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ABS.TRAC'I‘

When shore and féshore operations are used to construct )
multifloor flat slab type bufldingé, high transient
construction loads are imposed on ‘thé supporting slabs in.
the system, ' These temporary live loads during construction

~ due toféhoring procedures have been shown in many cases to
be in excess of desig%ﬁﬁdtking loads and can exceed the
calculated ultimate loads, ieading to derstreséing of the
slabs, éépecially when the concreté' has not atéained its -
specifig& 28-day strength. When these construc;ion loads
are removed, - some Of the initial elastic deformations will

not be recovered, and the higher than expected copstruction

loading will result in a permanent increase of slab deflec:\\::::j

tions.

AN

Concrete creeps under sustained loads, which leads to a
gradual increase of slab deflection under sustained load.
The maénitude of creep depends largely on the age of
concrete at loading and the dependence of creep on concrete
age is very strongly marked at ea;ly ages; £hata is, the
earlier the load is applied to concrete, _ the largér will be
the magnituﬁe of creep. Shrinkage of conéfete ﬁill have a
similar effect on the deformation as creep 1in that the

differential shrinkage of reinforced -concrete member

....ii_



produces warping of the slab that can contribute as much as

30 per cent of the totdl long term deflection.

i

To evaluate the effects of b&th the intensity of
construction loads and the age of concrete at loading on the.
short-term and long-term deflections of flat slab struc-
tures, a comprehensive laboratory study was . undertaken to
obtain the instantaneous and time-dependent deformations of
three identical reinforced concrete flat plate structures
and five one-way =slabs. These eight slabs, each 63.5 mm
thick, were made with normal weight concrete with no
enprainéé air. Research results indicate that concrete

-~

loaded at an early age results in large creep deflection }n
additional to large immediage_deflection because of the low
modulus of elasticity of the premature concrete. The
longterm deflection of the flat plates were as high as 5
times the initial elastic deflection after 700 days under
sustained load, and 7 times for-one—way slsbs after 10

months. :

The longterm deflections calculated by the ACI multi-
plier are shown to be inadequate ‘as the multiplier does not
take into account the effects of heavy construction loads
appliéd on slabs soon after the placement of concrete. “ng
design methods are given to. calculate the }ong term
deflection of slabs in terms of the peak construction load

relative to the slab strength,

r
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NOMENCLATURE

tension reinforcement

compression reinforcement

section width

column width

ultimate creep coefficient
creep coefficient at fime t
effective depth of sectibn

flexural rigidity (EI) per unit width

-

eccentricity'of equivalent tensile force +4ith
respect to gross unéracked section (Appendix M}
modulus of elasticity

modulus of élasticity of concrete

modulus of elasticity of steel

specified 28-day concrete strength

tensile strength of concrete cube.TAppendix 0-1)
thickﬁess '
second'moﬁept of area

v v
effective second moment of area

~

- second moment of area of gross section

‘deflection coefficient

reduction factor

boundary-condition coefficient

-
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épanllength

clear span

cracking moment

maximum moment applied at a section
4o :

éﬁuivalent end moment

equivalent end moment.

. . .
equivalent mid-span moment 0
' v

~uniform load

time in‘ﬁqys

equivalent strip load

orthogonal coordinates in plane of plate

deflection normal to plane of plate

stress .
€ strain ¢
€shu ultimate s rdnk?ge~strain
P tensile redgfor \‘ nt ratio (As/bd)

P compressive Norcement ratio (As'/bd)
@ curvature
pL Raiéson“s\r.tib v
£ creep factbf“fﬁé.@}l)
subscripts : ¢ -~ dueﬁto creep _ ‘
cc - of concrete
i -~ initial or elastic
s - of steel

sh - due to shrinkage
t -~ value at time 't‘B
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e : B .Chapter 1

INTRODUCTION

1.1 FLAT PLATE SLABS

In fhe construction of multistorey concrete buiidings,'
it is almost a universal practice to place concrete on forms
"which are supported from the next highest slab which in.turn
is reshored from loﬁer slabs in the system. As a result of
this construction procedure, the supporting slabs are
subjected to  considerable load during the period of
construction, and ‘it is possible that these construction

loads on a slab system may be higher than the full service

load for which the slabs were designed.

The imposition of load on young concrete can lead to
undesifaﬁlerlevels of stress and deformation in the slabs.
A short-term overload of such magnitude at an early age may
cause extensive cracking that will be detrimental to the
structure's subsequent performan;e. It is important that,
the performance of a concrete floor be considered with
reference to not only the service or design loads but also

the load history during the construction of the kuilding.

¥
!



Concrete creeps under load, having the characteristic
of deforming under steady external - load. Creep Bf the
concrete increases with time and magnitude of loading, and
in many cases, creep continués until fracture occurs. Creep’
failure is .characterized by "excessive plastic deformation
under sustained load. For ;truétures that -arel to be
subjecﬁéd to early construction loads and relatively high
service load over a long pericd of time, the long term

structural response can be the principal concern. .

1.2 CONSTRUCTION* LOADS ﬂ FLAT SLAB STRUCTURES

Design of reinforced concrete floor slabs must take
into consiaeratioﬁ both the degign and the constrpction
loads. [ The design loads are specified, but the construction
loads are usually not well defined, and it is desirable ¢
determine the variations in - magnitude of these loads which
occur during the construction period. An& analysis of the
construction process must take into account the number of
levels of formwork/shores and the number of leveis of
reshores., Figure 1.1 shows the loads carried by the floor
slabs and shores far a typical construction cycle of three
levels of shores and one floor poured per week ’inuﬁdy &
Kabaila, 54). The loads, .to which the floor slabs and the
shores are 'subjected, aée expressed in multiples, called the
floor 1loading ratio, of the floor self weight plus the

formwork deadload.
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. .v ‘
In the design of reinforced concrete slabs, it is quite

‘often that the slab self-weight or: dead load is a large

proportion of the total service or design load. If the
design live load to dead load ratio of these particular
buildiné slabs is 0.§? the total design ultimate loaé, which
is equal to 1.7 times the ljve load plus 1.4 times the dead

load, becomes 2.25 times the dead locad. " There is a risk

'during the construction process that a concrete floor slab

may be required to carry a design dead load of 1.4 times the

slab weigﬁt} at a slab age of 5 days, when the available

-strength of the slab is only 60 per cent of its specified

2é—day strength (Figure 1.2, compressive strength curve).
That is, the available design ultimate strength of (Q.6X2:25
or) 1.35 times the dead load would be slightly less than 1.4

times dead load required to to support one floor slab.

Overloading can also occur to the iowest slab in the
supporting éystem during the erection of a slab building.
For a flat slab building constructed with 3 levels of shores
and a cyc%g time of 7 days, the applied 1load during
construction reaches a maximum value of 2.36 times the dead
load for floor level 3(Figure 1.1), whereas the total design
load capacity of the slab is only 2.25 times the slab dead
load for slabs with a design live load to dead load ratio of

0.5.



Referring to Appendix A and for a design live/dead load
ratio of 0:5, it canlbe deduced from Figure 1.2 (strength és
time) when concrete compressive strengths at 7, 14 and 21
days are 0;50, ''0.88 and 0.96 of the 28-day design streﬁgth,
that -the sum of the available strengths of these three
supporting slabs is 5.72.times the dead load, which is only
slightly larger than tﬁe total applied load of (4.0Xl.4 or)
5.6"times the dead load, v

.-

1.3 IMMEDIATE AND LONG-TERM DEFLECTIONS OF FLAT SLABS

In the past, the deflection of reinforced concrete flat
plate slabs has been of little interest to practicing
engineers because low service loads produced relatively
small deflections. The situation would be entirely
different if during the construction process the slabs are
subjected to temporary construction loads ﬁhich are greater

than the permanent design loads.

As the concrete has attained-only low strength when
this transient construction load i§ applied, the ratié,of
the stress applied to the 'strength available is high,
resultiqg in large immediate deflections because of the low
modulus of elasticity éf the concrete.” This temporary .
overload cén also result in cracks which in turn reduce the

.stiffness of the slabs. The deflection caﬁsed-by these

early loads are probably irrecoverable and - thus, the



\

deflection of slabs can be excessive in the longterm due to
the effects of creep of  concrete. These excessive deflec-

tions create the following common problems.

]

- noticeable sagging of floors

- cracking of partitions.and walls built on the slabs

-~ improperly fitting architectural components and

services

A survey by Mayer and Rush [77] indicated that the most
- frequent cause of damage in reinforced concrete structures
was excessive deflection, which affected the structural

serviceability and structural integrity.

1.4 SCOPE OF STUDY

3

The main object of this research was to determine‘the
effects of high early age loads on the short- and long-term
deflections of reinforced concrete flat slabs. The effects
of the modulus of elasticity of concrete at various ages for
various stress histories, creep and shrinkage of concrete on

the slab deformation were also examined.

Different shoring schedules can change the load history

to which a slab is subjected. To determine the effect of
‘loading histories on the deflections of flat slabs, a total

of'- eight one-third scale slab .models were subjected to

bt



different load histories corresponding to different
cqnstrﬁction methods. In the course of this test program,
phe-tiﬁeFdependeﬁt behaviour of three reinforced concrete
flat-plate slabs and five one-way slabs has been followed,
from‘coﬁstru;tion, through the removal of the formwork and
the application of temporary and sustained loads, over a.

continuous period of 10 to 23 months.

A summary of the literature review and experimental

“study on the effects of construction loads on the deflec-

tions of flat slabs is presented in this report. After an
introductory chapter, chapter 2 treats the analysis of
construction process and lcompares the construction loads
imposed on slab Buildings due to different® construction
seguences. In chapter 3, the relevaat analytic approaches
and the finite element method for calculating the elastic
deflections of reinforced ‘concrete &wo—way slab systems are
presented. Chapter 4 describes the general development of
the analysis of creep and shrinkage characteristics of
concrete and goes on to deal with their contributions to the
longterm deflections of reinforced concrete slabs. Chapter
5 is devoted to the literature review, both analytical and
experimental, of longterm deflections of reinforced concrete
slab. Chapter 6 gives details of the present experimental
study on one-third scale model slabs. Chapter. 7 presents
and disﬁuﬁses the test results. Based on these model

studies together with the test results from the literature,

1 . ' ~ ) -6-



conclusions and recommendations are given

the effects of early

loading on

reinforced concrete slabs. .

the

in chapter 8

deflections

of



Chapter 1II

CONSTRUCTION LOADS ON FLAT SLAB STRUCTURES

The basic object of the design of a reinforced concrete
structure is to ensure j&hat the loads ihposed on it are
carried.safely not only during segyice but also during-the
erection of the structure. Uncertainty about the magnitude

of the 1loads imposed on floor slabs during the period of

" construction has always concerned designers, especially with

recent trends towards shallower members and longer spans.

collapsed during construction than under service loads.

Mayer and Rush in 1967 [77] noted that, more buildings
(} As

an example, on March 2, 1972, portions of the Skyline Plaza

Apartment building under construction in Fairfaxl county,

-Va., collapsed, resulting in 14 deaths and 34 injured. In a

recently published review of this catastrophe, Carino et al

[27] concluded that the collapse was due to:
- premature removal of shores;
- low strength of the unshored concrete floors, and

- colder than anticipated ambient .temperature, which

reduced the rate of strength gain of the concrete.



Attention has been given in_the last three decades to

estimating the . load history during ¢ ruction. Several

methods for «calculating the load to which concrete floor
slabs are submitted in the course of construction will be

briefly reviewed in this chapter.

2.1 NIELSEN, 1952

In 1952, Nielsen [8B] presented a detailed anéiysis for
- determining the loads applieﬁ to concrete floors during
construction. Nielsen's investigation consisted of both

theoretical and field studies dealing with the load distri-

bution between the floor slabs and the formwork, The

construction loads carried by the slabs and shores were
expressed'as load rétios, which were factors by which the

self weight of slab and the formwork dead load had to be

multipliqéfﬂ

f

Thi's analysis considered the compatability of deforma-

tions between the elastic shores and the slabs by means of

influence surfaces. The major assumptions made included,

1. shores could be represented by a uniform elastic
support,
2. compression in the shores were taken as the

reactions at the elastic supports,
3. effects of shrinkage and creep of concrete and

shores were néglected,and

N



4, ‘the modulus of elasticity of concrete increased
with time.

