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A SIMPLIFIED METHOD FOR CALCULATION OF LONG-TERM DEFLECTIONS IN COMPOSITE SLABS

A. Gholamhoseini, R.I. Gilbert? and M.A. Bradford®

ABSTRACT

Relatively little research has been reported on the time-dependent in-service behaviour of composite
concrete slabs with profiled steel decking as permanent formwork and little guidance is available for
calculating long-term deflections. The drying shrinkage profile through the thickness of a composite slab is
greatly affected by the impermeable steel deck at the slab soffit, and this has only recently been quantified.

Based on an existing analytical model developed by the authors to calculate the time-dependent deflection of
composite slabs, a simplified procedure, suitable for use in structural design, is proposed for calculating the
time-dependent deflection of composite concrete slabs with steel decking as permanent formwork taking into
account the time-dependent effects of creep and shrinkage. The method is illustrated by two examples and
the results are compared with the laboratory measurements and with the values obtained from numerical
analyses.

Introduction

Composite one-way concrete floor slabs with profiled steel decking as permanent formwork are commonly
used in the construction of floors in buildings (Fig. 1). The steel decking supports the wet concrete of a cast-
in-situ reinforced or post-tensioned concrete slab and, after the concrete sets, acts as external
reinforcement. Embossments on the profiled sheeting provide the necessary shear connection to ensure
composite action between the concrete slab and the steel decking.

Despite their common usage, relatively little research has been reported on the in-service behaviour of
composite slabs. In particular, the drying shrinkage profile through the slab thickness (which is greatly
affected by the impermeable steel decking) and the restraint to shrinkage provided by the decking have only
recently been quantified (Gholamhoseini et al., 2012a,b; Gilbert et al., 2012; Ranzi et al. 2012, 2013). In their
research, Gilbert et al. (2012) measured the non-linear variation of shrinkage strain through the thickness of
several slab specimens, with and without steel decking at the soffit, and sealed on all exposed concrete
surfaces except for the top surface. Carrier et al. (1975) measured the moisture contents of two bridge
decks, one was a composite slab with profiled steel decking and the other was a conventional reinforced
concrete slab permitted to dry from the top and bottom surfaces after the timber forms were removed. The
moisture loss was significant only in the top 50 mm of the slab with profiled steel decking and in the top and
bottom 50 mm of the conventionally reinforced slab regardless of the specimen size.

Gholamhoseini et al. (2012a,b) carried out an experimental study on the long-term behaviour of composite
concrete slabs with two different types of steel decking (KF70 and KF40 manufactured by Fielders Australia)
and subjected to sustained service loads and drying shrinkage. The results showed the dominant role played
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by drying shrinkage in the long-term deflection of composite concrete slabs with steel decking as permanent
formwork. Based on the their findings, Gholamhoseini et al. (2012b) proposed a non-linear shrinkage profile
through the thickness of a composite concrete slab, together with an analytical model based on the
provisions of Australian Standard AS 3600-2009 for calculating the instantaneous and time-dependent
curvature at a typical cross-section due to the effects of both load and non-linear shrinkage. They also
proposed a shrinkage strain profile for concrete slabs on profiled steel decking that is suitable for use in
structural design and a modification to the provisions of ACI 209.2R-08 for estimating the shrinkage strain
and creep coefficient for deflection calculation in composite slabs (Gholamhoseini et al. (2014a)). Their
proposals were developed empirically from experimental measurements of shrinkage-induced deflections
and strain distributions in composite slabs.

Figure 1. Soffit of a one-way composite slab and beam floor system.

Notwithstanding the research mentioned above, there is still little design guidance available to practising
engineers for predicting the in-service deformation of composite slabs. The techniques used to predict
deflection and the on-set of cracking in conventionally reinforced concrete slabs are often applied
inappropriately. Although techniques are available for the time-dependent analysis of composite slabs
(Gilbert & Ranzi, 2011), due to lack of guidance in codes of practice, structural designers often specify the
decking as sacrificial formwork, in lieu of timber formwork, and ignore the structural benefits afforded by the
composite action. Of course this provides a conservative estimate of the ultimate strength of the slab and is
quite unsustainable, but may well result in a significant under-estimation of deflection because of the
shrinkage strain gradient and the restraint provided by the decking.

