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Abstract. 3-D wall panels are used in construction of exterior and interior bearing and non-load bearing
walls and floors of building of all types of construction. Fast construction, thermal insulation, reduced
labor expense and weight saving are the most well pronounced advantage of such precast system. When
the structural performance is concerned, the main disadvantage of 3D panel, when used as floor slab, is
their brittleness in flexure. The current study focuses on upgrading ductility and load carrying capacity of
3D slabs in two different ways; using additional tension reinforcement, and inserting a longitudinal
concentrated beam. The research is carried on both experimentally and numerically. The structural
performance in terms of load carrying capacity and flexural ductility are discussed in details. The obtained
results could give better understanding and design consideration of such prefabricated system.

Keywords: 3D panel; flexural performance; experiments; finite element.

1. Introduction

3-D wall panels are used in construction of exterior and interior bearing and non-load bearing
walls and floors of building of all types of construction. This system consists of a welded wire
space frame integrated with a polystyrene insulation core. The wall panel is placed in position and
wythes of concrete are applied to both sides. Wall panel receives its strength and rigidity by the
diagonal cross wires welded to the welded-wire fabric on each side. This combination produces a
truss behavior, which provides rigidity and shear terms for full composite behavior. Fig. 1 shows
schematically the 3D panel.

Salmon et al. (1997) presents the results of full-scale test of prototype sandwich panel under
transverse loading in a vertical position. Nijhawan (1998) measured experimentally the interface
shear force and designed the shear connectors. Einea er al (1994) used the plastic composite
diagonal elements to implement in sandwich panel as shear connector for increasing the thermal
insulation of this system. The current work studies experimentally the mechanical behavior of 3D
sandwich panel in order to observe the transferring load through of sandwich elements, the fracture
mechanism of concrete wythes and the adequacy of steel bars designed based on ACI 318-95 and
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Fig. 1 3D sandwich panel

procedure of PCI design handbook 1995. PCI published comprehensive report on sandwich panels
representing technical information. In 1995, Salmon et al. suggested mathematical solution of semi
composite panels by developing differential equations and compared the analytical solution with
numerical finite element analysis and showed the accuracy of their analytical method. Bush and Wu
(1998), presented mathematical solution and finite element model for bending analysis of pre-
stressed sandwich panels with truss diagonal shear members. Nighawan (1998), measured internal
shear forces experimentally and designed shear connectors. In above literature, a technical definition
of the precent of composite action is not well established. Kabir and Hasheminasab (2001), tested
flexural and shear loading on 3D bearing wall and floor slab and showed the load-deflection curves
and failure mechanism. Benayoune et al. (2005) in an experimental investigation studied the
ultimate strength behaviour of precast concrete sandwich panels (PCSP), under eccentric axial
loading. Deflection characteristics, variations of strains across the insulation layer, strain in shear
connectors, crack appearance and propagation under increasing load were recorded and analyzed in
their work Also a comprehensive experimental research in order to better understanding of
mechanical characteristics of such hybrid system are conducted by the first author, 2005. The
compressive strength of sprayed concrete in the form of small cores is measured as a factor of
standard cylindrical specimens, Kabir and Rahbar (2005).

2. Theoretical studies

Computing deflections for partial-composite sandwich panels requires accounting for both the
bending deformation of the concrete wythes and the relative shearing deflection between the wythes
through the connecting layers. The following derivation follows that given by Holmberg and Plem
(1986).

Fig. 3 shows the deformation of a differential panel element. The panel deformation consists of
two components; panel curvature, zd6, and shearing deformation between the wythes, g .dx/2. For
small displacements, the panel curvature is assumed as df=y ,.dx. Summing the moment due to
each deformation component and rearranging yields the following

Side View End View

Fig. 2 Insulated sandwich panel
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q,.dx/2

Fig. 3 Differential panel element
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Where o = (I-21,)/1

: distance along the length of the panel

: upward displacement of panel

: relative shearing displacement between the centroid of the top and bottom wythes
: width of the panel

: applied moment

: Wythe modules of elasticity

: moment of inertia of each Wythe

: distance between structural Wythe centroids

: structural Wythe thickness

and / : moment of inertia of the entire panel cross section
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The shear stress in the connecting layer is taken as K.q in which K is shear stiffness of connecting
layer. Equilibrium of the shear forces in the connecting layer requires

Edry . — %Edqm +Kqg =0 ?)

