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Abstract.

Drying shrinkage in concrete caused by drying and the associated decrease in moisture content is one of the most

important factors influencing the long-term deflection of steel-concrete composite slabs. The presence of profiled steel decking
at the bottom of the composite slab causes non-uniform drying from top and bottom of the slab resulting non-uniform drying
shrinkage. In this paper, a hydro-mechanical analysis method is proposed to simulate the development of non-uniform shrinkage
through the depth of the composite slab. It also demonstrates how this proposed analysis method can be used in conjunction with
previously presented structural analysis model to calculate the effects of non-uniform shrinkage on the long-term deflection of
the slab. The method uses concrete moisture diffusion model to simulate the non-uniform drying of composite slab. Then
mechanical models are used to calculate resulting shrinkage strain from non-uniform drying and its effect on the long-term
behaviour of the composite slabs. The performance of the proposed analysis method is validated against experimental data.
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1. Introduction

Use of profiled steel decking as sacrificial permanent
formwork for steel-concrete composite slab construction
expedites the construction process; which results in overall
cost saving. This steel decking also acts as an external
reinforcement of the hardened concrete slab. In this
arrangement, when the steel-concrete composite slab is
subjected to sagging bending, the compression is taken by
the concrete, and the tension is taken by the steel decking,
which makes it an efficient design. This design efficiency
enables the use of smaller cross-sections, resulting in
further cost saving. As a result, this form of construction has
become very popular in various parts of the world.
Throughout the years’ extensive research have been
conducted exploring various characteristics of composite
slabs. Most of the research focussed on their ultimate
response, e.g., Porter and Ekberg Jr. (1977), Porter (1985),
Stark and Brekelmans (1990), Daniels and Crisinel (1993),
Veljkovi¢ (1998), Marimuthu et al. (2007), Lopes and
Simdes (2008), Eldib et al. (2009), Kim and Jeong (2010),
Ranzi et al. (2013b), and on the identification of the
interface properties between the concrete and the profiled
steel sheeting, e.g., Airumyan et al. (1990), Easterling and
Young (1992), Patrick and Bridge (1994), Veljkovic (1996),
Crisinel and Marimon (2004), Jeong et al. (2005), Abdullah
and Easterling (2009), Chen and Shi (2011), Chen et al.
(2011), Seres and Dunai (2011), Ranzi et al. (2013b).
However, use of smaller cross-section means that the
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serviceability behaviour of the composite slab is critical in
the design of such slabs. In fact, previous studies
Gholamhoseini et al. (2012), Gilbert et al. (2012), Gilbert
(2013), Ranzi et al. (2013a), Ranzi et al. (2013c), Al-deen
et al. (2015) have highlighted that long-term behaviour of
concrete; particularly creep and shrinkage has a significant
influence on the design of steel-concrete composite slabs.
Despite its importance in conventional design, very limited
research has been reported on the long-term behaviour of
composite slabs (Ranzi et al. 2013a). In particular, most of
the composite work on time effects has dealt with
traditional composite T-beams (e.g., Roll 1971, Johnson
1987, Alsamsam 1991, Bradford and Gilbert 1991, Wright
et al. 1992, Fan et al. 2010, Al-deen et al. 2011b, Al-Deen
et al. 2012), with only a few studies devoted to composite
slabs, e.g., Al-deen et al. (2011a), Gholamhoseini et al.
(2012), Gilbert et al. (2012), Ranzi et al. (2013a).

There is a fundamental difference between the shrinkage
behaviour of a solid concrete slab and that of a steel-
concrete composite slab. In solid concrete slab, both top and
the bottom surface of the slab is exposed to the atmosphere,
allowing moisture in the concrete slab to egress (Fig. 1(a)).
The steel decking at the lower part of steel-concrete
composite slab prevents any moisture to egress into the
atmosphere. As a result, concrete moisture can only egress
from the top of the slab (Fig. 1(b)). This difference in
drying process results in significantly different drying
shrinkage behaviour between a solid concrete slab and that
of a steel-concrete composite slab of same depth (Ranzi and
Vrcelj 2009, Bradford 2010, Al-deen et al. 2011a,
Gholamhoseini et al. 2012, Gilbert et al. 2012, Gilbert
2013, Ranzi et al. 2013a). This non-uniform shrinkage
introduces an additional curvature and consequent
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(a) Solid concrete slab; concrete moisture can egress from
top and bottom of the slab

