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Today's highcostsdemandenergyefficiency in farmconfinement buildings, especiallyin hog and poultryoperations.
Walls madewithprecastconcretesandwichpanelssatisfywellthecriteriaofenergyefficiency,strength, durability; theydo
not support combustion. The structural design of a concrete sandwich panel is difficult because the two concrete wythes
work together only partially. The well-known bending formulae do not apply and recommendations from previous research
are scarce and incomplete. This paper presents the results of a number of finite element analyses of concrete sandwich
panels subjected to bending. Span length is one of the major variables examined as well as other variables of panel
geometry. The finite element results indicate that the effective section modulus of a panel measured as a fraction of the
section modulusassuming full composite action is dependentonly on the span length to panel thickness ratio and on the
amountof shearcoupling. For shearcoupling with truss-type masonry reinforcement the ratio of section moduli may be
expressed as 0.182 + 0.0245 L-t~l

INTRODUCTION

An increasing number of farm oper
ators select concrete for the walls of their
confinementbuildings. This is particularly
true for hog operations. Concrete is dura
ble, rodent-proof and does not support
combustion. An excellent way to insulate a
concrete wall is to sandwich insulation
betweentwo wythesof concrete. Bothpre
cast tilt-up panels and cast-in-place sand
wich construction are being used
increasingly in Southern Ontario (Jofriet
and Singleton 1982, 1983). Some of the
Ontario applications used have been
described by Milne (1975), Bellman
(1977), Bird and Selves (1977) and by
Kains (1980).

Tilt-up concrete sandwich panels have
to withstand a considerable bending
moment during erection when sections of
wall that were constructed horizontally are
lifted into a vertical position. The panels
have to be adequately strong to prevent
tension cracking on the bottomof the unit.
The determination of the maximum bend
ing stress from the maximum bending
momentis not easy. The well-knownelas
tic bending formula is not valid because it
is based on the assumption that plane cross
sectionsremain plane. This is not the case
witha sandwich panelsubjectedto varying
bending moments. The shear forces cause
considerable shear deformations in the
insulation which typically has a modulus
of elasticity 2000 - 3000 times smaller
than that of concrete. Furthermore, the
typeofconnection between thetwowythes
of concrete affects the bending stresses
considerably.

Amajorexperimental studywascarried
out by Pfeifer and Hanson (1965) of the
Portland Cement Association (PCA).
Some 50 0.9 x 1.5-m sandwich panels

with a wide variety of insulation and shear
connector types were tested in bending
using the largest dimension as the span
length. Their findings includedthe follow
ing:

(a) of the three metal shear con
nectors used (truss member, expanded
metal and welded wire fabric) only the two
which had diagonal members significantly
improved the structural behavior of the
panels; welded wirefabric added very lit
tle to the rigidity.

(b) comparison of the measured
resisting moment and deflection at initial
flexural crackingwith thosedeterminedby
theoretical analysis indicatedthatonly par
tial interaction between the concrete
wythes was obtained; the measured resist
ingmoments varied from 40to70% ofthat
computed by assuming full composite
action between wythes.

A more recent study (Singh 1968) com
bined theoretical analyses and test results
to provide solutions for determining
stresses and deflections for concrete and
other types of sandwich panels. The the
oretical stress analysis of a panel was
based on a parameter Re which was
intended to aid the designer to locate the
neutral axes in the bending member and
then to calculate bending strains and bend
ing stresses. The parameter Re was
obtained by tests. For symmetricconcrete
sandwich construction Re was given by
(Singh et al. 1969):

-1.835c0-4//0 (1)

in which c is the thickness of the insulation
and / of the concrete wythes, both in
inches. Computationsof stressesby digital
computer was recommended (Singhet al.
1973).

Neither study took into accountthat the
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amount of shear deformation in the core of
the sandwich panel is dependent on the
span length of the bending member.
Increasing the span length decreases the
magnitudeof the internalshearforcesrela
tive to the bending moments and thereby
decreases their relative effect on the bend
ing stresses. In bothstudiesthe spanlength
to thickness ratio of the specimens was
small compared to realistic field situa
tions. The results, therefore, are quite con
servative.

