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ABSTRACT

The current code provisions for design and analysis of two-way slab deflections on the long
term are known to be inefficient for heavily loaded systems which often experience excessive
deflections, causing damages to partitions and hanging objects below. An experiment
monitoring one-way slab deflections during a five years period was set up and the data was
used to investigate the ACI318 Code requirements for deflection computation.

Based on those observations and further literature review, new requirements were
recommended and a study of podium slabs was done to compare them to the ACI318 Code
requirements. A podium slab is a type of heavily loaded slab supporting wood-framed multistory residential buildings above a parking lot. The expected deflections for an interior panel
of different typical slab layouts were computed following ACI318 and updated requirements
and conclusions were drawn to suggest improvements to the ACI318 Code with regards to the
design and analysis of two-way slabs for serviceability.
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1. Introduction

1.1.

Background

Deflection control is an important aspect of design of reinforced concrete structures. Code
provisions for deflection control provided in section 9.5 of the ACI318 Building Code (ACI
318-11, 2011) have remained essentially unchanged since 1971. Several authors, including
Bondy (2005), Scanlon et al (2006), Bischoff and Scanlon (2007), Scanlon and Suprenant
(2011), have recommended changes to the code requirements to reflect current design and
construction practices. In particular, two-way slab systems tend to be susceptible to deflection
problems due to their relatively low flexural stiffness, and loading at early age (less than
seven days) in multi-story construction. Excessive deflections can result in damage to nonstructural elements such as partitions, doors, and windows, and adversely affect operation of
equipment. Deflections during construction can also affect installation of prefabricated nonstructural elements.

The ACI318 Code provides two approaches to design for deflection control. In the first
approach, minimum thickness as a function primarily of span length and span boundary
conditions can be used, in which case deflection calculations are not required. Alternatively,
smaller thickness can be used if deflection calculations are made and shown to meet
prescribed limits given in the ACI318 Code. Concerns have been raised that the minimum
thickness values do not account for applied loading and no limitations are placed on span
lengths for which the minimum thickness values can be used. Other concerns are related to
the methods prescribed for calculating immediate deflections and time dependent deflections.
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To address these concerns recent proposals for modification of the ACI318 Code
requirements for deflection control are reviewed and test data obtained from a series of slabs
tested under sustained load for a period of five years are evaluated. In addition, a case study is
used to evaluate the impact of proposed revisions compared to current provisions.

1.2.

Objectives and Scope

The objective of this thesis is to develop design recommendations for deflection control for
two-way slabs to replace those currently in the ACI318 code. These recommendations are
based on a review of recent proposals and an analysis of experimental data obtained at Penn
State University over the past five years. The recommendations address minimum thickness
requirements and calculation of immediate and time-dependent deflections. Particular
emphasis is placed on heavily loaded podium slabs used in multi-family residential
construction. This type of slabs is used to support up to three levels of wood frame
construction.

The objectives were achieved within the following scope:

a) A literature review of research related to deflection control of two-way slabs and
revisions to the current code provisions for deflection control
b) Analysis of experimental data obtained from a five year long test program on a series
of slabs subjected to immediate application of live load and long-term application of
sustained load
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c) Development of recommendations for revisions to the ACI318 Code provisions
d) Comparison of the proposed revisions and the existing provisions using a case study
from the literature
e) Conclusions and recommendations
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2. Code Provisions for Control of Two-Way Slab Deflections

2.1.

Introduction

Section 9.5.1. of the ACI318 Code states that “Reinforced concrete members subjected to
flexure shall be designed to have adequate stiffness to limit deflections or any deformations
that adversely affect strength or serviceability of a structure”. Two methods are prescribed to
satisfy this requirement for two-way slab systems. In the first place, minimum thickness
prescribed as a fraction of slab clear span in the long direction, boundary conditions (interior
or exterior panels), and grade of reinforcement can be used to satisfy the requirement, in
which case deflection calculations are not required. Slab thickness less than minimum may be
used if calculations show that limits prescribed in the code are not exceeded. These limits
apply to deflections under immediate application of live load, and long-time deflections under
sustained load. Limited guidance is provided in the code to account for effects of cracking,
creep, and shrinkage. For two-way slabs, the code states that “Deflections shall be computed
taking into account size and shape of the panel, conditions of support, and nature of restraints
at the panel edges”. These requirements have remained unchanged in the ACI318 Code since
1971. Several proposals have been made to update these requirements to reflect current
design and construction practice as discussed below.

Bondy (2005) identify two problems in his article. First, two-way slabs can be designed in
accordance to ACI318 Table 9.5(c), but calculating the deflections might predict deflection
far above those imposed in ACI318 Table 9.5(b). Second, ACI318 Table 9.5(c) itself may
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prove inadequate for proper design of heavily loaded slabs since, as previously mentioned, the
minimum thickness requirements are completely independent of the loads. This is illustrated
in the Bondy paper with an example of a podium slab of the required minimum thickness that
underwent greater deflections than those allowed by ACI318 Table 9.5(b). What’s more,
computing expected deflection for this member under-predicts the actual displacements.

The author recommends the code include a maximum design load for use of ACI318 Table
9.5(c), and make deflection calculations mandatory for other slabs. At best, deflections should
be estimated for any type of slab.

Bondy (2005) offers a discussion on the term "span" for a two-way slab. Since the deflection
limits are expressed as a function of span length, the author suggests the definition should be
clarified for two-way slabs, since the deflection depends on both the short and long span of
the slabs. The proposed definition is to take the diagonal dimension, between column
centerlines. This point is also made by Scanlon & Lee (2006) and Wight and McGregor
(2008), who suggest using the diagonal length to compute mid-panel deflection limits.

2.2.

Minimum thickness requirements

The minimum thickness requirements can be found in ACI318 Code Table 9.5(c). The
minimum thickness depends mainly on the clear span in the long direction.
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Table 2.1: Table 9.5(c)
Without drop panels
Exterior panel

fy, psi
40 000
60 000
75 000

With edge Without
beam
edge beam
ln/33
ln/36
ln/30
ln/33
ln/28
ln/31

Interior
panel

ln/36
ln/33
ln/31

With drop panels
Exterior panel
With edge Without
beam
edge beam
ln/36
ln/40
ln/33
ln/36
ln/31
ln/34

Interior
panel

ln/40
ln/36
ln/34

An equation for minimum thickness requirement for two-way slabs was developed by
Scanlon & Lee (2006) to be used in the design process for slabs. It can be applied to
nonprestressed one- and two- way construction during the design process to obtain a first
estimate of the required thickness of the member. A single iteration at most may be necessary
for convergence towards a design value. The equation takes many parameters in consideration
that ACI318 Table 9.5(c) doesn’t with regards to thickness requirements for slabs, such as
loads, boundary conditions and time-dependent deformations.

