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Abstract: Structural insulating panels construction systems as alternative to traditional methods of
construction have become more popular in last decades. They provide a good behavior as environmentally
friendly building materials without sacrificing the target strength. Insulating panels are particularly effective
in zones with extreme thermal climate such as cold countries and deserts. When applied to low-rise buildings,
these technologies allow to obtain a cellular structure composed of cast in situ sandwich squat concrete walls
sustain the gravity loads and act as shear walls to resist the lateral loads. This paper presents the results of
testing seven two-thirds scale sandwich panels squat walls with and without openings. Wall panel tests were
conducted under Quasi-static horizontal loads with constant axial load. The specimens were designed such that
the effect of key parameters on their seismic behaviour could be investigated. These parameters comprised:
boundary elements type, horizontal reinforcement ratios, axial load level and the presence of openings in the
walls. Test results showed that specimens were fully composite. Good detailing of walls end corners and
wall/footing connections resulted in diagonal tension failure mode. The tested walls experienced low dissipated
energy.
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INTRODUCTION two galvanized steel welded meshes. The two meshes are

Structural insulated panels are environmentally inclined diagonal wires (truss-like pattern) or orthogonal
friendly composite building material. They consist of an wires connectors as shown in Fig. 1. Once the panels are
insulating layer sandwiched between two layers of assembled on site, concrete is applied to the reinforcing
structural board. The board can be sheet metal, plywood, meshes either manually or mechanically. This system
cement, magnesium oxide board or oriented strand board allows the lightweight panels to be assembled without the
and the core either expanded polystyrene foam (EPS), use of cranes. The complexity of the interaction between
extruded polystyrene foam (XPS) or polyurethane foam. the various components of the cast in situ sandwich
According to PCI-2011 [1] “Sandwich panels have been panels system has led researchers to rely on experimental
produced in North America for more than 50 years”. observations to validate the structural behaviour of that
Sandwich wall panels have the advantage of playing two system.
essential roles of transferring loads and insulating the Several experimental studies have been carried out to
structure. Therefore, Sandwich panels are used as exterior investigate the behavior of sandwich wall panels under
and interior walls for many types of structures. Concrete axial and eccentric loads [2-7]. The main goal of these
sandwich panels construction system is well known as a studies was to assess the composite behavior and the
precast or tilt-up system. In last decades, as the need to ultimate  load  carrying  capacity  of  that type of walls.
the energy saving and environmental impact The panels with shear connectors (orthogonal or truss)
considerations have been increased, a new sandwich were found to behave almost fully composite till failure
panels system has been produced. Such a system under both concentric and eccentric compression loads.
delivered at the site as flat or corrugated sheets of foam However, the panels capacities decreased nonlinearly
(expanded or extruded polystyrene) sandwiched between with  the  increase  of  the slenderness ratio. Thus, it is not

connected together by continuous truss connector or
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Fig. 1: Different Shapes of the Prefabricated Panel diameter of 2.5 mm spaced at 130 mm and longitudinal

recommended to use shear connectors of length more 80 mm, this gives a horizontal reinforcement ratio of 0.13%
than 180 mm because it could not connect the two and longitudinal reinforcement ratio of 0.45%. The two
concrete layers to produce the target composite wire meshes are linked together with galvanized wire
behaviour. The role of reinforced concrete part in the connectors having a diameter of 3 mm welded
sandwich panel structures is not to support the vertical orthogonally  to  the  meshes  in quantity of 40 per m .
loads only, but it also responsible for resisting the Wall panels were completed by applying concrete onto
prospective lateral loads. Through the literature, it was the external surfaces of the polystyrene sheet up to the
found a limited number of researches were conducted to final thickness of 30 mm.
study the performance of the cast in situ sandwich panel
structures under in-plane lateral loads [8-10]. The aspect Research Program: Five full wall specimens designated
ratio of the tested walls was ranged between 0.75 and 1.0 as SP1 to SP5 and two walls with door and window
which indicated that all walls were in squat type geometry openings designated as SP-D and SP-W, respectively,
simulating that of the real structures. In case of were tested under combined constant axial compression
insufficient wall/footing connection, sliding shear reduced load and quasi-static lateral load. The specimens were
the shear capacity of the tested walls. Local bar buckling constructed with bottom and top beams. The bottom
at the wall base corners was observed in the specimens beam was clamped to the laboratory strong floor to
tested in single configuration (cantilever) [8]. This type of simulate a rigid foundation. The top beam role was to
failure was called "virtual failure" because the specimens distribute the horizontal and axial loads to the wall;
reached its peak strength then lost its lateral strength however it did not restrain the rotation so that cantilever
without real failure or collapse [11]. The proper behaviour of the wall was obtained. In order to provide
reinforcement details around openings, led to the same additional strength in areas where the lateral load action
behaviour of the full specimens [8, 10]. The difference in induces high levels of stresses, two boundary elements
applying concrete layers methods (Manually or were constructed at the lateral edges of each wall
pneumatic) do not have any significant effect on walls specimen.
seismic performance and the selection between the two
methods depends on the project time and cost constrains Specimens Properties: Table 1 lists the properties of all
[9]. the tested specimens and the variations of the

