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Abstract. Eurocode 4 design provisions specify two methods for the design of composite slabs, namely the m-k and
the partial shear connection (PSC) methods. Currently, the m-k method includes the concrete thickness and the shear
span of the slab as variables while the PSC method does not. This has resulted in a better accuracy for the m-k method
when slabs with varying dimensions are considered. It is demonstrated in this paper that the horizontal shear bond stress
varies with the ratio of shear span to effective depth of slab, defined as the slenderness. To include such an effect, a
linear shear bond-slenderness equation is proposed. Using the proposed relationship, a linear interpolation of shear bond
strength based on two configurations, determined from the outcomes of the bending tests for compact and slender slabs,
has been satisfactorily performed. The shear bond strength obtained from this interpolation can be used in collaboration
with the existing PSC method, such that the accuracy of the prediction of the composite slab capacity can be consider-
ably improved, the validity of which has been verified with published results from literatures.
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Introduction

Nowadays, the use of the steel-concrete composite slab
system is a common practice especially in the steel framed
buildings. The system comprises normal or lightweight
concrete placed permanently over a profiled cold-formed
steel deck. Compared to the construction of ordinary rein-
forced concrete slab, the steel-concrete composite slab
offers more advantages because the system is lighter and
the handling of the steel deck is easier since the labori-
ous preparation and placement of reinforcement bars in
the slab can be circumvent. During construction, the deck
acts as the mold for the fresh concrete, hence no tempo-
rary formwork is needed. When the concrete hardens, the
deck acts as reinforcement for the composite slab system,
eliminating the need for positive reinforcement bars.
Horizontal shear bond is always the main governing
parameter that determines the behavior and strength of
the steel-concrete composite slabs. In studying the influ-
ence of interfacial property of composite slabs, Valivonis
(2006) explored the contact behavior between concrete

and profiled steel sheeting in three stages: elastic, plastic
deformation, and formation of cracks. It was found that
the contact strength and hence the overall behavior of
composite slab is extensively affected by the shape of
the profiled sheeting, the pre-compressing force acting
perpendicularly to the contact plane, and the horizontal
forces that restrain the transversal strains of concrete. It
has been shown in Abdullah and Easterling (2009) that
the horizontal shear bond depends on the geometry of the
slabs, the most important parameter of which is the ratio
of the shear span to the effective depth, L/d, otherwise
defined as the slenderness. Because the shear bond prop-
erty is geometric dependent, its correct characterization
is essential for design and numerical modeling purposes,
so that an accurate prediction of the strength and behav-
ior of the slab can be obtained. Such importance can be
recognized through the influence of the slab slenderness
on the maximum reaction force, as shown in Figure 1.
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Fig. 1. Variation in the maximum reaction forces with respect to the slenderness of slab from the bending tests and FE analyses
of simply supported composite slabs with a trapezoidal profiled steel deck (Abdullah, Easterling 2007, 2009)

1. Methods for analyzing and designing
composite slab

Thus far, there exist several efforts in characterizing the
interface shear bond behavior of steel-concrete composite
slabs from numerous researchers in literature. To simplify
the design and prediction of the behavior of composite
slabs, Crisinel and Marimon (2004) proposed an approach
that combines results from standard materials tests and
small-scale tests with a simple calculation model to obtain
the moment—curvature relationship at the critical cross-
section. In their method, the load-carrying capacity of
composite slabs was determined via the consideration of
a three-phase moment-rotation behavior of the critical
cross-sections, inputs of which include the geometric and
material properties of steel and concrete and the charac-
teristic description of the interface, as determined from
the small-scale tests.

Several studies were devoted to the modeling of the
shear bond behavior so far as the numerical method in
particular the finite element (FE) approach is concerned.
A special purpose FE procedure had been developed by
Daniels and Crisinel (1993) with a material nonlinear-
ity consideration, in which the shear interaction property
was obtained from a pull out test, for analyzing com-
posite slabs. Ferrer et al. (2006) modeled the pull-out
tests of composite slabs, employing various coefficients
of friction for the contact elements between the steel
deck and the concrete. A calculation procedure was con-
structed by Abdullah and Easterling (2007) to obtain the
shear bond property from bending tests, the behavior of
which was then adopted for the connector elements that
were used to model the steel-concrete interface of com-
posite slabs. Tsalkatidis and Avdelas (2010) employed
the use of nonmonotone material laws for the interface

shear bond interaction, treating it as a two dimensional
contact model, in modeling a simply supported one-span
composite slab. In similar modeling representation, Tza-
ros et al. (2010) used a nonconvex-nonsmooth optimiza-
tion technique for the mechanical description of the shear
bonding. More recently, Chen and Shi (2011) presented
a universal FE model for composite slabs, in which the
shear bond interaction was modeled as a contact element
incorporating both adhesion and friction, employing the
Coulomb friction model, and considering both geomet-
rical and material nonlinearities. Focusing on an inde-
pendent modeling consideration of concrete and rolled
embossments on the steel surface, Seres (2012) analyzed
the composite action of the composite slabs to determine
the interfacial shear resistance, due to complex behavior
of mechanical and frictional interlocks.