3

This detaileq analysis provided a basis for determining
the imposed 1loads and deformations in connected slabs aﬁd
the supportipg shores. This early work led to a completely
different approach for the design and construction of
multistbry concrete buildings. Due to the unreasonably
lengthy calculations involved in the analysis, its appli-

cation in practice is limited.

2.2 GRUNDY AND KABAILA, 1963

With a few simblifying assumptions, Grundy and Kabaila
[54] developed a simple analytical.method for determining
the loads imposed on floor slabs and ‘shores through the

constrﬁézign sequence of a flat slab concrete building. The

three maj assumptions were :

1. shores are infinitely rigid by comparison with
the slabs
2. loads carried by the shores are assumed to be

uniformly distributed to the slab floor supporting
these shores and, '

3. load applied to the shoring system ié distributed
betwéen' tﬁé slabs in proportion to their relative

flexural stiffnesses.

_10_



HThe first assumption enables the loads imposed on the
system, either by placing of a new slab or by the removal of
props, to be distributed between the'supporting slabs, in
direct proportion to their flexﬁral stiffnesses. Analytical
results of this approach indicated that the errors by intro-
ducing constant flexural stiffness for all connecting slabs
or taking into account thé increasing slab flexural
stiffness with age were not appreciable. The flexural
stiffness of an uncracked section 1is only slightly affected
by the amount of reinforcement and may be taken to be

directly proportional to the elastic modulus of concrete,

Ec.

Calculated by the Grundy and Kabaila method, - the loads
carried by the shores and the slébs with three levels of
shores, constantbelastic modulus for all floors and a
construction cycle of 7 day are shown in Figure 2.1. The
absolute maximum load ratio calculated is 2.36 for a slab at
‘level 3 at 3 cycles, and a converged load ratio of 2 for a

typical floor, ‘ N

In the discussion on the effects of the number of
shoring floors on construction loads, Grundy and Kalaiba
showed that increasing the number of shoring 1levels
increased the absolute maximum load ratio as well as the age
of the slab at which this maximum load is applied. For 2, 3

and 4 levels of shores, the absolute maximum load ratios

7 -11-
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were 2.25 at 2 cycles, 2.36 at 3 cycles and 2.43 at 4 cycles
respectively. While the age of application of the maximum
loaé on a particular:flpor slab may viry, there is virtually
no change in the converged construction loads on any typical

floor slab whe%ﬁer 2, 3 or 4 floor 1ev€is were shored;.

Grundy and Kabaila's simplified method of analysis
provides a simple and straight forward approach to the

calculation of co@struction loads for shored construction.

2.3 © TAYLOR, 1967

The formwork stripping program recommended by ‘Taylor:
[114] in 1967 employed the technique of slackening and
tightening adjustable shores under a floor slab before
placing concreteé to the/tsﬁ level .slab. Application of this
technigue reduces the shoring loads on the.bottom slabs but
increases the loads on fhe upper slabs. vHowever, it has the
disaanntage that continuous and cautious supervision is

needed.

2.4 MAROSSZEKY\IQ?Z'

- ‘Marosszeky [73i presented an analytical concept of
reshoring of floors during construction. A similar analysis
was also developed independently by Agarwal and Gardner [9]
at the same time, The method consists of completely

releasing a floor and immediately reshoring it. A floor is

-.12_.
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allowed to carry its sélf.weight at time T, where T is the
construction time ﬁer “floor. The two basic operations
involved are replacing the lowest-level shores with reshores
and removing the bottom level of reshores before  the top
‘level floor is poured. This method of reshoring Es commonly :

used in the. construction of multistory flat slab buifﬁings.

Co:}struct_‘ds using such a system have found to- be
considerably less severe than tpdse obéained using shbre§
and no reshores, Figu;e 2.2 é&ves the loads in a slab
structure for a constructfSh sequence using one level of
shore and two levels -of reshores. It 1is clear that the
imposed loadé\ii the slabs.durin%fyhe construction procedure

a

do not exceed ! 34 D.L. but are.applied to the flo glab at
r , r
a slab age of one cycle. \

'
\

* 2.5 AGARWAL AND GARDNER, 1974 —-

Field measurements of %oadé impoéed on éﬁqres and
_ reshores were repdrtéd By'Agafwal and Gardner [9] from two
hfghrise flag slab buildings in 1974, to determine the
actual load ratios to which . the slabs and shores/reshores
_ were subjected gu:ing the various construction stages. The
field measurements agreed <closely with the calculated
maximum'shore”ldéds and confirmed that, the lower supporting
slabs in a sho;é—reshoré * construction Scﬁedule can be

subjected- to loads greq}er' than the design load of the

-

"structure.



Design tables [9,48] were given to determine the

permissible shoring schedules for various live to dead load

ratios, rates of construction;: types of cement and ambient

D temperatures: . As res oring is effective in reducing the
yaximum loads experieﬁced' the supporting slabs, and that
the greater the £ number of shores, . the . greater the

¢« construction loads applied to the slabs, one level:.of forms

plus reshores was recommended by Agarwal and Gardner.

2.6 CANTOR AND RIZZI, 1982

AN alternative approach, the reshore-preshore proce-
dures, was proposed by Cantor and Rizzi 1in 1982 [26].
Basicadly, p;eshoring employs the technique of installing a
shore, ‘thEﬂ is not removed in the stripping process so
that: the maximum span of unsupported concrete in both
direcéions is never grgétgr than 2.5 to 3 m. (8 to 10 ft.)
Acqgrding to Cantor and Rizzi, no form shall be stripped
unless the coqcrete stféngth is greater than 65'% of the
sﬁecified 28-day strength and that the permanent shore or
;the preshore can be removed when all reshores are placed.
Figure 2.3 shows a construction ‘schedule using wood shoring

. With. permanent shore or preshore for a particular floor

x

> slab.

e
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2.7 CHAN, 1984

Chan [32] investigated the 1load histories due to
preshore construction "for various one-way slab (sysﬁems.
Incorporating simplifying assumptions and using the STRUDL
compuﬁér program, Chan carried out a two-dimensional .
analysis to estimate the load distribution pattefn in t%é
slab-form-reshore system during construction, in which beams
of unit width were usedhto model concrete floors., The shore
and form system considered in Chan's analysis was a 'flying

form system' as shown in Figure 2.4B, Préghoring practice

was adopted in the analysis, * and the <compu}ing procedures
included ;

1. determination of reactions of the shores (X and
Z) and deflections of the floors in operation A
(Figure 2.4A-ii)

2. determination of reactions of the shores and
deflections of the floors 1in operation B (Figure
2.4A-iii), with an additional point load of the same
magnitude but opposite direction as the reaction of

~shore Y in operation A, and

3. determination of moments and deflections ét the
end of the preshoring operation .(Figure 2,4A-iv) as a

combination of results from 1 and 2.

Preshore analysis demands knowledge of the slab

flexural stiffness, form, shore and reshore stiffness and
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‘their locations and the rééhoring sequence. The load
distributions ofkthe third-floor slab by means of Grunéy and
Kabaila's shoring system, Marosszeky's reshoripg system and
Chan's preshoriné system are shown in Figure 2.5. It can be
noted from Figure 2.5 that.Chan's results are very close to
those of shore and reshore system. Chan's calculations of
the preshore technique lie between those results by shoring-
only system and shore-reshore system. Nevertheless, due to
the high technical complexity in the preshoring ‘system and
the high loads applied to flat plate slabs in Grundy's
shoring system, it is thus easy qnough to understand why
shore-reshore system is the most widely accepted practice in

multistory flat plate building ronstruction.

2.8 SUMMARY - : -

The floor loading ratios computed by various authors
and those measured by Agarwal & Gardner [9] and Lasisi & Ng
[70] using shores instrumented with electrical resistance
strain gages are summarized in Table 2.1, Both the computed
and measured values verify that the floor loading ratios
during construction can exceed two. Nene of the literaturel
in Table 2.1 has[been published in the last few years and
the #§reater use of the reshoring technigue results in

smaller slab loads during construction.

—
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The loads on the floor slabs and supporting shores and
AL\‘reshores for various shore/reshore combinations can be
calculated by the accepted methods of mechanics provided the
calculatioﬁs include load history effects. The field
measured shore loads show good agreement with those calcu-
lated. Most o©f the published field measured shore loads
used shoring only and date from the early 70's and indicated
“slab construction loads approximately twice slab dead load.
The recent use of rgshoring has reduced construction loads
but little confirmatdry gield ~experimental evidence is

available.
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Chapter III

DEFLECTION OF REINFORCED CONCRETE TWO-WAY SLAB
SYSTEMS

3.1 GENERAL

Calculating the elastic deflections of a two-way slab

system necessitates solution of the biharmonic equation,

. 2 0% D4

_ Q.Y
d*x 0X2 2 04y

B (3.11]

and the deneral solution to Equation 3.1 1is of the

form; . 4
W= KQL- [3.2]
- D
W = deflection normal to plane of plate
X,Y = orthogonal é;ordinates in plane of plate
Q(X,Y) = load at any point (X,Y) on plane of plate
D = flexural rigidity (EI) per unit width
= E h% /{12 ( 1- p?))
E = Young's modulus

jyg?

plate thickness g‘_,;)

panel span

!
]

Poisson's ratio

= =

= deflection coefficient which varies

with different boundary conditions
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It 1is extremely difficult to develop a mathematic&l:
expression which satisfies Egquation 3.1 at every point
(X,Y), and which also satisfies the actual boundary condi-
tions, especially when the stiffening effect of columns,
column capitals,‘cracking of.thg'concrete, inhomogeneity of
concrete, anifotropyng local reinforcement, continuity of
the slab systems and the aspect ratios must be taken into
consideratién in the 'derivation of such an expression.
Instead of solving Equation 3.1 for the exact sclutions, a
number of simple approximate methods based on Ydealizations
and simplications of the true problem, have been suggested

by many investigators.

*“3.2  THEORY OF PLATES

Timoshenko' and Woinowsky~Krieger[122] presented 1in
///tabular form the elastichéolutions of the deflection coeffi-
(T cients for ideal boundary conditions and full panel loading

cases. For - é plate of isotropic material under wuniform
loadipg, K in Eg.3.2 chanées from 0.0263 for a single
isolatgé“‘pgﬁsl to 0.00581 for an interior panel without
checkerboard loading. Since concrete is not isotropic, and
that the torsional moments in the slab were neglected in the
analysis, Timoshenko's solution may be used only with an
arbitrary reduction on the value of modulus of elasticity

for the material. | - o

AN
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3.3 DIAGONAL BEAM STRIP ANOLOGY

I

Based on the assumption of a continuous strip of
uniform width extending between diagonal coiumns; Sneddon
and Hill [111] presented a simple methdaifor the calculation
of deflections for two-way slabs. Values of the deflection
coefficients were found to be between 0,00531 for square
panels and 0.0028 for rectangular panels with an aspect
ratio of 1.5. This procedure did not take into account the
torsional moments in the slab and was similar to the
diagonal beam anology adopted later by Portland Cement
Associatibn [PCA, 97] and used by Concrete Reinforcing Steel

Institute [CRSI, 361}.

In 1965, based on the diagonal beam strip anology, the
Portland Cement Association [97] suggested certaié values of
.thé deflection coefficients, for interior flat plateé,
ranging from 0.00528 for square panels:to 0.0266 for rectan-
gular panels with aspect rétio of 2.0. A value of 0.00528
for K is obviously a wer bound value, simply because of
the use of 1ideal end r¢straint conditions in the analysis.
These values cof K were so used by CRSI in the preparation

of the CRSI handbook [3¢].