This paper presents the results of a
numericalstudyofconcretesandwichpan
els. The results will be used to make spe
cific design recommendations for a wall
panelfor a 3-m-high barn. Sandwich pan
els of different dimensions than those used
here can be analyzed easily using the
method described herein.

PANEL DETAILS
Details of the tilt-up concrete sandwich

panel recommended for livestock build
ings in Southern Ontario are shown in the
cross section in Fig. 1 (Jofriet and Sin
gleton 1982). The overall thickness is 184-
mm so that the panels can be cast on the
ground with a 38 x 184-mm joistas side
form. Using76-mm-thick rigidinsulation,
this leaves two concrete wythes each 54
mm thick. Jofriet and Singleton also rec
ommend that the wythes be coupled with
galvanized truss-type masonry reinforce
ment. These truss-type shear ties would be
located in the vertical joints between
insulation boards at about 600 mm center-
to-center.

The reinforcing of each of the wythes
was recommended to be 10M reinforcing
bars at 450-mm centers, both ways. The
vertical bars would be placed in line with
the chords of the truss-type shear ties, the
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Figure 1. Typical livestock housingapplication.

horizontalones areplacednearestthe out
side faces oftheconcrete wythes with ade
quate cover to prevent corrosion staining
of the concrete.

If the two concrete wythes were able to
act together in complete composite action,

the moment of intertia (I) of the unit would
be 483 x 106mm4/metre width of panel,
and the section modulus (S) 5245 x 103
mm3/m. Whenthetwowythesare notcou
pled at all by shear reinforcement it is
reasonable to assume that the transverse

loads are carried equally by the two inde
pendent wythes. The section modulus of
the panelthen is twice the sectionmodulus
ofasinglewytheor972 x 103mm3-m~l.

The effective section modulus of most
sandwich panelswith the samethicknesses
will lie somewhere between these extreme

values. The actual value will depend on
how well the coupling between the two
wythes resists shear displacement or, in
other words, how well the coupling main
tains plane sections under internalbending
and shear forces. This, in turn, is depen
dent on the shear stiffness of the coupling
material and on the magnitude of the inter
nal shear forces relative to the magnitude
of the bending moment. The relative mag
nitude of shear force to bending moment
involves the span length. This paper will
provide effective section moduli for wall
panels with a cross section as shown in
Fig. 1.

ANALYSIS

The finite element method of analysis
was used for the determination of stresses
and displacements of the sandwich panels
under transverse loading. The analyses
wereplanestrain analyses of alongitudinal
cross sectionof a panel simply supported
at both ends. Elements were four-noded
isoparametric rectangular elements(Bathe
et al. 1973). Twelve elements were used
through the thicknessof the panel, four in
each of the three layers; the number of
element divisions in the spandirection var
ied with the spanlength. Use was madeof
symmetry aboutthe centerof the span and
only one half of each span was analyzed.

The shortest spans suchas analysis III
m had a finite element mesh of 12 x 14 =
168 elements and 195 nodes. The longest
one, on the other hand, had 12 x 45 =
540 elements and 598 nodes (analysis III
p). Elements were therefore about 15 x 50
mm in size.

Thepresence of thetruss-type masonry
reinforcement for improving the shear
coupling between theconcrete wytheswas
modelled in the finite element analyses
with a stiffer core. Whereas the modulus of
elasticity of the insulation is 6.9 MPa, it
was found that the addition of the truss-
type shear connectors resulted in anequiv
alent core thickness three times higher.

The numerical investigation was car
ried out in four parts. They were:

(a) Series I: one analysis of the three
experimental test panelswith rigid insula
tionbut withoutshear ties (panels P, R and
S of the PCA experiments).

(b) Series II: 11analysesof anumberof
test panels with rigid insulation and with
simulated shear ties between concrete
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wythes (panels, U, V and Z of the PCA
experiments).

(c)Series III: four analyses of panels
with 76-mm-thick rigid insulation, 54-
mm-thick wythesand simulatedtruss-type
shear ties, and with span lengths ranging
from 1420 mm to 4570 mm.

(d) Series IV: four analyses of a 184-
mm-thick panel with a 50.8-mm-thick
core and 67-mm-thick concrete wythes
and four analysesof a 234-mm-thickpanel
with a 76-mm-thick core and 79-mm-thick

wythes, and with span lengths ranging
from 1420 mm to 4570 mm.

