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Abstract Relatively little research has been reported on

the time-dependent in-service behavior of composite con-

crete 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. This paper presents the results of

long-term laboratory tests on composite slabs subjected to

both drying shrinkage and sustained loads. Based on lab-

oratory measurements, a design model for the shrinkage

strain profile through the thickness of a slab is proposed.

The design model is based on some modifications to an

existing creep and shrinkage prediction model B3. In

addition, an analytical model is developed to calculate the

time-dependent deflection of composite slabs taking into

account the time-dependent effects of creep and shrinkage.

The calculated deflections are shown to be in good agree-

ment with the experimental measurements.

Keywords Composite slabs � Creep � Deflection �
Profiled steel decking � Serviceability � Shrinkage

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. 1a). 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 and the steel deck (Fig. 1b).

Despite their common usage, relatively little research

has been reported on the in-service behavior of composite

slabs. In particular, the drying shrinkage profile through the

slab thickness (which is greatly affected by the imperme-

able steel decking) and the restraint to shrinkage provided

by the steel decking have only recently been quantified

(Gilbert et al. 2012; Ranzi et al. 2012; Al-deen and Ranzi

2015; Al-Deen et al. 2011; Ranzi et al. 2013). 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 sig-

nificant 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. In their research, Gilbert

et al. (2012) measured the nonlinear 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. Ranzi

et al. (2012) carried out long-term tests on a post-tensioned

solid concrete slab and two composite slabs with two dif-

ferent steel decking types and also measured the occur-

rence of non-uniform shrinkage strain through the

thickness of the two composite slabs. Bradford (2010)

presented a generic model for composite slabs subjected to

concrete creep and two types of indirect (or non-mechan-

ical) straining effects; shrinkage and thermal strains;

including the effects of partial interaction between the

concrete slab and steel decking.
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As a consequence of the dearth of published research,

little design guidance is available to structural 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 (Gil-

bert 1999; Gilbert and Ranzi 2011) are often applied

inappropriately. Although techniques are available for the

time-dependent analysis of composite slabs (Gilbert and

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 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 deck and this should not be ignored.

In this paper, the results of an experimental study of the

long-term deflection of composite concrete slabs due to

sustained service loads and shrinkage are presented.

Deflections caused by creep of the concrete and the effects

of drying shrinkage are reported and discussed. Based on

the experimental results, a shrinkage strain profile is pro-

posed based on some modifications to Bažant-Baweja B3

model (ACI Committee 209 2008) for prediction of creep

and shrinkage for design purposes and an analytical tech-

nique is proposed for determining the time-varying

deflections of composite floor slabs with profiled steel

decking. Good agreement is obtained between the calcu-

lated and measured deflections.

Bažant-Baweja B3 model

The Bažant-Baweja (1995) B3 model is the most recent

model among a number of shrinkage and creep prediction

methods developed over the years by Bažant et al. and is

restricted to portland cement concrete cured for at least

1 day and to the service stress range of up to 0:45fcm28 with

the following ranges of parameters:

0:35�w=c� 0:85

(water-cement ratio by weight).

2:5� a=c� 13:5

(aggregate-cement ratio by weight).

17 MPa� fcm28 � 70 MPa

(28-day mean standard cylinder concrete compressive

strength).

160 kg/m3 � c � 720 kg/m3

(cement content)

If only the characteristic design strength of concrete is

known, then fcm28 ¼ f 0c þ 8:3 MPa is taken as the default

value.

Design shrinkage strain

In the Bažant-Baweja B3 model, the mean shrinkage strain

eshðt; tcÞ in the cross section at age of concrete t (in days) that
has developed since the start of drying at age tc (in days) is:

eshðt; tcÞ ¼ eshukhSðt � tcÞ ð1Þ

where eshu is the ultimate shrinkage strain; kh is the humidity

dependence factor; Sðt � tcÞ is the time function for shrinkage

strain; and (t - tc) is the drying period from the end of the

initial curing. The ultimate shrinkage eshu is given by:

eshu ¼ esu
Ecmð7þ600Þ
EcmðtcþsshÞ

ð2Þ

where esu is a constant strain given by Eq. (3), and
Ecmð7þ600Þ
EcmðtcþsshÞ

is a factor that represents the time dependence of the

ultimate shrinkage and is calculated using Eq. (4).

esu ¼ a1a2 0:019w2:1f�0:28
cm28 þ 270

� �
� 10�6 ð3Þ

Ecmt ¼ Ecm28

t

4þ 0:85t

� �0:5

ð4Þ

where w is the water content (in kg/m3); fcm28 is the con-

crete mean compressive strength at 28 days (in MPa); and

a1 and a2 are constant values associated with the cement

type and curing condition, respectively. The value of a1 is
1.0, 0.85 and 1.1 for cement types I, II and III, respectively.

Fig. 1 Profiled steel decks (Fielders Australia)

88 Int J Adv Struct Eng (2016) 8:87–101

123

www.SID.ir


www.SID.ir

Arc
hive

 of
 S

ID

The value of a2 is 0.75, 1.0 and 1.2 for steam cured, cured

in water or at 100 % relative humidity and for sealed

during curing or normal curing in air with initial protection

against drying, respectively.

