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Abstract.

In the construction of flat plate slabs, which are widely used for tall buildings but have relatively low flexural

stiffness, serviceability problems such as excessive deflections and cracks are of great concern. To prevent excessive deflections
at service load levels, current design codes require the minimum slab thickness, but the requirement could be unconservative
because it is independent on loading and elastic modulus of concrete, both of which have significant effects on slab deflections.
In the present study, to investigate the effects of the construction load of shored slabs, reduced flexural stiffness and moment
distribution of early-age slabs, and creep and shrinkage of concrete on immediate and time-dependent deflections, numerical
analysis was performed using the previously developed numerical models. A parametric study was performed for various design
and construction conditions of practical ranges, and a new minimum permissible thickness of flat plate slabs was proposed
satisfying the serviceability requirement for deflection. The proposed minimum slab thickness was compared with current
design code provisions and numerical analysis results, and it agreed well with the numerical analysis results.
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1. Introduction

The flat plate system has been widely used in the
construction of tall buildings to lower story-heights,
improve constructability, and shorten construction periods.
Because the flexural stiffness of flat plate slabs is relatively
low, serviceability problems such as excessive deflections
and cracks may occur. To prevent excessive deflections at
service load levels, current design codes such as ACI 318
(2014) and Eurocode 2 (2004) specify limitations on the
minimum slab thickness and maximum total deflection
including immediate and time-dependent (creep and
shrinkage) deflections. However, since the requirement of
ACI 318 (2014) for the minimum slab thickness is
independent on loading and elastic modulus of concrete,
both of which have significant effects on deflections, the
ACI requirement could be unconservative for long-span flat
plate slabs under high service load levels (Lee and Scanlon
2010). Particularly, since early-age concrete has low
strength and stiffness, the construction load effect on early-
age slabs is critical for cracking and deflections (Gardner
and Fu 1987, Kang et al. 2003, Kim 2009, Hwang et al.
2016, Kim and Kang 2017). Thus, in the calculation of the
minimum slab thickness and total deflection of flat plate
slabs, 1) the construction load effect on the immediate
deflection and damages at early ages and 2) the creep and
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shrinkage effect on the time-dependent deflection at early
ages (a large amount of creep and shrinkage develops
rapidly during the first few months after concrete casting
and initial loading) need to be considered.

Various studies have been performed to predict the
construction load imposed on shored slabs. The
construction load is primarily affected by the number of
shored slabs, construction cycle (period per story), and
material properties of early-age concrete (ACI 347 2005).
Grundy and Kabaila (1963) and Mosallam and Chen (1991)
considered the slab stiffness ratio to distribute a newly
superimposed construction load to shored slabs. Liu and
Chen (1985) and El-Shahhat and Chen (1992) performed
finite element analysis for slabs connected by shores, and
investigated the effect of the shore stiffness on the
construction load imposed on each slab. Park et al. (2011)
estimated the construction load considering the number of
shored slabs, construction cycle, shore stiffness, slab
cracking, and material properties of early-age concrete.

The immediate and time-dependent deflections are
strongly affected by the effective stiffness of early-age
slabs. Particularly, in early-age slabs showing low strength
and stiffness at low temperatures, the construction load
could cause flexural damages and excessive deflections
(Carino and Lew 1983, Mehta and Monteiro 2006), which
reduce the effective stiffness of slabs. Hossain and Vollum
(2002) and Hossain et al. (2011) proposed analysis methods
for slab deflections based on CEB-FIP MC90 (1993) and
ACI 318 (2014) models, and compared the predictions with
the measured deflections of a 6-story flat plate structure.
Gilbert (1999) and Lee ef al. (2007) reported that the ACI
318 provision does not accurately evaluate the effective
stiffness, tension stiffening, creep, and shrinkage, and
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underestimates deflections of early-age slabs. Park et al.
(2012) reported that deflections of early-age slabs can be
accurately predicted by using the material properties of
early-age concrete measured from the material test and the
creep and shrinkage models of ACI 209R-92 (1992).

In a previous research, Hwang et al. (2016) developed a
numerical analysis method to predict deflections of flat
plate slabs considering the variation of the construction
load, reduced stiffness of slabs under construction, moment
redistribution due to slab cracking, and creep and shrinkage
of concrete. For verification, the predictions were compared
with the measured deflections of two actual flat plate
buildings under construction.