Steel decking
(b) Composite slab; concrete moisture can egress only
from top of the slab

Fig. 1 Difference in concrete moisture egress in solid concrete and steel-concrete composite slab

deflection in composite slabs (Gholamhoseini et al. 2012,
Gilbert et al. 2012, Gilbert 2013, Ranzi et al. 2013a, Al-
deen et al. 2015). These papers also highlighted the
importance of the non-uniform shrinkage on the long-term
performance of the composite slabs.

Predicting the long-term behaviour of composite slab
due to shrinkage is a two-step process. At first, the
development of non-uniform shrinkage; through the depth
of an equivalent slab; over time needs to be calculated. The
equivalent slab is a hypothetical solid concrete slab; which
has the same depth as the desired composite slab; made of
same concrete and free to deform in any direction without
any restraint. Additionally, it can egress moisture from the
top but not from the bottom, similar to a composite slab. In
the next step, the structural response of the slab due to this
predicted non-uniform shrinkage is calculated. Models
capable of describing the structural response of the
composite slab due to non-uniform shrinkage (second part
of the overall process), including the interaction between
the steel sheeting and the concrete, are well documented in
the available literature (Ranzi et al. 2013a, Al-deen and
Ranzi 2015, Al-deen et al. 2015). However, there is
currently no mathematical model, capable of predicting the
development of non-uniform shrinkage through the depth of
the composite slab (first part of the overall process),
available in the literature. The existing design guidelines
such as (AS2327.1 2003, Eurocode 4 2004) have proposed
mathematical models to predict the shrinkage of concrete
members. However, these models are not applicable for
predicting the development of non-uniform shrinkage in the
composite slab. The few experimental results available in
the literature (Shayan et al. 2010, Gilbert et al. 2012, Al-
deen et al. 2015) are not sufficient for the development of
an empirical model.

In this context, this paper proposes a hydro-mechanical
analysis method; capable of predicting the development of
non-uniform shrinkage through the depth of the equivalent
slab, which can be used in conjunction with other available
models to predict the long-term behaviour of steel-concrete
composite slabs. The performance of the proposed model is
then validated against the experimental results.

2. The hydro-mechanical model
2.1 Overview of the model

Due to complex nature of the problem, the prediction of

non-uniform shrinkage in the equivalent slab is achieved in
a number of steps. The first step is to simulate the non-
uniform drying of concrete in the equivalent slab which is
directly related to moisture diffusion of concrete. A concrete
moisture diffusion model is used to calculate the variation
of concrete internal relative humidity, both in the time
domain and space domain, through the thickness of the
equivalent slab. In the second step, the result of the first
phase is used to calculate the induced shrinkage strain of the
equivalent slab due to its non-uniform drying. In the third
phase, total shrinkage strain induced on the concrete is
calculated. As concrete undergoes autogenous shrinkage, in
addition to drying shrinkage, autogenous shrinkage strain is
calculated and added to drying shrinkage strain to determine
the total induced shrinkage strain. The cross-sectional
rigidity of the concrete slab readjusts this non-linear drying
shrinkage strain to a linear but non-uniform shrinkage
strain. A simple mechanical model is proposed to simulate
this readjustment in the final step. The flowchart of the
calculation process is presented in Fig. 2.

Step 1: Calculate non-uniform concrete
drying using moisture diffusion model

Step 3: Calculate
autogenous
shrinkage strain of

A4

Step 2: Calculate
shrinkage strain
due to non-
uniform drying

concrete

Step 4: Calculate total induced strain in
concrete due to shrinkage

A4

Step 5: Calculate readjusted shrinkage strain

Fig. 2 Calculation process of the non-uniform shrinkage
strain in the equivalent slab
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2.2 Concrete moisture diffusion model

