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 This paper describes laboratory tests on twelve simply-supported one-way slabs including four 
lightweight concrete slabs in this study and previously conducted experiments on eight self-
compacting reinforced concrete slabs subjected to loading at the age of 14 days. All slab were 
identical by dimensions of 3.8 m long supported on 3.5 m span, 400 mm wide, and 161 mm 
deep with 4N12 bars at an effective depth of 136 mm providing a reinforcement ratio of 0.008. 
After seven days moist-curing, the specimens were removed from the formworks and subjected 
to different values of the uniformly distributed loading including the self-weight of slabs. The 
mid-span deflection of slabs was recorded immediately after putting the loading blocks on the 
slabs. Despite close values of the compressive strength of the mixtures, the obtained results 
validate the effect of the concrete type on the instantaneous deflection of slabs. A wide range 
of existing models of the effective stiffness of reinforced concrete section were investigated to 
predict the instantaneous deflection of slabs. Majority of the models are developed for 
conventional concrete. Comparing the predicted and experimental results of mid-span 
deflection confirmed that the existing models are inadequate for lightly reinforced specimens 
such as slabs. New models are proposed and verified to predict the effective moment of inertia 
in the slabs with and without fiber reinforcing concretes.   
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1. Introduction 
 

 

Determination of the deflection in structure is important from serviceability criteria. Despite 
importance of the flexural deflection in serviceability design of reinforced concrete structures, 
simplified methods to predict the deflection in design codes are not compatible with the experimental 
deflection values under the service loads (Newhook, 2001). In sensitive elements such as slabs with 
lightly-reinforced concrete section, the long-term deflection is the governing factor in design for 
serviceability aspects and required performance (Gilbert, 2007). 
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 The flexural deflection of reinforced concrete members is computed using the effective flexural 
stiffness to account for non-linear behavior of the section after the concrete has cracked (Bischoff & 
Darabi, 2012). Differences between the various methods used to estimate the flexural deflection depend 
on various factors. The main effective factors are the shape of the curvature diagram along the span, 
which in turn, is affected by the service load type and level, boundary conditions, ratio of the cracking 
moment and moment of inertia to those for service load and the ultimate capacity of section and tension 
stiffening (Bischoff & Gross, 2010). 

Design codes generally predict the time-dependent deflection by multiplying an empirical 
amplification factor by an instantaneous deflection at the age of 28 days. This multiplier might be 
affected by material properties, loading value and section properties (Vollum, 2003). However, the 
early-age loading of slabs might be inevitable in construction industry. Effect of the early-age loading 
on deflection of concrete slabs is not completely understood in the literature; however, it is inevitable 
effective parameter and complicates the prediction of the instantaneous and time-dependent deflection 
of reinforced concrete section. 

Park et al. (2010) investigated the effective stiffness in conventional concrete slabs subjected to 
early-age loading and found that ACI 209-08 and ACI- 318-08 overestimate the elastic modulus and 
underestimate the long-term deflection at early-age loading. Park et al. (2012) investigated the effect 
of curing condition and low-temperature on the early-age loaded slab specimens and confirmed their 
previous experiment results (Park et al., 2010). Lee et al. (2007) conducted experimental investigation 
on slabs subjected to early loading at the ages of 3, 7, and 28 days and found that the early-age loading 
has significant effect on the instantaneous and long-term deflections. They also showed that 
overestimation of effective stiffness of reinforced concrete section by provisions of the ACI 318-08 
results in the underestimated immediate and long-term deflections of the slabs subjected to the early-
age loading. 

This study investigates the instantaneous deflection of twelve identical concrete slabs under different 
magnitudes of service loads. The described research program investigates the influence of the loading 
level and the effective stiffness on the instantaneous deflection at the age of 14 days (Δinst-14) of one-
way slab specimens manufactured with Lightweight Concrete (LWC) and Self-Compacting Concrete 
(SCC). The main objectives of this study are: 

- Comparing the experimentally recorded values of Δinst-14 in LWC and SCC slabs  

- Comparing the development rate of the modulus of elasticity and compressive strength in LWC 
and SCC mixtures 

- Comparing the recorded deflections with the predictions of existing equations of effective 
moment of inertia (Ie) in codes of practice and empirical equations 

