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Abstract: Composite steel–concrete slab is a floor typology widely used for building applications.
Their design is usually governed by serviceability limit state requirements associated with the time-
dependent response of the concrete. In this context, this paper presents a state-of-the-art review
of research carried out to date on the long-term behavior of composite steel–concrete slabs. The
particularity of this time-dependent response relies on the fact that the concrete cannot dry from the
underside of the slab due to the presence of the profiled sheeting while it can dry from its upper
surface. In the first part of the paper, a review of the work carried out on the identification of the
time-dependent response of the concrete is presented by considering the peculiarities that occur due
to the non-symmetric drying condition related to composite slabs. Particular attention is given to
shrinkage effects and to the occurrence and influence of the non-uniform shrinkage gradient that
develops in this form of construction over time. This is followed by the description and discussion of
the experimental work performed on both simply-supported and continuous static configurations
of composite slabs. In particular, the work published to date is summarized while highlighting the
key parameters of the test samples and of the testing protocols adopted in the experiments. In the
last part of the paper, available theoretical and design models proposed for the predictions of the
shrinkage-induced behavior of composite slabs are presented and discussed.

Keywords: composite steel–concrete slab; concrete; profiled steel sheeting; shrinkage; time effects

1. Introduction

Composite steel–concrete slabs are widely used for building applications in steel and
composite construction. These consist of slabs in which the profiled steel sheeting acts
as permanent formwork during casting and, once the concrete hardens, it contributes as
external reinforcement [1–6]. The typical layout of a composite slab is shown in Figure 1.
The use of composite steel–concrete floors can lead to cost savings and enhance the speed
of erection, especially for spans in which the composite slabs can be cast under unpropped
conditions. The design of this form of construction is usually governed by serviceability
limit state requirements associated with the time-dependent response of the concrete [7–10].
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Extensive research has been carried out on the ultimate response of composite slabs
over the last decades, while only limited work has focused on its service response [9,10].
This paper intends to provide a state-of-the-art review of the work carried out to date
on the service response of composite slabs influenced by concrete time effects. Particular
attention in this paper is devoted to shrinkage effects as recent modelling and experimental
work have highlighted the importance of considering the non-symmetric drying conditions
produced by the presence of the sheeting due to the inability of the slab to dry from its
underside [9,10]. In the first part of the paper, an overview of the research carried out to
date to evaluate the time-dependent response of the concrete when cast in a composite
slab arrangement is presented. This is followed by a description of the composite slab
sample tests performed with different static configurations, i.e., simply-supported and
continuous slabs. Particular attention is given to providing the different factors investigated
in the different experiments reported in the literature, including the sample geometries,
loading conditions, and drying conditions. In the final part of the paper, a description
and discussion of available theoretical and design models proposed in the literature are
presented and discussed.

2. Time-Dependent Concrete Response in Composite Steel–Concrete Slabs

The time-dependent response of composite slabs is influenced by the presence of the
profiled steel sheeting that prevents the concrete to dry from its underside, while enabling
it to dry from its upper surface. This non-symmetric exposure drying condition is depicted
in Figure 2. In particular, the exposure drying conditions of the top and bottom surfaces are
depicted in Figure 2a. Under these conditions, the qualitative profile induced by shrinkage
can be described by the non-linear curve shown in Figure 2b that highlights the significant
drying that takes place in the vicinity of the top exposed surface. For design purposes,
this non-uniform distribution can be simplified into a linearly varying distribution, as also
depicted in Figure 2b. This simplification is considered acceptable for routine design [11–13]
as long as the service response of the composite slab under consideration is not significantly
affected by possible concrete cracking. In fact, in the linearly varying distribution, the
self-equilibrating eigenstresses produced by the non-linear profile are not captured and,
therefore, neglected.

Figure 2. Typical exposure conditions of composite steel–concrete slab and qualitative representations
of the shrinkage profiles: (a) exposure drying conditions, (b) shrinkage profiles.