Substituting the derivation of Eq. (1) into Eq. (2) and multiplying both sides by 2/Ed yields the
following

2 2 M
- = 2r—= 3
Baw-xa=2r €)
Where * = (1-¢a°) and ;{2 = 2K/Ed. Given the moment on the section of slabs, Eq. (3) can be
solved for ¢. For given ¢, Eq. (1) can be integrated twice to give the deflection.
Boundary conditions on ¢ and y at the panel ends, x = x(, and x = x; are given for three cases.

Case 1: Simply supported
Each wythe is free to rotate at both ends and the bending moment becomes zero. In addition, the
overall panel moment is zero. Therefore, the following conditions are set to zero

y,xx(XO) = y,xx(xL) = 03 and q,x(XO) = Q,x(xL) = 0 (4)
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Case 2: Fixed supported (wythe rotation is prevented)
The relative displacement between the wythes is prevented in this case, then

Vx(x0) =y (x;) =0, and g(x,) =q(x,) =0 %)

Case 3: Fixed supported (wythe rotation is allowed)

The relative displacement between the wythes is prevented, but the wythe rotation is free. The
moment in each wythe is therefore set to zero, and the total panel moment is calculated based on
the relative displacement. Therefore, from Eq. (1), we get the following

2V and g () = 20D ()

o El a El

The connectors are embedded into the structural wythe, several end-restraint conditions for the
connectors are possible depending upon the connector support provided by the wythes such as truss
action; Fig. 4 shows three restraint conditions. The connecting layer stiffness K is computed for
each of the foregoing three conditions as the force per unit area parallel to the wythes required to
sustain a unit relative displacement between the wythes. For the connectors shown in Figs. 2 and 4
the tributary area is 2rb/mp, where m = number of connector rows across the panel width, b; and
p = connector slope. In this case, 4. and E, are connectors’ area and elasticity modulus, respectively.
The connectors are pinned at the center of each wythe.

For a unit relative shear deformation between the wythes, the elongation of the connector, e, is as

follows
/ )
Lzu’ H=AJ1+p’, cos¢ =

y,xx(XO) = y,xx(xl,) = 09 and Q,x(xo) = -

e = (7

Fig. 4 Connector-embedment types: (a) pinned at wythe center, (b) fixed at wythe embedment, (c) laterally
supported within wythe, (d) calculation the elongation
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Multiplying by the connector stiffness gives the axial connector force, F, as follows.
ECAC
= — -
L
F = EcAcp2
2r(1+p7)
The shear stiffness is the component of F parallel to the wythes, as follows
_ WFle)-m
b-(2r/p)
AE
K=—F—""5
4r°b(1 + p)
The displacement caused by a uniform pure moment in section of the panel is M;, to the
sandwich panel. The solution to (1) and (3) for M = M7 and simple supports is the following

SOy = 2Mirp simh(ipy) o ML 2(2_ﬁ)2[] B cosh(z/ﬂx)}+4(92_]
El azzcosh(;(L/LB)’ 8EI L cosh(yL/2p)

Where L = overall length; and x = distance from the centerline of the panel.
The maximum deflection, &, occurs at the center of the panel (x = 0), as follow

F

®)

2
L m

©

2
5 ML [1 2 _Sechw)} _ 50[1 _2 —sechw)J (10)
SEI 2 ?
W .4
2
Where S = ML ; and = xL
8EI 2B

The displacement factor, J/&, for a simply supported panel assuming connector-embedment
condition 1 and a connector slope of unity is computed as follows

2o 7= 2K _ _Am E1 _ 1 dmnl (1)
1+ 12(r/d)> Ed  4.27pEd 4,2 rb rd
Substituting the foregoing definition of « and g into i gives the following
2 1 (L)z(Acnmyﬁ 1 2
= = —[1+12(r/d 12
v = ) (ERR R+ 1207 (12)

3. Design of specimens
3.1 Assumption

The following assumptions are made for the design of the full-scale test panels:

1. Flexural reinforcement must yield prior to the failure of the shear connectors, compression, or
shear failure of connectors.