- Investigating the effect of loading level, ratio of the applied service moment (Ma) to cracking 
moment (Mcr) and ultimate bending capacity of section (Mu) on Δinst-14 

- Investigating the effect of fiber type and content in SCC slabs deflection 

- Modifying the existing equations of effective moment of inertia (Ie) to propose new models for 
LWC and SCC slabs with and without fiber reinforcing 

2. Experimental program 

Twelve concrete slabs internally reinforced with steel and different types of fiber were constructed 
and tested to record the instantaneous deflection at the early-age of 14 days. Aslani (2014) conducted 
series of tests on eight specimens of SCC slabs with 4 pairs of mixture design in the concrete laboratory 
of University of Technology Sydney (UTS). The authors conducted the second series of tests on four 
LWC slab specimens with one mixture design. All specimens were similarly simply supported having 
length 3500 mm (138 in), depth 161 mm (6.3 in) and width 400 mm (15.7 in). The side and bottom 
cover of concrete from bar centroid were 40 mm (1.6 in) and 25 mm (1 in), respectively.  
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Each slab was singly reinforced with four symmetrically positioned deformed N steel bars of 12 mm 
diameter and 3800 mm (150 in) length (including anchorage length). The height and width of the 
specimen were chosen to allow proper placement of the longitudinal reinforcement and to be able to 
accommodate the test parameters. 

3. Curing and loading of slabs 
 

Each slab was moist cured for 14 days and then the predetermined load level was applied on the 
slab. To provide the required loading, rectangular concrete blocks of predetermined size and weights 
were cast and weighed before the commencement of the test. Slab specimens were uniformly loaded 
by the concrete blocks using wooden timbers as loading pads. The deflection at mid-span of the slab 
specimen was recorded by Linear Variable Differential Transformer (LVDT). Fig. 1 shows the 
arrangement of concrete blocks on top of each specimen to achieve the required load level and the 
LVDT positioning under the slabs. 

 

 
 Lightweight concrete Self-compacting concrete 

 

Fig. 1. Loading blocks arrangement and LVDT positioning for flexural test of slabs 
 

4. Materials and admixtures  

Two different types of concrete; LWC, and SCC have been used to investigate the instantaneous 
deflection of one-way slabs. Table (1) explains the mixture proportions and density of LWC and SCC 
mixtures. Type, volume and aspect ratio of the fibers of the SCC mixture are illustrated in Table 1 and 
Table 2 also.  
 
Table 1. Mixture design of slab specimens 

Constituents  N-SCC D-SCC S-SCC DS-SCC LWC 
Cement, kg/m3 (lb/ft3) 160 (10) 160 (10) 160 (10) 160 (10) 250 (15.6) 
Fly Ash (kg/m3) 130 (8) 130 (8) 130 (8) 130 (8)  
GGBFS (kg/m3) 110 (7) 110 (7) 110(7) 110(7)  
Cementitious content  (kg/m3) 400(25) 400(25) 400 (25) 400 (25)  
water 208 (13) 208 (13) 208 (13) 208 (13) 150 (9) 
Water Cementitious ratio 0.52 0.52 0.52 0.52 0.6 
Aggregate ,kg/m3 (lb/ft3) 
Coarse sand 660(41) 660 (41) 660 (41) 660 (41)  620 (39) 
fine sand 221(14) 221(14) 221 (14) 221 (14)  
Coarse aggregate 820 (51) 820 (51) 820 (51) 820 (51) 800 (50) 
Light Aggregate (BST)     300 (19) 
Admixtures ,lit/m3 (lit/f3) 
Super plasticizer  4 (0.11) 4.86 (0.14) 4.73 (0.13) 4.5 (0.13)  
Viscosity modifying agent 1.3 (0.04) 1.3 (0.04) 1.3 (0.04) 1.3 (0.04)  
High range water reducing agent 1.6 (0.05) 1.6 (0.05) 1.6 (0.05) 1.6(0.05)  
Fibre content, kg/m3 (lb/ft3) 
Steel - 30 (1.9) - 15 (0.9)  
Polypropylene - - 5 3  
Density, kg/m3 (lb/ft3) 2340 (146) 2274 (142) 2330 (145) 2385 (149) 2000 (125) 
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Table 2. The physical and mechanical properties of fibers 

