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Abstract: Cast in situ sandwich panel walls construction systems become a real competitor to the traditional
systems especially in low rise buildings. The energy efficiency of this type of buildings and its ease of
manufacturing and construction give the opportunity of popularity of that system in many regions. The bearing
walls in the sandwich panel systems are responsible for resisting both gravity and lateral loads. However,
sandwich panels structural systems do not have their own code design provisions yet. Thus the designers
depend  on  the experimental  results  or the simulated provisions of reinforced concrete codes or standards.
In this study, eight squat sandwich panel walls are tested under both constant axial and quasi-static seismic
loads. The tests parameters included boundary element type, aspect ratio, horizontal reinforcement ratio,
concrete compressive strength and level of axial load. Due to the complexity of the experimental tests and the
need for simple shear strength prediction methods, the feasibility of utilization of the published conventional
reinforced concrete walls equations in predicting the peak shear strength of sandwich panels squat walls is
discussed. The experimental shear strength results of current study and that in the literature are compared with
the predictive equations published in design codes as well as those available in the literature. Eight prediction
equations are selected and presented. Four equations were provided by building codes from USA, New Zealand
and Canada. The other four equations were proposed in the literature. The predicted values by the New Zealand
Code NZS 3101:2006 presents the best code prediction provisions and the equation proposed by Carrillo and
Alcocer provides a conservative prediction with low results dispersion. The suggested modification factor on
Sánchez-Alejandre and Alcocer equation gives the best shear strength prediction of sandwich panels walls.
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INTRODUCTION buckling at the wall base corners was observed in the

Sandwich panels are used in low rise buildings called "virtual failure" because the specimens reached its
especially in the regions with extreme climate. Precast peak strength then lost its lateral strength without real
concrete sandwich panels are well known in the failure or collapse [2]. Sufficient wall/footing dowels in
constructions field from decades. Construction and Mosallam [3] study controlled the sliding shear failure and
transportation steps of the heavy precast panels need transformed the failure mode of specimens to diagonal
significant organization and adequate erection shear failure.
connections. Cast in situ sandwich panels system The lack of experiments and limited database
eliminates the complexity of the construction process of eliminate the opportunity for providing design equations
the precast panels. Lightweight prefabricated polystyrene for sandwich panel walls. Utilizing the reinforced concrete
sheet sandwiched between two galvanized steel welded walls predictive equations in estimating the shear strength
meshes is delivered in the site and positioned in its of sandwich panels could enable the designers to predict
predetermined locations then completed with two the wall strength without the necessity of conducting
concrete layers. Sandwich panel walls in buildings in the large scale experiments. Many codes, guidelines and
seismic zones act as shear walls with low aspect ratio. researchers provide empirical equations to predict the
Limited numbers of experiments were conducted to study shear capacity of reinforced concrete squat walls. The
the shear strength of sandwich panels walls. Local bar main  parameters  included   in   these   equations   are  the

specimens tested as cantilever [1]. This type of failure was
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horizontal reinforcement ratio, vertical reinforcement ratio,
concrete strength, aspect ratio and the applied axial load.
The adequacy of these equations in predicting reinforced
concrete squat walls shear strength is discussed and
evaluated through many studies [4-7]. This study
discusses the feasibility of utilization of the published
equations in predicting the peak shear strength of
sandwich panels squat walls. The experimental results of
this study and those of other research found in the
literature [3] are used to assess the possibility of using
the current provisions of ordinary reinforced concrete
walls in predicting the sandwich panels squat walls shear
capacity. Fig. 1: Sandwich Panel Module

This paper describes a part of PhD experimental
program on seismic response of squat sandwich panel Research Program: Eight wall specimens designated as
walls the evaluation of current predictive equations of W1 to W8 were tested under combined constant axial
shear strength for sandwich panels short walls compression load and quasi-static lateral load. The

Research Significance: Design engineers need simple The bottom beam, clamped to the laboratory strong floor,
applicable equations to determine the shear strength of simulated a rigid foundation. The top beam role was to
sandwich panels walls without resorting to the complex distribute the horizontal and axial loads to the wall;
experiments. This study addresses the response of however it did not restrain the rotation so that cantilever
sandwich panel walls tested under cyclic lateral loads. behaviour of the wall was obtained. In order to provide
The accuracy and reliability of eight peak shear strength additional strength in areas where the lateral load action
equations are investigated using results of sandwich induces high levels of stresses, two boundary elements
panel walls tests. The main objective of this study is to were constructed at the lateral edges of each wall
pick out reasonable empirical predictive equations based specimen.
on statistical calculations. The mean, median and
dispersion in the ratios of the predicted to experimental Specimens Properties: Table 1 lists the properties of all
values display the reliability of each strength equation. the specimens, height (H) and Length (L) tested and the