Over the vyears’ considerable research have been
conducted on the moisture diffusion behaviour of concrete
and some mathematical models (Roy 1937, BaZant and
Najjar 1971, Sakata 1983, Baroghel-Bouny et al. 1999,
Benboudjema et al. 2005, Kwak et al. 2006, Moon 2006)
with various degrees of complexities have been proposed
describing this behaviour. For this study, a relatively simple
model proposed by Moon (2006) was selected. The model
is based on linear diffusion approach and enables the
estimation of internal relative humidity (RH%) of the
concrete slab both at time domain and space domain. The
model can be mathematically described as follows

_ B B y
RH,,, =RH, —(RH, RHS){erfC[Zﬁﬂ (1)

Here, K is the drying time, RH, is the internal relative
humidity at a depth y from the drying surface. RH, is the
initial internal relative humidity and RHs is the relative
humidity of the drying surface. D is the ageing moisture
diffusion coefficient of concrete and erfc is the
complementary error function. The model assumes that the
relative humidity of the drying surface (RHs) remains
constant throughout the drying process. The typical results
from this model for both equivalent slab and a solid
concrete slab are shown in Figs. 3(a) and (b).

2.3 Induced drying shrinkage strain

The internal relative humidity (i.e., pore pressure) could
be used to predict the induced drying shrinkage strain in
concrete (Bazant 1985). The internal relative humidity of
the concrete estimated in the moisture diffusion model was
used to calculate the induced drying shrinkage strain of the
equivalent slab. The relationship between the induced
shrinkage strain and relative humidity can be approximated
for the case of high relative humidity (i.e., RH > 50%) as
linearly proportional (Weiss and Shah 2002). As a result, the
induced drying shrinkage strain of concrete at a distance “y”
from the drying surface after time “k” from the start of
drying, emayx Can be expressed by a constant free
shrinkage coefficient (esur) and the change of relative
humidity as presented in Eq. (2)

Eshd,y.k = Eshult (1_ RH I,y,k) 2

The constant free shrinkage coefficient (eg,y) can be
considered as the slope of the induced drying shrinkage
versus the change in the relative humidity relationship. The
typical results from this stage for both equivalent slab and a
solidconcrete slab are shown in Figs. 3(c) and (d).

2.4 Total induced strain due to shrinkage

Strain induced due to autogenous shrinkage should be
added to the strain induced by concrete drying to estimate
the total induced strain in concrete due to shrinkage. In this
study, autogenous shrinkage strain was estimated following
fib2010 ((fib) 2010) recommendations. It assumes that

autogenous shrinkage strain is uniform throughout the depth
of the slab but increases with time. The autogenous
shrinkage (eshax) Can be estimated using basic nominal
shrinkage coefficient, eqo and the time function, epsk as
illustrated in Egs. (3)-(5)

Esnak = Esno Posk 3)

Basic notional shrinkage coefficient &g is a function of
the mean compressive strength of concrete, f,, at the age of
28 days and can be expressed as

25
0.1f
Egno = s (ﬁj x107° 4)

Where ays is a coefficient, which depends on the type of
the cement. Details of the model can be found in ((fib)
2010). The time function is expressed as

sy =1-€702 ()

Once induced autogenous strain (esnax) iS estimated it is
added to the drying shrinkage strain (esn.qy,) to calculate the
total induced shrinkage strain (gsn.inyx)

gsh.ln,x,k = gsh.a,k + gshAd,x,k (6)

The typical results from this stage for both equivalent
slab and a solid concrete slab are shown in Figs. 3(e) and

().
2.5 Readjusted shrinkage strain

As mentioned before, the cross-sectional rigidity of the
equivalent slab will redistribute the induced shrinkage
strain. Gilbert and Ranzi (2011) presented a rigorous
analytical procedure for the time-dependent analysis of
concrete cross-sections with uniform shrinkage through the
thickness of the concrete slab using the age-adjusted
effective modulus method (AEMM) (Dilger and Neville
1971, Bazant 1972). The algebraic formulation of the age-
adjusted effective modulus method allows the solutions to
be presented in closed form. The method is modified here to
calculate the redistributed shrinkage strain by layering the
concrete cross-section, with the shrinkage strain specified at
the centroid of each concrete layer depending on its position
within the cross-section.

A typical cross-section with m concrete layers is shown
in Fig. 4. The thickness of the i concrete layer is t;. The
reference axis (the x-axis) is taken as the top surface of the
concrete, and the positive direction of the transverse y-axis
is as shown in Fig. 4.