This paper describes a part of PhD experimental investigated parameters. Table 1 also gives walls
program on squat sandwich panels wall specimens dimensions, vertical and horizontal steel reinforcement of
constructed and tested under displacement reversals until the walls, concrete compressive strength, level of applied
failure. axial load at the time of testing, boundary elements

Research Significance: The main research objective is to Fig. 2, all specimens had a rectangular cross section, 1800
evaluate the seismic behaviour of cast in situ sandwich mm height and 120 mm total thick (60 mm foam
panels walls with aspect ratio of 0.75. The key parameters sandwiched between two concrete layers of 30 mm
assessed in this paper are boundary element type, amount thickness). Sliding shear at the wall base was controlled
of horizontal reinforcement, level of the applied axial load using  hot  rolled  dowels  with  total  length  of 800 mm,
and the presence of openings. 350  mm  inside  the  footing beam and 450 mm outside and

Description of the Sandwich Panel Modules: The
sandwich panels standard modules considered in this
study are made of a single sheet of expanded polystyrene
having 1200 mm length, 60 mm thickness and adjusted
required  height.  The  polystyrene  sheet  is  reinforced
by two galvanized and electro-welded steel wire mesh.
The polystyrene sheet has a corrugated profile along the
horizontal direction as shown in Fig. 1-c. The steel wire
mesh consists of horizontal reinforcement having a

reinforcement  having  a  diameter  of  3.5 mm   spaced  at

2

properties  and  the  opening dimensions. As shown in
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Table 1: Properties of Specimens

Boundary Element
Height Length Vertical Horizontal -----------------------------------------------------------

Spec. (mm) (mm) Reinforcement Reinforcement f  (MPa) Axial** Load Level Type Width (mm) Longitudinal reinforcement Openingcu*

SP-1 1800 2400 Ø3.5@80mm Ø2.5@130mm 32 2.5% Solid part 60 3 # 10 --
SP-2 1800 2400 Ø3.5@80mm Ø2.5@130mm 32 2.5% column 120 4 # 10 --
SP-3 1800 2400 Ø3.5@80mm Ø2.5@65mm 35 2.5% Solid part 60 3 # 12 --
SP-4 1800 2400 Ø3.5@80mm Ø2.5@43mm 35 2.5% Solid part 60 3 # 12 --
SP-5 1800 2400 Ø3.5@80mm Ø2.5@130mm 34 8.5% Solid part 60 3 # 12 --
SP-D 1800 2400 Ø3.5@80mm Ø2.5@130mm 33 2.5% Solid part 60 3 # 12 Door 540mm×1320mm
SP-W 1800 2400 Ø3.5@80mm Ø2.5@130mm 33 2.5% Solid part 60 3 # 12 Window 600mm×600mm

*Concrete compressive strength at the testing date.
** Axial Load Level = N/A  fg cu