Description of the Sandwich Panel Modules: The walls dimensions, boundary element properties, vertical
sandwich panels standard modules considered in this and horizontal steel ratios of the walls, level of applied
study are made of a single sheet of expanded polystyrene axial load, concrete compressive strength at the time of
having 1200 mm length, 60 mm thickness and adjusted to testing. All specimens had a rectangular cross section,
the required height. The polystyrene sheet is reinforced 1800 mm height and 120 mm total thick (60 mm foam
by two galvanized and electro-welded steel wire mesh. sandwiched between two concrete layers of 30mm
The polystyrene sheet has a corrugated profile along the thickness). Sliding shear at the wall base was controlled
horizontal direction as shown in Fig. 1. The steel wire using  hot  rolled  dowels  with  total  length  of 800 mm,
mesh consists of horizontal reinforcement having diameter 350 mm inside the footing beam and 450 mm outside and
of 2.5 mm spaced at 130 mm and longitudinal was spaced at 260 mm. The bottom beam had a
reinforcement having diameter of 3.5 mm spaced at 80 mm, rectangular cross section of 300 mm width and 400 mm
this gives a horizontal reinforcement ratio of 0.13% and thickness and a total length of 3500 mm. The beams were
longitudinal reinforcement ratio of 0.40%. The two wire reinforced with four steel bars of 16 mm diameter as the
meshes are linked together with galvanized wire top and bottom reinforcement. Stirrups of 10 mm diameter
connectors having diameter of 3 mm welded orthogonally bars spaced at 100 mm along the beam length were used.
to the meshes in quantity of 40 per m . Wall panels were The top beams of all specimens was tied to the wall panels2

completed by applying concrete onto the external with  U-shaped  bars  of  8  mm  diameter  and  500  mm
surfaces of the polystyrene sheet up to the final thickness length and spaced at 330 mm. Figure 2 shows an example
of 30 mm. of  the  reinforcement arrangement of the tested specimen.

specimens were constructed with bottom and top beams.

variations of the investigated parameters. The table gives



World Appl. Sci. J., 34 (1): 01-14, 2016

3

Table 1: Properties of Specimens.
Boundary element
----------------------------------------------------------------

Spec. H (mm) L (mm) Aspect ratio Horizontal reinforcement f*  (MPa) Axial load level** Type Width (mm) Longitudinal reinforcementcu

W1 1800 2400 0.75 Ø2.5@130mm 32 2.5% Solid part 60 3 # 10
W2 1800 2400 0.75 Ø2.5@130mm 32 2.5% column 120 4 # 10
W3 1800 1800 1.0 Ø2.5@130mm 36 2.5% Solid part 60 3 #12
W4 1800 1440 1.25 Ø2.5@130mm 36 2.5% Solid part 60 3 # 12
W5 1800 2400 0.75 Ø2.5@65mm 35 2.5% Solid part 60 3 # 12
W6 1800 2400 0.75 Ø2.5@43mm 35 2.5% Solid part 60 3 # 12
W7 1800 2400 0.75 Ø2.5@130mm 54 2.5% Solid part 60 3 # 12
W8 1800 2400 0.75 Ø2.5@130mm 34 8.5% Solid part 60 3 # 12
*Cubes concrete compressive strength at the testing date
** Axial load level = N/A fg cu

Fig. 2: Reinforcement Arrangement of the Tested equations were studied and evaluated. The experimental
Specimens results of this study and of another research from the

Fig. 3: Diagonal Tension Shear Failure the American Code (ACI318-2014) chapter 11 and chapter

It was observed that the walls behaved almost in a fully the Canadian code (CSA-A23.3-14) [11] are presented.
composite manner till failure and acted in the same manner
of the convention reinforced concrete walls with low ACI 318-14 [8]: ACI 318-14 proposed two equations to
aspect ratio. All walls failed in diagonal shear failure mode predict  the  shear  strength of ordinary reinforced
as shown in Fig. 3. More details of the experimental concrete walls. The proposed semi empirical equations
program and full description of the test results and were based on the approach of modified truss analogy
cracking behaviour are illustrated elsewhere [9]. [12].  The  equations  proposed  in  clause  11.5 and clause

Table 2 presents summary of test results. Lateral
Load (V) and its associated displacement ( ) at different
stages. This include cracking stage where (V  and ) arecr cr

the load and displacement at the peak of the loading cycle
at the first diagonal crack appearance and the ultimate
stage where (V  and ) are the maximum load and itsu u

associated displacement. The ultimate shear stress ( )u

corresponding to the ultimate shear load (V ) is alsou

presented.