Two-way construction parameters (kAR, kSS and kDP) were included in the incremental
deflection equation proposed for one-way construction by Rangan (1982) and Scanlon and
Choi (1999).
κ  k AR  k SS  λW WL    l
∆ 
384  k DP  E  I

(2.1)

κ is a deflection coefficient depending on the support condition – one or two end continuous,
cantilever or simply supported. It is taken as 1.4 for both ends continuous and 2 for one end
continuous, the value jumps to 5 for simply supported and 48 for a fixed cantilever. The
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coefficients kAR for aspect ratio of edge supported slabs and kDP for drop panels are taken as 1
for the case of an interior panel in a flat plate. The coefficient kSS for the support system is
taken as 1.35. Ws and WL

add

are the sustained and immediate live load at five years

respectively.

The final expression is formulated by expressing the effective moment of inertia Ie in terms of
the gross moment of inertia, i.e. Ie = αIg. Good correlation was found with a value of α =
0.52. By rearranging the member deflection calculation equation, an expression for span to
depth ratio can be obtained for flat plate and flat slab systems as given by equation (2.2).

Equation for US customary units:
2400  k DP  E  )b,12-

/,
0

l
∆
.
 !"
#

h
l $$%& κ  k AR  k SS  λW WL  

2.3.

(2.2)

Calculation method

Several different methods are available to compute the deflections of two-way slabs, all of
them require accounting for cracking, which reduces the flexural stiffness.

Three methods are provided by ACI Committee 435 (ACI 435R-92) for calculation of
immediate deflections of two-way slabs:


the classical method, using the elastic thin-plate theory equations



the finite element method
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the crossing beam method, in which the slab is divided in a system of orthogonal
column and middle strips

The classical method obviously requires complicated computations that imply assumption on
the boundary conditions and solution of differential equations. Despite the easy access to
computational programs, this method is long and not easily applicable to design.

The crossing beam method is a simplified method to calculate two-way slabs deflections. Two
orthogonal one way slabs are considered, and each system is divided into middle and column
strips. Deflections are computed in each strip. Two-way slab deflections at mid-panel are
determined by adding deflection of unit-width column strips to that of an orthogonal unitwidth middle strip (ACI 435, 1992). Results obtained by the crossing beam method have been
shown to compare favorably with results obtained by the finite element method.

Figure 2.1: Crossing-beam method (ACI 435R)
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The concept of effective moment of inertia Ie was developed to account for the reduction in
flexural stiffness due to cracking. This parameter is derived from an interpolation between
cracked and uncracked moments of inertia of the slab. The extent to which the slab acts close
to its cracked behavior is dependent on the maximum applied moment with regard to its
resistance to cracking, which is accounted for through the use of the ratio of maximum
applied moment to cracking moment.

Shrinkage also tends to reduce the applied moment required to initiate cracking. The ACI
committee 435 therefore suggests further adjustments be made by introducing a restraint
stress fres. The cracking moment can then be calculated with a reduced modulus of rupture:
fe = fr - fres.

Long-time deflection can be computed by classical calculations or simply taken into account
by multiplying the results of immediate deflections calculations by a coefficient tabulated in
ACI318 section 9.5.2.5.

The equation for effective moment of inertia found in the ACI318 Code was proposed by
Branson (1963):
M2 0
M2 0
I  "
# 3 I4 5 61 7 "
# 8 3 I2
M
M
where:
Ma is the maximum applied moment, at service load level
Mcr and Icr are found through the analysis of the cracked section:

(2.3)

M2 
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f2 3 I4
y;

Where:

(2.4)

fr: modulus of rupture, 7.5*√f'c
Ig: gross moment of inertia
yt: distance of extreme tension fiber to ENA

1
I2  <b. k. d0 ? 5 nA 1 7 kB . dB
3
Where:

(2.5)

C  D2. E. F 5 E. FB 7 E. F (kd is the depth of the

neutral axis in the cracked section)
b: width (in)
d: effective depth (in)
As: area of reinforcement (in²)
n = Es/Ec
In the case where Mcr>Ma, the beam is not cracked and Ie is simply taken as the gross moment
inertia.

Bischoff and Scanlon (2007) suggested a different approach from that used in ACI318 to
determine the effective moment of inertia. The ACI318 equation is shown to produce poor
results when applied to slabs with typical steel reinforcement ratio lower than 1%. The
authors propose an equation where effective moment of inertia given by combining the
cracked and gross uncracked stiffness as two systems in series rather than in parallel as
modeled by Branson.

If the cracking moment is larger than the maximum moment, the effective moment of inertia
is still taken as Ig; if not:

I 

1
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M
I
1 7 ) 2 -  G1 7 2 H
M
I4
B

 I2

(2.6)

Figure 2.1 shows a comparison between the Branson and Bischoff equations for effective
moment of inertia as well as the plot for the cracked section moment of inertia as a function of
reinforcement ratio. The modulus of rupture is taken proportional to the square root of the
compressive strength, f’c, given in psi The ACI318 coefficient is 7.5, but to use Bischoff’s
equation, a value of 5 is rather suggested. The plot shows the moment of inertia for all these
values of the modulus of rupture, and it can be seen that it has a great influence on the
stiffness reduction of a member.

fig 2.2. Effective moment of inertia (normalized) versus reinforcement ratio

The effective moment of inertia can be found and computed for a strip of slab, considered as a
one way system, by calculating an average of the values of the moment of inertia in the
negative and positive moment regions.
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IJ  0.15 IJ JLM / 5 IJ JLM B  5 0.7IJ OPMMQJ

(2.7)

ACI318 allows Ie to be based on a single average of values obtained in negative and positive
moment regions.

However, as pointed out by ACI committee 435 following the work of Ramsay, Mirza and
McGregor (1979) and Jokinen and Scanlon (1985), there is a high variability in slab
deflections. According to a Monte Carlo simulation, the former work showed that the range of
calculated deflection can be underestimated by as much as 20% to overestimated by 30%
mainly due to stiffness and strength variability when the applied moment is close to cracking
moment. The work by Jokinen and Scanlon based on field measured deflections showed a
coefficient of variation in immediate deflections between 25 and 50%. The variability can be
expected to be larger in the field where conditions are highly uncertain, especially during
construction.