In this paper, an analytical model, previously proposed by the authors, has been used to generate simple-to-
use graphs to obtain two parameters that are needed to calculate the creep and shrinkage-induced
curvatures in a composite slab. Examples illustrating the use of the graphs are also presented and the
results are compared with the values attained separately from experimental and analytical studies.

Time-Dependent Deflections

Shrinkage may cause significant changes in the distribution of internal strains with time in composite slabs. If
the slab is not free to shorten (e.g. due to restraint caused by the steel decking), shrinkage produces internal
tension in the concrete and, as this tension is eccentric to the centroid of the concrete cross-section,
shrinkage-induced curvature results. Shrinkage-induced curvature at each cross-section along the span of a
slab due to the restraint provided by the steel decking can lead to significant deflections. Creep of concrete
also increases the curvature of the cross-section with time. The time-dependent deflection of a composite
slab is also dependent on the development of time-dependent cracking and the reduction in tension
stiffening with time, in addition to the increase in curvature at each cross-section due to creep of concrete,
and the increase in curvature due to the restraint to concrete shrinkage provided by the steel decking.

Using the age-adjusted effective modulus method (AEMM), Gilbert (2001) derived empirical but simple-to-
use equations to model the long-term creep and shrinkage-induced changes in curvature on reinforced
concrete cross-sections under constant sustained internal actions. These equations account for the effects of
cracking and the restraining action of the reinforcement. The equations for shrinkage-induced curvature (xg,)
and creep-induced curvature (xeep) are as follows:

k..e
Ken = rDsh (1)
o(tt,)
Kereep = ° Ki.sus (2)
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where D is the overall depth of the cross-section; &g, is the shrinkage strain; ¢(t,t,) is the creep coefficient

at time t due to load first applied at age t,; and x;, is the instantaneous curvature due to the sustained

load. The term « is a creep modification factor that accounts for the effects of cracking and the restraining
action of the reinforcement on creep and is a function of the extent of cracking on the cross-section and the
area and position of the bonded reinforcement in the tensile and compressive zones. For uncracked singly
reinforced concrete cross-section, « ranges between 1.1 and 1.8, depending on the amount of
reinforcement, while for cracked singly reinforced cross-sections, « ranges between 4.0 and 8.0. The term
k, is the shrinkage modification factor and depends on the extent of cracking, the level of tension stiffening

and the area and position of bonded reinforcement in the tensile and compressive zones.

It should be emphasised that as creep and shrinkage occur simultaneously, it is in fact impossible to
calculate the creep-induced deflection and the shrinkage-induced deflection separately. However, it can be
reasonably assumed that the shrinkage-induced deflection of a slab is independent of load level (although it
is affected to some extent by the level of cracking) and that the creep-induced deflection is roughly

proportional to the level of loading. These assumptions justify the application of &y, and .., to calculate

creep and shrinkage-induced deflections separately.

As a basic assumption to derive the empirical equations, Gilbert (2001) assumed that the drying process
takes place on both surfaces of the slab and that the shrinkage profile through the thickness of slab is
uniform. Thus, the direct application of those equations in composite slabs without modification is
inappropriate. When the load-induced and shrinkage-induced curvatures are calculated at selected sections
along the span of a slab, the deflection may be obtained by double integration.

Analytical Modelling

An analytical procedure for the time-dependent analysis of composite concrete cross-sections with uniform
shrinkage through the thickness of the concrete slab and with full interaction was presented by Gilbert and
Ranzi (2011) using the age-adjusted effective modulus method (AEMM). Gilbert et al. (2012) extended the
method to calculate the effects of a non-uniform shrinkage strain by layering the concrete cross-section, with
the shrinkage strain specified in each concrete layer depending on its position within the cross-section and
with the assumption of full shear interaction at service load levels.