Shear Strength Prediction: In order to predict the shear
strength of the tested specimens. The published empirical

literature [3] are used to assess the possibility of using
the current provisions in predicting the sandwich panels
squat walls shear capacity. A comparison between the
predicted and the experimental results was conducted and
evaluated by statistical presentation of mean and
standard deviation values of predicted to experimental
ratios. Four equations from the building codes and four
equations proposed in the literature were evaluated in this
study. The used notations of the parameters in the
predictive equations are as the same as recorded in its
references. The units system used throughout the current
study is the SI system unless other noted.

Building Codes Equations: Four empirical equations from

18 [8], the New Zealander Code (NZS 3101:2006) [10] and
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Table 2: Tests Results and Performance Measures. 
Cracking stage Failue stage
---------------------------------------------- -------------------------------------------------------------------------------------

Specimen No. V  (kN)  (mm) V  (kN)  (mm)  (Mpa)cr cr u u u

W1 139.8 3.0 208.0 11.5 1.48
W2 94.3 3.0 189.5 11.1 1.39
W3 96.2 3.0 242.5 14.5 2.32
W4 78.0 3.0 184.7 13.0 2.23
W5 108.5 1.5 310.5 11.5 2.21
W6 120.5 1.5 330.5 7.1 2.35
W7 342.0 6.0 428.5 11.5 3.05
W8 299.0 7.3 357.2 8.5 2.54

18.10 assumed tension shear failure and the diagonal where, N  is the factored applied axial compression load,
crack has an inclination angle of 45 degree [5]. Section M   is the factored moment, M /V is Moment-to-shear
11.5.6 of ACI 318-14 provided Eq.1 to predict the shear ratio, A  is the horizontal reinforcement area within
strength of walls subjected to in-plane horizontal shear spacing s and f  is the specified yield strength of the
forces. Concrete contribution of shear resistance (V ) horizontal reinforcement.c

computed from Eq.2 or Eq.3 whichever the lesser. Section 18.10 of ACI 318-14 provides Eq. 5 for
Equation 2 is based on the assumption of occurrence of predicting shear resistance of the special reinforced
principal tensile stress of about  at the centroid structural walls taking into consideration the effect of

of the shear wall cross section. Eq. 3 assumed that at a
section above that being investigated with , the
flexural tensile stress is of . Reinforcement

contribution of shear strength (V ) is corresponding to thes

distributed  horizontal  steel  and  computed as given in
Eq. 4.

(1)

where V is the nominal shear strength, V is the nominaln c

shear strength provided by concrete, V is the nominals

shear strength provided by horizontal reinforcement, f ’ isc

the cylinder concrete compressive strength, h is the web
thickness which is considered as the net concrete
thickness of the concrete layers in sandwich panels walls,
d is the distance from extreme compression fiber to center
of force of all reinforcement in tension approximately
equal 0.8  and  is the overall wall length.w w

(2)

(3)

(4)

n

u u u

v

y

concrete tensile strength presented as  and the effect
of horizontal steel only.

(5)

where V  is the nominal shear strength, A  is the grossn cv

area of the cross section, ; is the aspect ratio coefficientc

and equal to 0.25 for walls with aspect ratio (h / ) lessw w

than 1.5,  is the horizontal reinforcement ratio.t

Code provisions in that chapter imposed lower limits
of 0.0025 for both the vertical and horizontal distributed
web reinforcement ratios. All tested specimen achieved
this condition with respect to the vertical reinforcement.
On the other hand, the horizontal reinforcement ratio of all
specimens was of 0.0013 representing approximately half
the value of the lower limit, except for specimens W5 and
W6 the reinforcement horizontal reinforcement ratio was
of 0.0025 and 0.0038, respectively.

The New Zealand Code NZS 3101:2006 [10]: The New
Zealander Code - clause 11.3.10 provided similar set of
equations to that of the ACI 318-14 - chapter 11. Clause
11.4 of the New Zealand Code NZS3101:2006 [10] provides
additional requirements for members designed for ductility
in earthquakes. In order to compute the shear resistance,
concrete shear strength V  in the end region should notc

exceed that of Eq. 6.