Type 
Trade 
name 

Density 
(kg/m3) 
(lb/ft3) 

Length 
Mm (in)

Diameter 
 mm(in) 

Aspect 
Ratio 
(l/d) 

Tensile 
strength 

MPa 
(ksi) 

Elasticity 
modulus 
GPa(ksi) 

Steel 

Drami 
x RC-
80/60-

BN 

7850 
(490) 

60 (2.4) 0.75 (0.03) 80 
1050 
(152) 

200 
(29000) 

Polypropylene 
Synmi 
x 65 

905 (56) 65 (2.6) 0.85(0.33) 76.5 250 (36) 3 (435) 

 
 
5. Early-age properties of SCC and LWC mixtures 

The existing models and empirical relationships to predict the early-age characteristics of SCC and 
LWC are very rare in the literature. Therefore, precise values of the compressive strength and modulus 
of elasticity of the mixtures were measured by the companion test specimens in laboratory conditions. 
Fig. 2 compares the experimental values and development rate of the compressive strength and modulus 
of elasticity of the mixtures at the ages of 14 and 28 days.  

According to Fig. 2, the average increasing ratio of the modulus of elasticity in SCC and LWC are 1.17 
and 1.10, respectively. The development ratio of the compressive strength in SCC and LWC are 1.15 
and 1.10, respectively.  

     

  
Fig. 2. Compressive strength and modulus of elasticity of mixtures at 14 and 28 days 

 

6. Difference between elastic and instantaneous deflection 

Elastic deflection of reinforced concrete structures in some codes of practice is considered as the 
instantaneous or short-term deflection of slabs. This section compares the experimental instantaneous 
values with the calculated elastic deflection of the investigated slabs. The instantaneous deflection was 
recorded by LVDT installed at mid-span, immediately after early-age loading of slabs. Table 3 shows 
the calculated elastic deflection (Δe) based on the modulus of elasticity at the ages of 14 and 28 days. 
The recorded instantaneous deflection at the age of 14 days (Δins-14) of each slab under different values 
of the uniformly distributed load (Wa) is presented in the table also. Ultimate capacity of section (Mu), 
applied service moment due to loading (Ma) and ratio of Ma/Mu are also given in Table (3). 

Considering the instantaneous deflection as elastic deflection is a common source of error in design 
of the concrete structures. Fig. 3 shows the ratio of experimental instantaneous deflection to the 
calculated elastic deflection at the ages of 14 (Δins-14 / Δe-14) and 28 days (Δins-14 / Δe-28) of concrete 
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slabs. According to Fig. 5, the majority of these defections ratio in the slabs are in the range of 1.5 to 
2.5.  

 
Table 3 Loading levels and recorded instantaneous and predicted elastic deflection  

Slab 
Wa  

(KN/m) 

Mu (kN.m) 
Ma  

(kN.m) 

Ma / Mu (%) Δ e (mm) Δ ins  
(mm) 

 
14 
day 

28 
day 

14 
day 

28 
day 

14 
day 

28 
day 

N-SCC-a 7.31 27.47 27.78 11.189 40.73 40.27 3.18 2.9 12.1 
N-SCC-b 5.41 27.47 27.78 8.28 30.14 29.8 2.36 2.15 5.89 
D-SCC-a 7.26 27.84 28.05 11.12 39.94 39.65 3.5 2.85 7.65 
D-SCC-b 5.36 27.84 28.05 8.21 29.48 29.27 2.58 2.11 7.59 
S-SCC-a 7.3 27.73 28.05 11.18 40.32 39.85 3.45 2.87 6.41 
S-SCC-b 5.4 27.73 28.05 8.27 29.83 29.48 2.55 2.12 2.91 

DS-SCC-a 7.33 28.05 28.34 11.23 40.03 39.63 3.29 2.85 8.98 
DS-SCC-b 5.43 28.05 28.34 8.32 29.66 29.36 2.44 2.11 5.14 

LWC-1 7 27.4 27.65 10.72 39.13 38.78 4.99 4.57 11.96 
LWC-2 7 27.4 27.65 10.72 39.13 38.78 4.99 4.57 11.4 
LWC-3 5.29 27.4 27.65 8.095 29.55 29.28 3.77 3.45 6.3 
LWC-4 5.29 27.4 27.65 8.095 29.55 29.28 3.77 3.45 5.98 