2.4.

Immediate deflection

Scanlon and Bischoff (2007) recommend that the effective moment of inertia be calculated
based on moments corresponding to full dead plus live load to account for effects of
construction loading occurring at early age.
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The modulus of elasticity of the concrete is calculated following ACI318 8.5.1 as a time
dependent value to account for slabs loaded at an early age:
R  57 000  ST U V WQXYMPLZ 

(2.8)

where the strength f'c, at time of loading tloading is
T U V WQXYMPLZ  

WQXYMPLZ
. T U V 28 ][^_
[ 5 \  WQXYMPLZ

(2.9)

with a = 4 and b = 0.85 for a moist cured concrete with type I cement (ACI 209R ).

The immediate deflection in a strip is found using the elastic beam equation, with ln the clear
span length:
∆`` 

K w. l 

384 E . I

(2.10)

where K is a coefficient accounting for edge condition, K = 1.4 for interior panel (two ends
continuous) and K = 2 for end panels (one end continuous). The load w, for each column and
middle strip is adjusted to reflect the non-uniform distribution of moments across a panel due
to two-way action.

2.5.

Time-dependent deflection

The time-dependent deflections are mainly a consequence of shrinkage and creep. Shrinkage
restraint has consequences for cracking as it lowers the cracking moment. It is suggested to
use a reduced rupture modulus fre to calculate Mcr, with fre = fr-fres where fr is the unmodified
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modulus of rupture and fres the restraint stress. Scanlon and Bischoff (2007) recommend that
fre be taken as two thirds of fr in combination with Bischoff's effective moment of inertia.

The sustained load is the dead load added to a fraction of live load. For lightly reinforced
structures such as slabs, with ρ less than 0.8%, the effective moment of inertia is very
sensitive to the Mcr/Ma ratio, which is why the combined effects of shrinkage restraints and
loading history must be accounted for in the deflection calculation.

A combination of two parameters is used to compute the time dependent deflection.
Multiplying the immediate deflection by a long-term multiplier allows estimating the time
dependent deflection based on the time difference since the day the formwork is stripped,
letting the slab carry its own weight.
The long term multiplier for a time of loading Wc and time of calculation WP is:
WP 7 Wc h.i
j
deWP , Wc g  !
h.i .  Cc 
1 5 50Ek
)10 5 eWP 7 Wc g -

(2.11)

The first term is obtained from ACI209 and accounts for the time-dependent increase in
deformation due to creep. The second parameter, allows for the age of the slab at loading.
This function is a constant with regards to the date of computation. An expression proposed
by Ghosh (2008) is given by:
Cc  2.3Wc lh.Bm n 1.75

(2.12)
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The creep coefficient ξ is found in ACI318-11 9.5.2.5, it equals 2 for time equal to five years

Karschner (2012), based on a time-dependent analysis of uncracked and cracked flexural
sections, suggested a new equation for the long-term multiplier of flexural members that takes
cracking into account, since cracking consequently affects immediate deflection. It
interpolates a value λeff between a multiplier λρucr for the uncracked section and λρcr for a
cracked section. The interpolation is made with respect to the parameter (Mcr/Ma)² in the same
manner the Bischoff equation interpolates between Ig-1 and Icr-1:
do pVq  2.75 5
do Vq  1.0

M uv B

/.mlo
/.0B

dJss  ) M - d
w

o

pVq

r 2.0
Muv B

5 G1 7 ) M - H d
w

o

Vq

(2.13)
≥ 2.0

A lower limit of 2.0 equal to the current ACI318 is suggested pending further evaluation of
the proposed equation. With a large maximum applied moment, the multiplier will tend
towards the ultimate value of 2 as the section cracks. However, for uncracked sections at early
age loading the equation will yield a high long-term multiplier due to higher creep
deformation in the tension zone.

Long-term deflections are computed as a multiple of the deflection due to immediate loading
under the sustained load.
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∆ W  deW, WQXYMPLZ g  ∆POO WQXYMPLZ 

2.6.

(14)

Permissible computed deflections

There are two limits given in ACI318 for calculated deflections: live-load deflections and
‘incremental deflection after installation of nonstructural elements’. The incremental
deflection controls in most cases. There is no limit specified for total deflection, or deflection
up to the time of installation of non-structural elements.

Scanlon and Lee (2007) developed a method for deflection control, based on the utility
theory. It uses statistics to quantify the importance of damage due to long-term deflection on
serviceability and the associated cost. Following the parameters considered and the
probability models used, an optimum thickness can be determined for a specific design. The
optimum thickness allows minimizing the costs. In comparison with ACI318, it results in
thicker slabs for long spans and smaller thickness for short span. The method can serve as a
basis for future study that would provide deflection control criteria

2.7.

Summary

The ACI318 code requirements for deflection control of two-way slabs remain unchanged
despite numerous confirmations of its poor efficiency for serviceability. The requirements do
ignore parameters that impact on the long term deflection, such as construction process,
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required loads, and slab aspect ratio. Numerous articles suggest the use of equations to refine
the design process and compute deflections with more accuracy. In this chapter, proposals
resented in the literature to improve minimum thickness and deflection calculation provisions
of the ACI318 Code have been summarized. Those recommendations will be examined
further using test data obtained from a series of test slabs monitored over a five year period
and by examining a case study presented in the literature
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3. Analysis of experimental Data

3.1.

Introduction

An experimental program at Penn State has been under way for approximately six years to
monitor long time deflections under sustained load and response due to short term application
of live load. The test program was initiated by Lee (2006). The data will be used to evaluate
some of the proposals for modifying the deflection control provisions in the ACI318 Code.
Nine simply supported slabs of equal dimensions and reinforcement were designed for
moment due to a live load of 0.6 kips applied at mid span. The design live load was applied at
various times after curing. Only the dead load (self-weight) is sustained. The same concrete
mix was used and the slabs were moist cured for 7 days at most. Each series of 3 slabs was
first loaded at 3, 7 and 28 days after curing. Gages are positioned at mid-span under the slab
to monitor the time dependent deflection. Lab conditions (relative humidity and temperature)
were also recorded.

The data will be used to analyze both short term and long term effects. Short term plots will
show the accuracy of the Branson and Bischoff equations for immediate deflection
calculations. Long term plots will be used to find a long term multiplier for time-dependent
deflections. Slab details are listed below.