In the present study, to propose the minimum thickness
of flat plate slabs satisfying the ACI requirement for
serviceability (i.e., maximum total deflection), a parametric
study was performed by numerical analysis. To this end, the
previously developed numerical analysis method of Hwang
et al. (2016) was used, and the total deflection of flat plate
slabs under various design and construction conditions was
examined. The proposed minimum slab thickness was
compared with current design code provisions.

2. Numerical analysis
2.1 Existing design methods

Table 1 presents the minimum slab thickness specified
in existing design methods of ACI 318 (2014), Eurocode 2
(2004), and Scanlon and Lee (2006). ACI 318 (2014)
defines the minimum slab thickness % depending on the
clear span L,, yield strength f, of reinforcement, and slab
location, but the effects of loading and concrete strength are
not considered. For slabs not satisfying the minimum slab
thickness, the total deflection including immediate and
time-dependent deflections occurring after attachment of
nonstructural elements is limited not to exceed L/480 (L =
span). Eurocode 2 (2004) limits the span-to-thickness ratio
L/h as a function of concrete strength f." and reinforcement
ratio p. For the span of exceeding 8.5 m, which is expected
to support more partitions and be damaged by excessive
deflections, the calculated L/h should be multiplied by
8.5/Leyy (Lejy = effective span in meters). To prevent damages
of adjacent parts, the total deflection is limited not to
exceed L/500. On the other hand, in the Scanlon and Lee’s
model (2006), the effect of sustained and live loads is
directly considered.

For the calculation of the time-dependent deflection
resulting from creep and shrinkage, ACI 318 (2014)
provides a simple factor which is multiplied to the
immediate deflection. On the other hand, Eurocode 2 (2004)
uses the reduced elastic modulus of concrete due to creep,
increased curvature due to shrinkage, and coefficient for
sustained load in the calculation of the time-dependent
deflection.

2.2 Numerical analysis procedure

For exact prediction of slab deflections, the immediate
deflection affected by the degree of cracking at early ages

Table 1 Minimum slab thickness of existing design methods
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L = span; L, = clear span, f, = yield strength of
reinforcement; po = 10°/f{ ; p = tension reinforcement

ratio; p'= compression reinforcement ratio; f¢' = concrete
strength; Ws = sustained load; Wy = additional live load; and
E. = elastic modulus of concrete

“Lett /8.5 should be multiplied to the calculated minimum
slab thickness for a span of exceeding 8.5 m.

under construction load and the time-dependent deflection
resulting from creep and shrinkage need to be estimated as
accurately as possible. Fig. 1 shows the procedure of
structural analysis proposed by Hwang et al. (2016) to
predict slab deflections. In the analysis, the combined effect
of the construction load, effective stiffness of early-age
slabs, slab cracking, and creep and shrinkage of concrete
can be considered.

The slab stiffness is reduced by cracking at each
construction step (with load and time intervals). Thus, to
determine the effective slab stiffness at each construction
step, iterative calculations were used so that the total slab
deflection is converged to a certain value. The time-
dependent deflection at each construction step was defined
as a sum of the creep deflection, which is a product of the
creep coefficient and immediate deflection, and the
shrinkage deflection. Then, the total deflection was
calculated by accumulating the incremental immediate and
time-dependent deflections of all previous construction
steps.

2.3 Construction load

In order to calculate the construction load of shored
slabs, the existing model of Park et al. (2011) was
implemented in the analysis. Fig. 2 shows the idealized
shored slab model for the construction load distribution: the
construction loading step of casting new concrete at the top
floor (Fig. 2(a)); and the subsequent loading step of
removing shores at the bottom floor (Fig. 2(b)). In the floor
slabs connected by shores, the floor construction load LS; is
distributed to each slab with a new construction load Loadc
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Fig. 2 Idealized shored slab model for construction load
distribution
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Fig. 3 Grid beam model for slab analysis

according to the relative stiffness of the slabs and shores

(Eq. ().

LS, v, Load,
LS - 0
RN TN L R 1)
LS v 0

where n, = number of slabs resisting the superimposed load;
[Kr] = effective stiffness matrix of slabs; v; = equivalent
deflection of each slab; and [Kj] = overall stiffness matrix
of the idealized discrete system (Park er al. 2011). The
effective stiffness of shored slabs is determined from the
material properties of concrete (based on the construction
cycle of each story), reduced stiffness of slabs with
cracking, material property and spacing of shores (Park et
al. 2011).