A variation of'the diagonal -beam anology has been used
in this study for calculatihg the deflection of an isolated
plate. In this method of anaiysis, the deflection at the
centre of an uniformly loaded plate is estimated by consid-

4
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ering a fixed—en@ beam of unit width with a span equal to
the diagonal length of the plate. The intensities of the
uniform distributed loads on the slabs and on the diagonal
beam of unit widtH are equal. The deflection at the centre

of the plate can then be easily calculated.

3.4 FINITE DIFFERENCE METHOD

Finite difference equations were used by Vanderbilt et
al [124,125] to determine the values of K for linearly'
elastic, homogeneous, continuous plates with specified
loadings and boundary conditions. Solutions were obtained
on nine square panels, arranged three-by-three, for uniform
load as well as pattern loading. The deflection coeffi-
cients for an uniformly loaded interior sguare flat plate
was estimated to be 0.00441 for! c/L=0.1 tC/L = ratio of
column width to gpan length). To compare with the value of

K=0.00581 given by Timoshenko and Woinowsky-Kriegers, 1i.e.,

for ¢/L=0.0, K was found to be 0.00581 in this case.

3.5 EQUIVALENT FRAME METHOD AND ADOSS

Nilson and Walters [89] and Kripanarayanan and Branson
[68]‘presented an approximate metﬁod for the calcuation ofw/
deflect{on coefficients of tw&—way slabs, using the concepts
and terminologf of the equivalent frame analysis given in

the 1971 ACI code [3].
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In this approach, the mid-span deflection of an equiv-
alent frame was considered as the sum of that of the panel
assumed to be fixed at both ends,. and that due to the known
rotation at each of the - two support lines (Appendix - B},
This method also considers the deformation of a typical
panel in.one direction at a time, and the total deformation
at any point being equal to the sum of the contributions in

each direction.

This equivalent frame method of analysis was also used
by the Canadian Portland Cement Association [25] in the
preparation of the computer program ADOSS (Analysis and
Design of Slab Systems). ADOSS 1is a standard computer
package used to analyse and design slabs and can handle five

different slab structures.

3.6 MODIFIED FRAME ANALYSIS OR THE S—-METHOD

This is a simplified two-dimensional approximate method
presented by Vanderbilt, Sozen and Seiss[124,125], for
continuous and discontinuous plates'bn columns. By consid-
ering the 1lines of contraflexure in the slab at approxi-
mately one fifth span from the centerlines of the supporting
columns as shown in Appendix -C. The real structure is
assumed to consist of column strips (0.4 Lpwide and L1'long
slab beams) and plate elements (0.6L; x 0.6 Lp), and the
deflection at the centre of a typical span is made up of

three parts,
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1. the deflection of the centre of the uniformly
. loaded longer column strip (0.4 L,and Ly long) with
respect .to its supporting columns (fixed-end beam
problem}. The léaded'area includes the column strip
and the addifional triangular or trapezoidai portion
contributed by the adggzént slab panels.
2, the deflection at the edge of the above strip
 with respect to its centre . This is a céntilever
unit-width beam case,. The beam 1is loaded with both
an uniform distributed load over its length(0.2L,)
and a concentrated lbad of 0.3*L,*Q at the free end
-bf the cantilever beam wherde Q is the load per unit
length, and .
3. the deflection of the centre of the uniformly
loaded simply supported (assumed) interior panel

which is 0.6Lq by 0.6L, in size.

Ly and L, represent the long and short spans respec-
tively. This method is very flexible in the way that it
permits loss of stiffness due to the cracking of concrete,.
discontinuity at slab boundaries and irreqular column grids.
Comparison between calculated and measured deflections of
the test structures ip a subsequent chapter cléarly
indicafes that the S-method gives the best approximation to
the measured initial deflection of the several methods

el

considered.
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3.7 BEAM DEFLECTION FORMULAS

Using the désign momeﬁts obtained from the equivalent
frame method or the direct design method of the ACI code,
Scanlon and Murray [106] proposed a hand-calculation
procedure which 1is based on standard beam deflection
formulas (Appendix D). By considering each strip as a_beam
under uniform load, Ws, and end moments (M; and My}, the
deflection at midspan of a column or middie strip of a

two-way slab can be computed from the expression,

4 2
6 S N!’L'l M+ ML

= - £3.31]
384 Ele 16 E le
Ws = equivalent strip load from
WsLn® /8 = (My+M3) /2 + M3 = Mo (strip)
Ln = clear span of member ‘

The first term /simply represents the deflection for a
uniformly loaded simply supported beam, whilst the second

term takes into consideration the fixed end constraints.

~ The effective modulus of elasticity abproach as
outlined in ACI Building Code [4], i.e. Equation 3;4 in
section 3.9, was employed to include the effe¢£ of  flexural
cracks. To account for the tensile stress induced in a slab
due to restrained shrinkage, a reduced value for the modulus

of rupture of Q/ fc' was suggested to replace 7.5 [ fc' as

recommended by ACI, where fc' is in p.s.i.

\
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3.8 FINITE ELEMENT METHOD

The finite element method ‘provides a powerful method
for computation of plate deflections. The effect of time
and ~cracking of concrete can be 1included in the analysis to
determine the time-dependent deflections of two-way slabs.

ICES STRUDL-II[113], one of the most widely accepted
coﬁputér programs iﬁ the fieid of structural engineering,
‘- was used' in the present study to evaluate the .initial
deflections of the three flat plates, Plate bending square
elements as shown in Figure 3.1A were used.

D
A finite element tangent stiffness formulation, coupled

with a time step integration, was used by Van Greunen [126]
to analyze”qeinforced and prestressed slab and panel struc-
tures, including the time-dependent effects due to load
history, temperature history, creep, shrinkage and aging of
concrete and the relaxation of stress in the prestressing
steel, A computer program (NOPARC -Nonlinear Analysis of
Prestressed and Reinforced Concrete Slabs and Panels) was
developed to carry out this analysis. NOPARC can be used to
trace the load-deformation response of tﬁip “reinforced and
prestressed concrete structures under short term or -
sustained loads, through the elastic, inelastic and up to

the ultimate ranges.
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Concrete was représented by nonlinear  constitutive
relationship which incorporates tensile cracking at a
limiting stress, tensile stiffening between cracks and the

strain-softening phenomenon beyond the -maximuh compressive

strength. The steel reinforcement was represented by .a

bilinear strain hardenin .model ‘approximatin the
| g €1  app g |

Bauschinger effect, and the reinforced ESBcrete section‘waé
modelled as a layered system of concrete and "equivalent
smeared” steel layers. Shear failure, bond slip, dowel
action of reinforcement and aggregate interlock at cracks

were not considered in the computer program,

Multi-layered triangular shell elements with fifteen

degrees of freedom are used in the computer program with the

finite elements discretization for quarter of the flat plate
model shown in Figure 3,1B. A summary of the shell element

and the time dependent analysis is given in Appendix E.

3.9  CRACKING OF CONCRETE

Prediction of the deflection of reinfofced concrete
two-way slabs is complicated due to the effect of cracking
of concrete.l e'effeqt of concrete craéking is‘generally
included in the ¢ culations of second moment of area by
using Ie (effectiv secoﬁd moment of area) instead of Ig
(second moment of area of gross hhcfgcked section), and ACI
Building Code [3,4,5] has proposed éhe following expressiop

to determine an applicable value of 'Ie,

| k/'zﬁ‘ |

¥
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3 3
1 o= (Hery 1+ (1- L)) 1

e “Mmax max cr [3.4]
€ Ig : '
. s
Mcr = cracking moment
Mmax = maxémum bending moment in the span

second moment of area of the gross”tncracked

Concrete section (neglecting reinforcement)

I.r = second moment of area of thé cracked

L Cal
e

transformed section a ‘

In the determination of slab deflections, the effective
. el

-

second mdment~ﬁff’area can be teken as the average value of

.- -

the positive and negative moment region values in the slab.
Equation 3.4 was deriqsiﬁu?n the basis of test results of

simple span beams, and was permitted for two-way slabs under
.

- -

the 1977 and 1983 ' versions of ~ACI Building Code,

AEI-318[4,5]_. ‘ ) ’

' &
In a state-of-the-art paper on deflection by ACI

Committee 435 in'1974\T7], it was stated that applicatfon of

.. any of tﬁéiapoféfmentioned ethods would in general underes-—

.timatekiifféﬁﬁlégtion of two-way slabs. : )
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. Chapter IV

~ TIME DEPENDENT CONCRETE PROPERTIES

4.1' T{ME—DEPENDENT DEFLECTIONS ™\_»
M =

; R

The deflection of a reinforced concrete beam or two-way

C::slab can be considered to consid{ of three components,

némel}) the initial or-elastic deflection, the shrinkage

deflection _and the creep defléction,/ with the last two

components usually being referred to as the additional

longterm or plastic deflectgon. - Using the literature

reviewed in the previous éhapter, the instantaneous
.deflection can be predicted byi using- the modulus of
ue‘lasficity corréspondingito the age of concreté.

It has been the practice to estimate the  additional
deflections using empirically. d?termined multiplying
factors. ACI Committee 318 [4,5] necomménded the use of
quation 4.If€;\determine the mult}plief.which predicts the
additional longteﬁﬁz'deflection for both beams and two-wéy

slab systems.

" 2"'2"1\&' > 0.6 1 .;\CI-318.—7'7 (4) ’
\ s : ) .
| ~— - ' [4.11
- : .

. . T+ 5. > 0.6 1 ACI-318-83 (5)
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where j“,r‘the compression steel ratio, shall be the
value at midspaq for simple and dontinuous-span, and the
time dependeﬁt factor £ for sustained ioad be taken equal to
2, 1.4, 1.2 or 1.0 for 5 years or moré, 1 year, 6 months or

3 months.

The final deflecfién would then be the sum of the
initial deflection plus the additional deflection due to
creep and shrinkage which 1is now equal to the initial
deflection times the multiplying factor. The mpltipliér
- given in Eguation 4.1 reflects the influence of compression
reinforcement in reducing the additional longterm d?flec—

“tions:

Deflection multiplying factors provide a simple and
convenient means . of estimating additional deflections,
however, these multipliers are different from country to
country although similar materials are used. As compression
steel is seldem provided in slabs, Eguation 4.1 gives a
maximum value of 2.0 for As'=0. It has been shown in many
cases [40,63,103,118,119] that, the final deflection could
be as high as 6 to 12 times the Jinitial’ deflection,
resulting in un%atisfaétory service load performance.
Scanlan and Murray [105] suggested that calculating creep
and shrinkage 'éffects sepérately uéing the ACI 209 recom-
mended procedures [2] wouid provide a more accurate
prediction than the single multiplier method of the ACI code
[4,5].
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4.2 CREEP AND SHRINKAGE

Creep 1is dependent on the magnitude of the applied
stress whilst shrinkage is independeng of the stress in the
cohcreté. Nevertheléss, creep and shrinkage are interre-
lated in that both are affected by the same principal

variables. These variables are [84]
- age .of concrete at initial loading

- environmental conditions. : curing conditions,
relative humidity, and ambient temperature; for eXample,
creep is about twice as large for 50% relative humidity as

for 100% relative humidity.

- thickness and size of member, lower effective
thickness (equal to twice the 'volume divided by the exposed

surface area) gives higher shrinkage and creep.

- slump of concrete, a mix with lower. waﬁer/cément
ratio results in lower shrinkage and creeép.
) ;
- cement content, a concrete mix with lower cement
dontent at the same strength exhibits iowér shrinkage and

creep.

- % fines, larger aggregates \permits the wuse of a

leaner mix and thus results in lower slhrinkage and creep.

- air content, creep is larger for higher air content.

