Panel

® (Cracking Characteristics = The loading process
has resulted in distributed primary cracks on the
panel. The first crack patterns were observed at
128kN in the base arecas of the panel under
compression. As loading continued, vertical cracks
appeared at the bottom edges of the panel and
extended toward the mid-height of the panel.
Displacement up to 8.93 mm and compression of
285 kN resulted in diagonal cracks propagating from
corners and continued to the top area (Figure 7).

e Stress Distribution The stress numbers refer to
the amount of measured deformation in the external
face of the specimen. Two types of stress were
identified: compressive stress (negative value) and
tensile stress (positive value). The results showed
that the areas near the loading point were
experiencing higher compressive stress (5.4 MPa)
while, in the corners of the panel higher tensile
stress were recorded (6.4 MPa). The first crack
appeared while the recorded stress was 5.0MPa.

(©)
Figure 7. Progression of cracking during the individual panel
test
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¢ Load-Displacement Behaviour The deformation
response exhibited by a structure under load is
usually known as its structural behaviour. Plane
perpendicular and load parallel deflections were
measured during the individual panel test. The
results illustrated that, the highest deflection (9.14
mm) was recorded by LVDT8 parallel to the
compressive  load.  Besides, higher plane
perpendicular deflections were recorded in the mid-
height of the panel by LVDTs 5 and 2 and had a
range between 0.03 to 3.98 mm.

6. 2. Pilot Test

e Cracking Characteristics = During the test, each
specimen was allowed to settle into the test setup
and the wall was elastically deforming. Thus, no part
of the specimen was yielding or failing, and the
displacements were linear to the applied load. Under
increased displacements, diagonal cracks from
middle to the upper corners of the panel began to
form. The first crack patterns were observed in the
corner half panel of the first row at a load of 65 kN.
These cracks were accompanied by vertical cracks
from the top towards the mid-height of the panels
(Figures 8 a and b). As loading continued, vertical
splitting cracks appeared near the base of the panels
under compression and extended toward the height
of the panels (Figure 8c). With increased
displacements of up to 2.62 mm and compressive
force of up to 200 kN, the vertical cracks widened
and a part of the specimen broke off from the half
panel in the first row (Figure 8d).

e Stress Distribution These stresses were
measured at the surface of the panels and at the
connections. We observed that the stresses at the
corners of the panels (i.e., the interlocking areas)
were higher. In addition to resisting the load, the
connections were primarily undergoing compressive
stress instead of tensile stress.

Figure 9 shows the principal stresses over the
sections at a load of 200 kN. This occurred immediately
before the test was stopped. The highest stress at this
point was 1.176 MP, which was recorded in strain
gauge 8 located near the connection in the second row.
In general, the first row registered higher stresses.
However, all the measured stresses of the members
during the test were below the elastic limit (0.45fc")
(ACI318M-08 2007).

Load-Displacement Behavior In general, the

panels exhibited a symmetric load-displacement relation

for loading in the positive (front) and negative (back)

directions until toe crushing occurred at one end at a

load of 140 kN. Figure 10 shows the highest

displacements which were recorded by LVDT 3 and
7.They were located in the first row at the top of the

broken half panel. The deflections for the panels from
this stage until 200 kN ranged from 0.07 to 2.62 mm.

The results revealed that the panels in the first row
had higher displacements compared with the second
row, which resulted in increased cracks in the panels. In
general, the panels of the specimen for the pilot test did
not have adequate alignment due to insufficient
vibration during the casting process of the panels. This
led to the unsmooth corners at the top and bottom of the
panels. As a result, the interlocking mechanism did not
work very well. This inconsistency was corrected for
the main specimen. However, the deflection limits for
the non-load-bearing precast wall panels following ACI
533R-93 were limited to 0.75in (19 mm) [40].
Therefore, the pilot test specimen still satisfied the
deflection limit. Approaching the 200 kN load,
increased broken parts were observed in the specimen;
thus, we decided to terminate the experiment at this
point.

(b)

© (d)

Figure 8. Progression of cracks during the pilot test
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Figure 9. Recorded stress on the surfaces of the pilot test
specimen at the load of 200 kN
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Figure 11. Crack patterns in the main test specimen

6. 3. Main Test The prototype panels behaved in a
linear elastic manner up to a load of 210 kN and a mid-
span lateral deflection of 2.61 mm. The first crack was
observed at this point. The panel was loaded up to a

maximum load of 250 kN and a lateral deflection of
2.64 mm. At this point, slight buckling was observed in
the main frame of the testing machine. The buckling
increased with the increase in applied load; therefore,
the test was terminated at this point.