LS, v, 0
LS _ 0

R R TR @)
LS, v, Load,,

In the same manner, the floor construction load LS; by
removing the bottom shores is distributed to each slab with
Loady, according to the relative stiffness of the slabs and
shores (Eq. (2)).

The construction load of each slab was calculated by
accumulating the incremental construction loads of all
construction steps.

2.4 Grid beam model for slab analysis

For two-way slab analysis, the flexural grid beam model
of Hwang et al. (2016) shown in Fig. 3 was used. In the
model, a two-way slab is idealized with flexural beam (or
line) elements in x- and y-directions. The tributary area for
calculating the load acting on each beam element is shown
shaded in Fig. 3, and the uniform area load is converted into
a uniformly distributed line load.

It is noted that the grid beam model was used only for
one floor slab, because the interaction of multi-story slabs
and the effect of shores were already taken into account in
the calculation of the construction load. The reduced
effective stiffness of early-age slabs under construction load
and the moment redistribution due to cracking were
calculated by iterations.

The flexural stiffness of each beam element is
determined using the material properties of concrete at time
to when a new construction load is applied. The stiffness
matrix of the beam element is given as Eq. (3), where F:,
and F,; = nodal shear forces at both ends; My and M, =
nodal torsional moments; M,; and M, = nodal flexural
moments; E.(t) = elastic modulus of concrete at age to; 1(fo)
= moment of inertia of the beam element at age f; L =
length of the beam element; J(t) = (1-0.63x/y)x*y/3 =
torsional constant of the beam element at age # (Corley et
al. 1970); x = short dimension of the beam section; y = long
dimension of the beam section; v = 0.2 = Poisson ratio of
concrete; vi and v, = nodal vertical displacements; 6y and

0., = nodal torsional angles; and 6,; and 6, = nodal
rotational angles.
12/12 0 6/L -12/1° 0 6/L

Fy 0.5J(t,) 0 -05J(t;) v

M, @)1(t) )1 (t) 0,

Myt E ()1(t)] 6/L 0 4 -6/L 0 2 || O,
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Fig. 4 Variations of slab load and deflection according to construction steps

2.5 Effective moment of inertia of slab

For slabs with reinforcement ratios of less than 1.0%,
Eq. (4) of Bischoff and Scanlon (2007) can be used to
define the effective moment of inertia /. of the beam
element (Lee et al. 2007, Park et al. 2012, Hwang et al.

2016).
I, = |c2r <l
M | (4a)
1-| —* | |1--*
M, ly
M, =0.63,/f/I,(2/h) (4b)
where [, = moment of inertia of the gross (uncracked)

section; /., = moment of inertia of the cracked section; M, =
applied flexural moment; f." = concrete strength at the time
when a new construction load is applied; and 4 = slab
thickness.

Firky and Thomas (1988) define the moment of inertia
1., of the cracked section as follows.

3
I, =[4k3 +12np(1—k)2}(%j w1

’ ’ 2 ’
W, =| 6x107 +5(d—j(l—£j np’(d—jJrl
d d d

where k =

(5a)

(5b)

2pn+( pn)z —pn; p = tension reinforcement

ratio (= As/bd); p' = compression reinforcement ratio (=
A,'Ibd); n = modulus ratio of reinforcement to concrete; d =
distance from the extreme compressive concrete fiber to the
centroid of tension reinforcement; d’'= distance from the
extreme compressive concrete fiber to the centroid of
compression reinforcement; and b = width of the beam
element.

Fig. 4 shows the variations of the slab load and
deflection according to construction steps. Since the
effective moment of inertia depends on flexural moment
and elastic modulus of concrete, it should be recalculated at
every construction steps (i.e., considering construction load
history and concrete age). The immediate deflection at each
construction step is calculated as follows. 1) Linear analysis
is performed for the uncracked section using Eq. (3) and
concrete material properties at loading. 2) The effective
moment of inertia of grid beam elements is evaluated using

the calculated moment distribution and Egs. (4) and (5).
Because the difference between the two end moments of
each grid beam is generally not significant, the average
value of the two end moments can be used in the evaluation
of the effective moment of inertia. 3) Reanalysis is
performed using the effective moment of inertia and Eq.
(3). From this reanalysis, the slab moment is redistributed to
grid beam elements. 4) Iterations of the analysis steps 2)
and 3) are carried out until the slab deflection converges.