Section A-A Wall Details

Sec B-B for Wall with a) Solid Part Boundary Element, b) Column Boundary Element

Fig. 2: Details of the Tested Specimens

was spaced at 260 mm. The bottom beam had a 10  mm  diameter  bars  spaced  at  100 mm   along  the
rectangular cross section of 300 mm width and 400 mm beam  length  were  used.  The  top  beams  of all
thickness  and  a  total  length  of  3500  mm.  The beam specimens was tied to the wall panels with nine U-shaped
was  reinforced  with  four   steel   bars   of  16 mm bars of 8 mm diameter and 500 mm length and spaced at
diameter as the top and bottom reinforcement. Stirrups of 330 mm.
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The Boundary elements of the wall specimens were of insulation no empty spaces should be left between the
the same thickness and height of the wall. It was a solid joints of polystyrene sheets. After erecting the panels,
part type of 60 mm width for all specimens except for they were connected by straight splice mesh overlapped
specimen SP-2 which was a column type of a 120 mm on adjacent panels. The splice mesh is 300 mm width and
width. The solid parts were reinforced with three has the same dimension and wires diameters as the
longitudinal bars of 10 mm diameter for specimen SP-1 and primary wire mesh of the panels. The main role of the
three longitudinal bars of 12 mm diameter for the rest of splice mesh is to create continuous mesh reinforcement
the specimens except SP-2 which reinforced with four between the panels. The polystyrene core have a density
longitudinal bars of 10 mm diameter and closed stirrups of 10 kg/m , The horizontal and vertical galvanized steel
with diameter of 8 mm. The boundary elements were wires have an average yield strength of 650 MPa and 660
connected to the panel with U-shaped bars of 8mm MPa, ultimate strength of 670 MPa and 680 MPa and low
diameter with length of 250 mm and 300 mm for solid part elongation of 3% and 2.7%, respectively. The plain steel
type and column type, respectively. Extra horizontal bars of 8 mm diameter were of grade 24/35 and the ribbed
galvanized steel bars with diameter of 2.5 mm were added bars of diameters 10 mm, 12 mm and 16 mm were of Grade
to the primary steel wire meshes in specimens SP-3 and 40/60. The materials used in producing the concrete mixes
SP-4. Two steel ratios were selected, the minimum amount are Portland cement CEM I 42.5N, sand, crushed stone
according to ACI 318-14 [12] and the same ratio of the (dolomite) with maximum aggregate size of 5mm and 10mm
vertical bars in the primary mesh to simulate the other for concrete layers and beams, respectively,
types of the commercial sandwich panels products which superplastisizer and bonding agent.Wall panels were
have equally vertical and horizontal reinforcement ratios. completed through the following steps: 1) Spraying
In both wall specimens SP-3 and SP-4, the horizontal concrete onto the external surfaces of the polystyrene
reinforcement ratio increased from 0.13% (Ø2.5@130mm) sheet up to the metallic mesh using compressed air and
to 0.25% (Ø2.5@65mm) and 0.38%, (Ø2.5@43mm), hopper system then, 2) The boundary elements were cast
respectively. Each test consisted of a quasi-static cyclic then, 3) concrete was applied up to the final thickness of
horizontal load with a constant compressive axial vertical 30 mm of the concrete layer using manual hand tools and
load (N). A constant axial load level was applied to all wall finally the top beam was cast, (Fig. 4).
specimens approximately equal to 2.5% except specimen
SP-5  which  tested  under  an axial load level of 8.5%. Test Setup and Instrumentation: As shown in Fig. 5, the
Level of axial load was calculated by dividing the axial axial loading was applied by a vertical hydraulic jack.
load by the product of the net section of concrete area by Beam system consisted of two steel beams placed on four
the average compressive strength, N/A f %. Specimen lubricated steel rods was rested on the wall top beam tog cu

SP-D has a door opening of 1320 mm height and 540 mm transmit the axial load to the wall top beam and enabled
width.  Specimen  SP-W has a square window opening the wall to act as cantilever. The horizontal cyclic loading
(600 mm × 600 mm). As shown in Fig. 3, the openings were was applied using reversible hydraulic jack. The applied
surrounded by solid concrete frame of 60 mm width and axial load was measured using load cell (LC1) and the
120mm thickness reinforced at each side by two bars of 12 applied cyclic load was measured with tension-
mm and joined to the sandwich panels by U-shaped bars. compression load cell (LC2). Eleven linear variable
A strip of mesh with 320 mm width was placed diagonally displacement transducers (LVDTs) were attached to each
at the corners of the openings. specimen in order to measure the displacements of the