(6)



cots v y v
s

A f d
V

s
=

' ', 0.5 0.83
4
vf y

n c n c
cv

A f
v f v f

A
= ≤ ≤

'( 0.04 / )max c s v c h h yhV V V P A f f= + = + +

World Appl. Sci. J., 34 (1): 01-14, 2016

5

where  is 0.5 for limited ductile plastic regions, N  is the study A  is considered the total area of bottom beam/wall*

applied axial compression load, A ; is the gross area of the dowels and the boundary elements reinforcement), f  is theg

wall section (gross concrete area of the concrete layers), yield strength of the vertical reinforcement and f ’ is the
b  is the web thickness which is considered the net concrete compressive strength.w

concrete thickness of the concrete layers in sandwich
panels walls, d is the distance from extreme compression Sánchez-Alejandre and Alcocer [6]: Sánchez-Alejandre
fiber to the center of force of all reinforcement in tension, and Alcocer [6] conducted a comparison between eight
approximately equal 0.8l  and l  is the overall wall length. available squat walls shear strength models and thew w

The Canadian Code CSA-A23.3-14 [11]: The general in the literature. Based on their study, Sánchez-Alejandre
formula  of  shear  resistance  in  the   Canadian  Code and Alcocer [6] proposed a design model following the
CSA-A23.3-14 is the same as Eq.1. Special requirements procedures of equations from 10 to13 for predicting shear
were provided for squat walls subjected to earthquake strength of squat reinforced concrete walls. The proposed
forces. Concrete contribution is neglected and shear model is a function of aspect ratio, axial compression load
resistance is based on the horizontal steel as follows. and the percentages of vertical and horizontal

(7) formulations, the predicted shear strength is the addition

where  is resistance factor for reinforcing bars, A  is thes v

area of horizontal shear reinforcement within a distance s, (10)
f  is the yield strength of horizontal reinforcement, d  is they v

distance from extreme compression fiber to centroid of  = 0.42 – 0.08M/VL (11)
longitudinal tension reinforcement which need not be less
than 0.8  (horizontal length of the wall) and  is the angle  = 0.75 + .05 f (12)w

of inclination of diagonal compressive stresses to the
longitudinal axis of the wall and ranged between 30° and  = 1 – 0.16 f  0.2 (13)
45°. In this study,  is assumed equal to 45°.

Equations Provided by the Literature: The behavior of shear strength provided by concrete, V  is the nominal
squat wall subjected to shear force was a field of interest shear strength provided by steel reinforcement,  is
of many researchers. Four equations were proposed by coefficient defining the relative contribution of concrete
Wood [13], Sánchez-Alejandre and Alcocer [6], Gulec and strength to the predicted shear strength calculated from
Whittaker [14] and Carrillo and Alcocer [7]. Eq.11, M/V is the moment- to-shear ratio, L is the wall

Wood [13]: Based on investigation of 143 low rise walls, reinforcement calculated from Eq.12,  is the ratio of web
Wood [13] proposed an alternative design provisions vertical reinforcement ratio, f  is the specified yield
Eqs. 8 and 9 to estimate the shear strength of low rise strength of vertical reinforcement, P is the axial force
walls. It was found that the increase of shear strength acting on the wall, A is the total wall area, f ’ is the
engaged to the increase of the vertical reinforcement in concrete compressive strength,  is the efficiency factors
the wall web and boundary elements. The semi-empirical of horizontal web reinforcement calculated from Eq.13, 
equation proposed by Wood [13] was approximated using is the ratio of web horizontal reinforcement ratio and f  is
shear friction analogy. the specified yield strength of horizontal reinforcement.

V  = v A (8) Gulec and Whittaker [14]: A database of 434 testsu n cv

(9) to evaluate the peak shear predictive equations. Based on

where V  is the shear capacity, v  is the nominal shear walls, Gulec and Whittaker [14] proposed an empiricalu n

stress, A  is the effective area of concrete section (t × ), predictive peak shear strength equation, Eq. 14, forcv w

t is the web concrete thickness,  is the total length of the rectangular walls with aspect ratio of 1 or less. Thew

wall, A  is area of steel crossing the shear plane ( in this proposed equation is in imperial units system.vf

vf

y

c

experimental data of eighty walls obtained from 372 tests

reinforcement. In the consistency with some of previous

of concrete and reinforcement contributions.

v v yv

h h yh

where V  is the wall shear strength, V  is the nominalmax c

s

length,  is the efficiency factor of vertical webv

v

yv

c

h

h

yh

results of squat reinforced concrete walls was developed

finite element modeling and hysteretic models of squat
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Characteristics of Selected Tested Specimens: The