It is noted that flexural cracks reduce torsional
resistance significantly. Thus, if cracking occurs (I < I,),
the torsional rigidity of grid beam elements can be
neglected in the analysis for simple and conservative
design. An increasing load history causes further damages
(cracks), so the effective moment of inertia in the next
construction step is generally less than that in the previous
construction step. In the case of unloading (see ws in Fig.
4(a)), however, the slab deflection can be decreased by
elastic recovery (neglecting creep recovery), which was
confirmed from the previous analysis results and field
measurements (Park ef al. 2012, Hwang et al. 2016). Thus,
at the unloading step, the gross moment of inertia /g, instead
of the effective moment of inertia /., is used for /(%) in Eq.
(3) for simplicity.

2.6 Creep and shrinkage of concrete

Slab deflections gradually increase with time due to
creep (stress-dependent) and shrinkage (stress-independent)
of concrete (Fig. 4(c)). In the present study, the prediction
model of ACI 209R-92 (1992) was used to describe creep
and shrinkage of concrete, because it gives good predictions
for the time-dependent deflection of early-age slabs under
construction loads (Park et al. 2012, Hwang et al. 2016). In
the model, the creep coefficient v(,%,) and shrinkage strain
&gc5(¢) at time ¢ are defined as follows.

0.6
v(tt,;) () o

C10+(t-t,,)" (6)
X(j/cl'ycz *Ve3 Vea '}/cs'}/ce)
£y (t):&x(mOxlO‘s)
(35+t-t,) (7)

X(j/csl'ycsz'}/cs3'7/c54'7055'7/c56'7cs7)

where #,;= concrete age at the i-th loading; yc1, Yc2, Ye3, Vess
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Fig. 6 Flat plate system for parametric study

ves, and y.s = creep correction factors for loading age,
ambient relative humidity, slab thickness, concrete slump,
fine aggregate ratio, and air content; #. = initial moist curing
duration; and yc‘slg yc‘s2, yc‘s3, yc‘s4, Vcss, ycsé, and ycs7 = Shrinkage
correction factors for initial moist curing duration, ambient
relative humidity, slab thickness, concrete slump, fine
aggregate ratio, cement content, and air content,
respectively.

The total deflection J includes immediate, creep, and
shrinkage deflections (Eq. (8)). The creep deflection is
defined as a product of the immediate deflection and creep
coefficient (ACI 209 1992). Since the immediate and creep
deflections depend on stress, the total stress-dependent
deflection can be calculated by adding all stress-dependent
deflections of every construction loads (the first term in the
right hand side of Eq. (8)).

S= Z[l+v(t,tovi )]5, i+ 0y, ®)
where J;; = immediate deflection at the i-th loading; and Jg
= shrinkage deflection.

The shrinkage deflection J,, can be calculated by using
the slab curvature ggu(f) corresponding to the immediate
deflection. In the present study, the Branson’s method
(1963), which was introduced in ACI 209R-92 (1992), was
used for the slab curvature (Eq. (9)). In the grid beam

model, the effective flexural stiffness for the shrinkage
deflection was calculated from El;y = M/pg(f) at the
centroid of the cross-section, and then the shrinkage
deflection was calculated using the effective flexural
stiffness and Eq. (3).

Zs (1) ; /p—p' :
072232 3000(p—p'). [E=L-, p—p' <0.03
- (p=p") Pt
& (t)/N,

¢ (1) = )

p—p >0.03

2.7 Verification of grid beam model

To verify the grid beam model, the predictions were
compared with the measured slab deflections of actual long-
span flat plate buildings Y and N under construction
(Hwang et al. 2016). Detailed information of the actual
buildings is available in the literature (Hwang et al. 2016).
Fig. 5 shows the comparison. As shown in the figure, the
predictions agreed well with the measured slab deflections.

3. Parametric analysis

To investigate the effects of design and construction
parameters on slab deflections, a parametric study was
performed for a flat plate system supported by columns
only (Fig. 6). It is noted that in the parametric study, core
walls were not considered. In general, a flat plat system is
designed with a uniform slab thickness for constructability,
and in that case, the slab thickness is controlled by the
maximum deflection, which would happen far from core
walls. Thus, for conservativeness, core walls were not
considered.