-30- .
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4.2,1 Creep

It is well known that creep is the property of concrete
by which it continues to deform with time under sustained
loads, ‘but the reason why Concrete creeps has not yet been

fully determined. In 1958, Freudenthal and Roll [46]

-divided 'the strains in concrete under sustained compression

into three components.  Thesé'were the instantaneous recov-
erable, time—dependgnt recoverable and the time-dependent
irrecoverable wstrains, defined as the elastic, - delayed
elastic and flow respectively. - Freudenthal gné/'Roll
proposed a rheological model for concrete with five eléments
in series representing five strain meéhanisms,

1. elastic deformation

2. delayed ~elastic deformation due to the inter-

‘action between solid and fluid phases

3. irrecoverable viscous creep
4, consolidation due to irrecoverable seepage, and
5. deformation due to microcracking (local fracture)

The last four items were referred to as creep defor-

mation. As is illustrated in Figqure 4.1 that after the

stress 1s removed, a portion of the creep strain or defor-

mation will'remain evem after a long period of time.

Discussions on a number of hypotheses, based on certain

possible mechanisms of deformation,were given by Kesler and
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Ali in 1964 [67] and later in more detail by Neville in 1970
[85]. --As Neville pointed out, on a ‘phenomenclogical basis,

at least six broad mechanisms of creep could be distin-

guished as follows,
' .
- Mechanical Deformation theory : . Reoverable dela&e

elastic deformation due to the wetness of the cencrete der
pressure and the irrecoverable deformation due to the

closing of voids {n the hydrated cement paste.

- Viscous Flow : hydrated cement paste is treated as a
highly viscous fluid, and there 1is a sliding between gel

particles which is‘largely irrecoverable.

~ Plastic Flow : plastic deformation as a result of
slip between the planes of maximum shear in the crystal
lattice. Volume changes were involved in viscous flow but

not in plastic flow,

- Seepage of Gel Wadtf 8 a viscous flow of the

dispersion medium (internal seepage) . External applied

stress changes the internal vapour pressure equilibrium and -

hence gel water content. The amount' of decrease in volumne

depends on the relative amount of unfilled .space.

- Delayed Elasticity : superimposition of stresses does
not produce a superimposition of strains in that a

non-linear stress-strain relationship applies to concrete,

— _32...
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- microcracking :- part of the deformation due to creep

is due to local fracture which is irrecoverable.

Kesler and Ali and Neville suggested, none of these
available mechanisms is capable of -explaining the major
aspects of observed creep behavior. Incorporating the
seepage mechanism and the visco-elastic behavior of the
cement gel, kesler and Ali[67] proposedré hypothesis on the
basis that the time dependent 'deformations under load are
mainly due to the imperfectly crystalline  colloidal compo-
nents qﬁ hydrated cement and associated absorbed moisture.
In a discussion of this- paper, Powers [?8] stressed thét
shrinkage and creep are not fundémentally different;
shrinkage is caused by triaxial tension in the water which
pulls absorped water froﬁ load~bearing areas, while creep is
caused by éﬁternal force, pushing absorbed water out of
.\rxhese- areas. When these two £€orces éct éogether, the

resultant strains can be complicated by the triaxial forces
due to drying and uniaxial force due to load. In addition,
Powers concluded that it would be unrealistic td”consider
shrinkage and creep as independent pheﬁomena simply becausge
the reshltant‘ strains are caused by loading and drying at

the same time.

Neville [84] stated that it is possible that the actual
creep of concrete involves more than one mechanism and

likely that its behaviour is a combination of seepage and
3 .



'viscoqf,shear theories. A complete description of.other

'integrated' creep theories, which were based on more than

one possible mechanism of deformation, can be referred to in

the papers presented by Neville [84], Neville and Meyers
[87], Cinlar, Bazant and Osman [34], and Glucklich and Ishai
[52].

In the applicat%@n of rate theory to the time—depegdént
deformations of conékgfe, Wittman and Lukas in 19}41134]
concluded that the totaLndeférmation due to sustgiﬁed load
}s dependent only %égn tﬁe iq}ernal stress f%glé which is
caused by inhomogeneous.moisture distributiop/énd the stress

field induced by external load. EI .

In view of the conclusions madehiﬁ’various publications
.[34,46,52,67,84,87,98], it is apparéht that creep is propor-
tional to stress under sustained';éfresses less than “@.5fc’,
and that creep is due to the comEinainn of the following:

, | /;
closing of internal voids

v

/
- viscous flow of the cement-water paste

/ . - ¢
/! .

/

crystalline flow in Ehe aggregates

.
1- b
A

flow of water/out of the cement gel due to drying and

external load

4



4.2.1.1 Creep Strain
3

The stress-strain relation for concrete is a function

of time. As—Allustrated in Figure 4.1, strain increases

-

with time under load from an initia} strain ©€i gradualiy
increasing to (€i+Sc). Under a sustained stress, the net
strain could' be maﬁy times as large as the initial strain
and thus the creep induced deflection should  be of consid-
erable importance in the design of flat slab structure.
Creép of concrete does not affect strength but increases the
strain to approach possibly the limiting strain at ‘which
failure can occur.

-

4,2.,1.2 Creep Coefficient

In an “extensive study by Muller and Hilsdorf[B82],
involving the comparison of six prediction methods developed
by national and international organizations for creep
cgefficients of concrete with experiméntal data, 102 tests
were carried out and evaluated. Table 4.1 summarizes the

‘parameters taken into account in various methods.

The experimental parameters included: age at loading of
1 toF 3300 days, relative humidity of 45 to 100 per cent,
specimen size of 70 to 610 mm, concrete strength of 17 MPa
to 55 MPa, slow, normal and rapid hardening portlang cements

etc=-Muller and Hilsdorf conclﬁded that since thé errors in

the prediction of creep. functions were large, no matter

R e 2
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which method was applied, lower and upper bound creep

functions  should be considered angd evaluated for creep

sensitive structures.

Different models for the prediction of creep coeffi-
cients were suggested ?y the Concrete Society [37,95] and
CEB—FIP—?O [29] and are reproduced in Appendixes F and G.
According to ACI committeé 209 [2,19j, the creep coefficient

Ct. at any time t can be approximated by, (Appendix H)

t0-6'

« 4.21
C, c L

10+i0'6 u

Equation 4.2 is for the standard conditions only, i.e.,
@ relative humidity of 40 percent, a member thickness of at
least 6 in., a slump of 3 in. and concréte loaded at 7 days’
etc. Correction factors are given in 'Appendix H for
non-standard condtions. Cu is the ultimate creep coeffi-
cient and is defined as the ratio of creep to initial
strain, In the absence oé specific creep data for local

conditions, Cu, varying from 1.3 to 4.25, can be taken as

2-35. e

4.,2.2 Shrinkage

The shrinkage of 'concrete is a phenomenon in which
concrete members decrease in dimension due to the withdrawal

of water. Shrinkage strain is defined as the ratio of the
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total shortening of the member to its original length, and

the- free shrinkage strain of plain concrete has iniéum
values in the range between 400 and 1100 millionths for bype
1 cements and commonly used aggregates and proportions

depending on ambient temperatures and relative humidities.

ACI committee 209 [2,19], CEB-FIP-70 [29] and the
Concrete Society [59]. have proposed empirical methods to
predict shrinkage behaviour.‘ The models given by CEB-FIP-70
and the Concrete Society are'given in Appendixes’1 "and J
respectively. Accordiﬁg to ACI committee 209 [2], shrinkage
after age 7 days for moist cured concrete can be expressed

by (Appendix K),

t

=T—$Eshu [4-3]

6sh
Equation 4.3 again 1is wvalid only for the standard
conditions mentioned earlier- for the standard creep

equation. Eshu 1is the ultimate shrinkage and ranges from

0.000415 to 0.001070, with an average of 0.000780 in/in.

4.2.3 Deflection due to Creep and Shrinkage

An increase in the deflection of a reinforced_concrete

slab under longterm load can be attributed primarily to

(a) creep of concrete,

o
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(b) shrinkage of doncrete,

.

(c}) a reduction }h the modulus of elasticity of

concrete andg,

(d) cracking of concrete.

How much should ' the longterm modulus.of elasticity of
concrete be reduced remains unknown but its effect is
usually included in determination of the creep coefficient.
'Tb inciude the effect due to cracking of cencrete, an
effectivé second moment of area from Equation 3.4 can be
- used. The longterm deflections due to creep and shrinkage

will be discussed in the following sections.

4.2.3.1 Deflection Due to Creep

Deflection due to creep depends upon the creep charac-
teristics of the concrete used, the amount of compressive
reinforcement in the concrete section and the amount of
cracking Fhat has taken place,. For a fully cracked section
as shown in Figure 4.2 and based on test -results by
Vanderbilt et al [124], the ratio of the increase in strain
due to creep (Ec) to the initial strain at first loading
(£1) was detérmined to be equal to (330'4p) for rectangular -
sections. ~ The insignificapt increase in steel stress with

time was neglected 1in this analysis, For an uncracked

section, no simple relationship between creep and initial

>
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strains is available; however, it was concluded [124] that
the incréase in deflection due to creep of a uncracked beam

is more than -that of a fully cracked beam.

ACI Committee 209 [2] introduced - the & following
empirical expression for calculating the additional

deflection due to creep only, Bc,

3 =k’ c, 4 [4.4]

where K' 'is the reduction factor due to compressive
reinforcement and- is equal to 1.0-0.6*(As'/As) > 0.40, Ct is
the creep coefficient from equation 4.2, and 61 is the

initial elastic deflection."

4.2.3.2 Deflection Due To Shrinkagé

P Shrinkage results in shbrtening but no curvature #in
‘plain concrete. For singly reinforcéd sections or sections
- containing uﬁequal améunts of tensile and compressive
reinforcement, the top fibres shorten due to shrinkage (for
a positve moment region) and the shortening of the bottoﬁ
fibres are resisted Ehough not prevented, ' by the
reinforcement. These unsymmetrical strains cause warping of
the section. For thin slabs, because compression
reinforcement 1is not usualiy provided, these additional
- deflections due to shrinkage induced wérping can be consid~
ierable and will result in warping deflection.

..39_ ~
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In general, the effects of shrinkage on deflection are

dependent on the boundary conditfonsi>of the member., The

shrinkage curvature (fsh) was developed by Vanderbilt et al

' Pl
[124] to be _ —

$ 4 = 0.0035 S—2£— [4.5]

For a 'simply supported beam as shown in_ Figure 4,3a,

the mid-span, deflection can be determined from the following
f : ’

expression, \ ‘ T
\

\
o D (4.3

4+ .

whereas. for a fixed-end beam (Figure 4.3b), the

expression becomes

I '&'iLs_L‘ . | c4.73 - .
: ' : i (p
It should be noted that shrinkage.has a direct eff®ct
on deflections due to the shrinkage curvature in a simply
supportéd beam, whereas in a fixed-end beam, thershf;nkage
has an indirect effect on deflections due to the cracking
resulting from shrinkage causing a loss of stiffqess.;
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Warping, as a result of differential éhrinkage strains

.q; rate of .drying across & Section{ i's @ function of time
and is strictly a geoméfriéal phenomenon due to dimensional
changes and is not a fugctﬁon of the strength or the modulus
6f.ela§ticity of coﬁcréfé. Among Fhe several methods for

computing shrinkage warping are those of Pickett, the equiv-

alent force method, Miller, ‘and the A.C.I.'s empﬁﬁical
method.’ ; T ? Jgg
e ' ) ' '

Pfckett;s[96] theoretical expressions for the\deforma—
tions of concrete beams and slabs due té shrinkage warpiﬁg
‘#eré based on the assumbtion_that the laws governing the'
development of shrinkage stresses ' in concrete during drying
-wefe.analogous to those gove;ning the development of thermal
stresses in an ideal body during cooling. . Theofe;ical

equatL?nS {Appendix L) as well as tables and curves were

- given for the shrinkage ﬁanping and stresses in slabs and~

beams. The equations were derived assuming, -
1.. . shrinkage is -linearly related 'to.'change . in
. Y et
- moisture content,
2. the flow oé moisture in concrete follows the law
of diffusion and : ]
- L ‘ “
3. ccmcret:'ﬂ’L is homojeneous, , isotropic and obeys
Hooke's law. ' . )

-

In the ‘equivalent force method [44] or the so-called

fictifious force method, each element in the concrete cross

'S
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section 1is first assumed to be subjecteg to 'a - uniform
~

shrinkage strain, ‘which.is possible only if the steel is’
:

compressed by a fictitious force To, or AsEshEs as shown in
Figure A of Appendix M). An equivalenf eccentric tension

force of AsEshEs, or (As-As')EshEs should compression steel

be provided, would,be applied &t steel level to the.entire

transformed area of the member due to .tﬁe release of the -
, ) :

steel compression force (Figure B of Appendix M). The

resultingké%flection of the béam or slab due to shrinkage

couldﬁ/ﬁ&gpfbav\fomputed byﬂ.conéidering the effect on the
trans¥ormed cross section of this externally applied force,

equal and opposite to the fictitious forcé. - The beam is

subjected to a uniform moment of (M=-To e) and the shrinkage

itffiig_gggggture can be evaluated.