Based on their experimental study, Gholamhoseini et al. (2012b) proposed a maodification to the provisions of
AS 3600-2009 to determine the shrinkage strain and creep coefficient for composite slabs. For a composite
slab with profiled steel decking, if the average thickness of the concrete t,, (in mm) is defined as the area of

the concrete part of the cross-section A, divided by the width of the cross-sectionb, the hypothetical

thickness used to account for the effect of the steel decking on the magnitude of creep coefficient and
shrinkage strain is given by:

t, =50+ taée (in mm) (3)

With this value oft, , the creep coefficient ¢(t,t,) and shrinkage strain value &g, (t,t.) may be determined in
accordance with AS 3600-2009. The measured shrinkage strain at any height y above the soffit of the
composite slab with overall depth D, gy,(y) , may be approximated by Eq. (4):

n¥) _ . (XT 4)
gsh(titc) g D

where &, (0) = Agg,(t,t;) is the shrinkage strain at the bottom of the slab (at y=0) and
en(D)=(A+)ey, (t,t,) is the shrinkage strain at the top surface of the slab (at y=D). From the
experimental results, 4 =0.2 provides a reasonable estimate, but y appears to depend on the profile of the
steel decking with proposed values of ¥ =0.5for the KF70 slabs (with 70 mm deep troughs) and y =1.0 for

the KF40 slabs (with 40 mm deep troughs). For other decking profiles considered in that study, the ratio of
trough height to slab thickness (ry) was in the range 0.25 to 0.5. In this range, the following relationship for

y provides good agreement with the measured shrinkage profiles:



¥ =1.7—2.5r, (5)

Numerical Analysis

The age-adjusted effective modulus method (AEMM) was used in accordance with the model described

previously by Gilbert et al. (2012) to calculate xg, and e, for three slab thicknesses of D = 135 mm, D =

150 mm and D = 180 mm for each of two steel decking types KF70 and KF40 (from Fielders Australia and as
shown in Fig. 2). For each decking type, two steel sheeting thicknesses were considered, namely tyq = 0.75
mm and t;s = 1.0 mm. The modulus of elasticity for the steel sheeting was Egq = 2x10° MPa. Analyses were
undertaken for three different concrete strength, i.e. 25 MPa (E. = 26700 MPa), 32 MPa (E. = 30100 MPa),
and 40 MPa (E. = 32800 MPa). For each slab, both the cases of an uncracked section and a cracked section
were considered.
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Figure 2. Dimensions (in mm) of each steel decking profile (tsg=0.75 mm).

From the calculated values of g, and «;

creep s the values of k. and o as defined in Eq. 1 and Eq. 2 were

obtained. Figure 3 shows the variation in the values of k and « for 150-mm-thick and 180-mm-thick

uncracked (UC) and cracked (CR) slabs with KF70 decking for varying compressive and tensile
reinforcement ratios and varying concrete strengths. The complete set of values of k, and ¢ for uncracked
and cracked slabs with different thicknesses and different decking types has been reported elsewhere
(Gholamhoseini et al. 2014b). In the right hand side legend of each figure, the concrete strength is followed
by the tensile reinforcement ratio p = Agq / bd, where b is the width of the concrete compressive zone and d is
the effective depth from the compressive edge to the centroid of the steel decking, i.e. d = D — y4. The
horizontal axis of each figure is the compressive reinforcement ratio p’ = A.. / bd’, where A is the area of
any steel reinforcement in the compressive zone and d’ is the distance from the tensile face (i.e. the soffit) of
the slab to the centroid of the compressive reinforcement.

It is noted that the values for ¢ for the uncracked slabs are in the range of 1.2 to 1.9 and, for the cracked
slabs, « is in the range of 4.0 to 8.0. This is consistent with the ranges determined by Gilbert (2001) for
uncracked and cracked cross-sections. It is well known that the increase of curvature with time due to creep
of concrete is much greater on an uncracked cross-section, where the concrete over the entire cross-section
is creeping, than on a cracked section, where only the concrete in the compressive zone is creeping. This
phenomenon is discussed more thoroughly by Gilbert & Ranzi (2011).

Cracking of the tensile concrete in the slab is treated in the analysis here using the approach outlined in
Eurocode 2, whereby the curvature after cracking is obtained from:

Kaye = Cigr + (1_ é’) Kuncr (6)

where k., is the curvature at the section calculated by ignoring concrete in tension; «,. is the curvature on
the uncracked transformed section; and ¢ is a distribution coefficient that accounts for the moment level and

the degree of cracking and is given by:

2

¢=1-p % where 0<¢ <1.0 (7)
MS

The coefficient g accounts for the effects of duration of loading and is taken as 0.5 for sustained or long-



term loading. The cracking moment M, is the moment required to produce a maximum concrete tensile stress
equal to the mean uniaxial tensile strength of concrete, f,,., and M, is the maximum in-service moment on the

section under consideration.
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Figure 3. Values of k; and « for uncracked and cracked KF70 sections (D = 150 and 180 mm).