The constitutive relationship for the i concrete layer at
time “k” after the start of drying is expressed as

Ocli)k = Ee,k[(gr,sh,k + sth,k)_ gsh(i),k] )

Where o is the stress of the i concrete layer, E, . is
the age-adjusted effective modulus of the i concrete layer
and &gy« is the induced shrinkage strain at the centroid of
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Fig. 3 Variation of moisture content and strain, at different stages of the calculation, through the depth of an equivalent

slab and a solid slab at various days

the i" concrete layer. The terms &rshk and xgn i are defined in
Fig. 4(c) and the aim of the model described in this
subsection is to determine values of &g, and g k.

The contribution of the i'" concrete layer to the internal
axial force and moment at time “k” after the start of drying
can be determined as

o dA
@) (I

_ Eex [(gr,sh,k + sth,k)_gsh(i),k]dA (8a)

(0]

(i Ee&rsnk + Boy Ee kank + ArgyEe kEsn(i)k

Nc(i),k

I
& &

I
&
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Fig. 4 Generic cross-section and strain profiles considered in the numerical model for readjusted shrinkage strain
Substituting this value in Eq. (9), we get
M ik = jAc(') yo'c(i),de
I _
Ehk = Dsr},kfsh,k (15)

= j . yEe,k [(gr,sh,k + sth,k )_ 8Sh(i),k }jA (8b)
Ac(i)

= Beiy Eek&rooni + Loy EecKonk T Begiy Ee xsnin

Where Ny« and M) are the axial force resisted by the
i" concrete layer and the moment of the axial force about
the x-axis, respectively. A, By and I are the area of the
i" concrete layer and the first and second moments of area
of the i concrete layer about the x-axis, respectively.

If Nex and Mg are the external axial force and moment
applied to the cross-section, the equilibrium equations are
therefore

Fex = D€k = Fonx 9)
where
Ne,k
I’e,k - Me,k (10)
- A\: Bc
Dsh k= Ee,k|:B I (11)
= | A
fok = Bex {B o Esh(i).k (12)
i=1 c(i)
gr sh,k
€y = o 13
| a9

Since the equivalent slab is not subjected to any external
load, both Ng and M, are zero. Hence

- _[o
ek T 0 (14)

This will provide the readjusted shrinkage distribution
of the equivalent slab, which can be used to calculate the
structural response of the composite slab due to non-
uniform shrinkage. The typical results from this stage for
both equivalent slab and a solid concrete slab are shown in
Figs. 3(g) and (h).

This non-uniform shrinkage profile described in Eq.
(15) is then used as an input for the mathematical model
capable of predicting the response of the steel-concrete
composite slab due to this shrinkage. The model is well
documented in the literature (Ranzi et al. 2013a, Al-deen
and Ranzi 2015, Al-deen et al. 2015).

3. Model validation for cross-sectional behaviour
3.1 Brief description of the experiments

Experiment results reported in (Al-deen and Ranzi
2015) is used to validate the mathematical model proposed
in this paper. For the convenience of the reader, a brief
description of those experiments is presented here. In the
experiment, shrinkage behaviour of total twelve slabs was
monitored for four months. Based on the presence of the
steel deck and the drying conditions of the slab surfaces,
four different types of slabs were used with three slabs of
the same type. Out of the four types, two types of
specimens were cast without any steel deck while the other
two had profiled steel sheeting at the bottom. The two
categories of specimens without any steel decking differed
in terms of drying condition. One type referred as “SS” type
consisted of a solid concrete slab with both top and bottom
faces exposed to the environment so that that moisture can
egress from both faces. The other type, referred as “SP”,
was identical to type “SS” with the only difference that the
bottom face of the slab was sealed using a plastic sheet. The

Table 1 Geometric properties of Condeck HP and PrimeForm profiles (per metre width)

Profiles sheeting (thickness) Cross-sectional area (mm?) Level of the centroid of the steel deck from its bottom face (mm)

Condeck HP (0.75 mm) 1211
PrimeForm (0.6 mm) 940

15.39
15.8
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Fig. 5 Details of the Condeck HP and PrimForm steel deck profiles
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Fig. 6 Details of the slab specimens used in the experiments presented in (Al-deen and Ranzi 2015)