Extensive work has been carried out in the last decade to characterize the shrinkage
response of the concrete induced by the non-symmetric drying conditions. In these works,
shrinkage strains were monitored experimentally for small-scaled concrete samples that
were cast on different profiled steel sheeting to replicate the actual drying behavior of
composite slabs [14–17]. Additional specimens were also cast without the steel sheeting
to remove the contribution of its stiffness in the evaluation of the total deformation (that
could be regarded as free shrinkage strain measurements) while the barrier to moisture
egress was provided to the underside of the slab by the presence of epoxy resin or plastic
sheets [14–20]. In these tests, all four sides of the small-scale slab samples were sealed to
reproduce the continuity of the slab and the real drying scenario that occurs in a composite
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floor. The details of the small-scale slab samples tested to date are summarized in Table 1
and typical experimental setups are depicted in Figure 3.

Table 1. Long-term tests of small-scale specimens to characterize shrinkage effects.

Ref. Sample
ID

f
′

c
1 t0

1 tk
1 L 1 b 1 D 1 Profiled Steel

Sheeting Remarks
[MPa] [Days] [Days] [mm] [mm] [mm]

[14]

S1

33.7 8 239 900 900 180

None Solid slab 2

S2 None Solid slab 3

S3 Condeck HP® [21]
S4 PrimeForm® [22]

[15]

SS120
27.3 15

210
900 900

120
NoneSS180 120 180 Solid slab 2

SS250 210 250

SP120
27.3 15

210
900 900

120
None Solid slab 3SP180 120 180

SP250 210 250

PF120
27.3 15

120
900 900

120
PrimeForm® [22]PF180 120 180

PF250 120 250

CK120
27.3 15

120
900 900

120
Condeck HP® [21]CK180 120 180

CK250 120 250

[16]
SH1

27.3 15 119 900 900 180
None Solid slab 2

SH2 None Solid slab 3

SH3 Condeck HP® [21]

[17]

1A

34.5 21 322 750 750

150 KF40® [23]
1B 150 None KF40-shaped void 4

2A 150 KF70® [23]
2B 150 None KF70-shaped void 4

3A 200 KF70® [23]
3B 200 None KF70-shaped void 4

4A 300 KF70® [23]
4B 300 None KF70-shaped void 4

5A 150 RF55® [23]
5B 150 None RF55-shaped void 4

[18,20] ES 120 29.0 28 268 600 600 120 None Solid slab 5
ES 180 180

[19] NAC 57.5 28 500 600 510 120 None Solid slab 5
RAC 47.4

Notes: 1 f ′c is the measured compressive strength of the concrete; t0 and tk are the time of first loading and the
time at the end of the long-term tests, respectively; L, b, and D are the length, width, and depth of the samples,
respectively. 2 Top and bottom surfaces of the samples exposed for drying to the environment. 3 Top surface of the
samples exposed for drying to the environment and the bottom surface sealed with plastic. 4 Profiled steel sheeting
shaped void formed with polystyrene molds and bottom face of samples covered with an impermeable flexible
sealant. 5 Top surface exposed for drying to the environment and the bottom surface sealed with epoxy resin.
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Figure 3. Typical experimental setups for measuring the characterization of the shrinkage-induced
deformations [14,17].

These samples (such as those depicted in Figure 3) were monitored over time to
measure variations in total deformations on both faces of the specimens and, in some
instances, through the slab thickness. The strain profiles obtained from these measurements
on samples that were sealed on one side by means of epoxy resins or plastic sheets were
assumed to approximate a linearly-varying shrinkage profile (see Figure 2b) produced by
the free shrinkage strain [14–20]. Examples of these measurements taken at different points
in time from casting are depicted in Figure 4 by considering two slab thicknesses of 120
and 250 mm.
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Figure 4. Total deformations measured at 15, 36, 60, 126, and 192 days from casting for samples
with different thicknesses and with the top surfaces exposed to dry and bottom surfaces sealed with
plastic: (a) slab thickness of 120 and (b) slab thickness of 250 mm [15].