 
 

Fig. 3. Ratio of recorded instantaneous deflation 
to elastic deflection at ages 14 and 28 days 

Fig. 4. Instantaneous / elastic deflection ratio at 
14 days under different moment ratios 

 
7. Loading effect 

Among the effective parameters on the instantaneous deflection of lightly-reinforced concrete 
structures, the loading rate and Ma/Mu ratio play a major role. Fig. 4 compares the effect of Ma/ Mu 
ratio on the ratio of Δins-14 / Δe-14 in the slabs. The SCC and LWC slabs were loaded by about 30% and 
40% of their ultimate moment capacity. Except D-SCC (a, b), the 10% load increment in the slabs 
resulted in 50 % to 70% increasing of the Δins-14 / Δe-14 ratio. Considering the uncertainties in slab design 
and the unexpected loads during the construction, this amount of loading effect is a crucial parameter 
in the ultimate design of slabs.  

The cracking moment (Mcr) causes the first cracking under the flexural loading in the reinforced 
concrete section. Along with the magnitude of the applied moment, effect of the cracking moment (Mcr) 
is considerable in deflection calculations of the slabs. Since Mcr and Mu are dependent characteristics 
of the slab section, they may change Δins / Δe ratio in a similar manner. The ratio of Ma/Mu is limited to 
30% and 40% in LWC and SCC slabs; in the other words, Ma is related to Mu in this experiment. 
According to Figure (5) the ratio of (Δins/ Δe)14 varies in different ratios of Mcr/ Mu and Ma/ Mu, 
similarly. However, the ratio of Mcr/ Mu is more effective on the instantaneous deflection calculations, 
particularly in the low-strength concrete specimens.  
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In all slabs the applied Ma is lower than the Mcr and the section is expected to behave in the elastic 
range. However, due to the creep and shrinkage cracking, the instantaneous deflection is higher than 
the expected elastic deflection. As presented in Fig. 6 the instantaneous deflection in one-way slabs 
increases slightly by decreasing the ratio of Mcr/Ma; while, it develops by increasing the ratio of Mcr/Mu 
and Ma/Mu.  
 

 
Fig. 5. Effect of moment ratios on Δins / Δe at 14 days 

 

 
Fig. 6. Effect of moment ratios on instantaneous deflection of slabs at 14 days 

 
8. Effective moment of Inertia 

    This study investigates the identical slab specimens manufactured with the most frequently used 
types of normal strength concrete. All slabs have the same support condition, span length, section 
dimension and bar arrangement. Since the slab geometry, structural and the environmental conditions 
are the same for all slabs, the bending stiffness can be a critical variable to study the changes in the 
deflection behavior of slabs in this study.   

Continuity of the sections along the span; i.e. variable cross-sections and hence, the variable moment 
of inertia depending on the degree of cracking along the beam strongly affect the instantaneous 
deflection. When an RC element cracks, its stiffness does not suddenly change to that of a section where 
the tension concrete can be fully disregarded (Gilbert, 2007). In fact, the sections where the cracks are 
localized are separated by regions where the concrete in tension is uncracked with an increase of the 
stiffness. Behavior at the cracked section used to compute the cracked transformed moment of inertia 
(Icr) is assumed to be linear elastic. The nonlinearity of the member stiffness is taken into account with 
an effective moment of inertia (Ie) that models the transition from a gross (uncracked) moment of inertia 
(Ig) to Icr. Fig. 7 shows cracked and uncracked sections of a simply supported one-way slab under 
sustained service loading.  
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Fig. 7. Deformation Response of Idealized reinforcement at critical section 

 

Branson (1963) and Vakhshouri and Nejadi (2014) introduced the concept of the effective moment 
of inertia to predict the curvature and deflections directly from the elasticity theory. The concept was 
verified by different researchers mainly by implementing the idea of tension stiffening to apply for 
various types of structures, loading rates, fiber reinforced and FRP sheets, and bars included concrete 
members. Eqs. (1-16) present some verified models of Ie in the literature.  