Schuster (1970) pioneered the development of the
ultimate shear bond equation for slabs exhibiting a shear-
bond failure mode. The method was adopted by ASCE
(1992) in the form of the m-k equation:

Vo pd
bd\|f.'

—mLS fc'+k’ (1)

where: V is the shear force; L, the shear span; f.’ the con-
crete strength; p the reinforcement ratio; and b and d are
the width and effective depth of slab, respectively. m and
k are the coefficients obtained from a linear regression.
By removing the concrete strength and substituting

the reinforcement ratio with p = ;—;, Eqn (1) becomes:
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Eqn (2) is the version of the m-k method used in Euroc-
ode 4 (2004). It reduces results dispersion produced by
Eqn (1). This is in agreement with the findings of previ-
ous research in which the reason of dispersion is attrib-
uted to the concrete strength (Johnson 1994). It was
found that Eqn (1) gives unsatisfactory m and £, if the
concrete compressive strength varies widely within a
series of tests. In addition, works reported by Luttrell
(1987), Daniels (1988), Bode and Saurborn (1992) and
Veljkovic (1995) had confirmed that the concrete com-
pressive strength does not influence the properties of slab
significantly.

According to Seleim and Schuster (1985), neither
the reinforcement ratio nor the concrete compressive
strength has a significant influence on the shear bond
resistance, but the steel thickness is a governing parame-
ter. It is due to these findings that the removal of /”, from
Eqn (1) and therefore the use of Eurocode’s equation for
designing composite slab, based on a series of test data,
are preferred.

The m-k method is thus far the most reliable tool
for predicting composite slab strengths. Many research-
ers have used this method as a basis for comparison with
the new design procedures that they developed. Notably
new innovations include that incorporating perfobond
(Jeong et al. 2009; Kim, Jeong 2010) as well as those
with an introduction of additional concrete fillers, e.g.
crumb rubber (Mohammed 2010) and palm oil clinker
(Mohammed et al. 2011), all of which have implemented
this regressed approach in the determination of the hori-
zontal shear resistance of their structures. This exhibits
the popularity and validity of the m-k method for the
design of steel-concrete composite slabs. It should be
however noted that the m-k method is a semi-empirical
method that uses principally a statistical evaluation where
the values of m and k are only applicable to specific slab
configurations.

To overcome the deficiencies of the m-k method,
especially the lack of a mechanical model that reflects
the influence of composite slab parameters, and to reduce

Mcst
M, jim

test 1.0 Néf
(a)

dependency on full size tests, researchers in Europe have
developed the partial shear connection (PSC) method.
This method was first proposed by Stark (1978) and subse-
quently improved by Stark and Brekelmans (1990), Bode
and Sauerborn (1992), Bode et al. (1996), and Bode and
Dauwel (1999). The method was adopted in Eurocode 4
(2004) as an alternative to the m-k method.

2. Details of the PSC method

In the PSC method (Eurocode 4 2004), the slab is assumed
to fail by horizontal shear where the concrete can slip
relatively to the steel deck without losing the load carry-
ing capacity. In other words, the horizontal shear stress at
the slip surface remains constant. This behavior requires
a ductile shear failure.

The procedure for the PSC method begins with the
generation of a theoretical partial interaction curve that

is expressed using the relationship of versus 7,

p.Rm
as shown in Figure 2(a). The curve is produced using the

measured dimensions and strengths of concrete and steel
components where # is the intensity of interaction, for
which the values are chosen at fixed intervals from 0 to 1.
M and M), 5, are the moment resistances of composite slabs
with partial interaction and full interaction, respectively.

Points A and C on the curve shown in Figure 2(a) are
two extreme cases, corresponding to no interaction and
full interaction where M = 0 and M = M, p,,, respectively.
The corresponding stress blocks are depicted in Figure
2(b). The partial interaction state lies between these two
points, for example at point B where M is calculated fol-
lowing the stress block B in Figure 2(b):

M=Nz+M,, 3)

where: N, — concrete compressive force under partial
interaction; z — moment arm whose value depends on
the intensity of shear interaction; A, — reduced moment
capacity of the steel deck.

0.85/em 0.85/em
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e

B C
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Fig. 2. Determination of the intensity of shear interaction using the PSC method: a) Partial interaction curve; b) Stress

distributions at points A, B, and C (Eurocode 4 2004)
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Under partial interaction, the concrete compressive
force constitutes only a fraction of that under full inter-
action, N, and the amount depends on the intensity of
interaction:

N.=nN,. “)
The moment arm takes the following form:
z=h—-05x—-¢,+(e,—e)n, (5)

where: h; — total slab thickness; x — depth of concrete
compressive zone; e, — distance from the plastic neutral
axis of the steel deck to its extreme bottom fiber; e — dis-
tance from the centroid of the effective area of the steel
sheeting to its extreme bottom fiber.