Erection and Preparation of Specimens: As the sandwich jack was connected to an electric pump to control the
panels were delivered in a constant width of 1200 mm and level of the desired axial load. The reversible hydraulic
a height of 2100 mm, the panels were cut to the required jack was connected to another electric pump provided
length and height before erecting on the bottom beams. with automatic valve to control the level and direction of
Panels were placed over the reinforced concrete bottom the applied cyclic displacement. First, the required axial
beam. The projected dowels from the bottom beam were load was applied. Then, the reversible hydraulic jack
placed between the polystyrene sheet exterior faces and started to apply increasing cyclic load in displacement
inner faces of the wire meshes. To achieve proper heat increments  according to the load history shown in Fig. 6,

3

specimens under the axial and cyclic loads. The vertical
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Fig. 3: Details of Specimens a) SP-D with Door Opening, b) SP-W with Window Opening

Fig. 4: Applying Concrete layers

Fig. 5: Test Setup

Fig. 6: Lateral Displacement History
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Table 2: Tests Results and Performance measures

Spec. V  (kN)  (mm) V  (kN)  (mm) V  (kN)  (mm)  (MPa) K  (kN/mm) SDR % E  (kN.mm) NEIcr cr y y u u u o t

SP-1 139.8 3.0 174.7 7.5 208.0 11.5 1.48 73.9 75.5 15075 7.1
SP-2 94.3 3.0 178.6 7.7 189.5 11.1 1.39 31.6 45.6 12518 5.6
SP-3 108.5 1.5 271.2 7.0 310.5 11.5 2.21 77.5 65.2 13725 4.5
SP-4 120.5 1.5 248.1 4.7 330.5 7.1 2.35 78.4 41.2 6766 2.2
SP-5 299.0 7.3 331.2 7.2 357.2 8.5 2.54 77.0 45.4 11067 3.3
SP-D 146.0 2.3 222.5 5.1 238.0 7.3 1.70 83.2 60.0 9388 5.0
SP-W 153.0 1.5 189.8 3.4 232.5 6.0 1.66 99.6 61.0 4875 4.8

the wall specimens were subjected to lateral displacement middle zone of the other face the concrete layer spalled
cycles ranging from 1.5 mm (i.e. drift ratio of 0.08%) up to horizontally at 14.5 mm displacement cycle. By the end of
23 mm (i.e. drift ratio of 1.2 %). Two cycles were applied to the first cycle of 17.5 mm displacement cycle the main
each deformation level to evaluate the loss of strength diagonal shear crack extended and widened at the two
and stiffness during repeated cycles at the same drift faces of the wall, the bottom corner of the wall spalled and
level. During the test the applied axial load was corrected the test was terminated.
to be constant throughout the test time. The data For specimen SP-2, early vertical hair cracks appeared
acquisition system recorded continuous readings of the at the middle of the two faces at 3 mm displacement level.
electrical load cell and the LVDTs. The test was continued The cracks started from the bottom and extended to the
until the tested specimen reached its maximum shear middle height of the wall. At the subsequent cycles, the
capacity. vertical  cracks  extended and diagonal cracks appeared.

Test Results: Table 2 presents the major test results. extended and widened and new diagonal cracks appear in
Lateral load (V) and its associated displacement ( ) at the two directions. At the first cycle of 11.5 mm
different stages are given. This includes cracking stage displacement level, the diagonal cracks deviated to
where (V  and ) are the load and displacement at the become more horizontal at the middle width of the wallcr cr

peak of the loading cycle at the first crack appearance, forming ten equally spaced short horizontal cracks. At the
yielding stage (V  and ), Ultimate stage at maximum load second cycle some of the diagonal cracks near they y

and its associated displacement (V  and ) and its boundary element deviated vertically forming a verticalu u

equivalent shear stress ( ). The recorded loads and failure plane. At the middle of the wall a vertical crack wasu

displacements are the average values of the two loading formed connecting the pre-mentioned horizontal cracks.
directions. The table also includes the performance As shown in Fig. 7, along the horizontal and vertical
measures of the tested specimens which are initial cracks, concrete cover crushed and spalled. Beyond the
stiffness (K ), Stiffness degradation rate (SDR), total peak load cycle of 11.5 mm displacement level, the wallo

energy dissipation (E) and normalized energy index (NEI). lost its resistance to the lateral displacements. Att