Stress (MPa)
o o o o

)

Stress (MPa)

©
w

Cracking Characteristics Under increased
displacement, diagonal cracks were clearly visible,
starting from the middle corners to the upper corners
of the panels. Displacement up to 2.6 mm and
compression of 230 kN resulted in extended
diagonal cracks up to the top part, which was also
accompanied by vertical cracks toward the mid-
height of the panels (Figures 11 a and b). As loading
continued, vertical cracks typically appeared at the
top and bottom edges of the panels starting from the
interlocking areas. In general, in the exterior face of
the specimen (without the connections), the cracks
were primarily diagonal, beginning from the middle
corners to the upper corners of the panels (Figurel 1
c). However, the crack patterns in the interior face
revealed that the cracks propagated from the top
region around the connections and then followed
vertical or diagonal directions (Figure 11 d).
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Figure 12. Load versus two higher recorded stresses in
LVDTs 6 and 9
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Results from strain
measurements showed that the main recorded stress
was tensile. In addition, the specimen became less
compressive and indicated less tensile stress
compared with the pilot test. The highest recorded
compressive stress for the main test was 0.18 MPa
while for that of the pilot test was 0.7 MPa.
Moreover, the highest recorded tensile stress values
in the main and pilot tests were 1.09 and 1.17 MPa,
respectively. Gauges 1 to 4 were positioned at the
mid-width of the panels, 300 mm from the corner;
gauges 5 to 8 were 100 mm from the corners; and
gauges 9 and 10 were on the connection of the
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panels. Among these, gauge 6 recorded the highest
range of stress between 0.05MPa and 1.09MPa
(Figure 12). Gauge 6 was placed in the first row near
the connection and on the upper corner of the panel.
The second-highest stress was measured with gauge
9, located on the connector. Based on the design of
the connections, this part was supposed to withstand
the stress and prevent displacements in the
connections. The corner gauges indicated higher
strains compared with the middle gauges. However,
during the panel test, the strains measured on all
members fell below the elastic limit (0.45fc") [41].
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Figure 13. Load displacements record for the specimen in main test

« Load-Displacement Behavior The displacements
recorded by the LVDTs were also determined.
Figure 13 shows the load versus thickness parallel
deflection of the specimen during the test. The
prototype panels exhibited low displacement values,
thereby indicating a high degree of composite
action. The relative displacement for all specimens
ranged from 0.03 mm to 2.64 mm. The maximum
deflections for the panels were obtained on LVDT 7,
located in the middle stretcher panel of the first row.
In general, the prototype panel satisfied the
deflection limits according to ACI318M-08, with a
deflection of only 2.64 mm at the full load of
250 kN [41]. The behavior of the connections was
not significantly different from that of the panel
structure as a whole. Thus, the connections were
sufficiently safe.

7. EXPECTED SERVICE LOAD

The expected service load for the specimen was
calculated based on the weight of the panels. The total
lateral force applied during the test was much higher
than the service load. Although this was not the ultimate

state, these findings indicated that the strength of the
structure under lateral loads was sufficient. The weight
of one row in specimen (w) is expressed as:

w=23kg (half panel) + 53kg (main panel) + 53kg (main
panel) + 4.2kg (corner block) = 133.2kg (1305.36N)

The weight of the 5 top rows that should be handled
with two bottom rows (w) are given by:

W = 1305.36 X 5 = 6526.8N.
Specimen area (A) is given by:
A = 1500mm x 100mm = 150000mm?.

Required pressure (P) resistance is:
P == = 6226.8/150000 = 0.0414 MP.

Applied pressure (P) during the test is expressed as:

W =250 kN
P = 250000/150000 = 1.6 MP.

In a building made with the proposed panel system, with
a ground floor and a first floor, no additional stability
walls are needed, and the overall stability between the
columns and beams is ensured by the system of rigid
connections.
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8. CONCLUSIONS

In an attempt to develop an innovative panel design, a
number of criteria have been studied. Improved
analytical modelling combined with experimental
testing program is expected to provide insight into panel
behaviour. The main features of the design are as
follows:
e the applied dimensions
coordination requirements;
e the simple shape of the panels aid in simple
production and assembly of the wall;
e the interlocking structure has been designed to
efficiently withstand the load; and
e environmentally-friendly construction has been
conducted in a dry and fast manner.
The stability and load-bearing capacity of the designed
panels were tested via an experimental procedure. The
results obtained from the compression test indicated that
the interlocking panel system may be adopted in
building or housing construction. However, further
evaluations are required for an applicable system.
Furthermore, the effects of lateral and eccentric loads, in
addition to wall openings on the strength capacity of the
wall, must also be investigated.

satisfy the modular

9. ACKNOWLEDGEMENT

The authors would like to thank National University of
Malaysia, for financial support under GUP Project,
UKM-GUP-TK-08-16-062.