(14) certain characteristics of the selected specimens. The

where V  is the rectangular wall shear strength, f ’ is the panels with polystyrene core and outer concrete layers, b)rec c

concrete compressive strength, A  is the wall area, f ; is the specimens are isolated cantilever walls withoutw vw

the force attributed to vertical web reinforcement openings, c) the tested walls were tested using static
calculated as the product of total vertical web loading, d) the walls failed in diagonal tension shear or
reinforcement area and its yield strength, F ; is the force mixed flexural and shear. Owing to the fact that there is avbe

attributed to vertical boundary element reinforcement lack of experimental work on sandwich panels, beside the
calculated as the product of vertical boundary element eight tested walls in the current study, there are only
reinforcement area and its yield strength, P is the axial seven specimens compatible with the above requirements.
force acting on the wall, h  is the wall height and l  is the Such specimens are selected from the evaluation reportw w

wall length. for a commercial type of sandwich panels [3]. The

Carrillo and Alcocer [7]: Based on a large experimental are illustrated in Table 3.
program and evaluation of the design equations, Carrillo
and Alcocer [7] provided a semi-empirical Eq.15 for Comparison Between Predicted andExperimental Shear
predicting shear strength of reinforced concrete low-rise Strengths: Table 4 presents the predictive shear strength
walls. The experimental program main parameters were the of the tested specimens using codes and literature
type of testing, aspect ratio, concrete type, reinforcement predictive equations. The strength reduction factors of
steel ratio, type of web reinforcement, boundary elements any provision are substituted by one in order to calculate
and  axial  compressive  strength.  They  concluded that the nominal shear strength of the specimens. Concrete
the concrete contribution to shear strength is in match compressive strength based on cube tests was converted
with  the  diagonal tension strength of the tested walls. to cylinder strengths by a reduction factor of 0.8 in order
The results indicated that the web reinforcement to match the requirements of the predictive equations.
contribution to shear strength is related to the efficiency The validity of peak shear equations in predicting shear
of horizontal reinforcement, which depends on its type strength of sandwich panels squat walls was assessed by
(deformed bars or welded-wire meshes). comparing the predicted values to that measured at the

(15) (V /V ) peak shear ratios including mean and median

(16) Table 5.

where  is coefficient defining the concrete contribution Evaluation of Codes Equations1

to diagonal tension strength calculated from Eq.16, f ’ is ACI 318-14 [8]: The proposed provisions in chapters 11c

the concrete compressive strength,  is the efficiency of and 18 of the ACI38-14 [8] for predicting walls shearh

the horizontal steel equal to 0.8 for deformed bars and strength overestimated the shear strength of 80% of the
equal to 0.7 for welded-wire mesh,  is the ratio of web tested walls. The mean and median values of V /Vh

horizontal reinforcement ratio, f  is the specified yield ratios are of 1.17 and 1.23, respectively, while V /Vyh

strength of horizontal reinforcement, A  is the gross area ratios yield higher mean and median values of 1.35 andw

of  the  wall  bounded  by  wall thickness and wall length 1.44, respectively. As shown in Figs. 4 (a, b) the
(t  ×l ),  is coefficient defining the concrete contribution dispersion in predicted to measured ratios is consideredw w 2

to diagonal compression strength equal to 0.4 and M/V is reasonable for both provisions. However, Table 5
the moment- to-shear ratio. illustrates that the standard deviation and the coefficient

It is worth mentioning that this equation is the only of  variation  of V /V   ratios  show  less values
equation that took into consideration the effect of the than those of the V /V . Chapter 11 provisions
reinforcement steel type. present  more  compatible  estimation  of shear strength of

evaluation of the applicability of current shear strength
prediction equations on sandwich wall panels required

main required characteristics are: a) the walls are sandwich

geometric and material characteristics of the specimens

test. Statistical evaluation of predicted-to-experimental
n exp

values and scattering of results expressed by the standard
deviation and coefficient of variation are presented in

ACI-Ch11 exp

ACI-Ch18 exp

ACI-Ch11 exp

ACI-Ch18 exp
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Table 3: Characteristics of the Tested Specimens [3] (SI Units System).
Specimen h  (mm) l  (mm) t  (mm) f  (MPa)  (%)  (%) f  (MPa) N  (kN) V  (kN)w w w c v h y exp

H8-2 2438 2438 76.2 17.2 0.40 0.40 420 108 306.0
P8-1 2438 2438 76.2 21.2 0.40 0.40 420 108 265.0
P8-2 2438 2438 76.2 37.9 0.40 0.40 420 108 373.0
H6-1 1829 2438 63.5 21.6 0.48 0.48 420 108 337.0
P6NG-2 1829 2438 63.5 15.9 0.48 0.48 420 -- 301.0
P6-1 1829 2438 63.5 15.5 0.48 0.48 420 108 300.0
H6L-3 1829 2438 57.15 10.5 0.53 0.53 420 108 360.0
h  is the wall height. t  is the concrete layers thickness. is the vertical web reinforcement ratio. N is the applied axial force. N is the applied axial force.w w v

l  is the wall length. f  is the cube concrete compressive strength. is the horizontal web reinforcement ratio. V  is the experimental shear strength.w c h exp