Table 2 Details of slab specimens presented in Al-deen and Ranzi (2015)

Dimensions of slab samples

Specimen ID (MM x mm x mm) Exposed conditions of top and bottom slab surfaces
SS120 900 x 900 x 120 Top and bottom exposed
SS180 900 x 900 x 180 Top and bottom exposed
SS250 900 x 900 x 250 Top and bottom exposed
SP120 900 x 900 x 120 Top exposed and bottom sealed with plastic
SP180 900 x 900 x 180 Top exposed and bottom sealed with plastic
SP250 900 x 900 x 250 Top exposed and bottom sealed with plastic
PF120 900 x 900 x 120 Top exposed and bottom sealed by the presence of the PrimForm steel sheeting
PF180 900 x 900 x 180 Top exposed and bottom sealed by the presence of the PrimForm steel sheeting
PF250 900 x 900 x 250 Top exposed and bottom sealed by the presence of the PrimForm steel sheeting
CK120 900 x 900 x 120 Top exposed and bottom sealed by the presence of the Condeck HP steel sheeting
CK180 900 x 900 x 180 Top exposed and bottom sealed by the presence of the Condeck HP steel sheeting
CK250 900 x 900 x 250 Top exposed and bottom sealed by the presence of the Condeck HP steel sheeting

*Note: all slab edges are sealed with plastic

presence of the plastic sheet prevented the moisture from
egressing from the bottom of the slab, similar to steel
decking, without the restraining action of the deck. The
specimens with steel decking differed in terms of decking
used as one type denoted as “CK” used 0.75 mm Condeck
HP® while the other type referred as “PF”, used 0.6 mm

PrimeForm® steel sheeting. These steel decking prevented
moisture egress from the bottom of the slab and provided an
eccentric restraint to the slab. The details of the Condeck
HP and PrimeForm profiles are presented in Fig. 5, and
their geometric properties are tabulated in Table 1. Each
type of slab had one specimen with 120 mm, one with
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Fig. 7 Measured daily ambient temperature and relative humidity of the experiments presented in Al-deen and Ranzi (2015)

180 mm and one with 250 mm depth. The length and width
of all the specimens were 900 mm. The samples were cast
without any additional reinforcement and maintained
unloaded to monitor shrinkage effects only. The cross-
sections of different types of specimens used in the
experiment are shown in Fig. 6, and their details are
summarised in Table 2. In a real floor system, moisture
cannot egress from the side of the slabs due to continuities
of the slab. Therefore, to prevent moisture egress from the
side of the specimens, their side edges were sealed with
plastic.

Same batch of concrete was used to cast all the
specimens, and they were moist cured for 15 days after
casting. After that, the curing was stopped, and the long-
term behaviour of the specimens due to shrinkage was
monitored using strain gauges. The specimens were cast
horizontally. However, to facilitate deformation without any
restraint, these specimens were placed vertically on top of
three rollers after three days of casting. To ensure all the
specimens were subjected to a very similar environmental
condition, they were placed very close to each other.
Ambient temperature and relative humidity were recorded

for the entire duration of the long-term tests, and daily
average values are reported in Fig. 7.

3.2 Comparison of cross-sectional behaviour with
experimental results

For simulating the experiments using the proposed
analysis method, a simplifying assumption was made. The
proposed model uses a constant external relative humidity
(RHs in Eg. (1)). The measurement of relative humidity of
the experimental environment (Fig. 7(b)) shows that it
varied significantly during the experiment. For the
calculation presented in this section, it was assumed that in
the experiments the external relative humidity was constant
and was equal to the average relative humidity of the total
duration of the experiments. Two of the inputs required for
the proposed model, the ageing moisture diffusion
coefficient of concrete (D) in Eqg. (1) and constant free
shrinkage coefficient (eg ) in EQ. (2) were not measured in
the experiments. For the calculations, their values were
calibrated against the measurement results of specimens
SS120, SS180 and SS250. These calibrated values were
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Fig. 8 Comparison between measured and calculated strains for sample types SS and SP