The purpose of the finite element analy
sis of Series I was to find out how well its

results would predict experimental ones.
The moduli of elasticity were those of the
test panel materials; ideal bond was
assumed between the concrete and the
insulation. In Series II the objective was to
model the presence of the truss-type shear
ties to properlyfindthe valueof the modu
lus of elasticity of the equivalent core
material.

In Series III the findings of the Series II
analyses were used to find the effect of
span length on the maximum bending
stressesresultingfrom a particular valueof
maximum bending moment for the recom
mended 184-mm-thick sandwich panel
detailedin Fig. 1. Finally, the eight further
analyses (Series IV) were carried out to
determine if the equivalent section modu
lusofa sandwichpanelcan be linkedto the
span length to panel thickness ratio.
Details of the various finite element ana
lyses are listed in Table I.

RESULTS

Series I
The deflection results of the finite ele

ment analysis of Series I were compared
with the deflections reported by Pfeifer
and Hanson (1965) for test panels P, R, S,
three almost identical tests of 127-mm-
thick specimens witha 51-mm-thick poly
styrene core. Cracking moments andasso
ciated deflections were reported as well as
the moduli of the concrete and the insula
tion. Using the well-known deflection for
mula for uniformly distributed loaded
bending members:

dmax = 5 WL3-(384E/)- (2)

in which dmax = maximum deflection, W
= total uniform load, L = span length, E
= modulus of elasticity and / = moment
of inertia, the geometricbending stiffness
ofa sandwich panel, /eq can bewritten as:

/e, = 0.1042 MmaxL2 •(Edmwy' (3)

in which Mmax is the maximum bending

TABLE I. FINITE ELEMENT ANALYSES

Thickness
Span E E

Wythes Core length core cone.

Series Designation (mm) (mm) (mm) (MPa) (GPd)

I a

b

c

d

e

f

38.1

38.1

38.1

38.1

38.1

38.1

50.8 1420 6.9

20.7

33.5

69.0

172

335

II g
h

i

J
k

1

38.1

38.1

50.8

50.8

50.8

50.8

50.8 1420 517

690

6.9

69.0

172

690

m 54.0 76.0 1420 20.7 16.1

n 54.0 76.0 2540 20.7

III 0 54.0 76.0 3560 20.7

P 54.0 76.0 4570 20.7

q 66.6 50.8 1420 20.7

r 66.6 50.8 2540 20.7

s 66.6 50.8 3560 20.7

t 66.6 50.8 4570 20.7

IV u 79.0 76.0 1420 20.7

V 79.0 76.0 2540 20.7

w 79.0 76.0 3560 20.7

X 79.0 76.0 4570 20.7

1 1
1420 mm span l«ngtti (simply supported)

T"

127 mm thick sandwich panel

51 mm thick core

panel V

panel U

Jo

_J
700

MODULUS OF ELASTICITY OF CORE MATERIAL , MPa

Figure 2. Maximum bending stress due to a distributed load of 1 MN/m2 versus modulus of
elasticity of the sandwichpanel core.

moment.

Theexperimental values for/eq ofpan
els, P,Rand Sare21.7 x 106,12.5 x 106
and 16.8 x 106 mm4-m_1, respectively
(PfeiferandHanson 1965); theaverage /eq
for the three panels is 17 x 106
mm4-m 1 The finite element analysis of

x 106

the value for the moment of
Series I provided an /eq of 14.3
mm4-m~l

inertia of a solid 55.6-mm-thick slab of the
same material as that of the concrete
wythes. By comparison the sum of the
moments of inertia of the two concrete
wythes is 9.2 x 106 mm4-m-l.

Although the variation in the three
experimental results is considerable, it
maybe observed that the numerical result
agrees quite well with the average of the
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Figure 4.Effective section modulus versus span length for a 184-mm-thick sandwich panel with a
50.8-mm-thick core.

experimental results. The fact that the
finite element results appear to provide
conservative results aids in their use for
design recommendations.