The humidity dependence factor kh is calculated from

Eqs. (5) and (6) as:

kh ¼ 1� RH

100

� �3

if RH� 98 % ð5Þ

kh ¼ �0:2 if RH ¼ 100 % ð6Þ

and is obtained from linear interpolation between Eqs. (5)

and (6) when 98 %\RH\100 %.

The time function for shrinkage strain Sðt�tcÞ is given
by:

Sðt�tcÞ ¼ tanh

ffiffiffiffiffiffiffiffiffiffiffiffi
ðt�tcÞ
ssh

s

ð7Þ

ssh ¼ 0:085t�0:08
c f�0:25

cm28 ½2ksðV=SÞ�2 ð8Þ

where V/S is the volume-surface ratio (in mm) and ks is the

shape-correction factor for the cross-section which is 1.0 for an

infinite slab, 1.15 for an infinite cylinder, 1.25 for an infinite

square prism, 1.3 for a sphere and 1.55 for a cube, respectively.

Compliance factor

Unlike the creep models in ACI 209R-92 (ACI Committee

209 2008) and in Australian Standard (AS3600-2009)

(Australia 2009), the Bažant-Baweja B3 model does not

predict the creep coefficient, but instead gives the average

compliance factor Jðt; t0Þ at concrete age t caused by a unit

uniaxial constant stress applied at age t0, which is the

summation of the instantaneous strain, the basic creep

strain and the drying creep strain:

Jðt; t0Þ ¼ q1 þ C0ðt; t0Þ þ Cdðt; t0; tcÞ ð9Þ

where q1 is the instantaneous strain due to a unit stress;

C0ðt; t0Þ is the compliance factor related to basic creep;

Cdðt; t0; tcÞ is the additional compliance factor related to

drying creep; and t, tc, and t0 are the age of concrete, the

age that drying begins (or end of moist curing), and the age

of concrete at the time of loading, respectively (all in days).

The instantaneous strain due to unit stress is expressed as:

q1 ¼
0:6

Ecm28

ð10Þ

where

Ecm28 ¼ 4734
ffiffiffiffiffiffiffiffiffiffi
fcm28

p
ð11Þ

The compliance factor related to basic creep is calcu-

lated as:

C0ðt; t0Þ ¼ q2Qðt; t0Þ þ q3 ln½1þ ðt � t0Þn� þ q4 ln
t

t0

� �

ð12Þ

where

q2 ¼ 185:4� 10�6c0:5f�0:9
cm28 ð13Þ

Qðt; t0Þ ¼ Qf ðt0Þ 1þ Qf ðt0Þ
Zðt; t0Þ

� �rðt0Þ
" #�1=rðt0Þ

ð14Þ

Qfðt0Þ ¼ 0:086ðt0Þ2=9 þ 1:21ðt0Þ4=9
h i�1

ð15Þ

Zðt; t0Þ ¼ ðt0Þ�m
ln 1þ ðt � t0Þn½ � ð16Þ

rðt0Þ ¼ 1:7ðt0Þ0:12 þ 8 ð17Þ

q3 ¼ 0:29ðw=cÞ4q2 ð18Þ

q4 ¼ 20:3ða=cÞ�0:7 � 10�6 ð19Þ

where c is the cement content (in kg/m3); fcm28 is the

concrete mean compressive strength at 28 days (in MPa);

m and n are empirical parameters with the values of

m = 0.5 and n = 0.1 for all normal strength concretes; w/c

is water-cement ratio; and a/c is aggregate-cement ratio,

respectively.

The compliance factor related to drying creep is

obtained from Eqs. (20)–(25) as:

Cdðt; t0; tcÞ ¼ q5 ef�8HðtÞg � ef�8Hðt0Þg
h i0:5

ð20Þ

where

q5 ¼ 0:757f�1
cm28 eshu � 106

�� ���0:6 ð21Þ

HðtÞ ¼ 1� 1� RH

100

� �� �
Sðt�tcÞ ð22Þ

Sðt�tcÞ ¼ tanh

ffiffiffiffiffiffiffiffiffiffiffiffi
ðt�tcÞ
ssh

s

ð23Þ

Hðt0Þ ¼ 1� 1� RH

100

� �� �
Sðt0�tcÞ ð24Þ

Sðt0�tcÞ ¼ tanh

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðt0�tcÞ
ssh

s

ð25Þ

And the creep coefficient can be calculated as:

/ðt; t0Þ ¼ Ecm28 C0ðt; t0Þ þ Cdðt; t0; tcÞð Þ ð26Þ
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Experimental program

Overview

The experimental program involved the testing of ten large

scale simple-span composite one-way slabs under different

sustained, uniformly distributed service load histories for

periods of up to 244 days. Two different decking profiles

KF40 and KF70 (Fielders Australia 2008) were considered

as shown in Fig. 2.

The creep coefficient and drying shrinkage strain for the

concrete were measured on companion specimens cast with

the slabs and cured similarly. Additionally, the compres-

sive strength and the elastic modulus of concrete at the age

of first loading and at the end of the sustained load period

were measured on standard 100 mm diameter cylinders;

while the concrete flexural tensile strength (modulus of

rupture) was measured on 100 mm 9 100 mm 9 500 mm

concrete prisms. The elastic modulus Esd and the yield

stress fy of the steel decking were also measured on cou-

pons cut from the decking.