The small-scale concrete samples [14–20] were monitored over time to evaluate the
shrinkage strain variations exhibited through the samples prepared with different cross-
sectional geometries (e.g., different steel sheeting profiles and slab thicknesses in the range
of 120–300 mm).

As expected, the total strains varied with the slab thickness and decreased with
increasing thickness values [15]. In reference [15], the total strains measured at the top
surface of the samples that were exposed for drying only from their top surface (i.e.,
sealed on their bottom surface) were, after 119 days from the day of casting, about 20–30%
higher than those noted on the specimens that had symmetric drying conditions (i.e.,
drying from both top and bottom surfaces). This result has been shown to agree well
with other results reported in references [14,16]. The total deformations produced by
shrinkage deformations were also reported for samples with trapezoidal profiled sheeting
and different slab thicknesses [17].

Extensive research has been carried out to establish experimentally the relationship
between the development of shrinkage and variations in moisture content (expressed
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in terms of RH) within the concrete and it is beyond the scope of this paper to provide
a comprehensive review and reference for this should be made to dedicated textbooks,
e.g., [24]. Linear relationships between measured RH values and both autogenous and
drying shrinkage deformations were reported in different studies [25–30]. Experimental
work was also carried out to identify the interior RH profiles for samples with different
dimensions and drying conditions.

Parrott [31,32] measured the interior RH at different depths of 100 mm concrete
cube samples sealed on all surfaces except one left for drying to simulate the typical re-
sponse of a composite slab. In this work, a distinctive RH gradient along the depth of the
samples was observed. Other research work was performed on concrete samples with
different dimensions, e.g., 100 × 100 × 200 [33], 76 × 76 × 330 [34], 100 × 100 × 300 [35],
200 × 200 × 800 [27,28,35], and 40 × 40 × 160 mm [36]. In all cases, the top surfaces
of the samples were exposed for drying, and non-linear RH gradients were observed.
Similar results were also noticed in the experimental program on larger samples con-
sisting of 20 slabs with different dimensions of 500 × 500 × 100, 500 × 500 × 150, and
700 × 700 × 200 mm [37,38] and on a concrete slab of 75 × 900 × 6000 mm that was cast
on the ground [39,40]. Experiments were also carried out on concrete samples with both
top and bottom surfaces exposed to the ambient with symmetric drying conditions applied
to the top and bottom surfaces [41–43]. In these cases, measured RH gradients along the
depth of the samples were also symmetric. Other work focused on trying to identify the
amount of slab thickness that is significantly influenced by environmental conditions and
reported actual influence thickness as a function of the samples geometries [44–49].

3. Time-Dependent Responses of Composite Slabs

Experimental work reported in the literature on the long-term testing of composite
slabs is presented in the following sections. The published work has been organized
according to the static configuration specified in the experiments and the details of these
tests are summarized in Tables 2 and 3 for simply-supported and continuous composite
specimens, respectively.

3.1. Simply-Supported Composite Slabs

The experimental program involving the long-term testing of simply-supported one-
way composite slabs subjected to different loading conditions and prepared with different
profiled sheeting were reported in [16,18,50–53]. In this experimental work, all composite
slabs increased in deflections over time due to shrinkage and due to creep induced from
their self-weight and sustained loads.

For example, five composite slab samples were cast on KF70® [23] steel sheeting and
five slabs cast on KF40® [23] steel sheeting, with spans of 3100 mm [50,51]. All slabs had
the same cross-section (i.e., 1200-mm-wide and 150-mm-deep) and the moist curing was
applied for six days from the day of casting. The samples were then placed in a simply-
supported static configuration until 63 days of concrete age under self-weight only. After a
period of 57 days of drying, the samples cast on KF70® [23] deck exhibited deflections in
the range of 2.18–2.97 mm, while the samples cast on KF40® [23] had deflections within
2.72–3.33 mm (of the same order) already after 21 days of drying. These results highlighted
the influence of shrinkage on the deflections of composite slabs. After 63 days from the
casting date, sustained loads were applied on the specimens and these ranged from 0 (only
self-weight) to 9.5 kN/m.
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Table 2. Long-term tests of simply-supported composite slabs.