Slab dimensions:
Length

12 ft
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Clear span

11 ft

Thickness

5 in

Reinforcement ratio

0.0046 (#3 bars at 4 in)

The slabs were design to sustain a service load moment of 3.9 kip.ft with a capacity of 4.59
kip.ft. Details of the test set-up are shown in Fig. 3.1.

6"

1"

CL

2-No.3 Bars
Bearing Plate(6" x 12")
Steel Beam

G

Dial Gage

Figure 3.1. Experiment set up

The midspan deflections were measured using dial gages. The gages are analog gages, with a
probe connected to an internal spring. The deformation is obtained in inches by visual reading
of the needle position on the dial. Two dials allow a measurement to the 10-3 inches. The
probe of the dial gage, connected to an internal spring, is constantly in contact with the
bottom surface of the slab. The gages were placed under the middle of the slab after the slabs
were stripped; the measurement does not account for the dead load deflection. Dial gages are
precise with a 0.001 inch accuracy and reliable. No drifting happen in the gages and no
discrepancy in the readings of the two needles was observed. The slabs stayed indoors and the
gages were not exposed to extreme external condition.
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3.2.

Immediate deflections

The immediate deflection under sustained load ∆ i= ∆ D+ ∆

res

is the sum of the dead load

deflection and residual deflection measured after removal of live load.

Dead load deflections were calculated from the equation for an uncracked simple beam with a
uniformly distributed load due to self-weight, Eq (3.1) below. The modulus of elasticity for
each set of slabs at time of loading was obtained by cylinder tests.

Average modulus of elasticity obtained from cylinder tests (in ksi) is given by
3 days

7 days

28 days

3181.2

3982

4145.9

5  zy  {L 
xy 
384  R W  IZ

(3.1)

A summary of immediate deflection values is shown in Table 3.1:
Table 3.1: Immediate deflections
Beam
B1D3
B2D3
B3D3
B4D7
B5D7
B6D7
B7D28
B8D28
B9D28

∆D (in)
0.0518

0.0414

0.01397

∆res (in)
0.1220
0.0960
0.0610
0.0590
0.0840
0.0650
0.1160
0.1440
0.1300

∆imm (in)
0.1738
0.1478
0.1128
0.1004
0.1254
0.1064
0.1557
0.1837
0.1697

Average ∆imm (in)
0.1448

0.1107

0.1697
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After their initial loading the slabs were subjected to a live loading cycle at three other points
during their history: at day 156, 333 and 596 –that is, roughly each semester for the first 2
years.

Figure 3.2 shows the mid-span moments versus deflection plots for the first cycle of
application of live load at 3, 7, and 28 days. Also shown are the computed values based on
Branson’s equation and Bischoff’s equation for effective moment of inertia. In each case the
cracking moment, Mcr was obtained from the moment versus deflection plots.

The accuracy of expected deflection during the first loading was tested using both Branson’s
and Bischoff’s expression of the effective moment of inertia. There are some uncertainties in
the determination of residual stresses. It is hard to quantify the extent to which stresses due to
drying shrinkage and bond slip reduce the cracking moment and create residual strain. It is
therefore expected that the theory, using elastic loading and the effective moment of inertia,
could not match the data closely.

a) Slabs loaded at day 3 (B1D3, B2D3, B3D3)
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b) Slabs loaded at day 7 (B4D7, B5D7, B6D7)

c) Slabs loaded at day 28 (B7D28, B8D28, B9D28)
Figure 3.2. Comparison between Branson’s, Bischoff’s, and experimental value of immediate
deflection under first live loading cycle

It can be observed from these plots that Bischoff’s equation provides better correlation with
the test results. However, it underestimates the residual deflection on removal of live load. It
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is assumed that unloading from the maximum load is elastic, however the test data indicate
that unloading produces a certain amount of inelastic response. Unloading based on the
uncracked section stiffness provides a conservative estimate of the residual deflection. This is
significant since the long time deflection is taken as a multiple of the initial deflection under
sustained load.

Influence of the load configuration

The influence of load configuration can be observed on the moment-deflection plots of all
nine specimens.

Figure 3.3 shows the moment-immediate deflection curves due to the four live load
application in the first two years of the experiment for specimen B6D7. Plots for all other
specimens which are similar are presented in Appendix A. The loading-unloading plots are
show on the figure without accounting for the additional time dependent deflection that
occurred in between. The live load application at 596 days was a third point loading leading to
the same moment as the three previous point load applications. The slope for this plot is
significantly bigger for all nine specimen tested than for the point loads. Also, point load
applications obtained almost the same slope as the first unloading, meaning subsequent
applications did not create a significant residual deflection. Because the maximum moment is
spread out on a longer portion of the slab, the cracking occurs at more locations. The ensuing
reduction in the slab stiffness causes increased deflection. Whereas the maximum deflection
in a simply supported slab should be 28% bigger when subjected to third point loading rather
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than point load, the experiment shows on average a 52% difference indicating an overall
reduction in stiffness due to additional cracking. The residual deflection is therefore much
more important on the last loading.

Figure 3.3: Concatenated moment-deflection plots of all live load applications for slab B6D7

Cracking moment

In the code, the modulus of rupture is proportional to the square root of the compressive
strength. The adequacy of this assumption with the set of slabs was tested by examining the
ratio α = fr/√f’c. The following table shows some variation depending on the day of loading.
The apparent decrease in α with age at loading is attributed to the build-up of shrinkage
restraint stresses after the end of curing.
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Table 3.2
Beam
B1
B2
B3
B4
B5
B6
B7
B8
B9

3.3.

Cracking moment

Mcr (kip.in, observed) f r (psi) f r
24.34
486.8
24.34
486.8
27.84
556.8
25.34
506.8
27.34
546.8
25.34
506.8
21.84
436.8
21.84
436.8
23.34
466.8

(psi, avg)
510.1

520.1

446.8

f' c (psi, cylinder tests)
2884
2729
2870
3562
3690
3905
4512
4796
4969

f' c (psi, avg) α α (average)
9.1
2827.7
9.6
9.3
10.4
8.5
3719.0
8.5
9.0
8.1
6.5
4759.0
6.5
6.3
6.6

Time-dependent deflections

The total deflection ∆T of the slab under sustained load is a time dependent function. It can be
written ∆T(t)= ∆ i+ ∆ (t) where ∆(t) is the additional time-dependent deflection. The time
dependent deflection is due to the creep of the concrete, that is to say the deformation
occurring under a sustained load. In the case of the slabs, the only sustained load is the selfweight. The concrete creeps even more when allowed to dry at the same time, adding another
component to the basic creep known as drying creep.