2. Each panel is designed to resist against stripping and handling loads, that entire panel acts as a
composite unit.
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3. Steel connectors are sized to carry the shear force at the insulation and concrete interface.

4, Moment capacity is based solely on the welded wire fabric in tension zone; reinforcement in
the compression zone is ignored.

5. Design compressive strength of the concrete is about 27 MPa at 28 days.

3.2 Connector design

Horizontal shear distribution over the length of the panel at ultimate strength is a function of the
flexural shear V,. The number of 3.5 mm steel bar connectors needed is calculated to provide an
ultimate shear capacity to resist the applied loads assuming a full-composite panel.

3.3 Panel analysis

The present part provides calculation of the strength and stiffness of the tested panels. Composite
behavior of the panels is evaluated by treating the panel like a plane truss. Each wythe is modeled
as a beam element and the connectors are modeled using truss elements. The ultimate load is
computed based on moment and shear capacity. An evaluation of cracking under service load is also
given. Tests on cylinders poured and cured under the same conditions as the panels indicate that the
actual strength of the concrete at 28 days is 28.7 MPa and the unit weight of the concrete is

Table 1 Design information parameters

L 2840 mm Ly, 1872 mm* S 0.003
b 1040 mm Ayp 4160 mm? 0 61
h 200 mm Ly 554.7 mm? Yol 2260 kg/m®
t 60 mm y 110 mm M, 2004 kN.mm
b 100 mm I, 58587 mm’ M, 12351.5 kN.mm
t 40 mm (@) 3744 mm’? M, 10347.5 kN.mm
A 6240 mm’ r 150 mm A 470 MPa
132
3.5 WWF ¢3.5/93.5/80/ 80 ?3.5 WWEF @3.5/$3.5/80/ 80
e FRe%e s ons pos S oA B SRUSFRIRETHE % EEEE R
o bey R i L Y o BV
13 et 18 198 198 108
a) Longitude view of panels b) Cross section of CO panel
?3.5 WWF @3.5/03.5/80/80 . .
3.5 20 WWF @3.5/03.5/80/ 80
o]i _
l M " /J vi o.0 ¢ o0 o o l o
z& 108 100 108 | = / 100 |
3988
¢) Cross section of CD panel d) Cross section of CB panel

Fig. 5 cross section of specimen’s type CO, CD and CB
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2260 kg/m®. The concrete modulus of elasticity becomes E =16 GPa. The panel design parameters
are given in Table 1. The parameters are corresponded in Fig. 5.

In which M,, M, and M, are internal moment due to panel self-weight, ultimate resistant moment
and plastic moment of slabs sections, respectively. The stiffness and ultimate capacity of the truss
connectors are based on linear analysis of the panel. Yielding of steel shear connectors in tension
and buckling of those in compression tend to redistribute shear flow over the length of the panel as
the most highly stressed connectors. The maximum load can be computed based on the entire shear
capacity of the steel trusses over the length of the panel.

4. Experimental studies

Three different types of specimens are cast. Each type includes three identical 3D floor panels.
Fig. 5 indicate the longitudinal and transverse section of all types. Type CO is an ordinary plane 3D
slab without additional reinforcement. Type CD is a reinforced type with 348@125 mm, Fig. 5(c).
The third one, CB type, is a longitudinally stiffened with a concentrated central beam, Fig. 5(d).

4.1 Slab details

The specimens have 1000 mm width, 200 mm constant thickness including 60 mm of upper layer
concrete with mix design of A, 40 mm thickness of shotcrete at the bottom surface and 100 mm of
expanded polystyrene core. The welded wire fabric is considered of cold rolling of steel bar with
final outside diameter 3.5 mm in accordance with ASTM A82 and automated welding process with
accordance of ASTM A185. The yield and ultimate strength of drawn and annealed wires are 520
and 570 MPa, respectively. Elongation of mesh is 2.65% mm/mm. Fig. 6 shows the stress-strain
curves for welded wire fabric and additional reinforced steel bars. The shotcrete used for all
specimens, as designated by mix design B in Table 2, is used from Portland cement (1), river sand

600 600

Stress - MPa

N w n wn
o o o o
o o o o

N
o
o

o

0 02040608 1 121416 18 2 2224 2628 3 0 2 4 6 8 10 12 14 16 18 20 22 24

Strain - % Strain - %
(a) Additional steel bar (b) welded wire fabric

Fig. 6 Stress-strain reinforcement

Table 2 Concrete mix design

Units are in kg  Cement Sand  Gravel = Water

A 350 700 1100 180
B 400 1700 - 200
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with maximum 8 mm diameter, drinkable water. The W/C is about 0.45.