To inc%ude' the effect of cracking as well has ‘the
geduced value of the longtime modulus Of elasticity of
concréte, Br;nson and éHristiagah [19] suggested that for
reinforced concrete dryingj°symmetrically, bettef results
could be obtained by gsiﬁg-Ec/zvand Ig (for gross sectian)

insmead of Ect (reduced elastic modulus of concrete for

Egngterm loading) and Ict (for cracked transformed section)

such that, {Appendix M) - . '

‘ = . [4.8]
fsh E, 1, /2 i
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Miller's method [80] assumed tﬁét the extreme fibre of
the beam furthest from the tension steel (method refers to
singly reinforced concrete membersronly). shrinks the same
amount ?S the free shrinkage of concrete and the
relationship between. curvature and strains can be depicted
as shown in Appendix N.._ The amount of curvature can be

calculated by means of the ?ollowing formula,

£

) _&_;h—ea = Szh( 1

_?éEsh N d

- Es
Esh

) 4.91

‘Empirical values of 0.1 and 0.3 for Es/ Esh -were
suggested by Miller for :heaviiy and moderately singly-rein-
forced memberé respectively, i.%., Equation 4.9 can be

-~

reduced to

-

0.7—‘:'3—h "MODERATELY REINFORCED BEAM @
= | . [4.10]
Fan ’opgﬁil _HEAVILY REINFORCED BEAM-

7
Another empir?dal fééugtion, or otherwise known .as a
modification of Miller's formula, was proposed by ~ACI 209
[2] and A Branson and Christiagsn [19] in wh;ch, the steel’
ratios Qere!\gypressed in percentages. Equations 4.1l and

qﬁ.l2,aré applicable to both singly and doubly reinforced



.

L

J
- 'members., The use of thickness, rather than the conventional
effective thickness, was shown to be,convenient and provide

adequate agreement with available experimental data. -

LY

According to Branson ‘and Christiason [19] and ACI
committee 209 [2], the longterm deflection due to shrinkage

warping alone can be determined by the following expression,

§

| 2 - 113
oh = Ky $on L C4.1

Kw = shrinkage coefficié;t'depending on end constraints
= 1/16  for both ends continuous ‘
= 11/128 for one end gon;inuous
= 1/8 for simply supported
= 1/2 for cantilever

€sh = sh;fﬁkage strain
h =.member thickness
P = tensile reinforcément percentaée
p' = compression reinforcement percentage

9Dsh = shrinkage curvature in radian/unit length

. ’ 1 . *
ho_ Esh.p_ o'y 3 o7 e .
¥s = 0.7 chf) )/(f’/g) FOR (;_f)s3/.

[4.12]

. Esh - | " FOR (f-J}"):v 3 %
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- Chapter:Vv

LITERATUR LONGTERM DEFLECTIONS OF
REINFOR ED CONCRETE SLAB SYSTEMS

. L
5.1  ANALYTICAL STUDIES

A 11terature review of the tlme dependent deflection of

relnforced concre slabs will be given in this section.

&
’

5.1.1  Taylor, 1970 | .

The two calculation methods proposea 'by Taylor to
determlne the longterm deflection of flat plates were based

on an 1n1t1al elastlc deflect1on by means of the S-method as

presented in Section 3.6, together with

o kﬂ/h. " a procedure recommended by Branson [}7,18] or
l .
2.

a Simple multiplier according to Taylor[117].
’ .

In the calculatlon of 1n1t1a1 deflect1on the column

strlp was assumed to-be fully cracked, and both the canti-

lever element ‘and the,s1mpif'shpported plate. element being
50% cracked. The first{ method considered creep and
shrinkage effects eeparately'.ln that the deflectlon due to
shrinkage alone-was determlned using Branson's procedure
(Equatleps 4. llband 4.12) and the additional deflecglon due

to creep only was equal to the initial deflectlon multlplled~

"‘45- \
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by a creep factor.' Values of the creep " factor were

dependent upon the ratio  of compressive to. tensile
T .

reinforcemenﬁ\iif;estimatéd_by,

C, = 1.7 - (%) A [5.11

The aLt?Enative procedure proposed by Taylor [117],
considered éhrinkage and créep effects together and"thé
longterm deflection was *equal to the initial deflection
multiplied by two factors. The first factor took into

) aécount the reduction of longterm deflection due ‘to the
application of compresaive'reinforcemen§ and was egual to
(1-0.6(A8" /As)). ‘The second Afactor was the combined-

"shrinkage and creep . pultiplier, depending solely on the
average relative humidity and age of the concrete when

+ loaded. When Ip;ded ét 7, 14 or 28 dayé.at an average
humidity of 50%, factors of 4.2, 3.0 and 1.8 were recom-
mended forr the detgrmination of the total longterm
deflection of a - fiat plate without compressive

reinforcement.

5.1.2 Scanlon and Murray, 1974

Scanlon and Murray [105] presented a finite element
model coupled with a time integration procedure to simulate

‘the time-dependent behaviour of reinforced concrete slabs
v

_46.-.



subjected to sustained -load. The method of analysis
Al

included the effects of compression steel, concrete

crécking, shrinkage and creep of concrete and was based on

R

the following three assumptions,
' Y
1. concrete is a linear viscoelastic material, °
2. the time dependent response of concrete 1is
- T

identical in tension or compression,

3. temperature efffects were excluded.

For a B8-in. (213 mm) thick interior flat plate slab
deéigned in accordance with the direct method of ACI 318-71
Building Code[31], the;relationShip between the deflection to
gspaq ratio ;nd the cube of the span-to depth ratio for both
short- and long-term deflections was developed. For a C/L
‘ratié of 0.1 and a sustained load equal to thé design dead
load plus 20 per cent of the design live load, the ratios of
final deflections after BOb days to the initial defléctions

at 7 days were éstimated to be 3.5 for cradked section or

4.4 for uncracked section.

'§.1.3  Rangan, 1976 5

By Fonsidering the deflection at the centre of a
rectangular flat plate as the sum of the defleetions of a
column-beam.strip_in_ the long span and a hiddle-beam‘strip
in the short span, Réngan [99] proposed a'§@mple'approxima€;

method of analysis for the calculation of longterm ‘

——
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deflection of flat plates and flat slabs. Basicaliy,' the
method applied the technique of overestimating the initial
deflection by 'assuming a fully cracked column-strip and a
partially cracked middle-beam stripu' “With the mulitplying
factor of 2.35 as recommended by ACI Committee 209 [2], the
longterm deflection of a flat plate was computed and
compared to Taylor's experimental result [116,119] of a flat
plate structure. The measured initial and longterm deflec-
tions after 850 days of Taylor's flat plate slab were 0.11
in.(2.8 mm) and 0.72 in.(18.3 mm),giving a final to initial

deflection ratio of 6.5. Using Rangan's simple method, the
initial deflection was computed as 0.2 in.(5.1 mm), giving a
computed final deflection of 0.67 in?(l?.O-mé) and-a final
to initial deflection‘rqtio of 6nly 3.35. .

\

5.1.4 Wilson, 1982 . ) ‘2 "

A -

Based on small scale one-way slab tests and simplied
assumptions, Wilson [131] presented a simpiied method for
calculation of deflection-time relations of reinforced"
concreté beams and slabs, The. time-dependent deflections
were separated into the instantaneous aeflection 613 the
deflection caused'by creep effects 6c(t) -and the deflection

caused by shrinkage in compressive zone 6sh(t).

Equations (Appendix 0-1) were developed from test

results (Appendix 0-2) on one-way slabs, which were 0.16 m
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thick and had simply supported span 1gngth.of 4.2 m with

A total of nine slab ‘tests

non-cut-off bars) carried

out in which six we loaded to failuresat different ages

with the other three being loa their own

- ¥ -
four weeks, after removal of formwork at 1, _apd 7 days.

we¥ght for

respectively. -

§
D o
A stralght-line relation between the square root of

loading time and the measured deflections was assumed. _The

- method of analysis suggested measurememts of deflection be

taken at 2, 4, 9, 16, 25 and 28 days after casting and that

Il

-the intersection between this 'straigﬁt line and the

deflection axis approximated the initial deflection 61. The
time-deflection curve as well as the yltimate ‘deflection

based on the measurements made on the working stage could

then be estimated by means of the proposed method of calcu-

lation. Ultimate shrinkage strain was taken equal to 0.0005

for an average relative humidity of 40 %.

Y 5.1.5 Sbarounis, 1984

-

- A simplied metth' for the calculation of 1longterm
deflections of multishored slabs was proposed ' by
Sbarounisf{102], in which the total deflection is equal to a
simple multiplier times the .immediate sedant“service dead

"1oad deflection, $sa {Appendix P)
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MULTIPLIER = 1+2.8(§;§5—).+1\~.2(7%J5—-) e [5.2]

. Secant service load deflection, defined as the sum of
the immediate deflection'(éss) due to siab weigﬁt (Wss) and
that due. to service dead load other than slab weight (6osd),
can be .computed from the maximum construction load

deflection (é'max) by the formula,

W a -
L sd . £5.31
‘ 6sd - 6 ( ) ,

where 6'max is the deflection dﬁe to the maximum
construcﬁion load (Wmax) when applied as a single 1load
increment and Wsd is 'the total service dead 1load or ‘the
total sustained 1load. Oon the asis of an wultimate creep
coefficient of 2.35; and an ultimate shrinkage strain of
800x10 %  as recommended by ACI Committee 209 [2], the m#lti—

plier in Eqguation 5.2 becomes 5.

From Equation 5.2 and excluding the deflection due to
shrinkage and with an ultimate creep coefficient._of 2.35,
the ratio of the initial plus creep deflection (6ec) to
immediate service dead load deflection (6sd) is 3.8. This
factor of 3.8 for thg total Qf immediate and creep deflec-
tions was derived for average conditions of-én/éss of 2.3°
and 6osd/6ss, of 0.3 wﬁere én is thé successive defleétion
corresponding to construction loads (Wn) at nth congtrUCtion

cycle of stripping and casting. It was calculated as a
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function of the number of floors in the gupporting assembly,
for wuncracked .ahq cracked glabs ‘and for a rate of
construction being tﬁo floors per week. The ratio was found
to be independent on the number of hardened slabs—{N) in the
supporting system simply because as the value of N
increases, both 6ec and 6sd increase resulting in 'a
relatively unchanged ratio.

-~

™

Table 5.1 summarizes the long term deflection ratios

using the above mentioned analytical methods.