 

Reference Equation Equation 

Vakhshouri and Nejadi (2014) 

Iୣ ൌ ሺMୡ୰
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The equations for the effective moment of inertia have been used to predict and evaluate the 
instantaneous deflection of the slabs. Fig. 8 compares the ratio of the experimental instantaneous 
deflections to the predicted values using Eqs. (1-16).  

 

 
Fig. 8. Comparison of the recorded and predicted instantaneous deflection of slabs 

 

Surprisingly, there are big differences between the predicted and recorded deflections in a majority 
of the slabs. However each equation gives close predictions for SCC and LWC slabs, and the concrete 
type has no clear impact on predictions of each equation. The range of the recorded to predicted 
deflection ratio in most cases are between 0.5 to 1.5, however Eqs. (11-14) give the highest and lowest 
estimation of the instantaneous deflection in the slabs, respectively. The predictions by Eq. (1), Eq. (5), 
Eq. (7) and Eq. (14) are the most compatible values with the recorded experimental deflection of slabs 
with different types of concrete.  

The S-SCC-b slab poses the highest estimation of the instantaneous deflection by all equations. 
Among all slabs, the predicted values in LWC slabs are more reasonable than SCC slabs, and the 
predictions for fiber reinforced self-compacting concrete are about 30 to 80% higher than the 
experimental values.  

 

9. Proposed analytical models 

The existing models of the effective moment of inertia vary in precision in the estimation and 
complexity. However, regarding the SCC and FRSCC members, no evidence of such models is found. 

Comparison of the existing models and the experimental data shows that the models in Eq. (11) and 
Eq. (12) give conservative Δins-14 predictions in all slabs. In this study, the required certain intrinsic 
and/or extrinsic variables (i.e., properties of concrete, support conditions, loading type and loading age) 
in Ie prediction is properly covered by the presented equations. Besides, the Eq. (1), Eq. (5), Eq. (7) 
and Eq. (14) give the most compatible prediction of the experimental data. Therefore, the models in 
Eqs. (1-14) are utilizing as the basis of the proposed model in this study. To attain a better estimation 
of the instantaneous deflection in the proposed model, the time-dependent elasticity, fiber volume 
fraction in the mixture, ultimate and cracking moment capacity, and the applied service moment have 
been included in the equation.  
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Fiber type, fiber volume fraction and the aspect ratio of the fiber are the main effective parameters 
in comparison of the fiber reinforced sections, especially in the tensile and flexural behavior. Regarding 
the negligible difference in the aspect ratio of the applied fibers in the SCC slabs, the effect of type and 
volume fraction of the fiber on the instantaneous deflection is investigated. In addition, according to 
the considerable effect of the time-dependent Mu on the moment ratios and deflection in Figs. (6-8), 
the Mcr/Mu ratio is also included in the proposed model. To include the effect of early-age loading, the 
ratio of modulus of elasticity of concrete at loading age to that of the age of 28 days is applied in the 
proposed equation.  

Eqs. (1-14) are basically developed for beams. Eq. (14) predicts Ie in two distinct ranges of 
1<Mcr/Ma < 3 and Mcr/Ma >3. In addition, and there is no limit for Mcr/Ma in the Eq. (1). The ratios of 
Mcr/Ma and Mcr/Mu for slabs in this study are between 0.63 to 1.72 and 0.29 to 0.47, respectively. 
Accordingly, the proposed model in this study is recommended to apply for Mcr/Ma < 3. 

Excluding the steel bars from the reinforced section calculations causes about 15% underestimation 
of Ig in the slabs of this study. Therefore, the transformed section method is utilized to include the 
reinforcement effect in calculation of the precise Ig of the slabs. Eq. (17) is proposed to predict Ie in 
SCC slabs with and without fiber reinforcing. The applied coefficients and the limitations are illustrated 
in Table 4.  

Iୣ୤ ൌ α ൈ Iୡ୰ ቀ
Mୡ୰

Mୟ
ൗ ቁ

ሺଵି଴.ଵ୚౜ሻ
൅ ቂሺ1 െ βሻ ൅ ெ೎ೝ

మ

ሺெೌൈெೠሻሺమశഁሻ
ቃ I୥ ,       

(17) 

 

where; ρ is the ratio of the tensile reinforcement in the section, Ec-14 and Ec-28 (MPa, ksi)) are the 
modulus of elasticity of SCC at 14 and 28 days respectively, Mcr, Ma, Mu (KN.m, lbf.ft)) are cracking 
moment, service moment and the ultimate capacity of the section respectively. Other coefficients are 
presented in Table 4. 
 