Creep occurs because of the viscoplastic behavior of the cement paste under the sustained
load. The typical aggregates used as well as the reinforcement geometry should have no
influence on the creep of the slabs. The creep is not fully reversible if the load were to be
taken off the member.
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The average of the total deflections was used in the study for each set of slab. The complete
set of data is presented in appendix B. The coefficient of variation is about 7.5% for the longterm data at Day 3 and Day 7, and is 6% for the data at Day 28. There is a maximum 0.05
inch difference in the deflection at five years between the data and the average. Two slabs
loaded at 28 days exhibited a very similar behavior, while the third one had a 1 inch
difference in the deflection at 5 years. The origin of this difference is unknown; this set of
data was discarded as it represents a 15% difference.

The slabs loaded at 3 or 7 days have similar deflection growth in the first year of their service
life. This rate is higher than this of the specimens loaded at 28 days, which can be attributed
to higher creep in concrete loaded at an early age.

There are significant differences in the deflection of the specimens in each set. The data for
the beams at day 7 become increasingly scattered over time, there is a 0.050 inch difference
between each slab at five years. The data for the beam at day 3 is more consistent.

The slabs at day 3 however end up following a different trend than the other two sets as the
increase in deflections is less important. The deflections experienced by the slabs at 7 days are
higher than the ones at 3 days, which is also against expectations. Therefore, since the earlyage data need further investigation, the correction factor for loading at an early age will be
suggested based on the day 7 data for all beams loaded in their first week.

The following plot shows the average total deflections for each set of slab. Individual plots for
each set of specimens are shown in appendix B. The total deflection is the sum of the
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computed deflection due to dead load and the monitored deflection following live load
applications and under sustained loads. The immediate deflections were presented in Table
3.1. The evolution of deflections over time follows the expected trend, with a rapid rate
during the first and a significant increase later on, the deflection being almost constant at the
slabs reach their five years of life.

Fig 3.4. Average total deflection for each set of slabs

The long-term multiplier λ is a time varying function which is currently approximated as a
rational function in the ACI318 code. It depends on the initial time of loading t0, as well as the
time of calculation t.

The experimental values of this multiplier is
λ t 

Δ ~ t
ΔP

(3.2)
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It is plotted for each beam. Curve fitting is then performed to evaluate a possible alternate
expression for the multiplier. Once a matching function, λ28(t) = 1.0 * f28(t) is selected for the
28 days curve, the two other sets of data are used to express a correction factor for earlier
loading, in the form: d~ W  C Wh  TB W.

The results of the curve fitting are presented in Fig. 3.2. Long-time multiplier for day 3 and
day 7 loadings were determined based on two separate assumptions:
a) Initial deflections from the measured values for each slab
b) Initial deflection from the 28 days tests used for all slabs
In addition, multipliers based on the ACI209 function (Eq 2.11) are shown.

The percentage of difference between the curve fit and the experimental data is no higher than
10% after 500 days and stays below 5% at five years whereas the ACI318 multiplier is shown
to have an error of above 10% for the data at day 3. However for the data at day 7 and 28, the
ACI318 multiplier is more than 20% different after 500 days whereas the curve fit stays
within 5% of the experimental data. The R² coefficient for the data at 28 days is 0.99. It is
0.90 for the data at day 3 and 0.87 for the data at day 7. These lower values are mainly due to
the discrepancy between the curve fit and the experimental data that is seen during the first
year of the service life of the specimens. The curve fit after two months has an R² value 0.95
which shows the curve fit would be satisfactory to use to compute expected deflections on the
long term for early loaded slabs. This could be corrected by using a time-dependent correction
factor, that is to say a k-function of t and t0.
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R² = 0.99

R² = 0.87

30

R² = 0.90

Fig 3.5. Long-term multiplier for slabs loaded at 28, 7, and 3 days

As can be observed on the plots, the ACI318 function not only underestimates the
experimental value of the multiplier, but also tends to overestimate it at an early age. Based
on experimental results, the function should have a gradual increase and keep increasing
significantly after 2 years. It is specifically important that the long-term multiplier do not have
too low an ultimate value as it is what will be used for design. A logarithmic function was
chosen to try and match the experimental data more closely. The equation found for the
multiplier, with t expressed in days: λ(t, t0) = 0.624 * ln (t – t0 + 28) – 2.07. It reaches a value
of 2.7 at five years compared to the value of 2 specified in the ACI318 Code. The values for
the correction factor are k(3) = 1.4 and k(7) = 2. This function shows a trend quite close to the
experimental data, especially at five years.
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The correction factor for the slabs loaded at early age is highly dependent on the initial
deflection. It is interesting to look at the value of the long term multiplier if is calculated
based on the immediate deflection at 28 days of an identical slab. The following plots shows
the plots for the long-term multiplier calculated as λ(t)=∆(t)/∆i(t0), and as λ(t)=∆(t)/∆ i(28). The
correction factor is lowered, as could be expected, by 1- ∆i(t0)/ ∆i(28) = 35% from 2.7 to 1.4.
The total long-term multiplier is thus reduced to 3.5 at five years, instead of 5.25 like
previously calculated or 2 as recommended in ACI318. For data at day three, the reduction of
the correction factor of only 15% from 1.4 to 1.2 is explained by larger initial residual
deflection at day 3 than day 7.
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Fig 3.6. Long-term multiplier for slabs loaded at 7, and 3 days with λ(t)=∆(t)/∆i(28)

3.4.

Conclusion on experimental data

An experiment to monitor deflections in one way slab systems was set up, and data was
collected during a period of five years. The ultimate values for time-dependent parameters for
concrete are usually taken at five years. This allowed comparing the experimental data for this
set of slab to the ACI318 requirements for the long-term multiplier.

The ACI318 equation for effective moment of inertia was found to underestimate the
deflection due to the service moment. Bischoff’s equation yields deflection close to the
experimental data. However it must be noted that the residual deflection computed by
assuming elastic unloading would occur is lower than observed on all nine one-way slabs. The
unloading seems to follow this of a section with a gross moment of inertia. Since the
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immediate deflection seems to follow an elastic pattern with a similar slope for the following
loadings, this means all subsequent live load deflections could be computed with the gross
moment of inertia. However, for the sake of simplicity and because of the uncertainty in the
loading pattern for the on field load applications during the service life of the building, this
will be ignored in the following chapter when calculating immediate deflections for the slabs
under service load.