The maximum size of aggregate in upper wythe is about 15 mm and its fine modules is 2.5.
Compression tests are carried out on (150%150*150 mm) standard cubes and provided cores from
shotcrete. For each type of panel, there are six samples from longitudinal and transverse of welded
wire for tensile test and weld strength provided.

According to the result of test, compressive strength f. is about 20 MPa for shotcrete and 27 MPa
for concrete.

4.2 Experimental test

Testing of panel specimens is performed in a horizontal position according to ASTM E72 as four
point flexural loading test. Load is applied to the specimen by pumping oil into hydraulic jack. The
displacement of the specimen is measured by dial gage. The applied load is monitored using a
pressure gage mounted on the primary oil hose. Fig. 7 shows the schematic view of reaction frame
for test set up and applying load. The test assembly is also pictured in Fig. 7(b).

The test procedure is as follows:

1. Lift the specimen using four lifting points and move it to the test site.

2. Place the specimen in the testing frame. Shim the specimen to provide snug contact with the

reaction points.

3. Apply the static lateral load, gradually. Each loading step increment is 50 kg. For each

increment, turn off the oil pressure and read the pressure and displacement.

4. Displacements are measured at both reactions for maintaining of horizontal position of

specimen during the flexural test, and at 1/4, 1/2 and 3/4 of span, with the accuracy of 0.01 mm.

5. All measurements are continued until reaching to a maximum mid-span deflection for each type

of specimen. Then, the load is slowly removed by reducing of oil pressure.

6. Remove the load and break the specimen to inspect the connectors inside the specimen.

(a) Side view (b) test assembly

Fig. 7 Reaction frame used for applying flexural loading
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4.3 Test results

Fig. 8 shows the load deflection curves for CO type panels. Also shown in Fig. 8 are the
theoretical extremes of fully composite and non-composite as well as the theoretical prediction of
load-deflection curve based on results of the linear analysis and non-linear numerical F.E.M
approach. It is observed that up to 10.00 kN of applied load and its corresponding mid plane
deflection of 2.5 mm, the load-deflection is proportional and no crack is detected. The bending
stiffness is also constant as depicted in Fig. 9. Each of the panels shows a gradual loss of stiffness
with increasing load. This loss of stiffness has three primary causes: 1) cracking of the concrete in
the tension wythe, 2) cracking of the concrete in the connector embedment regions, and 3)
deformation of the insulation. Cracking of the tension wythe results in a redistribution of the panel
forces increasing the axial force in each wythe. Cracking of the concrete around the connector
decreases the connector stiffness, redistributing of the wythe axial force into bending moment.
Failure of the bond between insulation and the concrete wythes results in a loss of shear stiffness in
the connecting layers. The insulation has only low shear stiffness, but the contact area is initially
large enough to cause a significant contribution to the shear stiffness of the panel. The first factor

o
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~77T
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_ 40} Est
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<] —e—conum o 47T
- .- c
201 ——coexp1 g 31
.= ——coexp2 ﬁ
T - full 21
10 15 e ----non
! - 13
0+ + + + t 1 0 + + + + 1
0 10 20 30 40 50 0 5 10 15 20 25 30
Displacement at L/2 (mm) Disp. (mm)
Fig. 8 Load deflection curve for CO panel Fig. 9 Variation of bending stiffness during flexural
loading for x =L/2 in experiments for CO
specimens

(a) Propagation of tension cracks (b) Buckling of truss diagonals

Fig. 10 Failure mechanisms of 3D panels in flexural loading
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occurs primarily near the center of the panel, while the second and third occur near the supports.