Crack locations and crack widths on the side surfaces

of the slabs were recorded throughout the long-term test,

together with the time-dependent change in concrete and

steel strains, mid-span deflection and the slip between the

steel decking and the concrete at each end of the

specimen.

The objectives of the experimental program were to

obtain benchmark, laboratory-controlled data on the long-

term structural response of composite slabs under different

sustained service loads, in particular the time-varying

deflection, and to analyze the effect of creep and shrinkage

on the long-term behavior of composite slabs. The labo-

ratory data was then used to validate analytical models for

the prediction of time-dependent behavior (Gilbert et al.

2012; Gilbert and Ranzi 2011) and to assist in the devel-

opment of design-oriented procedures to assess the ser-

viceability of composite slabs.

Test specimens and instrumentation

Each slab was 3300 mm long, with a cross-sec-

tion 150 mm deep and 1200 mm wide, and contained no

reinforcement (other than the external steel decking). Each

slab was tested as a single simply-supported span. The

center to center distance between the two end supports (one

hinge and one roller) was 3100 mm. Five identical slabs

with KF70 decking were poured at the same time from the

same batch of concrete. An additional five identical slabs

with KF40 decking were poured at a different time from a

different batch of concrete (but to the same specification

and from the same supplier). The thickness of the steel

sheeting in both types of decking was tsd = 0.75 mm. The

cross-section of each of the five slabs with KF70 decking is

shown in Fig. 3a. The choice of specimen variables was

made in order to examine the effects of shrinkage and

sustained load levels on long-term deflections for slabs

with two different deck profiles, while keeping slab

thickness and concrete properties the same for each spec-

imen. Further testing will be necessary to consider the

effects of varying the concrete properties and slab thick-

ness on long-term deflection.

Each slab was covered with wet hessian and plastic sheets

within 4 h of casting and kept moist for 6 days to delay the

commencement of drying.At age 7 days, the side formswere

removed and the slabs were lifted onto the supports. Sub-

sequently, the slabs were subjected to different levels of

sustained loading provided by means of different sized

concrete blocks. A photograph of the five KF70 slabs

showing the different loading arrangements and the slab

designations are also shown in Fig. 4. The first digit in the

designation of each slab is the specimen number (1–10) and

the following two letters indicate the nature of the test, with

LT for long-term. The next two numbers indicate the type of

decking (with 70 and 40 for KF70 and KF40, respectively).

The final digit indicates the approximate value of the maxi-

mum superimposed sustained loading in kPa.

112112

70

136

55

600

27.7

40

742

14
73.7

106 141 106

Asd = 1100 mm2/m; ysd = 27.7 mm; Isd = 584000 mm4/m          Asd = 1040 mm2/m; ysd = 14.0 mm; Isd = 269000 mm4/m 

(a) KF70 (b) KF40

Fig. 2 Dimensions (in mm) of each steel decking profile (tsd = 0.75 mm)
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The mid-span deflection of each slab was measured

throughout the sustained load period with dial gauges at the

soffit of the specimen. Dial gauges were also used tomeasure

the slip between concrete slab and steel decking at the ends of

the slab at both roller and hinge supports in slabs 2LT-70-3,

3LT-70-3, 4LT-70-6 and 5LT-70-8 with KF70 decking and

in slabs 7LT-40-3 and 9LT-40-6 with KF40 decking. At the

mid-span of each slab, the concrete strains weremeasured on

the top and bottom surfaces using 60 mm long strain gauges.

The strain gauges were glued onto the concrete surface and

steel sheeting after removing the wet hessian at age 7 days.

Internal embedded wire strain gauges were used to measure

the concrete strains at different depths through the thickness

of slabs 2LT-70-3, 5LT-70-8, 7LT-40-3 and 9LT-40-6, with

locations shown on the cross-section in Fig. 3b. The self-

weight and cross-sectional properties of the composite slabs

are given in Table 1.

The location, height and width of the cracks were

measured on the side faces of each specimen and recorded

throughout the test. Of particular interest was the time-

dependent development of cracking and the increase in

crack widths with time. Crack widths were measured using

a microscope with a magnification factor of 40. The

average relative humidity RH in the laboratory throughout

the period of testing was 67 and 72 % for the KF70 and

KF40 test specimens, respectively.

Loading procedure

Each of the KF70 slabs was placed onto its supports at age

7 days and remained unloaded (except for its self-weight,

see Table 1) until age 64 days. At age 64 days, with the

exception of 1LT-70-0, each slab was subjected to super-

imposed sustained loads in the form of concrete blocks.

Each concrete block was placed on 60 mm high timber

blocks to ensure a largely uninterrupted air flow over the

top surface of the slabs and allow the concrete to shrink

freely on the top surface. The block layouts are illustrated

in Fig. 5 (and are also shown in the photograph of Fig. 4).