The ACI318 multiplier was found to significantly underestimate the effect of time in the oneway slabs. A logarithmic curve fit provided a function for the long-term multiplier that
modeled more closely the evolution of the time-dependent deflection. The multiplier at five
years for 28 days loading is 2.7 compared to the ACI318 code value of 2.

A wide variation in the initial deflection under sustained load after removal of live load
resulted in long-time multipliers of 1.4 for 3 day loading and 2 for 7 day loading. When the
multipliers were based on the 28 day initial deflection and measured time-dependent
deflections, the loading age correction factor for 3 and 7 day loading were found to be 1.2 and
1.4. It is recommended that a long-time multiplier for slabs loaded at 28 days be taken as 2.7
instead of 2.0 and that an age at loading function be taken as 1.4 for slabs loaded at 3 or 7
days where the initial deflection is taken as the value computed at 28 days.
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4. Application to Podium Slabs for Residential Construction

4.1.

Introduction

This study will focus on a typical nonprestressed podium slab (Bondy, 2005). Podium slabs
are an example of heavily loaded slabs used in the residential construction industry. The bay
dimensions are dependent on the layout of the parking lot in the lower level, of which they are
the ceiling. Nonprestressed slabs are in the range of 29-30 ft by 27-29 ft, with a 12-16 inch
thickness. The span in the larger direction represents the driving aisle. The smaller dimension
corresponds to about three or four parking slots between each column; in practice, that may be
reduced to 19-21 ft for two parking slots. Podium slabs support three- or four-story, woodframe residential buildings. The slab carries superimposed dead load of the order of 100 to
200 psf, and live load from 80 to 150 psf. In general these slabs are supported by columns
with drop panels, and the exterior panels by walls.

Podium reinforced concrete slabs are generally lightly reinforced. The reinforcement ratio is
lower than 1%, typically between 0.2 and 0.8%. This range of reinforcement is where the
effective moment of inertia varies the most, and also where the difference between the
Branson and Bischoff moments of inertia is especially high. Therefore, the calculation of
expected immediate deflections is subjected to a high sensibility, and differences between
Branson's and Bischoff's approach will be highlighted.
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During construction, the slab is almost immediately loaded, as the building of the wood frame
starts a few days after the pouring of the slab. The formwork stays in place for 3 to 4 weeks,
while completion of the framing is done in 3 months. The load is gradually applied as
construction progress, but building materials and machines are stacked on the slab early on.
Generally during the construction process, the loads can often exceed the required loads for
which the slab has been designed.

Figure 4.1. View of a typical wood-frame residential building with a podium slab (Bondy)

4.2.

Slab Details

As a basis for the parametric study, typical podium slabs have been designed following the
Direct Design Method, using #5 Grade 60 steel bars to obtain the reinforcement ratio in each
part of the slab.

The slabs dimensions are taken consistent to the range provided by Bondy (2005).
The longer span was taken as the constant value of 30 ft, while different short span lengths,
21, 24, and 27 ft were used. The flat slabs are supported by square columns of 1 ft². It is
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assumed there is no drop panel. The thickness for ACI318 requirements is ln/33 for an interior
panel, that is 10.5 inches for ln = 29 ft. The concrete strength is usually between 3 ksi and 4 ksi
in two-way podium slab construction, the study will use a value of f’c = 4ksi. The concrete
weight is taken as 150 pcf.

The load is uniformly applied on all panels. The building should have at least three bays. Thus
the podium slab system fit in the Direct Design Method requirements of ACI318. The
moments are distributed between columns and middle strip following requirements of section
13.6. The negative moment in an interior panel should be 65% of the total static moment on
the panel, 75% of which is carried by the column strip in absence of edge beams. The column
strips will carry 60% of the positive moment. It can be expected that the middle strip, as it
carries a less important moment, will be more lightly reinforced and the deflections occurring
in that region of the panel will also be lower.

The loads applied were taken in the high range of those applied to podium slabs, 200 psf for
superimposed dead load and 150 psf for live load. It is supposed 10% of the live load is
sustained from the start of the slab life, to account for construction loads and materials piled
on the slab at an early age, and occupancy as the building goes into service. The 90%
remaining will be applied at the time of calculation, causing an immediate deflection to the
slab during its service life. The goal is to study the expected deflections under the maximum
service load. For these slabs the reinforcement ratio is found between 0.9% and 1.6% in the
first interior negative region, but is otherwise comprised between the minimum of 0.2%, and
0.7%. A summary of the reinforcement ratio in column strips and middle strips is provided
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below. Column strips span in the longer direction, therefore, for each slab thickness the main
difference in reinforcement ratios lies in the middle strips.

Table 4.1: Reinforcement ratios (%) designed for typical podium slabs
t (in)

L/S
1

10.5

1.25

1.43

1

12

1.25

1.43

1

14

1.25

1.43

1

16

1.25

1.43

M- region

M+ region

Column strip

1.6

0.64

Middle strip

0.49

0.42

Column strip

1.6

0.64

Middle strip

0.31

0.26

Column strip

1.6

0.65

Middle strip

0.24

0.2

Column strip

1.18

0.49

Middle strip

0.38

0.31

Column strip

1.18

0.49

Middle strip

0.24

0.20

Column strip

1.18

0.49

Middle strip

0.20

0.20

Column strip

0.88

0.36

Middle strip

0.28

0.24

Column strip

0.88

0.37

Middle strip

0.20

0.20

Column strip

0.88

0.36

Middle strip

0.20

0.20

Column strip

0.68

0.28

Middle strip

0.22

0.20

Column strip

0.68

0.28

Middle strip

0.20

0.20

Column strip

0.68

0.28

Middle strip

0.20

0.20
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4.3.

Analysis by Current ACI318 Code Provisions

Expected deflections are obtained through the crossing beam analysis. Deflections are
calculated for a column strip spanning in the long direction, and a middle strip spanning in the
orthogonal direction. The column strips carry more moment; therefore larger deflections are
to be expected.