Table 4: Predicted Peak Shear Strength (kN).
ACI318

Research Spec. 2014 (ch11) ACI318 2014 (ch18) NZS:3101 2006 CSA-A23 2014 Wood 1990 Sánchez 2010 Gulec 2011 Carrillo 2013
Refaie [9] W1 274.5 299.7 195.8 94.2 364.3 353.8 313.2 223.6

W2 274.5 299.7 195.8 94.2 364.3 353.8 329.3 223.6
W3 202.5 233.1 152.6 70.6 289.8 268.2 241.3 171.1
W4 134.2 186.5 122.1 56.5 293.0 205.8 184.0 134.4
W5 377.9 425.7 295.7 188.3 381.0 439.1 344.0 304.8
W6 472.2 543.6 390.0 282.7 381.0 479.9 344.0 304.8
W7 337.4 354.2 235.2 94.2 473.2 449.8 400.6 265.9
W8 280.8 305.4 199.7 94.2 375.8 363.0 340.8 228.0

Mosallam [3] H8-2 420.6 484.7 346.1 249.9 345.0 440.1 211.2 276.0
P8-1 436.8 503.4 354.2 249.9 382.6 463.2 220.7 306.0
P8-2 489.3 568.0 382.1 249.9 511.7 542.5 253.5 409.4
H6-1 410.7 473.2 341.1 249.9 322.0 426.9 237.1 257.6
P6NG-2 368.8 450.0 309.3 249.9 275.8 380.4 173.2 220.6
P6-1 389.5 448.6 330.5 249.9 273.0 394.1 222.7 218.4
H6L-3 358.8 413.2 315.2 249.9 202.1 338.4 201.9 161.7

Table 5: Statistics of Ratio of Predicted Shear Strength to Experimental Tests Results
Research Spec. V /V  (ch11) V /V  (ch18) V /V V /V V /V V /V V  /V V /VACI exp ACI exp NZS exp CSA exp Wood exp Sanch exp Gul exp carr exp

Refaie [9] W1 1.32 1.44 0.94 0.45 1.75 1.70 1.51 1.08
W2 1.45 1.58 1.03 0.50 1.92 1.87 1.74 1.18
W3 0.83 0.96 0.63 0.29 1.20 1.11 0.99 0.71
W4 0.73 1.01 0.66 0.31 1.59 1.11 1.00 0.73
W5 1.22 1.37 0.95 0.61 1.23 1.41 1.11 0.98
W6 1.43 1.64 1.18 0.86 1.15 1.45 1.04 0.92
W7 0.79 0.83 0.55 0.22 1.10 1.05 0.93 0.62
W8 0.79 0.85 0.56 0.26 1.05 1.02 0.95 0.64

Mosallam [3] H8-2 1.37 1.58 1.13 0.82 1.13 1.44 0.69 0.90
P8-1 1.65 1.90 1.34 0.94 1.44 1.75 0.83 1.15
P8-2 1.31 1.52 1.02 0.67 1.37 1.45 0.68 1.10
H6-1 1.22 1.40 1.01 0.74 0.96 1.27 0.70 0.76
P6NG-2 1.23 1.50 1.03 0.83 0.92 1.26 0.58 0.73
P6-1 1.30 1.50 1.10 0.83 0.91 1.31 0.74 0.73
H6L-3 1.00 1.15 0.88 0.69 0.56 0.94 0.56 0.45

Mean (µ) 1.17 1.35 0.93 0.60 1.22 1.34 0.94 0.85
Median 1.23 1.44 1.01 0.67 1.15 1.31 0.93 0.76
Standard Deviation ( ) 0.28 0.32 0.24 0.25 0.35 0.28 0.33 0.22
Coefficient of Variation C.O.V 0.24 0.24 0.25 0.41 0.29 0.21 0.33 0.26

sandwich panels walls than Chapter 18 provisions with NZS 3101:2006 [10]: The imposed limitations on
respect to the mean and median values of V /V  ratios. concrete contribution of the shear strength in limitedn exp

The scattering in V /V  values is less than that in ductile regions in the New Zealand Code (NZS 3101:2006)ACI-Ch11 exp

V /V . [10]  reduced the  values  of  the  predicted shear strengthACI-Ch18 exp
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Fig. 4: Relation between Experimental and Predicted Shear Strength with ACI318-14 a) Chapter 11 Provisions and b)
Chapter 18 Provisions

Fig. 5: Relation between Experimental and Predicted Shear Strength with NZS 3101:2006

which led to underestimation of 46% of the tested Canadian Code CSA-A23.3-14 [11] provisions affected the
specimens. The mean and median values of V /V  ratiosNZS exp

are of 0.93 and 1.01, respectively, with reasonable
dispersion with 0.24 standard deviation and 0.25
coefficient of variation. As shown in Fig. 5 about 40% of
the results allocated on the solid line, where V  V , thatNZS ˜ exp

produces good agreement with the predicted values to the
experimental results.