5.2 CASE STUDIES

A statistical collection of 181 cases' of building
damage due to excessive deflections of reinforced concrete
building components .in Europe from 1960 to 1965 was

evaluated By Mayer and Rush [77]. In order of their impor-

tance, the following types of damage were reported,

pafﬁ?tion wall cracks 106 times _
excessive slab deflection 60 times e
ﬁracks in r.c. components 3§ times

.cracks around slab supports 29 times

-

damage tqlplaster and finishes' 13 times

isolated deflection damage 12 times
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A total of 259‘instances of damage were recorded in 181
cases. It was also established- that the problems were
'attriﬁutéble to design errors 137 times (45%), size
deficiencies-76,times (25%), errors in workmanship 56 times
(19%) and calculétion errors 33 times (11%). Damag; was
most frequently observed in two-way reiﬁforced plétes and
that frequently, more than one possibility of damaée and
cause contributéd to the sameldamage. '

5.2.1 Washa, 1947 ' ' ~

In 1947, Washa f127] presented the test results on
eight oneway slabs, 12X3 in. (305X76 mm )} in cross section,
subjected to sustained loads for 5 years, The main

variables in test specimens included three concrete slumps,

"0.5", 4" and 8" (13, 102, and 203 mm}, two water/cement

ratios, 0.6 and 0.84, three span/depth ratios, 30, 50 and 70
corresponding to reiriforcement ratios of 0.79, 0.79 and 1.58
% respectively, and two curing methods, dry and sealed
speciménsl | It was found that the longterm deflections
'increased as the square of the slab span/depth ratio.
Figure 5.1 represents the rélaﬁion of plastic flow
deflection (=&total - Sinitial - éshrinkagq warping )} .to

span/depth. ratio.

‘Of the eight different slabs tested by Washa, slab G
. vy .

with span length of 7.5 £t.(2286 mm) and a slump of &

+
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in. (102 mmil similar to the oneway slab models tested in the
prelent program, had atfeinforcement ratio of 0.79 % and an
estimated ultimate deéign load of 240 lb/ft (3.5 EN/m).’ The
sustained load, weight of slab plus'suﬁerimposedsload, wés
107 ib/ft- (1.63 kN/m), which would be equivalent to the
design dead 1load should the design 1i§e load to dead load
.ratio be taken as- 0.5. The initial deflection at 28 days
was measuged as 0.24.in.(6.1:'mm) and a longterm deflection
of 0.93 in.(23.6 mm) was recorded at é years;f/i.e. a ratio

of final deflection to initial deflection of 3.875.:

5.2.2 Washa and Fluck, 1952

-t

To determine the influence of compression reinforcement
on the plastic flow of reinforced concrete beams, Washa and
Fluck [128] conducted tests on 34 simply supported concrete
beams under sustained loading for 2.5 years. . The term
plastic flow included the deflections due to cracking of
concréte, concrete shrinkage, concrete .creep-etc., in
additional to: the immediate - elastic, deflection during
loading. Tﬁere_were'five different test beam cross sections
and thé span-to-depth ratios ranged from 20 to 70. The
beams, with compfessive fo tensile reinforcement ratios of
0, 0.5 and 1.0, were uniformly loaded by their own weight,
.gnd an superimposed uniform load after 14 days oi curing.
The totél applied loads ptoauced bending ﬁoments approxi-
mately eéual to the design resisting momenti and hénce all’

the beams exhibited cracking after loading.
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The test results showed clearly'the "beneficial effect
of compressive reinforcement in reducing excessive plastic -

flow. The plastic flow deflection_for beams with iequal '
tensile apd compressive reinforcement was only. one-hélf of’
,that_for Seams with tensile reinforcement only; The average
iongterm deflection Wasy about three times fhe' immédiate
elastic deflection for singly reinforced bears. It‘waé‘also
found that the additional longterm deflection for beams with
an L/d ratio of 70 was 4 to 6 times that for beams\;iﬁba

L/d ratio of 20.
4

5.2.3 C.S.1.R.0O., Sydney, 1961

__..._._._

In 1961, The 'Mechanics and Physics section of the
Division of Builaing Research [C.S$.1.R.0.,40] 'conducted
tests on a lightweight flat plate structure during and after
the erectioﬂ of the structure. The flat plate slab was 3.5
in. (89 mm) thick and spanned three bays of 9 ft.{2953 mm) in
one -direction and three bays of 12 ft. (3937 mm) in the other
with cantilevers of 6 ft.(1969 mm) at each end of the longer
span. No. edge beams or torsional reinforcement ﬁéar the
edge columns were,providéd. _Cﬁ

-_— ’ c Ty .

Formwork was’ removed 10 days af;er placemé t of
concrete and the slab was submitted to its own‘ugigh;/'which
was 32 psf (1.532 KPa). Variation of-deflection with time

was recorded for 201 days before an’'additional load of 31.2

N

+ .
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pSE(1.494 KPa),, was applied to* the slab. Progressive
defl@ction of the. slab under the unlformly dlstrlbuted load
plus the slab dead load contlnued for another 52 days.

v

The immediate deflections under slab - dead load. were
small but the iongﬁerm deflections after 8 months wefe of
‘the order of tweive times the initial deflections. - Tﬁg
initial deflection "and the increase. in defleﬁtion at the
centre of one interior panel relative to the supporting
columns whose longterm settlement was estlmated to be 0,137,

" were found to be 0.05 1n.(1.2? mm) Iand 0.5 in. (12.7 ‘'mm)

’

respectively, a ten-folded increase after 8 months. I1t. was

suggested that the p?:tioné | of - additianal“‘défiections
becaqge_gf_creep of ;oncréze and progréssive cracking of the
slab due to the thermal, shrinkage and settlenmlent (of
supports} stresses were roughly equal. _In other words,
additional deflection due to creep alone was 0.25 in.. (6.35

L
mm) which was flve times the 1n1t1al elastlc deflectlon.

The large longterm deflections under slab dead load and

test load were attributed to : L . d

A
- the expanded shale aggregate used in the structure, .
which was later found to have abnormally high creep and

- shrinkage characteristics, and ; - . 5]

- the high and fluctuating outdoor temperathres during
‘the, course of the study, producing higher ‘creep and

shrinkage strains than for normal and constant tempertures.

-
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5.2.4 Jenkins, Plowman and Haseltine, ‘1965

Results of an investigation by ‘Jenkins, Plowman and
Haseltine [64] into the causes of deflection of heated
concrete f}:lts on'a bef of Scotish flats were described.
The reinforced cdnc;fffgtgst flepr spanned 12'-5.5" (3797
mm).and 15'-4"(4674 mm), 5“(127‘mda, thick and was supported
op'three sides by, lgad—bearing‘wagéﬁ but was completely free

.
on the fourth in the short direcgidn. )

At the start of the {test, “tfueslab was 4.5 years old

.. — & /

and a measured deflecti of 0.8 in.f20j3 mm) was recorded
at midspan of the lab free ed?ef» The mid-depth tempera=
tures of concrete‘slab ranged from 60 F to 95.F for the next
twb years, in wbichVéeriod the tota% loading on the slab_@as
i40‘psf(6.7 KPa), which was laEger than the load .of 110
psf(5.27 KPa) on th;‘ slab for the first 4.5 years. An
additional deflection of._0.41 in,(10,4 mm) was measured
givihg a tofal deflection. of 1.2X in.(30.7 mm) over 6.5
years. . The deflection  to short span ratio ~ approximated
1/1256. which was cert inly -congidered t0'§e.very high as a
deflection to span..:ratio of abgut l<24d is usually allowved

by practice.

Full~scale labo d?er tests were élso carried (GUt on
simply supperted slabg similar to the Scotish flats but only
2'{610 mm) wide. The slabs were loaded to their full design

value of 40 psf(1.92 KPa) in additicnal to self weight. The .
/
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“instantaneous dead load defleétion was assumed to be egual'
\Eo 0.05“t1.27 mm), ‘For_the two different aggregate concrete
uvded, deflections of the slabs at 60'F concrete temperatures
were 0.45"(11.4 mm) and 0.61"(13 mm) at 740 days, with the
equivalent values at 140 F being 0;53"(13,5 mm)  and
0.62"(15.7 mm) respectively, corresponding to deflection/

span ratio of 1/270 and 1/220.

Results from slabs with equal tensile and ¢compressive
reinforcement .also showed that the relative longterm deflec-
ticons of these slabs were about 70% of the equivalent singly

reinforced specimens.

.
5.2.5 Taylor and Heiman, 1970

Investigation into the initial and longterm deflection
of a regnforcéd concrete flat plate was cénducted,p aylor
[119] in 1970.. The test slab, a 8-in.(203 mm) thick
cqncreﬁé slab with a longer span-to-depth for an interior
panel 6f 31, was- added as a roaf to an ex?sting 3.5 years
old single story building.  The total design lcad of the
roof slab was 185 pst(8.86 KPa) which included the slab dead
load of 110 psf{5.27 KPa). '

-

The initial _deflection due to slas dead load, Véhken
when forﬁ%&fk for the roof slab was st;ipped at 14 days, was
megsﬁqed to be 0.11 in.{(2.8 mm) at'khé-céhtre of an interior .

- pan€l, The measu;ed longterm deflections of the roof slab

-
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after 2.5 years in service were about 6 to 8 times the

initial deflections.

in a follow-up paper by Taylor and Heiman f120], the
Jlongterm deflections*df the same slab were measured after 9
years. The fotal deflé&tion of the panel centre point of an
interior slab was found to be 0.96 in.(24.4 mm), which was.
8.7 times the initial deflection of 0.11 in.(2.8 mm}). The

total deflection of the slab was considered to consist of:

1, initial = deflection = 15 %, including the dgflec—
T tions due taxthe slab dead loéd, superimposed-loads
. and finishes, and initial cracking,
2. longterm deflection due to cracking = 19 %, K
. 3. longterm‘deflection due to creep of concrete - 40
%, ﬁnd 7
4. longterm deflection due to shrinkage of concrete

= 26 %.

5.2.6 Taylor, 1971

The test area was part..of the second level of a
reinforced concrete flat slab structure with 9.5" (241 mm)
thick slab and a longer span-to-depth ratio of 36. A
typical interior panel had the dimensions of 28'-3" x 26'-0"
(8.61 M.x7.92 M.), column size of 20 " (508 mm) and drop
panels of. 96“x96"x6“(2.44#2.44x0.15 M). The design dead
load was_120 psf(5.7§<§§90 which was the slab dead load, and
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the design 1live load was 60 psf(2.87 Kpa). From the
available data in the paper [Y18], the formwork was appar-

ently stripped 56 days after the placing of concrete.

geasurements on the longterm deflection of Ehe- test
" slab under a sustained load of 120 psf (slab self weight,
5;75 KPa) +plus the time- varying car parking live load were
takenup to 8 years. The measured initial delfection at the
time of form;;;i stripéing and the longterm deflections
after 1, 3.5 and B years were 0.14"(3.56 mm.), 0.55"(13.94
mm,), 0.88"(22.35 mm.) and 0.94"(23.88 mm.) accordingly.
The ratios of the respective longterm to initial deflections
were theréfore 3.93 after 1 year, 6.28 after 3.5 years, andt
6.71 after 8 years. |

.

5.2.7 Heiman and Taylor, 1972

Part of a second level of a car park Qas chosen as a
test slab in this iﬁvestigation [58]. It was a flat plate -
- structure with a typical . interior pénel size of
24'+-9"x23'-9"  (7.54x7.24 M), and a slab thickness of
9.5"(241 mm),. giving é longer span-to-depth ratio of 31.
" The design loadings ' included the slab dead load of 115
psf(5.51 KPa) and car park live load of 60 psf(2. 87 Kiil"
Normal welght concrete with a cement to flyash ratio of 4.25

by weight was used.
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A sustained load of 115 psf (5.51 KPa), i.e. the slab

self weight, was applied 17 days after placing of concrete,

'and_longterm deflections of panel centre point of the slab

was measured from the time of casting up to 3.5 years. The

1long term deflections for a typical intérior panel after 610

days and 3.5 years were measured to be 0.74"(18.8 mm) and |
. .

0.86"(21.8 mm),  which were 2.18 and 2.53 times the elastic
deflection of 0.34"(8.6 mm) due to slab dead load.

The relatively high initial deflection was attributed

to the settlement of the props. and the nnexpeéted high

‘construction load applied to the slab at early. ages.

Extensive cracks were discovered on-both thea:;fEEEEEEEE_gnd—;FA%éDi'
top of the test '§}ab, -Despiﬁe the craeks not béing_a&
discovered until two-monthsugf;er casting, it was believed °
that some of the cracks did appear soon after the placing,

likely due t6 the high construction load estimited to be

approximately 170 psf(B.l4 KPa) which was actually equal to

the full design load (dead plus live load) of the slab.