The ACI318 Code limits for incremental deflection where nonstructural elements might be
damaged is l/480 from table 9.5(b). With l taken as the clear diagonal span for each panel, the
ACI318 Code limit on computed incremental deflection is √[1+S/L ²]*L/480:

Table 4.2: ACI318 deflection limits
L/S

Limit (in) L/480

Limit (in) L/240

1
1.25
1.43

1.06
0.96
0.92

2.12
1.92
1.84

The following table summarizes the value of computed deflections for the podium slabs
designed. The values shown are the total deflection expected in column ∆col and middle strip
∆ mid, which include immediate and long-term deflection. The total expected deflection at midpanel ΔT is also included, as well as the incremental deflection ∆inc at midpanel, that is only
deflections occurring after the installation of partitions. The shaded cells indicate when
computed incremental deflections at five years are below the ACI318 limits.
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Table 4.3: Expected deflections following ACI318 requirements
t (in)

10.5

12

14

16

L/S

Δcol (in)

Δ mid (in)

ΔT (in)

Δinc (in)

L/480

L/240

1

3.71

1.45

5.17

3.49

1.06

2.12

1.25

3.72

0.50

4.21

2.80

0.96

1.92

1.43

3.72

0.26

3.98

2.63

0.92

1.84

1

2.28

0.90

3.17

2.13

1.06

2.12

1.25

2.29

0.31

2.60

1.72

0.96

1.92

1.43

2.87

0.17

2.46

1.62

0.92

1.84

1

1.32

0.53

1.86

1.24

1.06

2.12

1.25

1.33

0.20

1.52

1.00

0.96

1.92

1.43

1.33

0.10

1.43

0.94

0.92

1.84

1

0.84

0.35

1.19

0.80

1.06

2.12

1.25

0.84

0.13

0.98

0.64

0.96

1.92

1.43

0.85

0.07

0.92

0.60

0.92

1.84

It is clear from this table that the slab as designed following ACI318 requirements, which has
a thickness of 10.5 inches following Table 9.5(c) would fail according to computations and
limits from the same code section, that is L/480 from Table 9.5(b).

Figure 4.1 presents the deflections plotted for different thicknesses with respect to the aspect
ratio of the slab, that is to say the ratio of the long span –which is constant in this study- to the
shorter span of the slab. It highlights the importance of the aspect ratio when computing
deflections, especially in thin slabs, where they can vary by as much as 1 inch between a
square and a rectangular shape with the same long span length. The plots show the theoretical
results of the expected deflections based on current code deflections for the range of different
podium slabs studied. The four graphs on the plot correspond to different slab thickness to
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emphasize the trend in the expected deflection depends on the thickness as well as the short
span length. No experimental data were included in this figure.

Figure 4.2. Expected incremental deflections based on ACI318 requirements and calculation
methods

Since the ACI318 equations do not account for either loads or aspect ratio, they imply a great
amount of uncertainty in the design for deflections. Moreover, as Bondy pointed out, the two
requirements seem to be contradictory as a slab of the required thickness would not be
allowed if the deflections were calculated.

4.4.

Analysis by recommendations from previous chapters

This section presents the differences in expected deflections when following ACI318
requirements and updated provisions.
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The moment of inertia used in the computation of immediate deflection will be calculated
following Bischoff’s formulation which, as it has been noted, confers a lesser stiffness to the
section, closer to the actual behavior of the slab for the immediate loading. The long-term
multiplier is taken as 2.7, the 5-year value of λ found through the experimental study of slabs.
Formwork for podium slabs are typically stripped after 3 to 4 weeks, meaning the slabs has
already developed it full capacity. The time correction factor is not used for their study. These
changes will significantly increase the expected deflection. For the same set of slabs, the
following deflections were found, using these two modifications.

Table 4.4: Expected deflections following updated requirements
t (in)

10.5

12

14

16

L/S

∆col (in)

∆mid (in)

∆T (in)

∆inc (in)

L/480

L/240

1

4.24

1.66

6.20

4.72

1.06

2.12

1.25

4.25

0.57

5.05

3.85

0.96

1.92

1.43

4.25

0.30

4.78

3.64

0.92

1.84

1

2.61

1.02

3.81

2.90

1.06

2.12

1.25

2.61

0.36

3.12

2.37

0.96

1.92

1.43

2.61

0.20

2.95

2.24

0.92

1.84

1

1.51

0.61

2.23

1.69

1.06

2.12

1.25

1.52

0.23

1.83

1.39

0.96

1.92

1.43

1.52

0.13

1.73

1.31

0.92

1.84

1

0.96

0.40

1.44

1.08

1.06

2.12

1.25

0.97

0.15

1.19

0.89

0.96

1.92

1.43

0.97

0.08

1.10

0.83

0.92

1.84

The relative difference between deflections calculated strictly following the ACI318 code
requirements and these results is around 30%. As predicted, the changes had quite an impact
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on the incremental deflections. As a basis for comparison, the deflections obtained using this
method match more closely the deflections predicted by Bondy for a podium slab.

Figure 4.3 shows the expected deflection trends with the updated requirements. The solid
lines are the new requirements and the dotted lines represent the expected deflections
expected following all code requirements as shown in the previous part. The newly calculated
deflections match closely the numbers provided by Bondy of a podium slab deflection case.

Figure 4.3. Expected incremental deflection after five years, following updated requirements

The equation suggested by Scanlon & Lee takes design loads into account. In his study of
podium slabs, Bondy indicated the range of loads under which the systems should perform.
The service loads were chosen as the highest in the range for design in this study. As the
design thickness found through the Scanlon & Lee (2006) equation is proportional to the
loads, the use of this equation will have a great impact on the design.
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The slabs have a clear long span length of 29 ft. The sustained load is 215 psf, and the
additional live load is 135 psf. The Scanlon & Lee (2006) equation gives an estimate of 14
inches for the slab thickness, which is a substantial 33% increase, compared to the ACI318
requirements. A slab this much thicker is expected to have deflections more than 50% inferior
to this of the ACI318-designed slab.

4.5.

Conclusion and summary

Typical podium slabs have been designed following the Direct Design Method, and a typical
interior panel has been studied following both ACI318 and updated requirements. ACI318
requirements underestimate the expected deflections. Bischoff’s effective moment of inertia
equation and a long-term multiplier of 2.7 have been shown to provide more efficient results.

It is predicted most slab would fail the limit if deflections were computed; however the
Scanlon & Lee equation should be used for design as it is based on the loads and the geometry
and gives a better estimate of the slab thickness for a good efficiency of the structure with
regards to deflection issues.
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5. Design Recommendations and Conclusion

5.1.

Introduction

Expected deflections in podium slabs have been computed following the ACI318 code
requirements, and proposed updates from the literature and experimental results. An important
discrepancy between the results was observed.

Excessive deflections are often observed on actual systems. Code requirements need to be
updated to obtain more suitable designs for serviceability. Serviceability damages can be
costly to repair even if the building’s safety is not endangered.