Cracking Behavior and Mode of Failure: Cracking cracks equally spaced were evident and the main diagonal
patterns were marked on each face of the tested shear crack was widened. The failure mode of this tested
specimens at the peak of each loading cycle as shown in specimen was untraditional for squat shear walls but it
Figs. 7 and 8. All tested specimens failed in a diagonal was somehow similar to that of Osterla et al. [13] and
tension failure mode. Specimen SP-1 reached the ultimate Palermo and Vecchio [14], who tested solid reinforced
load of 206 kN and 210 kN for the positive and negative concrete squat walls and to that of Pavese and Bournas
loading direction, respectively, at the displacement cycle [8] who tested sandwich panel walls. Based on Palermo
of 11.5 mm. The specimen Hairline-size diagonal cracks and  Vecchio  [14] explanation of the failure mechanism,
began to appear at 3 mm displacement cycles. The main the stiff boundary elements provided a restraint against
diagonal crack formation occurred at the end of the 6 mm the widened of the formed diagonal cracks which led to
displacement cycle. As the test progressed, the existing formation of horizontal or vertical slip planes. When the
diagonal cracks extended and widened and new cracks adjacent  surfaces  slipped  relative  to each other,
appeared. At 11.5 mm displacement cycle, concrete at the concrete crushed as a result of grinding along the
panel bottom corner of one face began to spall. At the slippage planes.

As the test progressed, the existing diagonal cracks

displacement cycles of 14.5mm, three additional vertical
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Fig. 7: Cracking Pattern at Failure for Full Specimens

Fig. 8: Cracking Pattern at Failure for Specimen SP-D and SP-W

Using higher horizontal steel ratios did not affect the recorded for specimen SP-1 without opening. As shown
cracking load positively. Specimens SP-3 and SP-4 in Fig. 8, the cracking load ratios with respect to the
cracked at early loads of about 35% of the ultimate load. ultimate load for specimens SP-D and SP-W were of 61%
On the other hand, both specimens showed a good and 66%, respectively. It was observed that the main
seismic behaviour after the first cracking state which diagonal cracks ended at the corners of the openings
could be approved by the small ratios of cracking where the concrete crushed and spalled. The two
displacements to that at ultimate loads which were 13% specimens were controlled by diagonal tension shear
and  21%  for  specimens  SP-3  and  SP-4, respectively. failure mode.
The cracking patterns were not significantly different from Specimen SP-D with door opening of 540 mm × 1320
that of specimen SP-1 and both specimens failed in a mm acted as a full panel without opening. Fig. 8 shows
diagonal tension shear mode. Increasing the level of axial that the opening just intercepted the crack path. It could
load  to  8.5% restraint the cracks initiation of specimen be attributed to the small width of the opening which
SP-5. The first diagonal crack appeared at 7.3 mm provided 22.5% of the total specimen width. The two parts
displacement  level  at  a  significant high lateral load of of the wall specimen SP-W at the right and left sides of
299 kN which equals 86% of the ultimate load and hence the  window  opening  behaves  as  an  individual wall.
brought on poor seismic behaviour after cracking. The  window  opening  of  specimen  is wider than the
Specimens with opening showed a noticeable close door  opening of specimen SP-D and that could explain
cracking load and cracking displacement ratios to that the different  cracking  behaviour  of  the   two  specimens.
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Fig. 9: Load-Displacement Hysteresis Loops for Full Specimens

Fig. 10: Load-Displacement Hysteresis Loops for Specimens with Openings

The stable seismic behaviour and the increase in the load-top displacement hysteresis loops for all
resistance capacities of both SP-D and SP-W comparing specimens. It was observed that the initial behaviour of all
with SP-1 could be attributed to the adequacy of the specimens is elastic linear until the formation of the first
openings boundaries detailing which compensated the diagonal cracks where pinching or stiffness degradation
hollow part of the wall. of the hysteresis loops is developed. The pinching

Load-Displacement Hysteresis Loops: Hysteresis loops specimens. At the same displacement level, the second
plots are used for defining the specimens response under loading cycle does not show significant strength
load reversal. They are useful for the assessment of degradation, i.e. stable loops. However, at ultimate
deformation, energy dissipated, ductility and stiffness displacement and the subsequent cycles, if available, the
degradation of the tested specimens. Figures 9, 10 show loops clearly lose their stability. Development of the

behaviour is associated to the shear failure mode of the
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maximum shear strength in specimens SP-3, SP-4 and SP-5 As shown in Fig. 11 the stiffness degraded with the
was associated with sudden failure and the tests were increased of applied displacements. The degradation of
terminated  instantaneously, which disabled the formation the stiffness is attributed to the propagation and widened
of the descending branch of the last hysteresis loop. of the formed cracks. The high values of K were