The steel deck carries dual functions under partial
composite interaction. Firstly, it serves as the tensile rein-
forcement in composite action, which is considered in
the first term of Eqn (3). Second, it serves as an inde-
pendent bending element where the deck bends about its
own axis. The bending capacity is however reduced from
the full capacity, depending on the amount of composite

action. The reduced moment, M,,, is defined as:

M, =125M ,,[1-n<M,, (6)

where: M,,, is the plastic moment of the effective cross
section of the steel deck. The depth of the concrete com-
pressive zone, x, in Eqn (5) is given by:

N,

= s e @)

where: f,,, — concrete compressive strength; %, — thick-
ness of the concrete cover above the steel deck.

M, ,, in the partial interaction curve is given by:

Mp,Rm = cf(dp _O'Sa )5 (8)

Ap Sy
0.85f,,.b
pressive zone at full interaction. Here, 4, and f,, are the
effective area of the steel deck and the yield strength of
the steel sheeting, respectively. N, the concrete compres-
sive force under full interaction can be expressed as:

where a = is the depth of the concrete com-

Ny = 4,1, ©)

Eqns (3) to (9) are applicable to under-reinforced sections
where the neutral axis lies in the concrete, which is the
case for shallow depth profiles.

Having established all important parameters, the
intensity of interaction can be next obtained from the
partial interaction curve. In this step, full size tests are
required from which the maximum bending moment,
M,s» 1s determined. Using M,,,, the intensity of inter-
action, /1,y can be obtained from the curve as shown
by path 1-2-3 in Figure 2(a). Knowing the intensity of
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interaction, the ultimate shear bond stress, 7,, can be next
calculated using:

Niest N, of

"L L) o

where: L, — shear span; L — overhanging length beyond
support.

To satisfy the required level of confidence, Eurocode
4 suggests at least six full size tests to be performed to
obtain the characteristic value of shear strength, 7, g;. It
also recommends the use of the minimum value of all
tests, with a reduction of 10%. The design strength of the
shear connection, 7, gy, is then obtained by dividing the
characteristic strength with the partial safety factor for
full shear resistance, y,;

Tu Rk
Tu,Rd = ) . (l 1)
Ty

Once the design shear strength is known, the design par-
tial interaction curve or more exactly the design moment
envelope for the particular deck profile can be drawn
using Eqns (12) to (17), as given below:

Mpy=N.z+M,; (12)
No=bL.T, ras Ly <Ly 13)
NJ:ﬁim; (15)

Yap
Z=h,—0.5x—ep+(ep—e)NN—;; N. <Ny (16)
x:LSh 17)

b(O.SSka)
Ye

where: Mp, — design value of the resisting bending
moment in partial interaction mode, i.e. the moment
envelope; M), p, — maximum resisting moment for the
particular profile at full interaction; L, — distance between
supports, representing the beam length; Ly, — shear span
required for full shear connection; y,, — partial safety fac-
tor for profiled steel sheeting; y, — partial safety factor
for concrete; f., — characteristic compressive strength of
concrete.

One example of such a plot is illustrated in Figure 3.

The design partial interaction curve is independ-
ent of loading type and magnitude. Hence, the allowable
loads of, for examples, beams A and B in Figure 3, can
be determined easily by plotting the applied moment dia-
gram, M, below or just touching the envelope of the
design curve.
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Fig. 3. Partial interaction moment curve

One advantage of the PSC method is that it is based
on a clear mechanical model where the effect of other
parameters such as the end anchorage, additional rein-
forcement and the friction at the support can be incorpo-
rated separately in the equations. The use of the plastic
design for continuous composite slabs is also possible
(Bode 1996; Bode, Dauwel 1999). A procedure to incor-
porate the effects of end anchorage, frictional interlock,
and mechanical interlock in the PSC method was pro-
posed by Calixto et al. (1998). They suggested a plot

of test data using ——“—— for the horizontal axis and
v b(L,+L,)
T, = — 9 for the vertical axis such that a regression
b(L,+L,)
line can be formed for the interaction curve. The corre-
sponding equation is:

N .
MWy T +“7Vut’ (18)
b(L,+L,) b(L,+L,)

where: 7,,, — mechanical shear bond strength; x4 — friction
coefficient, values of which are given by the intercept and
the slope of the regression line, respectively. This method
shows a much better correlation with the test data when
compared to that of the m-k method.