Series II

Sandwich panels with shear reinforce
ment are more difficult to model than the
unreinforced ones. The approach taken
here was to analyze the panel with a core
material stiffer than that of the actual
insulation. The test results of sandwich
panels U, V and Z (Pfeifer and Hanson
1965) were usedtodetermine anappropri
atevalue for thecoremodulus ofelasticity

to model the behavior of a panel with truss-
type shear ties. Panels U and V were 127
mm thick with 51-mm polystyrene insula
tion, panel Z had 51-mm-thick concrete
wythes and insulation. All three had truss-
type shear ties.

In assessing the stresses it was assumed
that the maximum bending stress at the
reported cracking moment equalled the
reported tensile splittingstrength. Figure 2
shows a plot of the numerical results for
the maximum bending stress per unit of
distributedloadingversusthe logarithmof
the core stiffnessfor a panel 127mm thick
and of 1420-mm space. The experimental
values for panels U and V are also shown.

Thetestresults ofpanelZ showed a ratio of
maximum bending stress to magnitude of
load of 168. This value was compared with
the four finite element analyses of 152-
mm-thick panels. The overall conclusion
was that a modulus of elasticity of 21 MPa,
three times that of the polystyrene insula
tion, provided maximum bending stresses
that best approximated the experimental
stress results of panels with truss-type
shear/ties. This value was used for the

subsequent analyses of Series III and IV.

Series III

The finite element analyses of Series III
related particularly to the panel geometry
recomended by Jofriet and Singleton
(1982) (see Fig. 1). Four span lengths were
investigated, namely 1420, 2540, 3560
and 4570 mm. The resulting maximum
bending stresses for a loading equal to the
self-weight of the sandwich panel were
0.36, 0.73, 1.13 and 1.61 MPa, respec
tively. The recommended concrete
strength for precast concrete panels is 25
MPa (Jofriet and Singleton 1982). Follow
ing the recommendation of the proposed
Building Code for Structural Plain Con
crete (ACI Committee 3181982) such con
crete would have a factored design
strength in flexural tension of 1.36 MPa. A
span length of about 3600 mm, therefore,
is probably the maximum that the panel in
Fig. 1 should be subjected to. This then
limits the height of the wall to about 3600
mm. A higher wall will require a more
substantial design.

The maximum bending stresses in the
previous paragraph show an increase with
span length. However, if it is taken into
account that the bending movement

, increases with the square of the span
length the bending stresses reduce signifi
cantly with span length. This is best shown
by calculating an effective section modu
lus defined as the bending momentdivided
by the maximum flexural stress it causes.
Theseeffective section moduli at midspan
have been plotted versus span length in
Fig. 3. The previously mentioned upper
and lower limits of section modulus for
fully compositeand non-composite action
(5245 x 103 and 972 x 103mm3-m-1)
are also indicated.

The influenceof the span length can be
observed to be considerable. An increase
in the spanlengthusedin the PCAexperi
mental work of 1420 mm-3560 mm
increases the equivalent section modulus
from 1720 X 103 to 3430 mm3-m-1, a
twofold increase. This also means, of
course, a twofold decrease in maximum
bending stress for a given bending
moment.

52 CANADIAN AGRICULTURAL ENGINEERING, VOL. 27, NO. 1, SPRING 1985



(/)

Q

O
2

z
o

I-
o
LU

2 I
1000

fully composite

234 mm thick panel

76 mm thick core

- non-composite

I =±:

Series IV

The finite analyses of Series IV are
identical to those of Series III except that
the cross-sectionaldimensions of the pan
els are different. Whereas Series III con

sidered a 184-mm-thick panel with a 76-
mm-thick core, the additional analyses of '
series IV were for a 184-mm-thick panel
with a 50.8-mm-thick core and a 234-mm-

thick panel with a 76-mm-thick core. The
numerical results for the effective section

modulus plotted versus span length are
presented in Fig. 4 for the 184-mm-thick
panel and in Fig. 5 for the 234-mm-thick
one. As in Fig. 3, the upper and lower
limits of the section modulus for fully
composite and non-composite action are
shown in Figs. 4 and 5.

The effect of span length can again be
observed. The effective section modulus
approximately doubles over the range of
span lengths chosen foranalysis. It may be
observed though that the moduli of the
thickerpanel (Fig. 5) are much closer to
the non-composite value than the moduli
of the 184-mm-thick panels for the same
span lengths (Figs. 3 and 4).