Performance Measures: Focus is placed on four reinforcement ratios and high level of axial load. Solid
performance measures used hereafter as the most concrete parts and adequate reinforcing details around
significant characteristics that describe the sandwich the openings were the main reasons of the high initial
panel walls behaviour when subjected to earthquakes. stiffness values of specimens SP-D and SP-W. The
These measures evaluate strength, stiffness and energy stiffness degradation rate of the specimens was evaluated
dissipation. using the stiffness decay rate (SDR) suggested by Bahaa

Strength: Shear stress was computed by dividing the
average maximum load by the concrete cross sectional (3)
area of the wall web as follows:

(1) stiffness at ultimate load, respectively.

where V  is the maximum load, l is the web length of the recorded the least stiffness decay rate. The presence ofu

wall measured from centre to centre of the solid parts, t is the horizontal wires in small spaces controlled the cracks
the total thickness of the two concrete layers. width which decrease the loss of the gross concrete

The Load-displacement hysteresis loops figures section and subsequently decrease the loss of the
showed that the specimens strength increased as the uncracked stiffness.
applied displacement increased until the maximum
strength was reached. Beyond that level, a steep decay in Energy Dissipation: Measuring hysteretic energy
strength is observed in most specimens that could be dissipation is useful because it take into consideration the
attributed to the mode of failure and the nature of the stiffness degradation till the ultimate level. The total
squat  walls  as  non-ductile  elements.  As shown in hysteretic energy dissipated before failure E is computed
Table 2, the maximum loads sustained by the tested as follows:
specimens  ranged  between  189.5 kN  and  357.2 kN.
Shear stress ranged between 1.39 MPa and 2.54 MPa. (4)

Stiffness Degradation: Stiffness defines the relationship
between loads and displacements. Generally, It is the where E  is the hysteretic energy measured as the
slope of the line corresponding to a certain load. The hysteretic area of cycle i and n is the number of cycles
initial stiffness K is the elastic stiffness of the specimens until ultimate load.o

while the secant stiffness K  is the stiffness at the The energy dissipated increased as the displacements

inelastic zone. The stiffness of every cycle was measured level increased and it was observed that the energy
as the average of that in the two loading directions as dissipated in first cycles of the same displacement level is
follows: larger than that in second cycles. This can be attributed

(2) The normalization of the tested specimens dissipated

The initial stiffness values of the tested specimens specimens with different shear capacity. Ehsani and
are recorded in Table 2. It ranged between 31 kN/mm and Wright [16] proposed a normalized energy index that takes
99 kN/mm. As it was expected, the initial stiffness K of into consideration the effect of deformation capacity,o

the  first  cycles is higher than the secant stiffness K of stiffness degradation and the cyclic dissipated energy.s

the subsequent cycles. The normalized energy index NEI is expressed as follows:

o

corresponded to the specimens with higher lateral

[15] as follows:

where K  and K  are the initial stiffness and the secanto u

Specimens stiffness decay rate ranged between 41.2%
and 75.5%. Specimen with highest horizontal steel ratio

t

i

to the loss of strength and stiffness of the second cycles.

energy produce the opportunity to compare the



2

1

1 n
i i

i
u u y yi

KNEI E
V K=

  
=       

∑

World Appl. Sci. J., 33 (11): 1718-1731, 2015

1727

Fig. 11: Stiffness Degradation of Tested Specimens

Fig. 12: Definition of Ultimate and Yield Deformations

(5) Effect of TestParameters on the Specimens Performance

where V  and  are the lateral load and displacement at composite behavior of the multiple layers of the walls andu u

the ultimate level, respectively; E , K and  are the energy allow effective anchorage to the adjacent or thei i i

dissipated, stiffness and displacement of cycle i, transversal walls or both of them. For the purpose of
respectively; K  and  are the stiffness and displacement seismic design, boundary elements in structural wallsy y

at yield level, respectively and n is the cycle at the have the following functions: a) accommodate the flexural
ultimate load. reinforcement, b) provide confinement to the concrete at