Slab 1LT-70-0 carried only self-weight for the full test

duration of 240 days. Slabs 2LT-70-3 and 3LT-70-3 were

identical, carrying a constant superimposed sustained load

of 3.4 kPa from age 64 to 247 days, i.e. a total sustained

load of 6.4 kPa. Slab 4LT-70-6 carried a constant super-

imposed sustained load of 6.0 kPa from age 64 to

247 days, i.e. a total sustained load of 9.0 kPa. Slab 5LT-

70-8 carried a constant superimposed sustained load of

6.1 kPa from age 64 to 197 days, i.e. a total sustained load

of 9.1 kPa and from age 197 to 247 days the superimposed

sustained load was 7.9 kPa, i.e. a total sustained load of

10.9 kPa.

Each of the KF40 slabs was placed onto the supports at

age 7 days and remained unloaded except for its self-

weight, i.e. 3.2 kPa until age 28 days. At age 28 days (after

21 days drying), with the exception of 6LT-40-0, each slab

was subjected to superimposed sustained loads with the

block layouts similar to that used for the KF70 slabs and

shown in Fig. 5. Slab 6LT-40-0 carried only self-weight for

the full test duration of 244 days. Slabs 7LT-40-3 and 8LT-

40-3 were identical, carrying a constant superimposed

sustained load of 3.4 kPa from age 28 to 251 days, i.e. a

total sustained load of 6.6 kPa. Slabs 9LT-40-6 and 10LT-

40-6 were also identical and carried a constant superim-

posed sustained load of 6.4 kPa from age 28 to 251 days,

i.e. a total sustained load of 9.6 kPa.

Experimental results

Material properties

The measured compressive strength, modulus of elasticity

and flexural tensile strength are presented in Table 2. The

1200 mm

150 mm

1200 mm 40 mm 75 mm

118 mm

(a) Cross-section

(b) Position of strain gauges (2LT-70-3 and 5LT-70-8)

Fig. 3 Cross-sections and embedded strain gauges location in KF70

slabs

Fig. 4 View of slabs with KF70 decking under sustained load
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measured creep coefficient versus time curves for concrete

cylinders cast with the KF70 slabs and first loaded at age

64 days and KF40 slabs first loaded at age 28 days is

shown in Fig. 6. The creep coefficient at the end of test for

the KF70 slabs was / (247,64) = 1.62. For the KF40 slabs,

the creep coefficient at the end of the test (age 251 days)

for the concrete first loaded at age 28 days was /
(251,28) = 1.50.

The development of the drying shrinkage strain for the

concrete is also shown in Fig. 6. The curves represent the

average of the measured shrinkage on two standard

shrinkage prisms, 75 mm 9 75 mm 9 275 mm, from the

day after removing the wet hessian until the end of the test.

The average measured shrinkage strain at the end of test for

the KF70 slabs was esh = 512 le. Similarly, for the KF40

slabs, the average measured shrinkage strain at the end of

tests was esh = 630 le.
The average of the measured values of yield stress and

elastic modulus taken from three test samples of the KF70

decking were fy = 544 MPa and Esd = 212 GPa, respec-

tively. Similarly, from three test samples of the KF40

decking, average values were fy = 475 MPa and

Esd = 193 GPa, respectively.

Mid-span deflection and end slip

The variations of mid-span deflection with time for the

KF70 and KF40 slabs are shown in Fig. 7. Key deflection

values are summarized in Table 3. The measured deflection

includes that caused by shrinkage, the creep-induced

deflection due to the sustained load (including self-weight),

the short-term deflection caused by the superimposed loads

(blocks) and the deflection caused by the loss of stiffness

resulting from time-dependent cracking (if any). It does not

include the initial deflection of the uncracked slab at age

7 days due to self-weight (which has been calculated to be

about 0.5 mm for both the KF70 and KF40 slabs).

The measured end slips were very small with the max-

imum values of about 0.1 and 0.12 mm at the supports in

3LT-70-3 and 4LT-70-6, respectively. The end slips were

negligible in the other slabs.

Discussion of test results

Shrinkage clearly has a dominant effect on the final

deflection of these composite slabs. With a sustained load

of 3.2 kPa (self-weight), the final deflection of 6LT-40-0

was 4.99 mm. When the sustained load was increased by a

factor of about 3–9.6 kPa, the slabs suffered additional

cracking and yet the final deflection only increased by a

factor of about 1.4–6.94 mm (9LT-40-6) and by a factor of

about 1.7–8.26 mm (10T-40-6). A similarly dominant

effect of shrinkage over load was observed in the KF70

slabs.

Prior to the application of any load other than self-

weight, the slabs deflected significantly, mainly due to the

shrinkage-induced curvature. For the five KF70 slabs, after

57 days of drying (when esh = 400 le), the deflection

varied from 2.18 mm (for 4LT-70-6) to 3.54 mm (for 2LT-

70-3). Although this was mainly due to early shrinkage, it

included the creep deflection resulting from self-weight

which was estimated at about 0.4 mm. At this stage all

KF70 slabs were identical (in terms of materials, geometry

and load history), yet the deflection varied significantly.

This highlights the large degree of variability when con-

sidering the service load behavior of concrete slabs, with

deflection being highly dependent on the nonlinear and

time-dependent behavior of the concrete. For the five KF40

slabs, after 21 days of drying (when esh = 390 le), the
deflection varied from 2.72 mm (for 8LT-40-3) to 3.33 mm

(for 7LT-40-3).