Ref. Sample
ID

f
′

c
1 wsus

1 t0
1 tk

1 L (l0) 1 b 1 D 1
Profiled Steel

Sheeting Remarks
[MPa] [kN/m] [Days] [Days] [mm] [mm] [mm]

[16]

CS1
27.3 0 15 119

3300
(3000) 900 180 Condeck HP® [21]CS2

SS1
27.3 0 15 119

3300
(3000) 900 180 No Solid slab 2

SS2

[18]

CS-120
29

4.5
28 268

3300
(3000) 510

120
DW-65-510-170CS-180 9.0 180

CS-120-SH
29 0 28 268

3300
(3000) 510

120
DW-65-510-170CS-180-SH 180

[50]

1LT-70-0

28

0

64

242

3300
(3100) 1200 150 KF70® [23]

2LT-70-3 4.1 242
3LT-70-3 4.1 242
4LT-70-6 7.2 242

5LT-70-8
7.3 196
9.5 242

6LT-40-0

35.5

0

64 205
3300

(3100) 1200 150 KF40® [23]
7LT-40-3 4.1
8LT-40-3 4.1
9LT-40-6 7.7
10LT-40-6 7.7

[52] S1 31.1 2.1 8 134 3200
(3000) 918 125 MD55

[14]
SS

33.7 0 8 239
7200

(6000) 900 180
No

Condeck HP® [21]
PrimeForm® [22]

Solid slab 2CK
PF

[54]

CK1

41.5 0 7 90
7200

(6000)
– 180 Condeck HP® [21]

CK2
CK3
CK4

CK5
41.5 0 7 90

8650
(7450)

– 225 Condeck HP® [21]CK6

[53]
SS1

32 0 14 267
3200

(3000) 634 120 Condeck HP® [21]SS2
SS3

Note: 1 f ′c is the measured compressive strength of the concrete; wsus is the sustained uniformly distributed load;
t0 and tk are the time of first loading and the time at the end of the long-term test, respectively; L, l0, b, and D are
the total length, clear span, width, and thickness of the samples, respectively. 2 Top and bottom surfaces exposed
to the environment.

Long-term results for 119 days of composite slabs prepared with different amounts of
reinforcement ratios were reported in [16] together with the measurements of two reinforced
concrete slab samples prepared with amounts of steel reinforcement that were equivalent
to one adopted in the companion composite slabs. This selection of reinforcement aimed at
differentiating between the role of non-symmetric steel reinforcement specified in a slab
to the one of the non-uniform shrinkage gradients. All slabs were 3300-mm-long and two
composite slabs were cast on Stramit Condeck HP® [21] steel sheeting with the propped
condition. All samples were subjected to moist curing until 15 days from the day of casting.
They were then placed in a simply-supported static configuration and subjected to their self-
weight only. The composite slabs were allowed to dry only from the top surfaces, whereas
the reinforced concrete slabs were allowed to dry from both top and bottom surfaces. These
tests highlighted the role played by the non-uniform shrinkage gradient in influencing
the long-term response. The companion composite and reinforced concrete slab samples
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exhibited different deflections even in the cases in which symmetric steel reinforcement
was specified. In this case, the composite specimen underwent higher deflections than the
reinforced concrete sample by about 54% and this difference was simply attributed to the
non-symmetric drying conditions (as these companion samples possessed similar amounts
of symmetric reinforcement). Similar considerations were also drawn for the companion
specimens without top reinforcement while in this case the differences in deflections were
even greater.

Table 3. Long-term tests of two-span continuous composite slabs.