In the current study, most of the tested specimens the compression zones, c) eliminate reinforcement
failed after reaching their ultimate strength in a very low buckling in the critical sections and d) resist sliding shear.
inelastic deformation manner. Therefore, the ultimate The boundary elements considered in this study are fully
displacement  is estimated as the displacement at the reinforced  concrete  parts  without  polystyrene  layers.y

peak load (ultimate load) V . Among various definitions of All specimens were constructed with boundary elementsu

yield displacement  used by the investigators, Park [17] with  the  same gross thickness of the walls. Specimensy

reported that the most realistic one is that based on SP-1 and SP-2 were used to assess the effect of boundary
reduced stiffness computed as the secant stiffness at 75% elements type on the seismic behavior of sandwich panels
of the ultimate load in equivalent elasto-plastic system as walls. Figure 13.a shows the load-displacement envelops
shown in Fig. 12. As illustrated in Table 2, the ductility of of the two specimens SP-1 and SP-2. It was observed that
the sandwich panels walls significantly decreased with using columns as boundary elements did not affect the
the increasing of horizontal reinforcement ratios or wall strength positively. Shear stress of specimen W2 was
increasing of axial load level. Comparing with specimen 6% less than that of SP-1. As it is illustrated in Table 2,
SP-1, walls SP-D and SP-W with opening showed ductility although the initial stiffness of SP-2 was lower than with
reduction of about 30 and 35%, respectively. that of SP-1, the SDR was much lower  in  specimen SP-2.

Effect of Boundary Element Type: Boundary elements of
sandwich panels walls in real structures guarantee the
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The stiff columns restrained the cracks width preserving significant on shear capacity of lightly reinforced walls
the stiffness of the specimen and leading to low with reinforcement ratio lesser than the minimum
deterioration rate. As expected, controlling cracks requirements of ACI 318 [12], (0.25%). On the contrary,
widening reduced the total dissipated energy of SP-2 by they found that the effect is diminished for squat walls
17% and the reduction of the normalized energy index with higher horizontal web reinforcement ratio. There was
reached 21%. no big difference between the initial stiffness of the

Paulay and Priestly [18], postulated that the considered three specimens. However, the stiffness decay
mechanism of shear transfer in framed squat walls is rates (SDR) were clearly affected by the amount of
similar to that of infilled frames. At the lower levels of horizontal reinforcement. As it is illustrated in Table 2,
seismic  loading  the  infill  panels  are  uncracked  and act increasing  of specimen SP-3 and SP-4 reduced the
as a structural wall with boundary elements that increase stiffness decay rate. As the SDR decreased, both the
the stiffness of the system. At that stage anderson and normalized energy index NEI and the ductility factor µ
Brzev [19] reported that the infill attracts the most of the were also decreased. With respect to previous tests on
lateral forces. As load and deformations increase, the squat shear walls, it was noted that there is no obvious
stiffness decreases due to cracks spreading and relation between the amounts of web reinforcement and
propagation in the infill panel and more of the load is ductility or energy dissipation. Hidalgo et al. [22] found
transferred to the boundary elements. That results in that the average values of normalized dissipated energy
separation between infill panels and the boundary element were independent of the variation of the web
at the corners of the diagonal tensioned cracks reinforcement. In the same aspect, Oesterle [23] reported
developing a diagonal compression strut. In such a case, that the significant increase in the amount of horizontal
the boundary elements are enforced to resist the reinforcement had a small influence on ductility prior to
horizontal component of the force in the diagonal web crushing.
compression strut. That mechanism is in line with that in
specimen SP-1. Specimen SP-2 cracking pattern did not Effect of Axial Load Level: Increasing axial load level from
show the fully diagonal strut and the lateral load did not 2.5% for specimen SP-1 to 8.5% for specimen SP-5 led to
transfer correctly to the boundary elements  reducing  the significantly increase in shear capacity of 71% and
shear capacity of specimen SP-2. It worth  noting,  that noticeable reduction of the ultimate lateral displacements
the increase of boundary elements cross  sectional  area as shown in Fig. 13-c. Sandwich panels walls tested by
enhanced the lateral stiffness response of specimen SP-2. Pavese and Bournas [8], Ricci et al. [10] and solid walls
Based on the for-mentioned analysis the solid  parts  that database gathered by Gulec and Whittaker [21] or by
are recommended by several constructors are more Sánchez-Alejandre and Alcocer [24] also showed that
efficient as boundary elements for  sandwich  panels shear capacity of squat walls increased with the increase
squat walls. of axial loads for all cross section shapes. Increasing