The extent of time-dependent cracking in the KF40 slabs

was greater than that in the KF70 slabs and was somewhat

unexpected. With the centroid of the KF40 steel decking

being only 14 mm above the bottom of the slab (and that of

the KF70 decking being 27.7 mm above the bottom), the

tensile force that developed with time on the concrete, due

to the restraint provided by the KF40 decking to drying

shrinkage, is significantly more eccentric to the centroid of

the concrete than that provided by the KF70 decking. This

will increase the concrete tensile stress in the bottom fibers

of the concrete and may have contributed to the observed

differences in crack patterns.

Analytical modeling

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 (Dilger

and Neville 1971; Bažant 1972). Gilbert et al. (2012)

extended the method to calculate the effects of a non-

Table 1 Properties of

composite slabs
Slab decking profile Slab self-weight (kPa) Gross section Ig (mm4) Cracked section Icr (mm4)

KF70 3.0 278 9 106 102 9 106

KF40 3.2 310 9 106 111 9 106
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2LT-70-3 and 3LT-70-3 Section

4LT-70-6 Section

5LT-70-8 Section

1200
1000

1400

50
0

1400

50
0

1400

50
0

1200
1000

1200
1000

2800300 300

2800300 300

2800300 300

3300

50
0

50
0

230440440440440440440230

250

30
0

380780780780380

15
0

15
0

15
0

1000

3300

3300

380780780780380

250

25
0

1000

noitceS0-07-TL1

Concrete Block

Hinge SupportRoller Support

1200

1400

50
0

2800300 300

3300

15
0

3100

Concrete Block

Hinge SupportRoller Support

Concrete Block

Hinge SupportRoller Support

Concrete Block

Hinge SupportRoller Support

Fig. 5 Sustained load configuration for KF70 slabs
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uniform shrinkage gradient 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. This method is adopted here.

To calculate the time-dependent deformation of a

composite concrete cross-section, the shrinkage strain

profile and the creep coefficient for the concrete slab are

needed. In the following, a shrinkage strain profile is pro-

posed for concrete slabs on profiled steel decking that is

suitable for use in structural design and a modification to

the provisions of Bažant-Baweja B3 prediction model (ACI

Committee 209 2008) for estimating the shrinkage strain

and creep coefficient for composite slabs is also proposed.

The proposals have been developed empirically from

experimental measurements of shrinkage-induced strain

distributions in composite slabs.

For a composite slab on profiled steel decking, if the

average thickness of the concrete tave is defined as the area

of the concrete part of the cross-section Ac divided by the

width of the cross-section b, the following modifications to

the term V/S is proposed to account for the effect of the

steel decking on the drying profile through the concrete,

and hence on the magnitude of creep and shrinkage:

V=S ¼ 25þ 0:25tave ðin mmÞ: ð27Þ
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Fig. 6 Creep coefficient and shrinkage strain versus time
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Fig. 7 Mid-span deflection versus time

Table 2 Concrete properties

Slab type f 0c (MPa) (days) Ec (MPa) (days) fct.f (MPa) (days)

KF70 64 28.0 64 30,725 64 3.50

247 29.8 247 31,650 247 4.54

KF40 28 35.5 28 28,200 28 3.80

251 42.7 251 31,600 251 5.05
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For the decking profiles considered in this study, the

ratio of trough height to slab thickness is defined as rd (as

described in Fig. 8) and was in the range 0.25–0.5. The

modification factor Km for creep coefficient and shrinkage

strain is proposed as:

Km ¼ 1:5� 0:55rd ð28Þ
e�shðt; tcÞ ¼ Kmeshðt; tcÞ ð29Þ

/�ðt; t0Þ ¼ Km/ðt; t0Þ: ð30Þ

The measured shrinkage strain at any height y above the

soffit of the composite slab with overall depth D, eshðyÞ,
may be approximated by Eq. (31):

eshðyÞ
e�shðt; tcÞ

¼ aþ b
y

D

� 	4

ð31Þ

where eshð0Þ ¼ a e�shðt; tcÞ is the shrinkage strain at the

bottom of the slab (at y = 0) and eshðDÞ ¼ ðaþ bÞ e�shðt; tcÞ
is the shrinkage strain at the top surface of the slab (at

y = D).

From the experimental results, a = 0.2 provides a rea-

sonable estimate, but b appears to depend on the profile of

the steel decking. Excellent agreement between the pre-

dicted long-term deflection and the measured values is

obtained with the value of b ¼ 2:0� 2:25rd as shown in

Figs. 9 and 10.

The analytical curves were obtained by double inte-

gration of the curvature diagram at each time instant,

with the curvature determined at cross-sections at

155 mm centers along the span using the layered cross-

section approach of Gilbert et al. (2012). Sample cal-

culations for the determination of the short-term and

time-dependent curvature at mid-span of slab 1LT-70-0

are provided in the Appendix, together with the deter-

mination of the shrinkage profile through the thickness

of the slab.

For each slab, the same load history was considered in

the analytical modeling as was applied to the real slab.