Table 4. Coefficients and limitations of proposed equation for Ie estimation 

Ief , ρ, Ma 
Coefficient of fiber 

type  ( α ) 
Ratio of elasticity 

β 
Fiber content 

V୤ 

I௘௙ 		൑ 0.6I୥ 
ߩ ൒ 0.005 
Mୡ୰

Mୟ
ൗ ൏ 3 

α=0.9        for  DS-SCC 
α=1.0              for  SCC 
α=1.15        for  D-SCC 
α=1.95         for  S-SCC 

β=Ec-14/ Ec-28 

Ec-14 and  Ec-28 
Modulus of elasticity 

of concrete at  
14 and 28 days 

Fiber volume 
fraction in the mixture 
(Kg/m3) presented in 

Table 1 
 
 

Fig. 9 compares the recorded instantaneous deflection of SCC slabs with the prediction of the 
proposed equation. Obviously, there is a good agreement between the predicted and experimental 
instantaneous deflection of all SCC slabs. 

 
Fig. 9. Comparison of the recorded and predicted deflection of SCC slabs 

0

3

6

9

12

15

0 3 6 9 12 15

P
re

dc
it

ed
 Δ

-i
n

s 
(m

m
)

Recorded Δ-ins (mm)



  152

The LWC slabs in this study were not reinforced with fibers. Therefore, apart from the proposed Eq. 
(17) for SCC slabs, Eq. (18) is proposed to predict the effective moment of inertia in LWC slabs. The 
applied coefficients and limitations are described in Table 5.  

 

௘௙ܫ ൌ ௖௥ܫ ൈ ൬
௖௥ܯ

௔ܯ
൰
ଶ

൅ ቈሺ1 െ ሻߚ ൅
ሺܯ௖௥ሻଵ.଻

ሺܯ௔ ൈ ௨ሻܯ
቉ ൈ  ௚ܫ

(18)

 
Table 5. Coefficients and limitations of proposed model for Ie in LWC slabs 

Coefficient β ρ Mcr/Ma Ief 
Limit Ec-14/ Ec-28 ≥ 0.005 ≤ 3 ≤ 0.6Ig 

 

This type of LWC is widely used in Australia; hence, the maximum Ief is recommended to agree 
with the limitations of AS-3600-09 (2009).  

The limitation in the Australia and American standards (AS-3600-09 2009) for the ratio of Mcr/Ma 
is recommended to be applied in the proposed Ie in this study.  

The agreement between the experimental values of deflection in LWC and the predicted values by 
using Eq. (18) is shown in Fig. 10.   

 

 
Fig. 10. Comparison of the recorded and predicted deflection of LWC slabs 

 
10. Conclusion 

The instantaneous deflection of LWC and SCS slabs was investigated under distinct loading levels 
in this study. The following conclusions can be drawn from the study:  

In the existing models of the effective moment of inertia in the literature there is almost linear 
relationship between the load value and the instantaneous deflection of slabs. The results of this study 
contradict this relationship, especially in the low-strength concrete slabs;  

The instantaneous deflection due to 10% of load increment increased about 100%, and 105% in the 
LWC and SCC slabs; 

The instantaneous deflection of fiber reinforced SCC slabs shows less variation with changes of the 
loading level;   

Considering the elastic deflection equal to instantaneous deflection even for Ma < Mcr in slabs is 
completely wrong and causes unsafe design of reinforced concrete slabs; 
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For the early-age loading, the calculations based on the mechanical properties at the age of 28 days 
may result in wrong predictions of the instantaneous deflection of slabs; 

The ratio of service moment to the ultimate moment capacity of slabs strongly affects the 
instantaneous deflection;  

A new model is proposed and verified to predict the effective moment of inertia in SCC slabs; and  

A new model of the effective moment of inertia is proposed and verified for the lightweight concrete 
slabs.  
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