Fig. 10 shows the initiation of tension crack and its propagation to the upper layer. During this
process, the failure of bottom welded wire mesh and detachment of lower wythe from insulation
core are occurred. The truss connectors are approached to behave initially in an essentially semi-
composite fashion, followed by a gradual decrease in stiffness as the load is increased. At higher
level of loading, the loss of stiffness is more pronounced and it is due to the buckling of diagonals
that are more in compression and are located in part of between reactions and applied loads. These
results in only one-half of the truss diagonals effectively resisting the horizontal shear forces. This
phenomena is revealed, after the test, by dissolving of insulation core and observing the buckled
shear connectors Also, due to the partial transmission of shear from top to bottom and non-
composite performing of the section, it is measured that two wythes have a relative horizontal
displacement about 22 mm.

The failure mechanism of experiments is adopted for modeling of slab in numerical analysis. It is
also seen that the FEM analysis gives greater load-deflection path with similar trends. The reason
for such behavior could not be clearly explained and could be due to micro-mechanical defects in
shotcrete and test procedure. However, the ultimate strength in both numerical and experimental
investigation is close to each other.

The same procedure for bending test is repeated in order to investigate the failure mechanism of
type CD panel in which the bottom tension steel bars, as ¢8@500mmc/c, are added to the welded
wire fabric, WWF ¢3.5/¢3.5/80/80, in order to increase ductility of panels. The obtained results
show no remarkable differences between ultimate applied loads to compare to the previous type
with no additional tension reinforcement. The maximum load is about 53.00 kN, 4% above the CO
type. CD types of panels show more flexibility than CO type. Unlike CO panels suddenly failure,
this type treated more flexible. It is concluded that in 3D sandwich panels subjected to flexural

70T

Load (kN)

—e—cdnum
——cdexp1/’
e ~7| ——cdexp2
T —-=-full
e T ----non

0 10 20 30 40 50
Displacement at L/2 (mm)

Fig. 11 Load deflection curve for CD panels

Table 3 Load-deflection results at linear and ultimate stages for CB type

Specimen Linear portion Ultimate
No. Load (kN)  Deflection (mm)  Load (kN)  Deflection (mm)
CB-1 20.50 2.49 83.00 39.5
CB-2 20.50 2.49 83.00 39.5

CB-3 30.00 1.99 92.50 26.53
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Fig. 12 Load-deflection curves for CB panels

loading, the governing failure mode is affected by failure of shear transferring from top layer to the
bottom one. Buckling of shear connectors resting in elastic insulated media reflects this deficiency.
Fig. 11 shows the load-deflection curve for CD type panel under vertical loading.

Type CB, is a stiffened 3D shotcreted slab stiffened with centrally horizontal beam and is
subjected to transverse vertical loads. The experiments are revealed interesting results. Table 3
shows the loads and their corresponding deflection of CB type panels. Also, Fig. 12 represents the
load-deflection path in laboratory tests. It is seen that up to 20.50 kN the total section behavior is
linear and fully stiffness of the cross section is used for transferring applied loads. In other words,
the section acts as fully composite. The deformation of mid-span for this region is 2.5 mm.
Increasing loads results in a gradual loss of stiffness. The noise due to cracking of insulated
polystyrene core is much limited compare to previous types, CO and CD. The lower welded wite is
not broken. However, the steel bars, 3¢8 located at center are yielded.

Two obvious non-linear portions are observed in Fig. 12 before reaching to ultimate loads. In the
first segment, the loss of stiffness is about 30% and related to the bottom concrete wythe cracks and
failure of brittle core materials. The load reaches up to 48.00 kN. The corresponded vertical
deflections are 8 mm and 12 mm for two specimens, respectively, Fig. 12. In the second non-linear
segment, the bottom concentrated steel reinforcements are yielded. It should be considered that the
extreme of full composite is different of CO and CD type. It is upper than another in CB type
because of the more rigidity due to concrete beam. The concrete cracks propagate to the upper
regions and more stiffness loss, about 65%, are detained. It is reported, after completing the test and
dissolving of polystyrene, there is no buckling of shear connectors is observed. The ultimate load is
upgraded to 1.8 times of plane slab without any additional reinforcement. The final mi-span
deformation is increased to 65 mm. The presence of small concrete beam as stiffness of panel in 3D
slab system makes more ductility and load carrying capacity and structural performance. In fact,
panel CB type behaves like as I shape wide flange beam. The shear is transformed completely via
concrete beam and diagonal shear connectors.