then used for rest of the calculations for model validation.
The comparison between the measured strain of “SS” and
“SP” type slabs and calculated strain using the proposed
model is presented in Fig. 8. The results of the “SP” type
slabs show that the proposed model can predict the top and
bottom strain of the slab reasonably well. As slab types
“CK” and “PF” are a steel-concrete composite slab, their
strains were calculated using the proposed model in
conjunction with the model presented in (Al-deen et al.
2015). To be consistent, sign convention for strain
calculation presented in (Al-deen et al. 2015) was also used
in this paper. The comparison between measured and
calculated strains of “CK” and “PF” type slabs are shown in
Fig. 9. Again, the comparison between measured and
calculated curvatures of CK” and “PF” type slabs are shown
in Fig. 10. From these figures in can be seen that the
calculated results using the proposed model are in good

agreement with the measured values. As the relative
humidity of the environment of the experiment room was
varied considerably during the experiment, the strain and
curvature measurement values also fluctuated with time.
These fluctuations were not captured in the calculated
values as it assumed constant external relative humidity.
Regardless of this inconsistency, the proposed model can
predict the cross-sectional behaviour due to non-uniform
shrinkage with an acceptable level of accuracy.

4. Model validation for slab deflection

The experimental results on shrinkage deflection of
simply supported steel-concrete composite slabs are
reported in (Al-deen et al. 2015). The details of the
specimen cross-section and test setup of these experiments
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Fig. 9 Comparison between measured and calculated strains for sample types SS and SP

are shown in Fig. 11. These experimental results were used
to examine the accuracy of the proposed model on
predicting the long-term deflection of steel-concrete
composite slabs. To calculate the slab deflection at first, the
strain distribution at the various cross-sections along the
length of the slab was calculated using the same method
described in the previous section.

From the strain distribution, the curvatures of the cross-
sections were obtained, which was then used in member
analysis to calculate the slab deflection. The member
analysis at times ko and k were performed considering the
deflected shape to vary along the member with a shape
described by a fourth-order polynomial. Based on this
assumption, the mid-span deflections were determined
based on the curvature values calculated at mid-span and
the ends of the slab: (Gilbert and Ranzi 2011)

2
7 =%(’((z:o>,j +10K,2112) +’((Z:L>vi) (16)

where the subscript ‘j” equals ‘0’ for the instantaneous
analysis and ‘k” for the long-term one, v; represents the
midspan vertical deflection of the slab at time k;. L depicts
the span of the slab, z is the coordinate along the member
length, while xi-q)j, Kz=L/2)j @Nd &= define the curvature
values calculated at time k; from the cross-sectional
calculations at the two ends and mid-span of the slab. The
comparison between the measured slab deflections and
calculated deflection using the proposed model is presented
in Fig. 12. This comparison clearly shows that the proposed
model can predict the long-term shrinkage deflection of
steel-concrete composite slab reasonably accurately. Again,
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Fig. 11 Cross sections and test setup (dimensions are in mm) of the experiment presented in (Al-deen et al. 2015)

the fluctuations of slab deflection due to changes in external composite slab due to non-uniform shrinkage at sufficient
relative humidity were not captured by the proposed model level of accuracy that it can be used for regular design
as it assumed constant external relative humidity. However, calculations.

the proposed model can describe the long-term behaviour of
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Fig. 12 Comparisons between the experimental data (Al-deen et al. 2015) and the numerical results calculated with

the proposed method

5. Conclusions

This paper proposed a multi-step hydro-mechanical
analysis method for predicting the development of non-
uniform shrinkage through the depth of the steel-concrete
composite slab. It also demonstrated how this proposed
method could be used in conjunction with previously
proposed structural analysis model to calculate the effect of
this non-uniform shrinkage on the long-term behaviour of
composite slabs. In the proposed analysis method, concrete
moisture diffusion model was used to simulate the non-
uniform drying of composite slab. Mechanical models were
then used to calculate resulting shrinkage strain from non-
uniform drying and its effect on the long-term behaviour of
the composite slabs. The performance of the analysis
method was investigated by comparing with the
experimental results. The comparison showed that the
analysis results could describe the cross-sectional strain and
member deflection behaviour reasonably accurately. This
demonstrates that the proposed hydro-mechanical analysis
method can be used in conventional design for calculating
the long-term deflection of composite slabs.
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