3. Weakness of the present PSC method

As indicated in Figure 1, the slab slenderness, L/d, affects
substantially the behavior of composite slab. The PSC
method, which is adopted in Eurocode 4 (2004), does not
properly address the effect of slab slenderness when the
intensity of interaction, 7, is determined from a test, as
illustrated in Figure 2(a). Here, it is obvious that the ulti-
mate moment obtained from the test, which is required
to determine the intensity of interaction, #, depends on
the slab thickness and the shear span. Slender slabs, i.e.
with large L/d yield low ultimate moment whereas the
opposite is true for compact slabs (small L/d). As a result,
various intensities of interaction, #, and accordingly sev-
eral shear bond strengths, 7,, as given in Eqn (10), exist
for the slab specimens built with the same deck type.

R. Abdullah et al. Characterization of shear bond stress for design of composite slabs using an improved partial ...

Abdinasir et al. (2012) have proposed and quantified L /d =
7.0 as the ratio that divides the definition for composite
slabs into slender and compact based on the observation
first made by Abdullah and Easterling (2009) in regard
to the recommendation given in Annex B (B.3.2 Testing
arrangement) of Eurocode 4 in which at least 3 groups
of specimens must be conducted each in regions A and
B (Fig. 4), the chief parameter of which is the slender-
ness ratio, L/d. In this case, they have defined regions
A and B for slender and compact slabs, respectively. On
close inspection, they observed in their work that reaction
force of composite slab experiences an exponential drop
within a certain range of L /d as this ratio increases. The
reaction force shows however little change even though
L/d is increased when a certain L/d is reached, the value
of which has been quantified as 7.0 by Abdinasir et al.
(2012), i.e. L/d <7 for compact while L /d > 7 for slender
slabs. Note that the dividing ratio, L/d = 7.0, is character-
ized through observation for definition convenience.

This implies that if the shear strength obtained from
the tests of compact slabs is used to design a slender
slab, the resulting design can be unsafe for practical use.
On the other hand, if a compact slab is designed based
on the shear strength obtained from the tests of slender
slabs, an overly conservative design may be produced.
Eurocode 4 specifies that the test specimens for determin-
ing the design value of the longitudinal shear strength,
7,, should be as long as possible (as slender as possi-
ble) such that the failure by longitudinal shear can be
formed. As a result, the evaluation of a slab with slen-
derness lower than the test specimen by the PSC method
is always conservative and potentially uneconomical.
In this paper, an improvement in the determination of
the ultimate shear bond strength, 7,, used in the PSC
method, which takes into account the slab slenderness, is
therefore proposed.

4. Establishing a relationship between shear bond
stress and slenderness

Since the shear bond strength varies with the slenderness,
a single value of 7, cannot represent the overall range of
slab slenderness accurately. Therefore, the improvement

d
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Fig. 4. Determination of the ultimate shear bond strength for
the use in the PSC method
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should be made such that 7, is represented as a function
of slab slenderness.

Consider a free body diagram in Figure 5 for a typi-
cal shear bond failure as assumed in the partial shear con-
nection theory. By taking moments about the compressive
force, C, and considering that the moment arm differs
very slightly from the slab effective depth, the moment
equilibrium equation can be estimated as:

VL, =Td+M,. (19)
Substituting 7" with t(L,+L,)b, Eqn (19) becomes:
VL, =t(L,+L,)bd+M,, (20)

where M, is the remaining moment strength in the
deck.

Eqn (20) is an approximation because the lever arm
is always less than the effective depth. Nevertheless, for
composite slabs, the difference is insignificant because
after the initiation of shear slip, the crack tip grows
upward quite rapidly, bringing the composite neutral axis
close to the top fiber and hence the lever arm to the effec-
tive depth, d.

Rearranging Eqn (20) and substituting it into Eqn (2),
a new equation relating shear bond stress to the slab
geometry is obtained:

™ = d +(kde5_M’J. 1)

mas
b (Ly;+L,) b(L,+L,)
If b is taken as the length of the steel sheeting, then A

is equal to the thickness, ¢, of the steel deck. We
therefore have:

1d (kdeS -M, J @

m +
(Ly+L,) \ b(Lg+L,)

It should be noted that the derivation of Eqn (22) is based
on the consideration that a uniform distribution of shear
bond stress, 7, is formed throughout the surface area of
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the steel-concrete interface and along the length measured
from the applied load to the slab’s end.