Despite a high variability in deflections on the field, some improvements can be made in the
ACI318 code requirements to design thicker slabs and compute higher deflections which will
make a better design for serviceability while also giving a better picture of the actual behavior
of the member.

5.2.

Minimum thickness

The minimum thickness requirement, ACI318 table 9.5(b) has shown its limitation. Slab
thickness is chosen independently of the load applied. The Scanlon & Lee equation provides
an easy and more accurate way to estimate the thickness the slab should be to sustain the load
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it should be designed for while also conforming better to serviceability requirements than
slabs designed following the current minimum thickness requirements from ACI318. Thinner
slabs will require more reinforcement to fit strength requirements, which lowers the stiffness
of the cracked section. They might therefore experience greater deflections than thicker
lightly reinforced slabs.

5.3.

Calculation of immediate deflections

Immediate deflections can be computed with different methods. However the cracking of the
slab has an important impact on the deflection. This is accounted for in the effective moment
of inertia of the slab, interpolated in ACI318 following Branson’s equation.

Experimental results confirmed that Bischoff’s equation of the moment of inertia is a better
model for slabs. Expected deflections under a given service moment are found closer to the
experimental data using Bischoff’s equation rather than Branson’s. The experiment also
confirmed the uncertainties in the computation of the slab, as the spread of cracking and the
drop in stiffness are hard to predict.

The error on immediate deflections proves to be very important for the incremental deflection
calculation, as the long-term deflection is a function of the immediate deflection. The code
requires amplifying the immediate deflection with a multiplier to obtain deflection on the
long-term, which has the consequence of also amplifying a possible error on the immediate
deflection.
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Since two-way slabs are lightly reinforced members, the difference in stiffness between the
current ACI318 provision based on Branson’s equation and Bischoff’s suggested equation is
quite large. It is recommended that Bischoff’s equation be replaced by Branson’s equation for
the effective moment of inertia.

The equation suggested by Bischoff has been shown to be more accurate than Branson’s for
lightly reinforced members. As the experimental data confirmed, the cracked slab’s stiffness
is modeled quite accurately by Branson’s equation. The expected deflection after loading is
not largely underestimated as it is using the ACI318 effective stiffness. On the other hand,
results obtained with Branson’s equation do not differ from those obtained with the Bischoff
equation for members with a higher reinforcement ratio such as beams.

It is suggested that Bischoff’s equation replace the current ACI318 equation for all deflection
calculation that account for cracking.

5.4.

Calculation of time-dependent deflections

Time-dependent deflections are due to the creep in the concrete under sustained load, that is
the self-weight of the slab, the dead load due to partitions and occupancy of the building.
These deflections can be evaluated from the initial deflection due to the application of the
sustained load. Slabs loaded at an early age, when the concrete has not yet set, are less stiff
and should experience important immediate deflections. It is also important to account for the
age at loading through the long-term multiplier since the creep will be of more importance in
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these members. The long-term deflection is thus dependent on immediate deflection and the
age of the slab at loading. This is modeled by the use of a correction factor for a loading age
before concrete setting, meaning less than 28 days, and a long-term multiplier which
represents the effects of creep.

Based on experimental results, the long-term multiplier could be taken higher than its current
ultimate value of 2. The experiment led at CATO yielded a value of 2.7 for the long-term
multiplier at five years. Other experiments should be carried out to assert this value or refine
the logarithmic equation. The correction factor for loading at an early age can also use some
refinement.

The experiment on slabs loaded at day 3 and 7 resulted in correction factors of respectively
1.4 and 2. This trend goes against the Ghosh function currently in use as it increases with time
where it should decrease, and also has a great relative difference between the correction
factors at these two loading days. However the values are higher than predicted by current
equations. This should therefore be investigated in another set of experiment to determine the
relevant changes to be made to the Ghosh function when using a logarithmic long-term
multiplier, if any. In conclusion to this experiment though, a correction factor of 1.4 is
suggested.

In summary, the following changes are recommended for modification in the ACI318 Code
requirements for deflection control of two-way slabs:
1) Minimum thickness computed by the Scanlon & Lee equation
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2) Effective moment of inertia computed with Bischoff’s equation, and the cracking
moment reduced to 5√f’c
3) Long-time multiplier age at loading taken at 2.7 with an age adjusting factor of 1.4

5.5.

Conclusion and future research

The ACI318 Code is inadequate to design two-way slab systems for serviceability. There are
issues on more than one level. Firstly the expected deflections do not have to be computed but
slabs designed following the thickness requirements might exceed the defined limits.
Secondly the minimum thickness requirement is independent of the loads applied to the slab
whereas they play a significant part in the deflection due to both immediate load application
and creep. Finally, the calculation following the crossing beam method was shown by several
authors to give results close to those obtained by more complex methods; however the
stiffness given to the slab must be chosen carefully and ACI318 does not provide a realistic
model.

The minimum thickness requirement should be changed to include such parameters as the
aspect ratio of a panel and the applied load, like the Scanlon & Lee equation suggests. The
effective moment of inertia should be computed using Bischoff’s equation. The long-term
multiplier and the correction factor should be changed.

Future research on the subject could focus on the long-term multiplier issue through
experimental work. The research can also centers on initial deflections, and the influence of
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shrinkage and bond slip on the residual immediate deflection at loading. An accurate value of
initial deflections has an important influence on the value of deflections computed at five
years. Also the concrete slabs tested seemed to follow an unloading moment-deflection trend
quite different from the theoretical elastic curve. Other experiments could be put up to analyze
this point.
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APPENDIX A
Immediate Deflection due to Application of Live Load

Live load was applied 4 times in the first two years of the slabs lives. The first loading
occurred on the first day of service when forms were stripped (3; 7 or 28 days depending on
the set). The three subsequent loadings occurred roughly every six months (at day 156, 333
and 596 for all nine slabs). The first three applications were point loads, while the last one
was a third-point loading to study the influence of the cracks spreading. Blocks of steel of
equivalent loads were applied until the maximum service moment reached 60% of the design
moment.

The immediate deflection was monitored during both loading and unloading. The data
were then plotted back to back without accounting for deflection due to sustained loads. The
immediate deflection due to the dead load on the first day was calculated and plotted as well.
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APPENDIX B
Long-time deflections under sustained load

The plots of the total deflection for each slab are presented in the three plots below. Initial
deflection due to dead load is included. Only the residual deflection due to each live load
application appears in the plots. They are followed by plots showing the increasing variability
of the data over time.
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