5. Numerical analysis and parametric studies

To extend the experimental investigation into wider application, numerical study is carried out
using finite element analysis. Due to complexity of subject, the ANSYS software as a commercial
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Fig. 13 Numerical shell models for analysis

F.E.M program with capability of geometrical and material non-linearity is used.

Sandwich panels are modeled as two concrete wythes which are connected by truss elements
together. The appropriate elements from ANSYS library for modeling of concrete layers are selected
as Solid65; an 8-node 3D brick element for modeling of concrete layer with potentially of crack
development in three directions at Gauss integration points. Solid elements were modeled in various
size and shape to find the best convergence of results. Beam23 is a two-dimensional beam element
and used for modeling of bars and shear connectors, Fig. 13.

The concrete material model predicts the failure of brittle materials. The criterion for failure of
concrete due to a multi-axial stress state can be expressed in the form (William and Warnke (1975))



Upgrading flexural performance of prefabricated sandwich panels under vertical loading 289

Where
F
S

fi
fe
Jev
S
e
fe

Oxps Oyps Ozp:

: a function (to be discussed) of the principal stress state (o

£ _g>0 (13)

fe

s Oyps Op)

: failure surface (to be discussed) expressed in terms of principal stresses and five

input parameters f;, f., fop, /1 and f; defined as below

: Ultimate uniaxial tensile strength

: Ultimate uniaxial compressive strength

: Ultimate biaxial compressive strength

: Ultimate compressive strength for a state of biaxial

: Ultimate compressive strength for a state of uniaxial
: uniaxial crushing strength

principal stresses in principal directions

Fig. 13(d) represents the 3-D failure surface for states of stress that are biaxial or nearly biaxial.
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Fig. 14 Numerical analysis results
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In addition, steel material is modeled by multi-linear kinematics properties as like as Fig. 6.
Nonlinear behavior of steel rebars and meshes has completely isotropic materials.

The numerical models are provided to be compatible with geometrical, material load condition of
prototype in experiments. To show satisfactory verification, the following comparison is presented
for the mentioned three types panels. In all curves, the upper and lower bonds are sketched for full
and non-integrated section, respectively.

Fig. 15 show the load-deflection curves representing flexural performance of 3D panels. Two
different shear connectors diameter are considered as 3.5 and 4 mm to measure sensitivity on
diagonal members. For all cases, it is observed that, in linear elastic level, the experiments and
numerical results are almost corresponded to each other. In non-linear portion, it is seen
considerable discrepancy of numerical analysis with respect to the experiments. The main reason for
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Fig. 15 Load-deflection diagrams in flexural 3D slabs

Table 4 Influence of reinforcement area on flexural performan

Specimen type 5T4 3Té6 3T8
Steel rebar arrangement 504 mm c/c 306 mm c/c 308 mm c/c
Area (mm?) 62 85 115
Ultimate load (kN) 57.00 58.20 58.00

Deformation (mm) 48 49 37
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Fig. 16 Experimental study of panels

such difference is referred to sliding in smeared crack modeling in ANSYS. Although the ultimate
load in both methods are close to each other. At the last stage of loading, the slope is almost
flattening out, indicating failure mechanism. The major aspect, which could affect on failure is
owing to the shear connector diagonal members, e.g. local instability. Comparing the load carrying
capacity of three described panels in Figs. (a), (b) and (c) reveals inserting a longitudinal
concentrated beam makes remarkable upgrading in ductility and load carrying capacity of 3D
flexural panels, while, placing additional tension rebar only increase loading level.

The variation of additional tension rebars examined in CD panels in order to increase lateral load
capacity and vertical ductility. Table 4 shows different reinforcement areas. These reinforcement
sections are selected among some frequent analysis and it is seen that using more reinforcement
does not necessarily give more strength and deformation. For every specified span length, the
optimum reinforcement should be determined. Also, the failure of shear connectors affects
remarkably on ultimate load of 3D sandwich slab and there is no big deal in gaining of additional
load. The comparison results of flexural performance of mentioned three types of bearing slabs are
presented in Fig. 16 based on experimental investigation. It is clearly observed the considerable
superiority of 3D slab stiffened with a longitudinal central small beam. Since, the behavior is mostly
brittle, adding a concentrated RC beam could enhance section shear capacity and prevent the
premature fracture due to buckling of slender members.