Worked Examples

Two examples are solved here to show how the time-dependent deflection can be calculated by using the
graphs of Fig. 3.

Example-1: The time-dependent deflections of two identical slabs 2LT-70-3 and 3LT-70-3 tested by
Gholamhoseini et al. (2012b) are to be calculated. Each slab was simply-supported over a span of 3100 mm,
with a 1200 mm wide and 150 mm thick cross-section and with 0.75 mm thick KF70 steel decking. Both
slabs contained no reinforcement (other than the external steel decking). The centre to centre distance
between the supports (one hinge and one roller) was 3100 mm. Each slab was placed onto its supports at
age 7 days and carried only its self-weight (3.60 kN/m) until age 64 days. At age 64 days, an additional
uniformly distributed superimposed sustained load of 4.08 kN/m was applied to each slab and remained in
place until the end of the test period at age 247 days. Both slabs remained uncracked throughout the test
period.

The required data are:



E. =30725 MPa,f. = 28 MPa, A,; =1320 mm?,y, = 27.7 mm, A, =148.8 x 10°mm?(gross area  of
concrete cross-section), l,,., =278 x 10° mm* (second moment of area of the transformed uncracked
slab),d =122.3 mm, p =0.00899, k, =0.65,k; =1.0and ¢, =3.86

Solution: The average concrete thickness and hypothetical thickness are:

tye = A /b=148.8x10% /1200 =124.0 mm t, =50+ age =112.0 mm

The shrinkage strain is determined in accordance with AS 3600-2009 as:
£4,(247,7) = -530x107°

For loading at ages 7 days and 64 days, the creep coefficient is determined in accordance with AS 3600-
2009 as:

9(247,7) =5.43, p(247,64) = 3.14

The instantaneous deflections at the time of placing the slabs on the supports at age 7 days under the self-
weight loading and at age 64 days caused by application of the superimposed sustained load of 4.08 kN/m
are:

5 wg,l* 5 3.60x3100" 5  4.08x3100*

A — =0.51mm, (A =— =0.57 mm
(Aisus)7 = 357 E., 38430725x278x10° (Aisus)os = 354 30725 x 278 x10°

From Fig. 3(a), the shrinkage modification factor for uncracked slab is k; = 0.52 and the shrinkage-induced
curvature is obtained from Eq. 1 as:

-6
Ko = 052x530x10 " _ 1 g4x108mm™
' 150
And the shrinkage-induced deflection Ag, at age 247 days is:

L2 ) -6 2
A, = Kshgc 1 84><108 x3100° _ 0

From Fig. 3(d), the creep modification factor is « = 1.37 and, since the slabs are uncracked between age 7
days and 247 days, the creep-induced deflection Aqeep may be simply calculated as:
»(247,7) ©(247,64) 5.43 3.14
Acreep = S (A T( isus)ea = 137 x 0. 51+E x0.57=3.33 mm
Therefore, the time-dependent change in deflection between first loading (7 days) and age 247 days is:
= (Aisus)oa + Agh + Agreep = 0.57 +2.21+3.33 =6.11mm

(B SUS)7

tlme creep

This compares well with the measured deflection of the two slabs (i.e. 6.72 mm and 5.84 mm) and the value
of 6.04 mm calculated in a numerical analysis by Gholamhoseini et al. (2012b) using the age-adjusted
effective modulus method (AEMM) to model the non-linear time-dependent behaviour of concrete. Similar
calculations were carried out at regular intervals throughout the duration of the test and the results are
presented in Fig. 4, showing excellent agreement with both the test and analytical outcomes.
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Figure 4. Mid-span deflection versus time curves in Example 1.

Example-2: The final total deflection of a simply-supported, 180 mm thick, one-way slab with 1 mm thick
KF70 decking is to be calculated. The span of the slab is 4800 mm. The slab props are removed at age 7
days and the slab carries its self-weight (3.8 kN/m? ) and two line loads of P = 8.0 kN/m applled to the slab,
as shown in Fig. 5a. The loads are assumed to remain permanently in place until t = 10* days. The bending
moment diagram due to the sustained service load is shown in Fig. 5b. The cracking moment for the slab at
the time of loading is M., = 13.0 kNm/m. The slab contains 12 mm diameter bars at 200 mm centres located



30 mm from the top surface of the slab throughout the span (d =150 mm). The slab is located in a near-
coastal environment in Melbourne.