The design parameters included the compressive
strength of concrete (f.'= 20, 30, and 40 MPa), tension
reinforcement ratio (p = 0.2, 0.4, and 0.6%), compression-
to-tension reinforcement ratio (p’/p = 0, 0.5, and 1.0), and
slab thickness (2 = 270, 300, and 330 mm). The
construction parameters included the construction load
(shored floor — construction cycle = 3 floors — 6 days, 3
floors — 10 days, 4 floors — 4 days, and 4 floors — 6 days),
and average ambient relative humidity (RH = 30, 50, and
70%).

Each floor measured 3.6 m in height and 9 m in span (L;
= Ly). The elastic modulus of concrete was calculated by
E, :4700\/f_c’ (ACI 318 2014), and the elastic modulus of

reinforcement was assumed to be 200 GPa. Spacing, cross-
sectional area (per each), and elastic modulus of shores
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were 1300 mm, 500 mm?, and 200 GPa. Following the
construction practice in Korea, shores at the bottom floor
were assumed to be removed 1 day after concrete casting at
the top floor, and a finishing material load of 1.0 kN/m? and
a live load of 2.0 kN/m? (for office use) were applied to
each floor at 100 and 200 days after concrete casting,
respectively (AIK 2016). The average temperature was
assumed to be 20.0°C, and the analysis was performed for
10 years (3650 days). The default parameters are given in
the bottom of Fig. 7.

Fig. 7 shows the parametric study results: slab
deflections at corner spans (maximum). Generally, large
deflections occurred at early ages (approximately during the
first 24 days) due to construction loads, and the deflections
were continuously increased after construction due to
service loads and creep and shrinkage of concrete. For the
total deflection occurring after attachment of nonstructural
elements, ACI 318 (2014) requires that the span-to-
deflection ratio L/J be greater than 480 for serviceability. To
check serviceability, L/J resulting from the parametric study
is provided in the figure, using the difference in deflection
between 100 days (finishing) and 3650 days (10 years).

The concrete strength had a significant effect on the
total deflection. As the concrete strength f.'increased, the
total deflection 6 was decreased (Fig. 7(a)) due to the
greater cracking resistance and effective stiffness of higher
strength concrete: L/0 = 366 for f.'= 20 MPa, 531 for 30
MPa, or 668 for 40 MPa (compared with the deflection for

effective stiffness of slabs is not linearly increased with the
increase of the reinforcement ratio: L/6 = 425 for p = 0.2%,
531 for 0.4%, or 555 for 0.6% (Fig. 7(b)). Under the same
tension reinforcement ratio (p = 0.4 %), the total deflection
was decreased, as the compression-to-tension reinforcement
ratio p'/p increased: L/d = 504 for p'/p = 0, 531 for 0.5, or
562 for 1.0 (Fig. 7(c)). Compared with the effect of the
tension reinforcement ratio (Fig. 7(b)), the effect of the
compression (top) reinforcement ratio was less significant.
This result was also reported in the previous test result for
early-age slabs (Park ef al. 2012). The slab thickness / had
the most critical effect on the total deflection, because the
effective stiffness of slabs is strongly affected by the slab
thickness: L/6 = 317 for A = 270 mm, 531 for 300 mm, or
749 for 330 mm (Fig. 7(d)).

Under the same design conditions (f.’ = 30 MPa, p =
0.4%, p'/p = 0.5, and & = 300 mm), the total deflection
varied with the construction conditions. The total deflection
was affected by the construction load (shored floors-
construction cycle). As the more floors were connected by
shores (the smaller construction load on a floor) and/or the
slower construction cycle was used (the higher strength and
elastic modulus of concrete), the total deflection was
decreased: L/6 = 449 for 3 floors — 6 days, 529 for 3 floors —
10 days, 433 for 4 floors — 4 days, or 531 for 4 floors — 6
days (Fig. 7(e)). Fig. 8 shows the construction load histories
of this case. Since the ambient relative humidity has an
effect on creep and shrinkage, the total deflection was
decreased, as the ambient relative humidity increased: L/d =
470 for RH = 30%, 531 for 50%, or 611 for 70% (Fig. 7(f)).