5.2.8 Heiman, 1973

A comparison, by Heiman [57], was made bétween calcus~ - -
lated and measured deflections of eleven lightweigﬁt

concrete beams on four different floors of the Tower

Building in Australia Square, Sydney, Australia under
service and test loads for a period of five years. The
. avs b : -
rd

Y
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50-story circular tower was 600 ft.(183 M.) g?gh, 134.5
ft.(41 m) in diaméter, and had a centre service core of 162
£t.(19 m.) in diameter. The beams with an overall depth of
20.5 in. (521 mm}, spa;ned 36 ft. (li m) . between the core

and the peripheral columns. The slab was 4.65 in.(118 mm)

thick. and the props under the beams were removed 25 to 32°

days after casting;

'Alfhough the design live load of the slab was 100
psf(4.79 Kpa), a construction load of 121 psf(5.8 KPa) was

-

imposed on the 38th floor.when it was supporting three upper

- floors. The deflection due to this overload was 0.33"(33.8
> . .

mm) which was much higher than the elastic deflection of

0.13"(3.3 mm) due to a test load 100 psf(4.79 KPa) when the
slab was . 3.5 months old. ~ The fecovery'.ﬁas'bpproximately

equal to the elastic deflection of 0.13"(3.3mm) when the

‘test load of 100 psf(4.79 KPa). was removed at 280 days.

On the contrary, when the construction load was

removed, a recovery of only 0.01"(0.25 mm) was obtained.

‘The primary reason was because overload applied to slabs at

early ages produced pefmanent deflection, due to high

stress/strength ratio.

The 1ong term deflections of the test slab after 2 and

5 years-were identical, 1i.e. 0.65"(16.5 mm). This total,

‘deflection included the urirecoverable deflection due

construction load, shrinkéaé deflection and the eep

‘deflection due to service load.
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5.2.9 Jenkinq, 1974

Field tests were carried by Jenkins [62] in 1970 on the
fourth level of a 5-story flat plate building at the.
Univeréity of gdqlaide, Australia, to determine the
behaviour of reinﬂarced' concrete slabs. The test slab
spanned 21'-3"x18'-10" (6.4&x5;74 m) with a column width to
span ratio of 0.1. The slab depth. vas designed toiwbe 9
in. (229 .mm) but later measuremehts indicated an average
depth of 9,57 in.(243'mm),'rresulting in a maximun span-to-
depth ratio' of 26.7. -The total design load of the slab
included a live load of 120 psf(5.75 KPa) plus a design dead.

load equal to the self weight of the slab which was also 120

J{p&é&ﬁ.?S KPa).

Formwork was stripped after ten days and the initial
~€lastic deflection at the centre of the panel was 2 mm. due
to slab dead load. However, during‘construction of the
building, a maximum deflection of:é.33 mm. was recorded when
the upper floor was poured. 'When all the props were removed

' 5t about 28 days, the deflection dropped to 4.6 mm. Unfor-

tunately, the magnitude of the construction load was not

known.

The mid-point deflection of the test slab wﬂs.7.9 mm.
after one year under self weight, which was four timés the .
initial deflection of 2 mm. The total deflection was 11.7

mm. when the slap was 27 months old and under permanent
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service load of less than 60 psf(2.88'KPa). No cracks were

noticed throughout the experiment.

Y

5.2.10 Yarnamoto,L 1982

Results of laboratoéy tegting on seven one-way slabs
were reported by Yamamoto in 1982[135]. Of the seven
‘fixed-end slabs:.(0.4 m wide) tested, slabs 1 to 5 had span/
depth ratios of 30 (3.6 m long and 0.12 m thick) Fndiélabs‘ﬁ
and 7 had span/depth ratios of 38.5 (5.0 m long and 0.13 m
thick). The formworks were removed at 1,2,3,7,28,3,28 days

et

for slabs 1 to 7 accordingly. ) : [ 23

All seven slabs were subjected to a maximuﬁ load, for a
period of up to two weeks, of twice the slab |dead load but -
at different ages of the concrete {(at 7,7,7,14,28,7 and.2§
days respectively) and that the sustained-- load (at
21,21,21,28,42,28 and 42 days) was -1.5‘times tﬁé slab dead
load for all seven slabs. The reinforcement wés so arranged
that the maximum load of twice the slab dead jwas about 70%

of the yield pdint.

Immediate and longterm deflections for up to 112 days
~after casting of the slabs were measured; | .fhé ratios
betweenﬁthe longterm deflections and the initial aeflections
for slabs 1 to 5 varied from 4.43 to 6.74,' ang from 3.65 to
4,73 for slabs 6 and 7. |

5

i !
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5.2.11 Sbarounié, 1984

_Deflections with respect té the supporting columns were
recorded one year after casting, by Sbarounis [103] at 175
bays 6n 13 floors of the uppef part;qg a mulfistory light-
weight co;crete flat plate building.ﬁ&‘ The flat plate had a
_ center-to-center span ‘of 21.6'%x22.4'(6.58x6.83 m), with an
average calculated thickness of 7.25"(184 mm). The design
loads for the slab included 20 psf(O.QGKPa) for partitions,
40 psf(1.92 KPa) and.67 psf(3.21 KPa) for slab dead load.

p ’ - A
The calculated slab deflection for a service load of 87

psf or 4.17 KPé,‘(slab dead load blus partitién loading) and
a 28-day concrete strength of 4000 psi(27.8 MpPa) was
0.21"(5.33 mm) . The measured one-year deflections ranged
from 0.53"(13.46 mm) to 2.16"(54.86 mm), with 903 of them
.'éxceediqg 1"(25,4 mm) and 10% exceeding 1.72“(43,7mm). The
average,measured deflection was computed as 1.35"(34.29 mm )
with a standard deviation of 0/%94i7.37 mm) and a coeffi-
cient of Qariéﬁion of 21.2%. The resulting ratio of

measured longterm deflection to initial 28-day deflection

averaged 6.4 and ranged from 2.5 to 10.3 after one year. -
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5.3  CONTROL OF. DEFLECTION

bealiﬁg with the contrpol of‘deflections,- ACI 318—33
Building Code [5] stated, 'reinforced concrete membéfﬁ
subject to 'flexure shall be desiéned to Hhave a@equate
stiffness to_Limit-deflectipns or . any deformafions that may
adveréély afﬁedt strength or 'serviceability of "a structure
at servicé loads' . |

/’

In pnactice, meth@ds of deflectlon control 1nclude (i)
11m1t1ﬂg span-depth ratio and (ii) 1limiting deflectlons.
They are known as the indirect contFQl\pethod and the direct
control method accbrdingly. For the first approach, the
geé&étric span-to-depth ratios are limited to quai?tatively
acceptable vaiues. For the secondvapproaéh, the slab has to
be designed such that the predicted defléction falls within

-~

acceptable limits.
c A

The accepted span/depth ratios and limiting deflections
vary from country to’gountryz " Neville et al [B6] exémined
the code requirements of_apﬁgqximate 90 countries and found
that, of the 28 that had specific - clauses.dealing with
deflection control, the deflection limitg évefaéed;‘abbut
L/360. In ACI Building Code.[5], deflection limitatians of
-L/360 for immediate deflection due to live load and L/240 :
for total deflection are specified when _no éLmage - to -
nonstructural elemeﬁts is likely 'Fér contlnuous two-way
slabs w1thout beams or drop pane S, a minimum thickness of 5
in. (127 mm) is recqmmended by ACI,
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The deflection limit specified by ACI 318-83 for
~ longterm deflection is L/240, which,'if a muftiplier of 3 s
used,{ requifes a short—Fimeldeflection oE'L/TZO, which is
very severe and.somefimes impossible td satisfy in design.

.

5.4  SUMMARY : ' , o~

Table 5.2 presents a summary ?f the published measure-
ments of long term deflections of reinforced concrete slab-
structures.: The long term deflections are multiples of the
inifiél deflection .and canngt be ;ignored in 'ﬁesigning‘for .
serviceability, The ratios of total deflecti&n %o,initial
deflection range . from 2.2 after 20 months to 8.7 after 9
years. However, exéept.for Yamamoto énd Sbarounis, the -

construction loads and resulting deflections were not given.

4

©
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Chapter VI
DESCRIPTION OF TEST hND INSTRUMENTATION

An eesential part of this THGEEtigation consists of
laboratory studies dealing with the short- aed long-term
de{lections of flcor slabs under various _temporary - andg
sustained loadings. A total of eight specimens in two
series were tested at the Structures Lacoratory “in the.
Un1ver51ty of Ottawa. ]

éhe first series of tests was performed on thrse single
* bay réinfo}ced cohcrete flat plate slabs of approximately
one-third scale. Parallel to the deformation studf;' tests
were also carried out to determine the instanténecus_ eqﬁ'
time—dependent concrete properties of the three norﬁal
weight concretes used for the elabs. éompressive strength
and the modules of elasticity of concrece together wich the

creep and shrinkage characteristics of the concrete were

.determined.

The second serieg of tests consisted of five reinforced,

concrete one-way slabs identical in all - details but
a € )

subjected to different 1load histories. Time-dependent
‘concrete propertles, namely compressive strength, modulus of

elasticity and shrlnkage of concrete were also recorded
~
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6.1 SERIES 1_: FLAT PLATES . -

THE TEST STRUCTURES

Three loadlng tests on small scale concrete'flatuslabs
were' carrled out in the. Structures Laboratory of the
University of Ottawa. . All three slabs were square, 63. 5 mm
thick, supported by four 203x203 1im columns, with clear
' sbans of 1.%6 m.(Figure 6.1). Consequently, the ratio of
"the minimum span léngrh to the slab thickness was 51 0..
Table 6.1 glves detalls of the three flat slab models, wh1ch
were designed accord1ng to the emplrlcal method of analy51s‘

I\‘ .
AN
\

glven in ACI 318-77 Building Code [4].

Concrete for the three slabe were supplied :by a;léqgi///_
premixed- cencrere pieht. Retarder was used in all the
concrete mixes, providing good workability during the
placementlof the concrete, . and interior vibration ﬁes used
“in making all ;he slabs, * cylinders and prisme.'- Table 6.2
gives éetails of the concrete ‘preportions and propertiee
used in the castfng'of the three slabs. hlthough the Zﬁ—day
strength was speéified to be 28.0 Mpa. for all skabs, che
aetual condrete strengths obtained for the three elabs~
ranged from 28.0 MPa to 45.5 MP4d at 28 days as 111ustrated-
in Flgure 6.2 and Table 6.2.

Reinforcement _forf all, three slabs comprised‘ plain

.. welded wire mesh and the typlcal stress-strain curve of wire

s h
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reinforcement is shown in Figure 6.3. “These figures are

-mean values obtained from ‘three . test bars subjected to

tepsion tests. .

The wire had no definite yield point as illustrated in-

Flgure 6.3. The yield strength by the 0. 2 per cent offset

was found to be about 430 MPa.‘ ACI 318-77. Bu11d1pg Code [4]'5

\

reinforcing bq&s.

»can be' found in Figure 6.1B.

'spec1f1es that the yleld strength be taken £qual to the

strength correspondlng to a strain of\g\kﬁ per cent or 417
MPa for welded wire relnforced slabs. : In this case, the
strength corresponding to a strain of 0.35 per cent was 417

MPa, which would“be used as'the.specifigd yield strength'of

/

I

_ ‘ \ o -
The negative moment steel ratio was 0.00253 and the

<

steel exténded over the outer thirds of the slabs. The
posztlve moment éteel ratio varied from 0.00507 " in the
column strlps to . 00253 in the middle strlp and extended to

the)edges of the slabs. Details of the- relnforcement layout

1 -

e -
-

The four corner columns, pinfned at both ends as illus4

« L3

trated in Figure 6.1 to represent the p01nts of 1nflect10n

in the lower and upper columns,'were relnforced wlth 4 No 15

" deformed bars " (total area_= 800 mm.sq.) with an average

yield strength of 417 MPa. Ties for the coluﬁhs, speced at.’