6. Strain distributions

Study on strains across the section is performed from experimental measurement and numerical
analysis in order to clarify the longitudinal displacement of cross section and calculation of bending
strain profile. Fig. 17 shows the axial strains of CO and CB type panels at three stages of loading in
middle of span from FEM results. At 19.25 kN of applied load, the strain distribution is linear and
the section behaves in full composite fashion. The neutral surface is located between two concrete
layers and the strain profiles for both upper and lower layers are parallel. At 25.70 kN, the neutral
axis is shifted towards compressive upper layer and strain is not linear. Increasing the applied load
to 42.50 kN, the neutral line is moved to near upper edge of panel, about 17.5 mm below, and the
strain at the lower edge of upper wythe is reached to 0.0023 close to &.,. The semi-composite and
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Fig. 17 The FEM bending strain distribution of cross section in CO type panel for three stages of loading

non-composite in Figs. 17(b) and 17(c) represent the bending performance of the section and it

Q0000 CITEG SUEW ONBM SHEM 10EL 1SEG 0EE 25EH IR N ANER 49EM

(f) CB level b

could be used for design calculation of moment of inertia.

In CB type, Fig. 17(e) to 17(g), at load stage of 18.31 kN the section acts as fully composite. The
strain distribution for 43.75 kN of applied load is quasi-linear, but the section is in semi-composite
condition. The neutral axis is placed in upper concrete layer. At 76.00 kN of loading level, the total

0D 20 ODEAD 20EG) ADEES BNEE BNED NEW 12ER 1WER 1RER 1NEQ

(g) CB level ¢

bottom layer is in tension; however, the neutral surface is close to upper edge of concrete.
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Fig. 18 Section of specimen in two types, full composite and none composite

7. Theoretical flexural capacity

In design code, the flexural behavior of beams is calculated based on full bonding of the cross
section, Fig. 18. In this direction, the ultimate bending moment of a 3D panel is obtained based on
equilibrium equation, (ACI 98-506)

Aufor + Afia—Aufh = 0.85f ba (14)

In which:
A :area of upper steel
fi1 :upper steel force
Ay :area of lower steel
fio :lower steel force
f.! :concrete compressive strength
B : width of specimen
a :height of Witney stress rectangular

It is assumed that all reinforcement including welded wire mesh and tension rebars are yield, so

M, = o_ssjfc'ba(d—@ —Aafi(d-d") (15)

Where:
M,,: flexural resistant moment

Therefore, the ultimate bending moments due to the lateral load for two types of slabs are
tabulated in Table 5 as follows

The difference between experimental and theoretical results is referred to the approximate
assumption of Whitney compressive block in top layer concrete portion.

Table 5 Comparing the analytical and experimental moments

Measurement Experiment (kN-m) Theory (kKN'm)

CoO 1580 1235
CD 2850 2097




294 M. Z Kabir, O. Rezaifar and M. R. Rahbar

8. Conclusions

The current study focuses on upgrading ductility and load carrying capacity of 3D slabs in two
different ways; 1) using additional tension reinforcement, CD type panels, 2) Inserting a
longitudinal concentrated beam, CB type panels, in order to improve their failure mechanism.

Based on experimental and numerical results, the following conclusions are raised:

- The failure mechanism of normal panel, CO type, is governed by shear mechanism of diagonal

members and the collapse at ultimate load is mostly in brittle mode.

- Enhancing the 3D slab section with additional tension reinforcement could not remarkable

increase in load carrying capacity as well as flexural ductility.

- Inserting a longitudinal concentrated beam at the centre improve considerable flexural and shear

strength of the section and increase load carrying capacity in bending 3D elements.

- For specific given dimension, CB type panel carries vertical load about 100% more than normal

panel and extend vertical deformation about 50%.

- The strain distribution shows more section bonding when it is stiffened with concentrated small

beam.

The results of current studies could be useful in design consideration of such composite sandwich
panels.
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