Ref. Sample ID f
′

c
1 wsus

1 t0
1 tk

1 L (l0) 1 b 1 D 1 Steel Sheeting

[MPa] [kN/m] [Days] [Days] [mm] [mm] [mm]

[19]
CCS-NAC-L 57.5 4.5

28 500
6300

(6000) 510 120 DW-65CCS-RAC-L 47.4 4.5
CCS-RAC-SH 47.4 0

[53]
CS1

32 0 14 267
6200

(6000) 634 120 Condeck HP® [21]CS2
CS3

[55]
CLT-70-0

36.7
0

28 376
6900

(6700) 1200 150 KF70® [23]CLT-70-3 3.72
CLT-70-6 6.72

[56]

L1 34.8

0 7 97
6300

(6000) 1200 150 ComFlor® 80 [57]

L2 34.8
L3 34.8
L4 34.8
L5 36.2
L6 35.8
L7 33.8
L8 34.6
L9 34.6
L10 34.6
L11 34.6
L12 37.1
L13 37.1
L14 37.1
L15 35.8
L16 36.2

[58]

Slab 1

20

11.8

7

228

4600 914

150
Corrugated steel

sheeting
Slab 2 11.8 228 150
Slab 3 9.5 903 125
Slab 4 9.5 903 125

Note: 1 f ′c is the measured compressive strength of the concrete; wsus is the sustained uniformly distributed load;
t0 and tk are the time of first loading and the time at the end of the long-term test, respectively; L, l0, b, and D are
the total length, clear span, width, and thickness of the samples, respectively.

Time-dependent experimental results of one-way simply-supported composite slabs
made of recycled aggregate concrete with different thicknesses and loading conditions
have been reported in [18,20]. Four simply-supported composite slabs having 3300-mm
length and 510-mm width were cast on DW-65-510-170 steel deck. Slabs possessed two
different thicknesses of 120 and 180 mm, and were subjected to different sustained loading
conditions that ranged between 0 and 9.0 kN/m. The long-term tests were monitored for
268 days from the day of casting.

Reference [14] presented the long-term response of three simply-supported post-
tensioned slabs, i.e., two samples were cast on profiled steel sheeting Condeck HP [21] and
PrimeForm [22] and one specimen was prepared with a solid concrete slab. All samples
were 7200-mm-long and had identical cross-section with 900-mm width and 180-mm depth.
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The prestressing forces were applied in two stages at day 2 and day 7 from the day of casting,
and subsequently, all slabs were unpropped to place them in simply-supported conditions.
The long-term behavior was induced by shrinkage effects and by creep induced by the
slab self-weight. The tests were monitored for a period of 239 days. The post-tensioned
slab prepared with the solid slab (exposed to dry from both sides) experienced less than
one-fifth of the deflection of the post-tensioned composite slabs (sealed at the bottom of
the slab by the presence of the profiled steel sheeting). These comparisons highlighted
the importance of accounting for the influence of shrinkage gradients when predicting
deflections in composite slabs.

Six post-tensioned simply-supported composite samples cast with different dimen-
sions, number of prestressing strands, continuity of the steel sheeting and curing conditions
were presented in [54]. Four of the slabs were 7200-mm-long, and the other two were
8650-mm-long. The slab thicknesses varied between 180 and 225 mm.

All slabs were wet cured for 7 days from the day of casting and prestressing were
completed by two stages at day 2 and day 6 from the day of casting. All samples were
then placed in a simply-supported static configuration. The specimens exhibited similar
long-term deflections except the one covered with curing compound after casting. The latter
sample (i.e., cast with curing compound) exhibited half of the time-dependent deflections
measured for the other post-tensioned composite specimens.

In a recent study, the influence of specifying different drying conditions on the time-
dependent deflections of simply-supported composite slabs was presented in [53]. All
slabs had a length of 3200 mm and were 634-mm-wide and 120-mm-deep. Those drying
conditions of composite slabs were considered to replicate different scenarios that take place
during building construction. For this purpose, three drying conditions were considered:
(i) The top surface of one composite slab was sealed after casting; (ii) a second sample was
sealed on its top surface after 37 days from casting to reflect the scenario in which a slab is
sealed by floor finishes or by other treatments during construction; and (iii) the top surface
of the third sample was left exposed for drying. The long-term measurements recorded for
these specimens are illustrated in Figure 5.
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3.2. Continuous Composite Slabs

A number of continuous composite slabs have been tested to date to evaluate their
long-term response as depicted in Table 3.