10. REFERENCES

1. Sunikka, M. and C. Boon, "Environmental policies and efforts in
social housing: the Netherlands", Building Research &
Information, Vol. 31, No. 1, (2003) 1-12.

2. McDonough, W. and M. Braungart, "Cradle to Cradle:Remaking
the Way We Make Things", New York: North Point Press,
(2002).

3.  Kamar, K. A. M., M. Alshawi, and Z. Hamid. "Barriers to
Industrialized Building System (IBS): The case of Malaysia", in
In BuHu 9th International Postgraduate Research Conference
(IPGRC), Salford, United Kingdom, (2009).

4.  Egmond, V., d.W.d. Ligny, and E.L.C. "Industrialization for
sustainable construction" in The CIB World Congress.. The
Lowry, Salford Quays, United Kingdom. (2010)

5. Pan, W., A. Gibb, and A.R.J. Danity, "Prespectives of UK
haousebuilders on the use of off-site modern method of
construction". Construction Management and Economic, Vol.
25,No. 2, (2007) 183-194.

6. Blismas, N., C. Pasquire, and A. Gibb, "Benefit evaluation for
off-site production in construction", Construction Management
and Economic, Vol. 24, (2006) 121-130.

7. Thanoon, W. A., "The essential characteristics of Industrial
Building System", Kuala Lumpur, Malaysia. (2003)

20.

21.

22.

23.

24.

25.

26.

217.

Gibb, A. G. F. and F. Isack, "Re-engineering through pre-
assembly: client expections and drivers", Building Research &
Information, Vol. 31, No. 2, (2003) 146-160.

Tam, V. W. Y., "Towards adoption of prefabrication in
construction", Building and Environment, Vol. 42, (2006)
3642-3654.

Ball, R., "Re-use potential and vacant industrial; premises:
revisiting the regeneration issue in stoke-on-trent", Journal of
Property Research, Vol. 19, No. 2, (2002) 93-110.

Bon, R. and K. Hutchinson, "Sustainable construction: some
economic challenges", Building Research and Information,
Vol. 28, No. 5/6, (2000) 310-314.

Gallant, B.T. and F.W. Blickle, "Managing redevelopment of
brownfields with major structures", Environmental Practice,
Vol. 7, No. 2, (2005) 97-107.

Kohler, N. and U. Hassler, "The building stock as a research
object", Building Research & Information, Vol. 30, No. 4,
(2002) 226-36.

Brand, G.V.d., P. Rutten, and K. Dekker, "IFD Bouwen,
Principes en Uitwerkingen", TNO (Netherlands Organization for
Applied Scientific Research): TNO Bouw (Building and
Construction Research) Delft, (1999)

Morgan, C. and F. Stevenson, "Design for Deconstruction SEDA
Design Guides for Scotland", Scottish Executive and the
Scottish Ecological Design Association, Edinburgh, Vol. 1,
(2005)

Gregory, J., "Rehabilitation-new ways for older housing", New
South Wales, Department of Housing, (2004) 30-35.

Bullen, P., "Adaptive reuse and sustainability of commercial
buildings", Facilities, Vol. 25, No. 1/2,(2007) 20-31.

Slaughter, E. S., "Design strategies to increase building
fexibility", Building Research & Information, Vol. 29, No. 3,
(2001) 208-217.

Azam, H. U., A. R. Hamzah, and H. Mahanim, "A Literature
Review of the Advantages and Barriers to the Implementation of
Industrialied Building System (IBS) in Construction Industry",
Malaysian Construction Research Journal, Vol. 4, No. 1,
(2009) 10-14.

Grimm, C. T., "Masonry construction operations", Journal of
Construction Engineering and Management, Vol. 100, No. 2,
(1974) 171-185.

Whelan, M. L. "Hollow concrete masonry unit shape
modification to improve productivity of placement: results of the
preliminary research effort”, in 3rd North American Masonry
Conference, Arlington, Texas, (1985)

KB, K.A. and K. Ramamurthy, "Laboratory-based productivity
study on alternative masonry systems", ASCE Journal of
Construction Engineering and Management, Vol. 129, No. 3,
(2003) 237-242.

Ramamurthy, K. and E.K. Nambiar. "Accelerated masonry
construction: Review and future prospects”", in Structural
Engineering Materials, (2004).

Davison, N., "The Multispace adaptable building concept and its
extension into mass customisation”, in International Conference
on Adaptable Building Structures. Eindhoven, The Netherlands.
(2006)

Macozoma, D. S. "Building Deconstruction. in CSIR Building
and Construction Technology", CIB publication South Africa.
(2001)

Slaughter, E. S., "Design strategies to increase building
flexibility", Building Research & Information, Vol. 29, No. 3,
(2001) 208-217.