When deriving the original m-k equation, Schus-
ter (1970) neglected the contribution of the remain-
ing moment strength, M, in the steel deck and so did
Patrick and Bridge (1994), Veljkovic (1996) and Widjaja
and Easterling (1996) in their modified PSC methods. It
was shown that the second term of the right hand side of
Eqn (22) acts collectively as a constant regardless of the
value of M, and therefore a detailed determination of this
term is not needed. Following this reasoning, Eqn (22)
can be simplified to:

td
m———+k.
(Ly+L,)

(23)

Also, the overhanging length, L, is usually short. There-
fore, it is assumed here that L, is not a determining fac-
tor for the slab behavior and it can be removed from the
equation, to give:
td
Td=m T +k. (24)

S

It should be noted that the contribution of L, to the hori-
zontal shear resistance cannot be neglected when 7 is
calculated using Eqn (10). Eqn (24) is a linear equation,
written in a similar manner as that of the m-k equation. To
facilitate extensive reference to Eqn (24) in the remain-
der of this paper, and to differentiate its variables m and
k from the m-k method, Eqn (24) is subsequently called
the shear bond-slenderness equation and the slope and the
intercept obtained from the linear regression are changed
to p and s replacing respectively m and k. The term d/L
is defined as the slab compactness while its inverse, L/d
is readily known as the slab slenderness. The shear bond-
slenderness equation is now expressed as:

td
Td = p—+ 5. 25
pts (25)

s

Fig. 5. Free body diagram of the shear span region for slab that fails by shear bond
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5. Application of the shear bond-slenderness
equation

The method to assess the moment capacity of a slab
using the shear bond-slenderness equation follows the
same procedure as that of the m-k method. Firstly, a suf-
ficient number of bending tests of slabs (in accordance
with the testing procedure given in Eurocode 4) should
be conducted for two configurations: slender and compact
configurations (regions A and B, respectively, in Fig. 4).
From the tests, the maximum shear bond stress, 7, for
each test is calculated in accordance with Figure 2(a) and
Eqn (10) such that a relationship between 7d and #d/L, can
be formed as shown in Figure 4, using a linear regression
line. The line is used to interpolate the shear bond strength
of slabs with different spans, and different concrete and
sheeting thicknesses. As suggested in the testing proce-
dure of Eurocode 4, the shear span is to be taken as a
quarter of the total length of the slab. The shear bond is
then used in the determination of the moment resistance
of the slab in accordance with the PSC method specified
in Eurocode 4. Also, a reduced regression line may be
considered adopting a safety factor, as implemented in the
m-k method.

6. Verification of the proposed shear bond-
slenderness equation

A set of bending test data for the composite slabs con-
structed using the trapezoidal shape steel deck shown in
Figure 6, as reported in Abdullah and Easterling (2007), is
used to verify the proposed shear bond-slenderness equa-
tion. Results from the finite element analyses based on the
same test data that were reported in Abdullah and Easter-
ling (2009) and presented in Figure 1 are also analyzed.
The finite element results are for the slabs whose geom-
etries (span and concrete thickness) differ from those of
test specimens. They are for slabs built on 76 mm deck
with 1.5 mm and 1.2 mm sheeting thicknesses and on
51 mm deck with 0.9 mm sheeting thickness. The details
of the finite element analysis can be referred in Abdullah
et al. (2007).

Using the maximum loads obtained from the bending
tests and the finite element analyses, the maximum shear
bond stress of each slab is calculated in accordance with
the PSC method (Fig. 2(a) and Eqn (10)). The param-
eters required for plotting the shear bond-slenderness
relationship are tabulated in Table 1 and Table 2 for the

1

76.2

1207 e

Cross section of 76 mm deck
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test and finite element results, respectively. The main
relationships are presented in Figure 7 to Figure 10.
Clearly, all results fall along a straight line, which con-
firms the validity of the proposed equation.

It should be noted that the incorporation of sheeting
thickness, ¢, in the shear bond-slenderness equation enables
all slabs to be built on the same deck profile but with differ-
ent sheeting thicknesses for the bending test and assessment
of the shear bond. This is shown in Figure 7 to Figure 10
where the plots are from a combination of tests on slab
specimens using decks with 0.9 mm, 1.2 mm and 1.5 mm
sheeting thicknesses. Using the data from the tests for slabs
that are built on the same deck but with the thickness differ-
ent from the test specimen, the determined shear bond is in
agreement with the findings of Seleim and Schuster (1985)
and the results produced using the Canadian Sheet Steel
Building Institute (CSSBI) specification (1996).

7. Design example

For convenience, we demonstrate next the design proce-
dure for composite slabs that are studied in this paper. In
this example, test specimens #5 and #9 for slabs using
76 mm deck as shown in Table 1 are used to calculate
the intensity of interaction, # (Fig. 2(a)), and shear bond
stress, 7 (Eqn (10)), respectively. These values are plotted
to form the relationship of td versus td/L, (Eqn (25)), from
which p and s are obtained from a regression line (Table 3).
With these parameters, 7, for other slabs with different
thicknesses and shear spans are obtained by linear inter-
polation in accordance with Eqn (10). Once 7, for the
corresponding slabs are obtained, the ultimate loads for
these slabs are calculated according to Eqns (12) to (17),
as shown graphically in Figure 3. A partial safety fac-
tor of 1.0 is used in this exercise. The same procedure
is repeated for 51 mm deck slabs based on tests #10 and
#11 of Table 1 where the calculation outputs are shown
in Table 3. For comparison, the ultimate load predictions
adopting the m-k method (Eqn (2)), using the data from
the same specimens are also performed (Table 4). The
results from both methods are compared with the ele-
mental and full size test data reported in Abdullah and
Easterling (2007, 2009) by computing the ratio of test-
to-calculated values. The results are tabulated in Table 5.