Two-span continuous composite concrete slabs having 6300 mm of total length were
cast on ComFlor 80 [57] steel deck with similar cross-section of 150 by 1200 mm [56]. In
reference [56], sixteen composite slabs were monitored over time and they exhibited 4
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to 7 times higher long-term deflections after 90 days of drying than their instantaneous
deflections under only self-weight. In this experimental work, different bonding between
concrete and steel deck were created by the presence of embossments and grease, and
different reinforcement ratios were adopted using mesh reinforcements, reinforcement bars
and steel fibers. All samples were moist cured for 7 days from the day of casting.

Long-term deflections of the three continuous composite slabs with 6900 mm total
length over two spans were monitored for 376 days [55,59]. All three slabs had the same
cross-section with 150-mm thickness and 1200-mm width. These were cast on KF70® [23]
steel sheeting that was supported on the floor during casting. The slabs were moist cured
for 28 days from the day of casting and they were then subjected to different levels of
sustained loading.

Three continuous composite slabs with 6300-mm total length over two-span and
consisting of same cross-section of 510-mm-wide and 120-mm-deep were cast on DW-65
steel sheeting without propping. One of the slabs was prepared with natural aggregate,
while the other two samples were made of recycled aggregate concrete. All slabs were wet
cured for 6 days from the day of casting and subsequently monitored for their long-term
responses for a period of 500 days [19].

Cracking over the interior support of two-span continuous composite slabs occurred in
the specimens reported in [55,59] over time due to shrinkage. After 376 days from casting,
maximum crack widths recorded in the continuous slabs were about 0.2, 0.3, and 0.6 mm
for the samples subjected to 0, 3.72, and 6.72 kN/m, respectively. Reference [19] confirmed
the role played by non-uniform shrinkage effects when considering cracking.

The occurrence of shrinkage influences the bending moment distribution and affects
the magnitude of the negative moment over interior supports in the continuous static
configurations [55,59]. This behavior was also observed experimentally in [19]. The
composite slabs made with recycled aggregate concrete experienced higher deflection
than those prepared natural concrete because of the higher shrinkage exhibited by the
recycled aggregate concrete [19]. Negligible end slips between steel sheeting and concrete
were observed under service load [55,59].

The time-dependent response of composite slabs cast with either steel mesh or
polypropylene/poly-ethylene blend fibers were compared in [58]. As part of this ex-
perimental program, four 914-mm-wide and 4600-mm-long continuous slabs were cast on
corrugated steel sheet with two different thicknesses (i.e., thicknesses of 125 and 150 mm)
and wet cured for 7 days. After curing, slabs were placed in continuous support condition
and subjected to their self-weight until 28 days from the day of casting. Thereafter, two
150-mm and two 125-mm thick slabs were uniformly loaded with 11.8 and 9.5 kN/m,
respectively, and monitored for their long-term behavior. The ratio between the instanta-
neous deflections and long-term deflections of the slabs varied between 1.35 to 1.51. The
ratio between the short-term crack widths and the long-term crack widths of these samples
varied between 2.00 to 2.85.