Geraedts, R. P. "Upgrading the Flexibility of Buildings",.
Wellington, New Zealand: proceedings of the CIB World
Building Congress, (2001)



259

28.

29.

30.

31.

32.

33.

34.

N. Sadafi et al. /IJE TRANSACTIONS B: Applications Vol. 27, No. 2, (February 2014) 247-260

S.Macozoma, D. "Understanding the concept of flexibility in
design for deconstruction”, in Design for Deconstruction and
Materials Reuse. University of Karlsruhe Karlsruhe, Germany:
CIB Publication 272, Proceeding of the CIB task group 39-
Deconstruction meeting, (2002)

Mark Webster, "Towards Dynamic Building Structures-
Building with Systems", in 2Greenbuild Conference.. Atlanta:
Costello Dismantling Co. (2005)

Sassi, P., "Designing closed-loopmaterial cycle construction”
Bulding Research & Information, Vol. 36, No. 5, (2008) 509-
519.

Keymer, M., "Design strategies for new and renovation
construction that increase the capacity of buildings to
accommodate change", in MIT, Cambridge. (2000)

Maury, C. L., Framework to assess a facility's ability to
accommodate change: application to renovated buildings, , Tufts
University, = Massachusetts  Institute = of  Technology,
Massachusetts, (1999)

Kibert, J. C. "Establishing principles and a model for sustainable
construction”, in Sustainable construction, Florida, USA: CIB
task group, (1994)

Fletcher, S.L., R. Plank, and O. Popovic, "Designing for future

reuse and recycling, in Deconstruction — Closing the Loop", ,
Building Research Establishment (BRE): Watford. (2000)

35.

36.

37.

38.

39.

40.

41.

Crowther, P., "Design for Disassembly- Themes and Principles",
in RAIA/BDP Environmental Design Guide (2005).

Thormark, C., "Recycling Potential and Design for Disassembly
in Building", TABK — 01/1021, Lund Institute of Technology:
Lund, (2001)

Gassel, F.v., "Experiences with the Design and Production of an
Industrial, Flexible, and Demountable (IFD) Building System", ,
NIST special publication SP, (2003)

Zegers, S. F. A. J. G. and F.V. Herwijnen. "Development of an
Industrial, Flexible and Demountable (IFD) floor system", in
The 21th Conference on Passive and Low Energy Architecture.
Eindhoven, The Netherlands, (2004)

Holtz, A. J. London Prototype House: "A Flexible Design
Alternative for Accomodating Change", in PLEA- The 23rd
Conference on Passive and Low Energy Architecture. Geneva,
Switzerland, (2006)
ACI533R-93, Guide for
American Concrete Institute.
Institute ACI: Detroit, (1993)

ACI318M-08, "Building Code Requirements for Structural
Concrete and Commentary. American Concrete Institute",
Detroit, American Concrete Institute ACI: Detroit, (2007).

Precast Concrete Wall Panels.
Detroit, American Concrete



N. Sadafi etal. / IJE TRANSACTIONS B: Applications Vol. 27, No. 2, (February 2014) 247-260 260

Structural and Functional Analysis of an Industrial, Flexible, and RESEARCH

NOTE

Demountable Wall Panel System
N. Sadafi, M. F. M. Zain, M. Jamil
Department Architecture, Faculty of Engineering, University Kebangsaan Malaysia (UKM), Bangi Malaysia
PAPER INFO kS
Paper history: L. . . Cl N s .= . s el . Lo g
Received 10 January 2013 53l e Sl lale 5 Sl S o 5 bl 31 S Ol Sluls W g el Sl Sl el
Accepted in revised form 20 June 2013 CalS Corge i BB 5 0 Gade sle sl 5 4l Sae slemb LB ol (3 3 Oletle Cxis 42

e BLdas e 05 1l Sy etle o B S sl s (AL e e (33 b e
Keywords: LbL b cw b 5 bl il e il 5 Jlasl BB Sl 4 5 Kl |55 656 onlasl 5 o olakd
Precast Concrete Wall Panel ) o A - . L2 (s v T
Industrial 055 paed S (Sl s wgd s ol 5 S5 Ced e 03 288 13 e 5550 Slesl =l b
Flexible & Demountable (IFD) Building System . . X . . . é ¢ . P c - N .
Functional Requirements Olel o3l 5ok [l Ol @ ol Ll 4z Sl S Led 5 edalie 250 L LS 5 JS8 S 5 sl

Structural Behaviour 2l et b Glakipal Sl Jes s St VL S50 S L LT mls ety S b

doi: 10.5829/idosi.ije.2014.27.02b.09