CSA-A23.3-14 [11]: Neglecting the concrete contribution
of  estimating  the  shear  strength  of the squat walls led
to  significant  reduction  of  the predicted shear strength
by  the Canadian  Code  CSA-A23.3-14  [11]  equation.
The mean value of V /V  ratios is 0.60 is considered theCSA exp

smallest among the prediction equations. Figure 6 shows
the poor estimations of shear strength of specimens with
significantly  difference  values of compressive strength
or  compressive  axial   load.   The   high   conservatism  of

reliability of predicting the sandwich panels squat walls
shear strength.

Evaluation of Literature Equations: Wood [13]: As shown
in Fig. 7, Wood [13] equation overestimates the shear
strength of 73% of sandwich panel walls. The mean value
of V /V ratios is 1.22 with standard deviation of 0.34.Wood exp

The lower limit of shear strength of  imposed in

Wood [13] governs the prediction of all the specimens
except one  specimen.  This  was  also  concluded by
Gulec et al. [15], they found that the shear strength of
about 92% of the specimens studied in the database was
governed by the lower limit on shear strength. The over
estimation and the absence of the different variables on
the predicted shear strength do not recommend the use of
this provisions in predicting shear strength of sandwich
panel walls.



'
(mod) 0.75 0.04 / )Sanch v c h h yhV P A f f = + +  

World Appl. Sci. J., 34 (1): 01-14, 2016

9

Fig. 6: Relation between Experimental and Predicted Shear Strength with CSA-A23.3-14

Fig. 7: Relation between Experimental and Predicted Shear Strength with Wood

Sánchez-Alejandre and Alcocer [6]: The proposed to high axial load level. The stability of the relation
equation by Sánchez-Alejandre and Alcocer [6] between the predicted shear strength with three main
overestimates all specimens except one. As illustrated in variables encourages on utilization the inverse of the
Table 5, the equation yields mean value of V /V  ratios mean value of V /V  ratio as an empirical reductionSánch exp

of 1.34 with reasonable dispersion of results as the factor of Sánchez-Alejandre and Alcocer [6] equation,
standard deviation and the coefficient of variations were proposing Eq. 17.
of 0.28 and 0.21, respectively. Figure 8(a to c) shows that
the predicted to the experimental shear strength ratios
(V /V ) have not been affected significantly by the (17)Sánch exp

variation of the aspect ratios, concrete compressive
strength or horizontal reinforcement ratios. On the The mean V /V  of the modified equation are
contrary, Fig. 8(d) shows that increasing axial load ratio 1.01 and the median is 0.99. As shown in Fig. 9 (a, b), the
decreases V /V  ratio which indicates that the scatter of the results is decreased achieving 0.21 standardSánch exp

proposed equation prone to produces reasonable shear deviation. The modification reduced the shear strength
strength prediction for sandwich panels walls subjected overestimation from 93% to 47%. 

Sánch exp

Sánch (mod) exp
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Fig. 8: Variation of Ratio of Shear Strength Predicted by Sánchez-Alejandre and Alcocer to experimental shear strength
with a) Aspect Ratio, b) Concrete Compressive Strength, c) Horizontal Reinforcement Ratio and d) Level of Axial
Load

Fig. 9: Relation between Experimental and Predicted Shear Strength: a) Sánchez-Alejandre and Alcocer and b) Sánchez-
Alejandre and Alcocer after Proposed Modification
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Fig. 10: Relation between Experimental and Predicted Shear Strength by Gulec and Whittaker

Fig. 11: Relation between Experimental and Predicted Shear Strength by Carrillo and Alcocer

Gulec and  Whittaker  [14]:  Gulec  and Whittaker [14] specimens. Figure 11 shows the reasonable prediction of
Eq. 14 for rectangular walls proposed the best estimate of the shear strength. Figure 12 shows the stable relation
shear strength with the mean value of 0.94 and median between the predicted shear strength with the Eq. 17 and
value of 0.93 for V /V  but with considerable scatter the main parameters of the tested walls comparing withGul-rec exp

in the results indicated by standard deviation of 0.33 and those predicted by Gulec and Whittaker [14] and Carrillo
coefficient of variation of 0.35, as shown in Fig. 10. The and Alcocer [7] equations. The statistical presentation of
equation overestimates only 33% of the walls. the ratios of the nominal shear strength predicted with the