For the improved PSC method, the mean of the
ratios of elemental test-to-calculated values is 1.08 with
a 10% average variation of the test values from those

o

50.8

1270 L

10.2

v - \
i -’ﬁ{g ‘l;im.s%

i
4

304.8

Cross section of 51 mm deck

Fig. 6. Deck’s cross sections and dimensionsin millimeters (Abdullah, Easterling 2007, 2009).
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Table 1. Results from elemental tests (Abdullah, Easterling 2007)
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Sheeting

Effective

Failure

Specimen # DK 4Pt ik ness, SNEATSPAN i g L Test  load N/ “PYPSC i (N/mm)
(mm) L, > (MPa)
t (mm) (mm) m
A 67 0.210 30.87
1 76 0.9 810 147 0.163
B 66 0.205 30.14
A 24 0.221 18.56
2 76 0.9 1020 84 0.074
B 20 0.135 11.34
A 71 0.204 30.80
3 76 1.2 810 151 0.224
B 75 0.224 33.82
A 20 0.181 15.75
4 76 1.2 1320 87 0.079
B 20 0.188 16.36
A 487 0.600 90.60
5 76 1.5 410 151 0.552
B 422 0.467 70.52
A 101 0.301 45.45
6 76 1.5 810 151 0.28
B 103 0.316 47.72
A 65 0.270 40.77
7 76 1.5 970 151 0.234
B 57 0.217 32.77
A 29 0.244 21.23
8 76 1.5 1120 87 0.117
B 29 0.248 21.58
A 21 0.198 17.23
9 76 1.5 1320 87 0.099
B 21 0.217 18.88
A 77 0.266 3591
10 51 0.9 710 135 0.171
B 71 0.236 31.86
A 23 0.163 11.74
11 51 0.9 970 72 0.067
B 22 0.149 10.73
A 88 0.287 39.32
12 51 1.2 710 137 0.232
B 93 0.314 43.02
A 22 0.239 17.69
13 51 1.2 1070 74 0.083
B 22 0.240 17.76
A 125 0.443 61.13
14 51 1.5 710 138 0.292
B 114 0.390 53.82
A 23 0.286 21.16
15 51 1.5 1170 74 0.095
B 24 0.319 23.61
100 100
_ y=14.57x +4.25 ° 1 y=217.5x-2.371
a0 + R2=0.96 - mdL R2=0.977 -
4 ”” o ] ””
60 1 ,"/ 60 1 g”
g 7 7 T L
E, E o ’9", Z, ] /'lg
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Fig. 7. ©d versus td/L for the tests of slab specimens using
76 mm deck with 0.9, 1.2 and 1.5 mm sheeting thicknesses

(Specimens #1 — #9 of Table 1)

Fig. 8. 7d versus td/L, for the tests of slab specimens using
51 mm deck with 0.9, 1.2, and 1.5 mm sheeting thicknesses

(Specimens #10 — #15 of Table 1)
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Table 2. Results from FE analyses of slabs using 76 mm deck with 1.5 mm and 1.2 mm sheeting thicknesses and 51 mm deck

with 0.9 mm sheeting thickness (Abdullah, Easterling 2009)

Sheeting

Effective

FE model # Def;i‘;pth thickness, "% PA geph, L, “ﬁfl’ff/rlr‘l’za)d i E’I\Y,HI,’SC (N/Trﬁm)
¢t (mm) A (mm)

1 76 15 410 151 0.564 470 0.564 85.11
2 76 15 510 151 0.451 311 0.544 82.01
3 76 15 610 151 0.376 204 0.448 67.63
4 76 15 710 151 0322 137 0.350 52.87
5 76 15 810 151 0.282 102 0.309 46.62
6 76 15 860 151 0.265 77 0.275 4146
7 76 15 970 151 0.237 61 0.246 37.14
8 76 15 1070 138 0.197 59 0.233 3222
9 76 15 1020 113 0.169 45 0.201 22.63
10 76 15 910 0.145 40 0257 242
m 76 15 1020 87 0.131 33 0.224 19.57
12 76 15 1120 87 0.119 28 0.229 19.08
13 76 15 1220 87 0.109 26 0.248 21.66
14 76 15 1320 87 0.100 21 0212 18.52
15 76 12 410 151 0.446 401 0.523 78.65
16 76 12 510 151 0.357 235 0.412 62.02
17 76 12 610 151 0.297 157 0351 5291
18 76 12 710 151 0.255 107 0.282 42.40
19 76 12 810 151 0.223 83 0.264 39.77
20 76 12 860 138 0.192 57 0232 31.99
21 76 12 970 138 0.172 46 0.208 28.64
2 76 12 1020 125 0.148 35 0.202 253
23 76 12 1120 12 0.121 28 0.198 2228
24 76 12 1200 112 0.113 28 0.183 2052
25 76 12 1120 0.094 24 0.220 19.15
26 76 12 1220 0.086 20 0.200 17.43
27 76 12 1320 0.079 20 0.179 15.57
28 51 0.9 410 161 0.359 312 0.441 70.86
29 51 0.9 510 161 0.287 213 0.426 68.42
30 51 0.9 610 135 0202 120 0.357 4323
31 51 0.9 710 135 0.173 70 0.232 3142
32 51 0.9 810 123 0.137 47 0.197 24.19
33 51 0.9 860 0.102 32 0.203 19.73
34 51 0.9 860 0.076 24 0.197 14.10
35 51 0.9 970 0.068 23 0.154 11.04
36 51 0.9 970 0.091 2% 0.168 1627
37 51 0.9 1020 0.064 15 0.150 10.75
38 s1 0.9 1120 0.058 2 0.122 8.72