Where two identical slabs with identical loading histories

were tested, the analytical deflection-time curves are

compared with the average of the two experimental curves.

In those parts of the slabs where the numerical study

showed that cracking had occurred, the effect of tension

stiffening was considered using an approach similar to that

outlined in Eurocode 2 (BS 1992). The average curvature

(jave) used in deflection calculation is determined accord-

ing to Eq. (32):

jave ¼ fjcr þ 1� fð Þjuncr ð32Þ

where jcr is the time-dependent curvature on the cracked

cross-section (ignoring tension in the concrete); juncr is the

hs

ht

htrd= / hs

Fig. 8 Definition of shape factor (rd)

Table 3 Measured mid-span

deflections
Slab Time-dependent deflection (mm)

57 days of drying 190 days of drying 240 days of drying

Before After Before After Before After

1LT-70-0 2.92 2.92 4.24 4.24 4.04 4.04

2LT-70-3 3.54 4.29 6.74 6.74 6.72 6.01

3LT-70-3 2.97 3.63 5.80 5.80 5.84 5.16

4LT-70-6 2.18 3.38 6.37 6.37 6.40 5.31

5LT-70-8 2.94 4.23 6.56 6.96 7.23 5.78

Slab Time-dependent deflection (mm)

21 days of drying 28 days of drying 56 days of drying 244 days of drying

Before After Before After

6LT-40-0 2.83 2.83 3.15 3.87 4.99 4.99

7LT-40-3 3.33 4.14 4.72 5.68 7.30 6.62

8LT-40-3 2.72 4.12 4.70 5.38 6.57 5.53

9LT-40-6 2.95 4.35 4.60 5.90 6.94 5.68

10LT-40-6 3.30 5.10 5.52 6.72 8.26 7.81
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time-dependent curvature on the uncracked cross-section;

and f is the distribution coefficient given by:

f ¼ 1� Mcr:t

Ms

� �2

ð33Þ

where Mcr.t is the cracking moment at the time under

consideration and Ms is the in-service moment imposed on

the cross-section.

The shrinkage induced deflection calculated using the

proposed shrinkage profile for each decking type (Eq. 31),

together with the instantaneous and time-dependent

deflection caused by the applied load (elastic and creep

deflection), are in good agreement with the measured

response of the slabs.

A summary of the measured and calculated mid-span

deflections is presented in Table 4, where comparisons

between the measured and predicted deflections are made

at 42 days after the commencement of drying and at the

end of the test.

Summary and conclusions

The results of an experimental study of the long-term

deflection of composite concrete slabs under sustained

loads have been presented. The deformation caused by

applied load, creep of the concrete and the effects of drying

shrinkage have been reported and discussed for ten simply-

supported slabs, with either KF70 or KF40 steel decking

(Fielders Australia 2008), subjected to different loading

histories. The measured slab deflections have confirmed the

dominant effect of drying shrinkage over load for normal

levels of sustained loads.

Also proposed is a nonlinear shrinkage profile through

the thickness of a composite concrete slab, together with an

analytical model for calculating the instantaneous and

time-dependent curvature of the cross-section due to the

effects of both load and nonlinear shrinkage. The agree-

ment between the calculated deflection and the measured

deflection for each of the ten slabs is good.
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Fig. 9 Mid-span deflection versus time (KF70 slabs)
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Appendix: Sample calculations

Sample calculations of the short-term and long-term cur-

vature on the cross-section of slab 1LT-70-0 at mid-span

are presented here using the approach presented by Gilbert

et al. (2012). The slab was simply-supported over a span of

3100 mm and loaded with its self-weight of 3.60 kN/m at

age 7 days. That uniform load remained constant for a

further period of 240 days, with deformation increasing

with time due to creep and shrinkage. The cross-section of

the slab is divided into 10 layers, each 15 mm thick as

shown in Fig. 11. Details of the geometric discretization

are presented in Table 5. For this slab the elastic modulus

of the concrete is assumed to be constant as Ec = 30.73

GPa and for the steel decking Esd = 212 GPa.

For this lightly loaded slab, the maximum sustained

bending moment at mid-span is Mmax = 4.32 kNm. The

average thickness of the concrete is tave = Ac/b =

148.8 9 103/1200 = 124 mm.

Take tc = t0 = 7 days, t = 247 days, fc = 28 MPa,

fcm28 = fc ? 8.3 = 36.3 MPa, Ecm28 = 30.73 GPa,

a1 = 1.0, a2 = 1.2, c = 400 kg/m3, w = 200 kg/m3,

a = 1650 kg/m3, RH = 67 %, ks = 1.0.