Carrillo and Alcocer [7]: These provisions present the the experimental shear strength of the fifteen tested
most conservative prediction of the literature provisions sandwich panel walls are presented in the box-and-
since the mean and median for V /V  ratios are of 0.85 whisker plots in Fig. 13. The figure illustrate that NewCarr exp

and 0.76, respectively. The standard deviation of 0.22 and Zealand Code NZS 3101:2006 [10] presents the best code
coefficient of variation of 0.26 for V /V  ratio indicate an prediction provisions and the proposed modificationCarr exp

acceptable dispersion of the results. Equation 15 factor suggested in Eq.17 produced the best prediction of
underestimates the shear strength of 73% of the shear strength of sandwich panels walls.

eight published provisions and the modified provision to
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Fig. 12:Variation of Ratio of Predicted Shear Strength and Experimental Shear Strength with a) Concrete Compressive
Strength, b) Wall Aspect Ratio, c) Horizontal Steel ratio and d) Level of Axial Load

Fig. 13: Statistical Values for Ratios of Predicted to Experimental Shear Strength
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CONCLUSIONS 2. Trombetti, T., G. Gasparini, S. Silvestri and I. Ricci,

This paper presented the experimental and analytical horizontal load on Concrete/polystyrene sandwich
study of shear strength of cast in situ sandwich panels bearing panels with and without openings.
walls. The main objective of this research is to determine Proceedings of Sustainable Development Strategies
suitable equation to predict the shear strength of for Constructions in Europe and China, Rome, Italy,
sandwich panel squat walls. The number of experimental 19-20 April.
tests is limited and not enough for providing adequate 3. Mosallam, A., 2011. Large-Scale Structural Evaluation
models for predicting the shear strength of that type of of Enbuil-Tridipanel 3DTM Expanded Polystyrene
walls. Therefore, the published predictive models for Sandwich Wall Panels Subjected to Cyclic Shear
reinforced concrete walls were examined and evaluated Tests. Report No. 3D-ICC-ES05-11, Structural
based on the results of Refaie [9] and literature [3]. Based Engineering Testing Hall (SETH), The Henry Samueli
on the conducted evaluation of the four equations from School of Engineering, University of California,
design codes provisions and four equations from the Irvine.
literature of shear strength prediction and proposed 4. Orbovic,  N.,  H.H.  Abrishami,  D. Dikic, N. Lee and
modified equation, the following key conclusions of this M. Elgohary, 2007. The Capacity of Reinforced
study are: Concrete Squat Shear Walls Under Seismic Loading

The  New  Zealand  Code  NZS  3101:2006 [10] of Transactions, SMiRT 19, Toronto, Canada, Paper
presents the more accurate code prediction No. K 10/2, August.
provisions for shear strength of sandwich panels 5. Gulec, C.K. and A.S. Whittaker, 2009. Performance-
squat walls. Based Assessment and Design of Squat Reinforced
The  best  shear  strength  predictions  in  the Concrete Shear Walls. Report No. MCEER-09-0010,
literature were obtained using both Gulec and Multidisciplinary Center for Earthquake Engineering
Whittaker [14] and Carrillo and Alcocer [7] Research, University at Buffalo, State University of
provisions. However, the provisions proposed with New York, September 15.
Carrillo and Alcocer [7] is more conservative and 6. Sánchez-Alejandre,  A.  and  S.M.  Alcocer,  2010.
produced remarkable smaller dispersion of those Shear  Strength  of  Squat   Reinforced  Concrete
ratios expressed by both standard deviation and Walls   Subjected   to   Earthquake  loading-trends
coefficient of variation. and  models.  Journal   of   Engineering  Structures,
The  proposed  modification  factor suggested in 32: 2466-2476.
Eq.17 enhances the shear strength prediction 7. Carrillo, J. and M. Alcocer, 2013. Shear Strength of
proposed with Sánchez-Alejandre and Alcocer [6]. Reinforced Concrete Walls for Seismic Design of
Equation 17 produced the best prediction of shear Low-Rise Housing. ACI Structural Journal. May-
strength of sandwich panels walls, which gave mean June, 110(3): 415-425.
and median of predicted to experimental shear 8. ACI Committee 318, 2014. Building Code
strength ratios of 1.01 and 0.99, respectively and Requirements for Reinforced Concrete (ACI 318–14).
consistently produced the smallest standard Detroit, American Concrete Institute.
deviation and coefficient of variation of all 9. Refaie, F.A., 2016. Shear Behavior of Reinforced
provisions. Concrete  Short  Sandwich  Panel  Walls   Under
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