These parametric study results confirm that the use of
higher strength concrete, greater reinforcement ratio
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Fig. 10 Variation of minimum slab thickness with reinforcement ratio

(especially tension reinforcement), and thicker slab in
design is desirable to decrease slab deflections. Further,
construction conditions need to be considered in the
calculation of slab deflections.

4. Minimum permissible thickness of slab
4.1 Derivation of minimum slab thickness

Since the requirement of ACI 318 (2014) for the
minimum slab thickness is independent on loading and
concrete modulus of elasticity and it could be
unconservative in some cases (Lee and Scanlon 2010), the
requirement needs to be improved. For design purpose, a
new minimum permissible thickness of flat plate slabs is
proposed satisfying the requirement of ACI 318 for the total
deflection occurring after attachment of nonstructural
elements (i.e., L/6 > 480).

In order to cover general ranges of design conditions for
flat plate slabs, the followings were considered: slab span =
6 to 12 m, long-to-short span ratio = 1.0 to 2.0, concrete
strength = 20 to 40 MPa, tension reinforcement ratio = 0.2
to 0.6%, and compression-to-tension reinforcement ratio =
0.5 to 1.0. For construction conditions, which are difficult
to be controlled at the design phase, the followings were
assumed: 4 floors shored, 6-day construction cycle, shore
removal after 1 day, average ambient relative humidity of
50%, finishing material load of 1.0 kN/m? at 100 days after
concrete casting, and live load of 2.0 kN/m? at 200 days
after concrete casting. By increasing the slab thickness for
the various design conditions, the minimum slab thickness
can be determined through numerical analysis.

Figs. 9 and 10 show the variations of the minimum slab
thickness within the design conditions. As expected, as the
span was the longer, the thicker slab was required. Further,
the thicker slab was required for the smaller long-to-short
span ratio (Li/L>) due to the two-way slab behavior, and the

effects of the concrete strength and reinforcement ratio were
more pronounced in long spans. Thus, in the derivation of
the minimum slab thickness, the effects of the slab span,
span ratio, concrete strength, and reinforcement ratio need
to be considered.

By definition, the total deflection J after attachment of
nonstructural elements can be divided into the stress-
dependent (immediate plus creep) deflection o, due to dead
load, stress-dependent deflection ¢6; due to live load
including finishing materials, and stress-independent
(shrinkage) deflection ds, and it should not be greater than
the permissible limit diim (Eq. (10)).

0 =04 +0, + 04, < Oy (10)

The stress-dependent deflection ds due to dead load can
be defined as follows

w, Ly
E,l

ph(h=h)L; pbhL,
‘| Eb(h-h)’ /12 Epb(h-h) /12

0y = V4K,

(11)

d

where vs = creep coefficient for dead load; Ks = coefficient
for boundary conditions; ws = slab weight; p. = concrete
density; b = effective slab width; and A, = cracked
thickness. In the right hand side bracket of Eq. (11), the first
and second terms indicate the portions of the uncracked and
cracked sections, respectively.
Substituting Eq. (11) into Eq. (10) gives Eq. (12a).
é‘lim 2
pb(h-h)L  pbhl’
d 3 + 3
Eb(h-h) /12 Eb(h-h ) /12

(12a)

Vd + é‘l + 55h

The numerical analysis results for the general design
conditions showed that the contributions of the deflections
due to dead load, live load, and shrinkage to the total
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Fig. 12 Comparison of minimum slab thickness by existing design methods and numerical analysis

deflection are in the range of 53-58, 37-42, and 4-9%,

respectively, and the portion of the uncracked section (the

first term in the bracket of Eq. (12a)) counts for most of the

deflection due to dead load. Thus, Eq. (12a) can be
L4

rewritten as follows.
+ 9, }
> vy Kypeh
Eb/12 J(h-h, )

By replacing the left hand side of Eq. (12b) with J., Eq.
(12b) can be expressed as a function of the clear span (L,)
and thickness (4-h.) of the uncracked section (see Eq.

(12¢)).
4

50( E.b/12 JZ L4 2

vyKypo.b (h—hc)

vaKqpbh Ly

Sy —| —APTen 5
' {Ecb(h—hcf/lz |

(12b)

(12¢)

Finally, the proposed minimum slab thickness can be
simplified as Eq. (13). In the equation, the empirical values
C and h. were obtained by regression analysis of the
numerical analysis results (Figs. 9 and 10), and those two
values implicitly reflect the effects of the construction load,
reduced flexural stiffness and moment distribution of early-
age slabs, and creep and shrinkage of concrete in the design
equation.