Take f . = 32 MPa, E. = 30100 MPa, Ay = 550 mm?/m, p = As./ bd = 0.0037, Ay = 1467 mm?m, ysg = 27.7
mm, d = 152.3 mm, p = As / bd = 0.00963, Wy, = 3.8 kPa (slab self-weight), A. = 154 x 10° mm?/m, lyne =
413 x 10° mm*/m, I, = 147 x 10° mm*m (second moment of area of the transformed cracked cross-section).
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Figure 5. Loading configuration and bending moment diagram (Example 2).

Solution: The average concrete thickness is tye = A. / b = 154 mm, and from Eqg. 3, the hypothetical
thickness is t, = 127 mm. The final shrinkage strain is determined in accordance with AS 3600-2009 as &g,
(104,7) = 522x10° and, for loading at ages 7 days, the final creep coefficient is determined in accordance with
AS 3600-2009 as ¢ (10*,7) = 4.23.

From Figs. 3(b) and 3(c), the shrinkage modification factors for the uncracked and the cracked slab are k; =
0.41 and k; = 0.56, respectively. From Eg. 1, the final shrinkage-induced curvature on the uncracked and the
cracked slab section are ignune = 1.19x10° mm™ and e = 1.62x10° mm™, respectively. From Fig. 3(e)
and 3(f), the creep maodification factors for uncracked and the cracked slab are « = 1.51 and « = 6.78,
respectively.

The final curvature is now calculated at selected points along the span, notably at A, A’, B, C, D, E’ and E (as
shown in Fig. 5).

At A (and E): At each support, M = 0, and the slab is uncracked. Thus, & = &gnuner = 1.19%10° mm™.

At A’ (and E’): At the point between A and B (and between D and E), where Ms = M = 13.0 kNm/m

(i.e. at 0.837 m from each support), for long-term calculations g = 0.5, and from Eq. (7), { = 0.5. The
instantaneous curvatures on the uncracked and cracked sections are x e = Ms /Eclyner = 1.05x10° mm™
and x i = Ms/Ecly = 2.94x10° mm™, respectively. From Eq. 2, the creep-induced curvature on the
uncracked and cracked Sections are xeeepuner = K iuner(@ (10%,7) @) = 2.94x10° mm™ and  Keeeper = K ior (@
(104,7)/ a) = 1.83x10°® mm™, respectively. Therefore, the final curvatures on the uncracked and cracked
sections are wyner = « i.uncr T Kereep.uncrt Ksh.uncr = 5.18x10° mm™ and Ker = K icrtKereep.ort K sher = 6.39x10° mm-l,
respectively. The final curvature is obtained from Eq. 6, x=5.79 x 10° mm™.

Similarly at B (and D): M = 21.4 kNm/m, £ = 0.82, & e = 1.72x10° mm™, & = 4.84x10° mm™, Kereep.uncr

= 4.82x10° mm™, Kyeepor = 3.02x10° mm™, ke = 7.73x10° mm™?, &, = 9.48x10° mm™ and & = 9.17x10°°
-1

mm .

Similarly at C: My = 22.9 kNm/m, ¢ = 0.84, & iy = 1.84x10° mm™, x o = 5.18x10° mm™, kueepuner =
5.15i<10'6 MM™, Keeper = 3.23%10° mm™, ke = 8.18x10° mm™, &, = 10.03x10° mm™ and « = 9.73x10°
mm™.

Deflection: The final mid-span deflection is readily calculated by double integration of the curvature diagram
(shown in Fig. 6) or using, for example, the conjugate beam method of analysis and is determined as:



Figure 6. Final curvature diagram for Example 2, x x 10° (mm'l).
Concluding Remarks

The long-term behaviour of composite concrete slabs under sustained service loads has been discussed. In
particular, the time-dependent effects of creep and shrinkage have been outlined and graphs have been
presented to show how to consider these effects using a simplified calculating procedure suitable for routine
use in structural design. The graphs were developed using a more sophisticated cross-sectional analysis
presented by the authors in a previous paper (Gilbert et al., 2012). The use of the graphs is illustrated by two
worked examples and the results are compared against experimental and numerical results. Good
agreement is obtained between the calculated and measured deflections.
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