Recent experimental measurements carried out on three identical continuous slabs
that varied only in their exposure conditions for drying was reported in [53]. Three
6200-mm-long continuous slabs were cast on Condeck HP® [21] Profiled sheeting under
propped conditions. The slabs possessed identical dimensions of 634-mm width and
120-mm depth and were wet cured for 7 days. The slabs were subjected to their self-weight
from 14 days of concrete age and monitored for 267 days from the day of casting. Measured
mid-span deflections recorded at the mid-spans of the two end spans are shown in Figure 6.
The top surface of sample CS3 was sealed with a plastic sheet after casting and maintained
the lowest increases in shrinkage deflections because its drying component was affected.
A second sample, i.e., specimen CS2, was maintained exposed to dry until 37 days from
casting, after which its top surface was sealed. This produced a change in the composite
response that led to a slight decrease in deflections. A third sample, denoted as CS1 was
kept exposed for drying for the entire long-term test duration. These tests highlighted the
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role of exposure drying conditions on the time-dependent deflections of composite slabs to
represent typical sealing conditions that could occur during the construction of a floor slab.
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4. Time-Dependent Modelling of Composite Slabs
4.1. Numerical Model

The time-dependent behavior of composite slabs has been commonly represented
by means of full shear interaction theory [7,8,60,61] that assumed relative movement to
occur between the slab and the profiled steel sheeting. Based on the age-adjusted effective
modulus method (AEMM), reference [62] adopted a constant uniform shrinkage profile
through the thickness of the composite slab.

A closed-form solution to calculate the deflections and stresses in one-way composite
steel–concrete slabs over time was proposed in [63,64]. The formulation was based on
the principle of virtual work and the model can account for different shrinkage profiles,
including non-uniform shrinkage distributions such as those that can occur in composite
slabs. Other methods of analysis to capture the composite time-dependent response
accounting for shrinkage gradients were presented in [17,55,59,65,66]. In [17], the influence
of non-uniform shrinkage gradients on the deflection response was included in the analysis
by assuming the composite slab cross-section to be discretized into several layers. In this
study, four different shrinkage profiles were considered and these consisted of a uniform
shrinkage profile, a triangular shrinkage profile, a bilinear shrinkage profile and a parabolic
shrinkage profile. Full shear interaction was also assumed between the concrete and
profiled steel sheeting.

The long-term behavior of post-tensioned composite slabs based on the Euler-Bernoulli
beam theory was presented in [14]. Long-term analyses were performed by means of the
step-by-step procedure in which the time domain is discretized in different time steps
and is widely used in the long-term predictions of concrete structures as, for example,
outlined in [8]. Measured shrinkage gradients that occurred through the thickness of
the slab were considered to calculate the long-term deflection of the composite slabs.
Comparisons were made between experimental and calculated deflections. With the same
beam assumptions, a non-linear solution strategy was considered in [18,19] based on the
formulations described in [67]. Based on their experimental results, full interaction between
concrete and steel sheeting were considered in the analysis. Linear shrinkage gradients
were assumed to occur through the thickness of the composite slab to account for the
non-uniform shrinkage strains.
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The non-uniform shrinkage effects on the time-dependent behavior of composite and
post-tensioned slabs were presented in [68]. A hygro-thermo-chemical-mechanical model
has been proposed to calculate the more refined non-uniform shrinkage profiles from the
temperature and relative humidity distribution through the thickness of the composite
slab [69]. The time-dependent response of the composite slab was then obtained from the
cross-sectional analysis introduced in [8]. In this study, measured long-term deflections of
composite slabs presented in [54] were used to validate the numerical predictions. Compar-
isons with measured deflections are shown in Figure 7. For this purpose, three different
shrinkage profiles were considered and included (Figure 7): (i) a uniform shrinkage profile
typically used in reinforced concrete solid slabs; (ii) a linearly varying shrinkage gradi-
ent that was specified in accordance with the specifications of the Australian composite
guidelines [12,13] (and suitable for routine design)—this case is referred to as ‘simplified
approach’ in Figure 7; and (iii) a shrinkage gradient that is determined from the hygro-
thermo-chemical-mechanical model based on the inverse analysis procedure described
in [69]. The comparisons between the numerical and experimental results highlighted
the importance of accounting for the shrinkage gradients when estimating the long-term
deflections of composite slabs and the ability of the hygro-thermo-chemical-mechanical
model to capture the shrinkage gradient that occurred in the slab.
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A non-linear thermo-mechanical finite element model developed in ABAQUS was
presented in [70] to predict the long-term response of composite slabs.