To make the results in Figs. 3, 4 and 5
more useful for structural design, they are
presented again inFig. 6 in a slightly dif
ferent form. The effective section moduli
areexpressed asfractions ofthefully com
posite section modulus. These ratios then
are plotted versus the ratio of span length
over panel thickness.

The relative section modulus ratio,
which couldbe moreappropriately termed
the degree ofcomposite action (DCA)ofa
panel appears inFig. 6 to bevery similar
forallthree configurations when measured
asa function of the spanto thickness ratio.
Two otheranalyses from Series IIalsohave
results that are close to those of Series III
and IV.

For purposes of design, the curves in
Fig. 6 may be approximated by a single
straight line:

SPAN LENGTH , mm

Figure 5.Effective section modulus versus span length for a234-mm-thick sandwich panel with a
76-mm-thick core.

</>

LU

DCA = 0.182 + 0.0245L-T (4)

inwhich t is thepanel thickness. Equation
4isshown inFig.6 with adashed line.The
reader should be reminded that Eq. 4 is
only valid for the particular ratio of
Young's moduli of concrete wythes and
core used in Series III and IV.

It may be concluded further that the
design recommendations based on the
PCA experimental work must beexamined
carefully. For instance, the experiments
indicated resisting moment observations
with truss-type shear tiesof about 40% of
that based on full composite action. This
percentage, however, cannot be used
directly forall sandwich panels withtruss-

SPAN LENGTH
PANEL THICKNESS

Figure 6. Effective section modulus as afraction of the fully composite section modulus versus
span length to panel thickness ratio.

type shear ties. The particular panel illus
trated in Fig. 1 has according to Eq. 4 an
equivalent section modulus that is66% of
that for full composite action if the span
length is3600mm. It iscomforting tonote
thatforthespan length tothickness ratio of
about 11used in the PCAexperimentwork
the numerical results too indicate approx
imately 40% composite action (see Fig. 6).

The same caution must be used regard
ingSingh's (1969) recommendation inEq.
1. The valueofRe willdepend strongly on

the panel's span to thickness ratio and the
expression inEq. 1must beviewed inlight
of the restrictions of the test conditions
from which it was developed.

SUMMARY

A finite element study of precast con
crete sandwich panels was carried out to
learn more about their flexural behavior.
Bending under itsown weight is probably
the worst loading a horizontally precast
sandwich panel has to endure. The study
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was designed to complement earlier
experimental work which did not have the
panel length as a variable. Earlier design
recommendations based on these experi
mental results failed to include the effect of
span length except, of course, as it affects
the magnitude of the maximum bending
moment.

The results from a finite element analy
sis of a sandwich panel with only a poly
styrene core bonding the concrete wythes
compared well with those of three test pan
els without any shear connectors. It was
further determined by trial and error that
finite element analyses of sandwich panels
with cores three times stiffer than poly
styrene provided reasonable stresses for
panels with truss-type shear connectors.

Using this finding, four finite element
analyses were carried out on the recom
mended sandwich panel for single-storey
animal housing (see Fig. 1). The span
length was the variable in these four ana
lyses showing clearly the reduction in the
effect of shear distortion of the cross sec
tion with span length. This is shown in
Fig. 3 by means of an equivalent section
modulus which can be seen to increase
fromabout33% of full compositeactionat
1420-mm span length to about 75% at
4570 mm. The values of section modulus
shown in Fig. 3 are, of course, only valid
for the panel geometry in Fig. 1with truss-
type shear connectors. Without shear ties
theeffective section moduli arelikelytobe
60-70% of those shown (see Fig. 2).

The resultsof a further eight finite ele
ment analyses of panels with thicknesses
different from those in Fig. 1 lead to the
conclusion that the degree of composite
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action between the two structural wythes is
also a function of the span length to panel
thickness ratio. With truss-type shear con
nectors between the wythes the degree of
composite action will vary from about
40% at a span to thickness ratio of 10 to
about 70% at a ratio of 25. A linear rela

tionship has been proposed (Eq. 4) for
design.

It should be borne in mind that the

design recommendations are based to a
large extent on numerical analyses using a
model that is a simplification of the com
plex interaction between concrete, steel
shear ties, other reinforcement and insula
tion. To test the finite element model used,
experiments are in progress (1984) at the
University of Waterloo.
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