Effect of Horizontal Reinforcement Ratio: Horizontal load level of 84% of the ultimate load corresponding to
reinforcement ratio is considered a key parameter used in displacement level of 7.3mm presenting 85% of the
the peak shear equations of walls. Results of Carillo et al. ultimate displacement. The high level of axial load
[20] demonstrate that wall shear strength mainly controlled the cracks widening and spreading of specimen
associated with web horizontal reinforcement.  Results  of SP-5, which led to moderate stiffness degradation rate of
specimens SP-1, SP-3 and SP-4 with horizontal 45%  compared  with  that  of  74%  for  specimen SP-1.
reinforcement ratio of 0.13%, 0.25% and 0.38%, The normalized energy index NEI was reduced by 53%.
respectively were compared as shown in Fig. 13.b. Shear This is logical since the presence of higher axial
capacity of specimens SP-3 and SP-4 were 51.8% and compressive load level cause the behavior to be more
61.6%, respectively, higher than that of specimen SP-1. It brittle.
is worth noting that the increase of shear capacity of
specimen SP-4 compared with specimen SP-3 is 6%, which Effect  of  Openings:  Figure  13.d  showed  that
is considered insignificant enhancement. This is in specimens with openings SP-D and SP-W presented a
agreement with those obtained by Gulec and Whittaker comparable behavior with that of the full specimen SP-1.
[21], who found through the results of many experimental On the contrary of what was expected, presence of
works. The effect of horizontal web reinforcement ratio is openings  did  not  affect the  shear  capacity  negatively.

h

h

E

compressive stresses delayed the cracks initiation until
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Fig. 13: Effect of Key Variables

Shear   capacity    of    SP-D    and   SP-W   were  14.4% CONCLUSIONS
and  11.7%,   respectively,   higher   than   that of
specimen SP-1. As it illustrated in Table 2, the initial The main purpose of this paper was to evaluate the
stiffness  of  both  specimens  were  of  a  considerable seismic response of squat walls in sandwich panels
high  values  comparing  with  that  of  other test building systems. Seven two thirds scale cantilever walls
specimens  in  the  experimental  program.  That with aspect ratio of 0.75 were constructed and tested
unexpected   response   of   the  walls  with  openings under constant axial load combined with quasi static
could be attributed to the well detailing around the lateral load. Based on the tests results and the
openings. The openings were surrounded with solid performance measures the following observations were
concrete  parts  of  60mm width and the same wall made:
thickness  of  120  mm  and  were  reinforced   with   hot
rolled bars of two 12 mm diameter bars  at  every  side.  It The tested walls behaved almost in a fully composite
is  clear  that  the  concrete  solid  parts   had manner till failure. 
compensated  the  opening  parts  of  the  sandwich Sandwich panels squat walls acted in the same
panels  and  the   hot   rolled  reinforcement bars  replaced manner of the conventional reinforced concrete walls
the  curtailed  parts  of  the  wire  meshes. In that same with low aspect ratio.
aspect, Ricci et al. [10] stated, "the presence of an The reinforced concrete boundary elements protected
adequately reinforced opening does not substantially the walls from premature failure due to concentration
modify the response of the walls". Presence of openings of stresses at the wall edges.
decreased the deformation capacity of both specimens. Constructing sandwich panel walls with solid parts
This  could be a result of the behavior of the pier as boundary elements is sufficient as boundary
segments of the walls beside the openings as individual elements and in agreement with that recommended by
wall. the constructors of this type of building systems.
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The minimum horizontal reinforcement ratio in ACI 7. Gara, F., L. Ragni, D. Roia and L. Dezi, 2012.
318-14 enhanced the shear strength of the walls and
controlled the stiffness decay. Increasing the
horizontal reinforcement ratio to be nearly equal to
the vertical reinforcement ratio as it is customary in
many sandwich panels types did not provide a
noticed enhancement of the shear strength.
Increasing axial load on walls led to higher shear
strength and controlled the stiffness decay. However,
the ductility and energy dissipation are negatively
affected.
Reinforced concrete solid parts around the openings
in sandwich panel walls compensated the hollow
parts and kept its shear strength in the same level of
the walls without openings.
Sandwich panels walls are stiff and have noticeable
low values of ductility, energy dissipation and
normalized energy indices.
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