calculated, as indicated by a standard deviation of 0.10.
For the m-k method, the same comparisons of the ratios
give 1.13 and 0.11 for the mean and standard deviation,
respectively. For full size specimens, the PSC method
gives a mean and a standard deviation of 1.07 and
0.17, respectively. They are 1.11 and 0.12, respectively,

for the m-k method. Graphical comparison between
the calculated ultimate loads and the tests data for ele-
mental and full size tests are depicted in Figure 11 and
Figure 12, respectively. It can be seen that both methods
are relatively conservative compared to the test results
in the region represented by compact slabs, where the
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Fig. 9. d versus td/L, for combined results for slabs on 76 mm deck and 1.2 mm and 1.5 mm sheeting
thicknesses (FE models #1 — #27 of Table 2 and test data of specimens #1 — #9 of Table 1)
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Fig. 10. 7d versus td/L for combined results for slabs on 51 mm
deck with various sheeting thicknesses (FE models #28 — #38 of
Table 2 and test data of specimens #10 — #15 of Table 1)

elemental test loads are within 20% higher than those
calculated while the full size test loads are within 40%
greater. In the region represented by slender slabs, both
loads from tests and calculations are in better agreement.

It can be demonstrated that the ultimate load calcu-
lated using the improved PSC method employing the shear
bond-slenderness equation is as accurate as that calculated
using the m-k method. Such comparison is depicted in
Figure 13. This implies that the PSC method has been
greatly improved using the proposed shear bond-slender-
ness equation. Hence, the procedure can be used to design
slabs of various slendernesses with better accuracy using
only two sets of test data. A direct comparison between
the improved PSC and the m-k methods is now possible
because the shear bond-slenderness equation used in the
PSC method employs the concept of linear interpolation
similar to the m-k equation.

Table 3. Design parameters according to the PSC method with the application of the shear bond-slenderness equation

Max. Ultimate
Specimen Test moment Theoritical Intensity  shear Deck Effective  Shear
p 4 2 from test, Mp) Rm of shear bond thickness,  depth, span, ©d td/L p K
Mot (kN-m)  conn., n  stress, t (mm) d (mm) L, (mm)
(kKN-m) 7 (MPa)
5 A 0.230 0.383 0.456 0.600 1.5 151 410  90.60 0.552
B 0.199 0.383 0.355 0.467 1.5 151 410  70.52 0.552
137.98 4.39
9 A 0.155 0.209 0.489 0.198 1.5 87 1320 17.23 0.099
B 0.161 0.209 0.537 0.217 1.5 87 1320 18.88 0.099
10 A 0.131 0.197 0.580 0.266 0.9 135 710 3591 0.171
B 0.120 0.197 0.516 0.236 0.9 135 710 31.86 0.171
21822 -343
1" A 0.068 0.099 0.483 0.163 0.9 72 970 11.74 0.067
B 0.065 0.099 0.442 0.149 0.9 72 970 10.73  0.067
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Table 4. Design parameters according to the m-k method

A v,
Specimen # Test MEZT(N?“’ b(mm)  Lj(mm), A4,(mm) d (mm) ﬁ ﬁ m k

s A 47.10 305 410 641 151 0.0051 1.02
B 40.84 305 410 641 151 0.0051 0.89

164.88  0.11
9 A 9.76 305 1320 641 87 0.0016 0.37
B 10.13 305 1320 641 87 0.0016 0.38
10 A 15.33 305 710 352 135 0.0016 0.37
B 14.10 305 710 352 135 0.0016 0.34

213.52  0.01
" A 5.89 305 970 352 72 0.0012 0.27
B 5.65 305 970 352 72 0.0012 0.26

Table 5. Ultimate loads for the slabs calculated by the PSC method using Eqn (25) and the m-k method using Eqn (2) as well as
their comparisons with the elemental and full size test data