2 L, /100)’
h25+hC :( m/100) Lo 0-02 | 6.05|+40
C 04f/+16 \\L,\ p (13)
(in mm and MPa)

where L, and L,, = long and short clear spans (Ln1 > L»). It
is noted that Eq. (13) was derived assuming a conventional
loading case for an office building (i.e., finishing material
load of 1.0 kN/m? at 100 days after concrete casting, and

live load of 2.0 kN/m? at 200 days after concrete casting).
For an exceptional case (e.g., extremely high load is
imposed), the validity of the slab thickness should be
verified by evaluation of slab deflections.

4.2 Comparison of existing design methods for
minimum slab thickness

For comparison, the minimum slab thickness resulting
from numerical analysis for the design conditions was
compared with the predictions by existing design methods
(ACI 318 2014, Eurocode 2 2004, Scanlon and Lee 2006
(Table 1)), and the proposed method (Eq. (13)).

Fig. 11 compares only the maximum and minimum
values of the minimum slab thickness for each design
method to show the range of variance. The ACI 318 model
(2014) (for exterior panel without edge beams) gave a good
prediction only for the case that the span is shorter than 8§ m
and the span ratio is Li/L, = 1.0: it underestimated the
minimum slab thickness for the longer spans (serviceability
problems are possible to occur), while overestimated the
minimum slab thickness for the greater span ratios (too
conservative). As stated before, this is because that the ACI
318 model does not consider the effects of loading and
elastic modulus of concrete. The Eurocode 2 model (2004)
showed a wide range of variance by neglecting the
construction load effect. Particularly, for the case of using
lower strength concrete, the Eurocode 2 model significantly
overestimated the minimum slab thickness. The Scanlon
and Lee’s model (2006) showed a narrow range of variance.
However, it underestimated the minimum slab thickness for
the case that the span is longer than 9 m and the span ratio
is Li/L, = 1.0, while overestimated the minimum slab
thickness for the greater span ratios. On the other hand, the
proposed model gave a good prediction for any cases,
because it explicitly considers the slab span, span ratio,
concrete strength, and reinforcement ratio.
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Fig. 12 shows the relationship between numerical
analysis results and predictions by existing design methods,
and it reconfirms the exactness of the proposed method: the
average ratio (Avg) of predictions to numerical analysis
results and its coefficient of variation (Cov) were 1.17 and
0.227 for the ACI 318 model (2014), 1.37 and 0.236 for the
Eurocode 2 model (2004), 1.16 and 0.175 for the Scanlon
and Lee’s model (2006), and 1.02 and 0.058 for the
proposed method.

It is noted that the proposed method for the minimum
slab thickness is valid only within the design and
construction conditions described in the previous section.
Other than these conditions, the proposed minimum slab
thickness could not be satisfactory: for example, heavy and
unexpected loads are applied after construction, or ambient
conditions are more harsh (cold and dry regions).

5. Conclusions

To investigate immediate and time-dependent deflections
of flat plate slabs, numerical analysis was performed
considering the effects of the construction load of shored
slabs, reduced flexural stiffness and moment distribution of
early-age slabs, and creep and shrinkage of concrete. The
construction load distribution of shored slabs was calculated
by the idealized shored slab model, and the effective stiffness
and moment distribution of slabs were calculated by the grid
beam model. Then, the variations of the slab load and
deflection according to construction steps (with load and time
intervals) were calculated by iterations. The predictions by
the numerical analysis method agreed well with the measured
deflections. By using the numerical analysis method, a
parametric study was performed for various design and
construction conditions of practical ranges, and the
parametric study results showed that the use of higher
strength concrete, greater reinforcement ratio (especially
tension reinforcement), and thicker slab in design is desirable
to decrease slab deflections, and construction conditions also
need to be considered in the calculation of slab deflections.
Based on the numerical investigations, a new minimum
permissible thickness of flat plate slabs was proposed
satisfying the serviceability requirement of ACI 318 for the
maximum total deflection occurring after attachment of
nonstructural elements. The proposed minimum slab
thickness and existing design methods were compared with
numerical analysis results. The proposed equation gave a
good prediction for any cases, while the existing design
methods showed wide ranges of variance.
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