4.2. Design Model

Different design models were proposed in the literature to capture the non-linear
shrinkage gradients that develop in composite slabs.

Reference [65] presented a design expression to evaluate the shrinkage induced curva-
ture that accounted for the influence of the following parameters: a factor that depends on
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the profile of the steel sheeting; a parameter denoting the reinforcement ratio produced by
the steel sheeting; the shrinkage strain induced at the top drying surface of the slab; and
the total slab thickness. The authors also considered the cases of composite slabs cast on
trapezoidal steel sheeting, for which they proposed some additional modification factors to
be used in the calculations.

An expression for the shrinkage strain profile for a composite slab with steel sheeting
was presented in [66]. This was written in terms of the following variables: the shrinkage
strain at any height of the cross-section; the shrinkage strain calculated following available
design codes over the time of interest; the steel sheeting profile; and for trapezoidal sheeting
profiles, the ratio between a trough height and the slab thickness. A modification to the
definition of the hypothetical thickness used in AS 3600-2009 [11] was proposed in [55] to
account for the response of composite slabs.

The occurrence of the non-uniform shrinkage profile in composite slabs was considered
in [18,19,70] and it was estimated to be taken as 1.2 and 0.2 times of the design shrinkage
strain at the top and bottom surfaces of the slab, respectively [15,16]. Design shrinkage
strains over time were predicted using concrete design specifications by considering the
case of a solid slab with the same thickness as the composite slab and exposed to dry from
both its top and bottom surfaces. The long-term predictions of the composite slab response
have also been presented in [68] based on these shrinkage gradients.

A comprehensive design guideline for calculating the instantaneous and long-term
deflections of composite slabs considering the non-uniform shrinkage profile through
the slab thickness was presented in [12]. The instantaneous deflection was obtained
from available design codes, whereas deflection due to creep was evaluated from the
effective modulus method. The reference shrinkage strains over time were calculated
following design guidelines [11], while adopting the hypothetical thickness equal to the
thickness of the composite slab, and the gradient was assumed as the same gradient
reported in [15,16]. This design procedure was adopted in AS/NZS 2327:2017 [13] under
its simplified approaches for the calculation of the composite slab deflection.

5. Conclusions

Extensive research work has been carried out to date to define the ultimate behavior
of composite slabs, whereas limited research has dealt with their long-term behavior.
This paper presented a state-of-the-art review of research on the long-term behavior of
composite slabs. Particular attention was given to the occurrence of the shrinkage gradient
in composite steel–concrete slabs due to the presence of steel sheeting and its influence
on the long-term response of the composite slabs in this paper. After presenting the key
features related to the development of the shrinkage gradients in composite slabs, a review
of experiments performed on simply-supported and continuous composite slab samples
were presented to highlight the influence of the different factors considered in these studies,
such as the use of different geometries, loading conditions, and drying conditions, and how
these influenced the development of the shrinkage gradients on the long-term behavior
of composite slabs. At the end of the paper, available theoretical and design models for
the time-dependent behavior of composite slabs were introduced and discussed. The
work reported in the literature highlighted the importance of accounting for the non-
uniform shrinkage gradient when predicting long-term deflections induced by shrinkage
effects. By neglecting the shrinkage gradient can lead to significant underestimations of
the shrinkage-induced deflection. Tests performed in the literature highlighted how this
effect is important for different arrangements of the steel reinforcement. Recent work has
pointed out that the non-uniform shrinkage gradient can be significantly mitigated if the
composite slab is sealed on its top surface soon after casting or curing. This condition could
reflect the typical scenario that occurs in a construction site in which a building floor could
be sealed by the application of floor finishes or treatments. Design guidelines to account
for the non-uniform shrinkage gradient have already been incorporated in the Australian
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composite specifications and are currently being considered for possible introduction by
other international design standards.
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