. Test # Ult. load by the Ult. load b Ult. load from Ult. load from
S(I; ZZHI?::;)# (see  improved PSCymethod, m-k methoél, elemental test, full size test, W V;V us/ WI;V u V;V uff
note) Wy psc (KN/m?) Wymx (N/m?) W, (kN/m?) W, (kN/m?) 7wPSC Tumk TuPSC Tumk
1 21 A 56 64 67 80 1.19 1.05 143 1.26
B 56 64 66 79 1.17  1.03 141 124
2 22 A 23 21 24 20 1.05 1.18 087 097
B 23 21 20 22 0.85 095 093 1.04
3 23 A 69 76 71 86 1.03 094 124 1.13
B 69 76 75 88 1.09 099 128 1.16
4 24 A 20 20 20 19 099 098 094 093
B 20 20 20 19 1.01  1.00 094 0.93
5 25 A 352 341 487 - 1.38 143 - -
B 352 341 422 - 120 1.24 - -
6 27 A 86 88 101 102 1.17  1.14  1.19 1.16
B 86 88 103 107 120 1.18 124 1.21
7 28 A 58 58 65 - .12 1.11 - -
B 58 58 57 - 098  0.98 - -
8 29 A 29 25 29 - 1.00 1.19 - -
B 29 25 29 — 1.00  1.19 - -
9 30 A 22 19 21 18 095 1.07 084 094
B 22 19 21 20 097 1.09 090 1.02
10 31 A 66 63 77 74 .17 121 112 117
B 66 63 71 70 .08 1.12 1.07 1.11
11 32 A 21 20 23 22 1.08 1.13 1.03 1.09
B 21 20 22 23 1.03 1.09 1.08 1.13
12 33 A 88 83 88 93 099 1.06 1.05 1.12
B 88 83 93 86 1.06 1.13 097 1.04
13 34 A 20 17 22 21 1.08 123 1.03 1.18
B 20 17 22 23 1.08 123 1.13 1.29
14 35 A 110 103 125 89 1.14 122 0.81 0.87
B 110 103 114 114 1.04  1.11 1.03  1.11
15 36 A 21 18 23 23 1.09 124 1.12 126
B 21 18 24 23 1.16 132 1.09 124

Mean 1.08 1.13 1.07 1.11
Standard deviation 0.10  0.11 0.17 0.12

Note: Specimen # stated under the first heading are as reported in Abdullah and Easterling (2009), and those under the second head-
ing are as reported in Abdullah and Easterling (2007).
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Fig. 11. Comparison of ultimate loads produced from the
elemental tests and the calculated loads, using the improved
PSC and m-k methods (data from Table 5)

& y rg

g 1401 . ’ ==

40% -

Z 27 +20%

= 1204 S

? /’, ///° ) /”’

.- -

i 100 4 o0 e

@ Y 99 o -7 -20%
8 80 4 ’/°// < P

E . e

2 60 R

L rd -

T 40l S

g PV * Wupsc

o /,/ ’/

i N - 7o o Wik

3 gz

g Z

s 0 T T T T T T T
5 0 20 40 60 80 100 120 140

Calculated W, pscand Wy i [KN/m?]

Fig. 12. Comparison of ultimate loads produced from the full
size tests and the calculated loads, using the improved PSC
and m-k methods (data from Table 5)
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and the improved PSC method

Conclusions

The PSC method for assessing the composite slab strength
given in the current Eurocode 4 specifications is highly
conservative and less accurate compared to the m-k
method. This is attributed to the neglect of the slenderness
of the slab in the PSC method. A new equation that relates
the shear bond strength and the slab slenderness is there-
fore proposed in the present study, its validity of which
is verified using the bending test data and finite element
analysis results. In general, the following conclusions can
be drawn from the study:
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1. The shear bond-slenderness equation shows that the
maximum shear bond stress parameter varies line-
arly with that of the slenderness of slab. In general,
the maximum shear bond stress for compact slabs is
larger than that of slender slabs.

2. Because the slenderness effect is introduced into
the present PSC method using the shear bond-
slenderness equation in a similar manner as that
of the m-k method, the design of slabs using the
improved PSC method can be as accurate.

3. The shear bond-slenderness equation contains the
steel deck (sheeting) thickness as its parameter and
the bending test data fits considerably well with this
equation. In the presence of the sheeting thickness
term in the proposed equation, the required number
of bending tests to be used in this procedure can be
greatly reduced so that no additional test is needed
for designing slabs that are built on the same deck
profile but with the sheeting thickness different from
the test specimen.

4. In order to use the PSC method with the shear bond
stress obtained from the proposed shear bond-slen-
derness equation, the bending test should be con-
ducted for two configurations, namely slender (high
Ly/d) and compact (low Ly/d) configurations, similar
to the test requirements used for the m-k method.
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