Calculation of shrinkage strain in each concrete

layer

From Eq. (4), Ecm607 ¼ Ecm28
607

4þ0:85�607

� 	0:5

¼ 33:20 Gpa

and with tc = 7 days and V=S ¼ 25þ 0:25tave ¼ 56 mm,

from Eq. (8) ssh ¼ 0:085� 7�0:08 � 36:3�0:25½2� 1�
56�2 ¼ 371:8 is calculated.
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Fig. 10 Mid-span deflection versus time (KF40 slabs)
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EcmðtcþsshÞ ¼ Ecm28

378:8

4þ 0:85� 378:8

� �0:5

¼ 33:13 Gpa

esu ¼ 1� 1:2� ½0:019� 2002:1 � 36:3�0:28 þ 270� � 10�6

¼ 891� 10�6

Sðt�tcÞ ¼ tanh

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð247� 7Þ
371:7

r

¼ 0:67

kh ¼ 1� 67

100

� �3

¼ 0:7

eshu ¼ 891� 10�6 � 33:20

33:13
¼ 893� 10�6

eshðt; tcÞ ¼ 893� 10�6 � 0:7� 0:67 ¼ 419� 10�6

Km ¼ 1:5� 0:55rd ¼ 1:5� 0:55� 70

150
¼ 1:24

yci

KF70 Steel Decking Aci

y

x

15 mm

Asd = 1320 mm2

ysd = 27.7 mm

b = 1200 mm

D = 150 mm

Fig. 11 Geometry and analysed

cross-section of slab 1LT-70-0

Table 5 Area, position and shrinkage strain of concrete layers

Layer (i) Ac(i) (mm2) yci (mm) esh

1 8768 7.5 -104.0 9 10-6

2 9710 22.5 -104.3 9 10-6

3 10,446 37.5 -105.9 9 10-6

4 12,917 52.5 -111.4 9 10-6

5 16,922 67.5 -124.3 9 10-6

6 18,000 82.5 -149.2 9 10-6

7 18,000 97.5 -192.2 9 10-6

8 18,000 112.5 -260.3 9 10-6

9 18,000 127.5 -361.9 9 10-6

10 18,000 142.5 -506.4 9 10-6

R 148,763

Table 4 Measured and calculated mid-span deflections

Slab Time-dependent deflection (mm)

42 days of drying 240 days of drying

Measured (test) Calculated Measured/calculated Measured (test) Calculated Measured/calculated

1LT-70-0 2.67 2.86 0.93 4.04 5.05 0.80

2LT-70-3 3.27 2.86 1.14 6.72 6.36 1.06

3LT-70-3 2.74 2.86 0.96 5.84 6.36 0.92

4LT-70-6 2.16 2.86 0.76 6.40 7.38 0.87

5LT-70-8 2.69 2.86 0.94 7.23 8.74 0.83

Slab Time-dependent deflection (mm)

42 days of drying 244 days of drying

Measured

(test)

Calculated Measured/calculated Measured

(test)

calculated Measured/

calculated

6LT-40-0 3.77 3.13 1.20 4.99 5.70 0.88

7LT-40-3 5.50 4.16 1.32 7.30 7.04 1.04

8LT-40-3 5.26 4.16 1.26 6.57 7.04 0.93

9LT-40-6 5.67 5.76 0.98 6.94 8.47 0.82

10LT-40-6 6.36 5.76 1.10 8.26 8.47 0.98
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e�shðt; tcÞ ¼ Kmeshðt; tcÞ ¼ 1:24� 419� 10�6

¼ 520� 10�6

b ¼ 2:0� 2:25rd ¼ 2� 2:25� 70

150
¼ 0:95

The shrinkage strain at the centroid of the ith concrete layer

on the cross-section is obtained from Eq. (31):

eshðyciÞ ¼ e�shðt; tcÞ � aþ b
yci

D

� 	4
� �

¼ �520� 0:2þ 0:95
yci

150

� 	4
� �

and is listed in Table 5.

Calculation of creep coefficient

From Eqs. (9) to (25), it can be found that:

q2 ¼ 185:4� 10�6 � 4000:5 � 36:3�0:9 ¼ 146:3� 10�6

Qfðt0Þ ¼ 0:086� 72=9 þ 1:21� 74=9
h i�1

¼ 0:33

Zðt; t0Þ ¼ 7�0:5 � ln 1þ ð247� 7Þ0:1
h i

¼ 0:38

rðt0Þ ¼ 1:7� 70:12 þ 8 ¼ 10:15

q3 ¼ 0:29� ð200=400Þ4 � 146:3� 10�6 ¼ 2:7� 10�6

q4 ¼ 20:3� ð1650=400Þ�0:7 � 10�6 ¼ 7:5� 10�6

Qðt; t0Þ ¼ 0:33� 1þ 0:33

0:38

� �10:15
" #�1=10:15

¼ 0:32

C0ðt; t0Þ ¼ 146:3� 10�6 � 0:32þ 2:7� 10�6 � ln½1

þ ð247� 7Þ0:1� þ 7:5� 10�6 � ln
247

7

� �

¼ 76:3� 10�6

Sðt0�tcÞ ¼ 0

Hðt0Þ ¼ 1

HðtÞ ¼ 1� ð1� 0:67Þ � 0:67 ¼ 0:78

q5 ¼ 0:757� 36:3�1 � 893�0:6 ¼ 354� 10�6

Cdðt; t0; tcÞ ¼ 354� 10�6 � ½e�8�0:78 � e�8�0:5

¼ 14:2� 10�6

And the creep coefficient at age 247 days due to loading

first applied at t0 = 7 days is:

/ðt; t0Þ ¼ 30:73� 103 � 76:3� 10�6 þ 14:2� 10�6

 �

¼ 2:77

/
�
ðt; t0Þ ¼ 1:24� 2:77 ¼ 3:43

Short-term analysis at mid-span at t0 5 7 days

The strain at any point on the cross-section y above the slab

soffit at time t0 = 7 days, immediately after first loading

can be expressed as e ¼ er;0 � yj0, where er;0 is the strain at
the slab soffit and j0 is the instantaneous curvature. Fol-

lowing the approach outline by Gilbert et al. (2012), the

strain at mid-span due to any combination of axial force N0

and moment M0 is:

er;0
j0

" #

¼ 1

RA;0RI;0 � R2
B;0

RI;0 RB;0

RB;0 RA;0

" #

�
N0

M0

" #

ð34Þ

where RA,0, RB,0 and RI,0 are the rigidities of the transformed

section related to area, first moment of area and second

moment of area about the slab soffit and are calculated as:

RA;0 ¼
X10

i¼1

AciEc þ EsdAsd ¼ 4851� 106 N

RB;0 ¼
X10

i¼1

yciAciEc þ ysdAsdEsd ¼ 396� 109 Nmm

RI;0 ¼
X10

i¼1

y2ciAciEc þ ðy2sdAsd þ IsdÞEsd

¼ 40:7� 1012 Nmm2

when N0 = 0 and M0 = 4.32 kNm, Eq. (34) gives:

er;0 ¼ 42:1� 10�6 and j0 ¼ 0:52� 10�6mm�1:

The strain in the bottom concrete layer at y = 0 mm is

e = er,0 - yj0 = 42.1 9 10-6 and the corresponding

concrete stress is rc = e Ec = 1.3 MPa. Since this is well

below the tensile strength of concrete, this slab has not

cracked at this time.

Long-term analysis at mid-span at tk 5 247 days

Adopting the age-adjusted effective modulus method as

outlined by Gilbert et al. (2012), with an aging coefficient

of vðtk; t0Þ ¼ 0:65, the age-adjusted modulus for concrete

after 240 days under load is:

�Ee;k ¼
Ec

1þ vðtk; t0Þ/ðtk; t0Þ
¼ 30725

1þ 0:65� 3:43
¼ 9514 MPa:

The strain at any point on the cross-section y above the

slab soffit at time tk = 247 days can be expressed as

e = er,k - yjk, where er,k is the strain at the slab soffit and jk
is the curvature at time tk. Following the approach outline by

Gilbert et al. (2012), the strain at mid-span due to any

combination of sustained axial force Nk and moment Mk is:
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er;k
jk

" #

¼ 1

RA;kRI;k � R2
B;k

RI;k RB;k

RB;k RA;k

" #

� ðrk � fcr;k

þ fsh;kÞ
ð35Þ

where RA,k, RB,k and RI,k are the rigidities of the age-ad-

justed transformed section related to area, first moment of

area and second moment of area about the slab soffit and

are calculated as:

RA;k ¼
X10

i¼1

Aci
�Ee;k þ EsdAsd ¼ 1695� 106 N

RB;k ¼
X10

i¼1

yciAci
�Ee;k þ ysdAsdEsd ¼ 128� 109 Nmm

RI;k ¼
X10

i¼1

y2ciAci
�Ee;k þ ðy2sdAsd þ IsdÞEsd

¼ 12:8� 1012 Nmm2

The vectors rk, fcr,k and fsh,k are vectors of axial force and

moment: with rk consisting of Nk and Mk; fcr,k contains the

fictitious actions resulting from the change in strain caused by

creep due to the initial concrete stress at age t0 and assuming

full restraint; and fsh,k contains the actions if the shrinkage

strain was completely restrained over the time period.

fcr;k ¼
Xmc

i¼1

�Fe ið Þ;0
NcðiÞ;0

McðiÞ;0

" #

¼
Xmc

i¼1

�Fe ið Þ;0 EcðiÞ;0
AcðiÞer;0 � BcðiÞj0

�BcðiÞer;0 þ IcðiÞj0

" #

ð36Þ

fsh;k ¼
Xmc

i¼1

Ac ið Þ
�Bc ið Þ

� 

�Ee ið Þ;kesh ið Þ;k ð37Þ

where the terms Ac(i), Bc(i) and Ic(i) are the area, the first and

second moments of area of the ith concrete layer about the

x axis, respectively. In this case:

rk ¼
0

4:32� 106 Nmm

� 

;

fcr;k ¼
3412 N

�1:72� 106 Nmm

� 

;

fsh;k ¼ �314� 103 N

33:3� 106 Nmm

� 


and from Eq. (35):

er;k ¼ 183� 10�6 and jk ¼ 4:90� 10�6 mm�1:

Similar calculations may be formed at other cross-sec-

tions along the member and the curvature diagrams at times

t0 and tk may be integrated to determine the slab deflection

at each time, namely D0 and Dk.

The curvatures so determined at ten points along the

span are given in Table 6, where xi is the distance of the

section from the left end support of the slab.

Integration of the curvatures at each time instant gives

the mid-span deflection:

D0 ¼ 0:51 mm and Dk ¼ 5:52 mm:

The time-dependent part of the mid-span deflection is

therefore: D�
k ¼ 5:52�0:51¼ 5:01 mm:
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