152 mm were fabricated from 64 mm plain bars with a yield

strength 417 MPa. : : ' . NI
o o L
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Torsional reinforcement was brovided in tﬁe slabs, -and
consisted of galvénizedsSqugre_ mesh_ﬁith 1.6‘@m diameter
bars per 25.4 mm. A total of four layers_ of reinforcing
mesh_were‘_u5qd (two near the top surface and two near the,
bottom sﬁfface df; the slab), and extended 610 mm from the

column faces as shown in Figure 6.4.

Slab 1 was cast on 1983-02-18, slab 2,on 1983-06-10 and
slab 3 on 1983-09-23 as indicated in Figure 6.5, which also
shows curves representing the temperaturg and relative

v _
humidity of the air in the interior of the room.

_ ‘For slabs 1 f;ﬁd 2, forms were stTipped after 4 dafé,
and.tﬁe_ slabs yere'%oadéd at 7 days to simulate the early
consiructiﬁn.loads, while forms were stripped after 10 days
and the slab was loaded at 28 days for s}ab‘B to simulate
the assumed standard loading procedure. . The 'intensfties of

1

the,applied loads varied for ‘each of the three slabs.

A .total of 40 standard cyiinders; 152 mm diameter and
304 mm long, eré taken from each slab.mix; cured under the

same cohditions as the test slabs and tested at different

ages of concrete. ?qgure 6.2 gives the time-dependent
~ concrete properties for the three slabs. o 3
LOADING , ‘ o
. . Direct anaf%sis of Sstructures By scale modél;'tests'is
- - % . -. .- e
concerned with obtaining- strains  or ‘deformatipons duefato '
e ] -70-
U ) .
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spécified loading. In order to reproduce the load-defor-

,matlon or load-strain character1§:1cs of a full- scale” loaded

- slab, the model slabs should experience the same distribu-

tions and intensity of stress as -the prototype str??falé.
. Small  scale models have relatively less self weight
than required'to give the desired St;:jF levels, For' this

study, the live load to dead load ra¥io was chosen, which

specified the dead load. cont¥ibution to the ultimate

flexural capacity. The ultimate flexural moment capacity

was calculated from the section properties and the uniformly

. distributed load required to obtain this ﬁoment could be

calculated from the live load to dead load rétio.

In the present study, the design live load to dead load

. . —
ratios were 1.0 /for slab 1 and 0.5 for slabs 2 and 3,

resulting in defign dead loads of 1.820 KPa, .2.523 KPa and
2.523 KPa accprdingly for the'tﬂrée'slabs. Details of load
calculations r the three models can‘be' fopnd in Appendix
Q. In view of ‘the thin concaﬁte'slab and ‘its relatively
light self weight (1.485 KPa), additional dead load had to
be ?pplied to each slab‘ to obtain ‘“the desired“dead-load
stress level. For simplicity, it was dec1ded that the

construction load be expressed as a 51mple mult:ple of twice

the caféulated .dead load and that the sustained load as

one*and-a—half times the calculated dead load.  -This

‘allowed the slab models to be subjected to the same stresses

as a full size slab. - . g



The formwork was left in place until the removal of the

props. No attempt was made to cure the concrete afterwards.

For slabs 1 and 2, additional loads of 2.16 KPa and'3.55 KPa
corresponding a total load of twice the calculated dead load

were applied at 7 days over the: whole span of the .flat

plates and subsequently sustaingd loads ,0of 2.73 KPa and 3.79

o kpa at 28 days. For slab 3, total sustained load of 3*79

// | KPa was apblied aéj 28 days. Details of the loading
histories on the three -slab models were given in Figurés

. 6-6A and 6.'63- \

The load was applied by stacking}coﬁcrete blocks on the
slab. Two different sizes or weiéits of concrete blocks
were used, namely 152 mm blocks (14.4 Kg each) and 203 mm
blocks (16.6 Kg each}. |

DEFLECTION

1~

The measufement of de

ections.was confined to 36 gauge,
K j points on the slab surface,

was pade by 18 dial gauges
with a 0.01 mm accuracy for one half of the slab and by 18

~ © vsteel scales graduated: to .0.25 . or the. other half of
| ‘the slab. Dial readings wefe taken at the centres of fhe
slabs and at one~third points both on the principal axes and

;hg diagonals. Measurements'agaihst the steel scales were

L]

made by high precision survey's level. The locations and ——

4

‘ : "y _
numbets of the points at K ich deflection measurements were
;

made are shown in Figure 6

¥r



STRAIN

The reinforcement was instrumented with electric resis-

“tance gauges at'crigicai locations (Figure 6.8) to measure. .

the strains 1in the reinforcement. A\jtotal of 24 gauges
mounted on the reinforcing bars were uggg'for each slab.
The gauges were checked before and after placing the

‘concrete, and were fully waterproofed. In spite of numerous

L

precautiofis, a majority of these strain gauges did not

function propérly dufing -the tests and these sets of

reaéings were later abandoned. - The malfunction of the
strain gauges is attribuped"{:o the chemical reaction of the
concfete moisture and tﬁe aamege'by ipe eibratioh Qu:ing the
placement of concrete.

¢ SHRINKAGE . }

e .

To measure the unrestrained linear shrinkage of the

concrete, the length change of four concrete prisms for each
slab model wae measured by means of a ‘micromeeer (0.001 mm

accuracy), ~ and according _ to .the geﬁu&tements of ASTM

¢157-64T [11]. 'The specimens were 76x102x381 mm prisms for

slabs 1 and 2 and 76x63x381 mm prisms for slab 33

CREEP
=== <.

A test of concrete under sustained constant compressio‘h.,__J
- . "~ --..U i ) - . g .
to determine the creep behaviour of the concrete, wasr
‘carried out on-152x305 mm concrete cylinders in a loading

—~— . -73-
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frame in accordance with the requiremente'pf ASTM C512-74
[1}] with one modification. As it was not practical to

'feb;icate 10 spring loaded creep frames, a load frame of

o bearing.plaﬁes and .tie rods was employed as illustrated in

Figurg 6.9. This load frame was capable of maintaining loadd
to within 3 per cent of the predetermined load level, by

the nuts to apply the required loads to the three

a

cylinders through the three one-inch diameter

threaded rods.

As'showe in Figure 6.9, the three- threaded rods were
.etrain gauged, .ca}ibreted by a tension test and used as a
lead cell. Loads were applied by means of hydraulic jacks
ﬁith reference to the strain readings of the steel rods. In
erder to ensure linear ;elationship between the creep
strains and applied stress, stress levele were kept below.40
ﬁer cent of the concrete strength at the daf.~0f'testing.
The sustaihea load produced stresses equal to 20 to. 40 pe

cent of the compressive strength’ of the test concrete at the

time gf testing.

[}

E To measure the time—dependent‘strains of concrete under
sustained'load machined eteel pins were‘installed (152 mm
{/apart) in the steel moulds in which the concrete cyl1nders
were cast. Stralns were measured w1th a spec1ally made_

portable gauge, designated as the creep gauge, between the

two steel bars. In taking,feaaings, the creep gauge was .

, ) . .3 \-—;3'
| -74- L e
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first set to a fixéd-readiﬁg over 5 calibrated gauge length.
This creep gauge ,has ~a gauge length of 152 mm and an
accuracy of 0.0025 mm. . All concrete cylinders were stored
in steel moulds during the first few dayé;after casting
under identical conditions as the slabs, and were‘deméulded
at 96 hours. Subsequently, up to the time of the beginning
of the creep test‘and during tﬁe test, they were placed in

the same test room as the three slabs.

The measurement of deformations of specimens under 1load
and é check of the stress applied were made régularly, déily‘
during the fi£§t‘week, weekly during the first month and
theh méﬂph&y. At 28 days and again at 6 months, one set of
three cylinders under: compression were ‘removed from the
frames and were tested fér concrete strength and modulus of

elasticity.

Creep tests were conducted on concrete under both
compression and flexure. In addition to the flat plate
models, six beam control specimens were manufactured for

singly reinforced and two doubly reinforced co

each of the slab models (Figure- 6.10). Two Jplain, two.
girete beams

control specimens were subjécted to sustained loads of 35

and 40 percent of the beam capacity.
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6.2 SERIES 2 : ONE-WAY SLABS

A second series of five reinforced concrete oﬁe—way
slabs, subjected to various levels of loads at different
ages of concrete, . were tested in order. to investigafe the
effects of loading history on the short- and 1ongjterm

deformation behavior of the slabs..

THE TEST STRUCTURES

In this experimental phase, five identical one-way
slabs were tested. All slabs, as shown in Figuré 6.11 and
Table 6.1, were 2160x263x63.5 mm in size, reinforced with 5

" mm diameter wire in one direction, and cast on the same day
(1?84*03—16) from the same mix. Again, ready mixed concrete
from a local plant was used, with a target 28-day strength

.Of 28.0 MPa.: Thé concrete mix propqrfion is given in Table
6.2. The principal reinforcement comprised identical plain
bars as used 1in the flat plate tests (Figure 6.3). For 5
live/dead load ratio of 0.5, the calculated dead load of the

one way slab models was found to be 1.00 kN/m (Appendix R).
LOADYING

Dﬁring the first 28 days after the placing of concrete,

. the uniform loading on the slabs varied néi only between

o ”Eachﬁ.slab-but, also from time to time for . eéch of “them.

There were two control specimens ‘among the five test slabs.

Of the two conErdL}speciﬁens; A and B, B was subjected to

oo e



"the same loading history és flat slab :médels 1 and 2 ik the
first series of tests, i.e. slab self weightbfrom day 4 to
7, twice the calculated dead load during‘ he period from day'
7 until day. 28, followed by a sustained load'totalled .5
times the calculated dead load. After the formﬁork' was
stripped at day 5, control speciment A was subjected to a.
superimposed dead load in addition to its self weight,
rgsui}iné.in a total load equal to the calculated dead loaé}
and not until 28 days that an additional load of half the

calculated dead load was put on to the slab,

For the first 28 days, slabs 3, 4 and 5 were subjecéed
to different loading hisfories according to the @é;ious‘
construction sequences of shore plus reshore, preshore ana
shoring only (Figure 2.5). The sustained load after day 28
was identical for all five slabs, i.e. i.5 times the calcu-
lated déad‘load. The magnitudes and schedulé ;¥\the loading
applied to each of_ the slabs individually are given' in

Figure 6.12.

)
INSTRUMENTATION

only the mid-span deformations of the f?ve one-way '
slabs.were measured under load. - ﬁfter the formwork was
stripped, meaéurmentq were made every day for the firsi
moﬁth and then weekiy afterwgnds. ‘In additiqﬁ, shrinkage of
four concrete prisms‘(76x102x381 mm), cogpressivé sgreﬁgtﬁ,
andumodulus ofﬂslésticit§ of conérete.weré[alsq meésured at .
different ages pf éoﬁcrete. o L? -“,;";T““
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Chapter VII 1
PRESENTATION AND DISCUSSION OF RESULTS

7.1 INTRODUCTORY REMARKS N

€

~

This research involvqﬁ an'?xperimental investigation
into the effects of early age construction loads on’ the
short term and long term deflections of reinforced concrete
slabs, including the effects of creep ahd éhinﬁage of
concreté.‘ Two series of exﬁerimental slabs were constructed

and subjected to wvarious construction load histories,

followed by a constant sustained load over a long period of

time., The: first series of tests consisted of .three

identical flat plate models, with model 1 having a design
[ A

live -load to dead load ratio of 1.0 and a ratio oﬁ_O?E\for

models 2 and 3. The second series of tests consisted of

eight identical one-way slab mbdels,~ all having a aesign

live load to dead load ratio of 0.5. Each of these eight
slab models was subjected to diff nt load histaries.
- - - S,

For each slab, cylinders  'were taken -to measure the

strength - and the elastic modulus of concrete at various

stages, prisms to measure the shrinkage of concrete and
" A ~n e ' -
cylinders to measure the combined effect of shrinkage and

creep of concrete. Deflections of slabs subjected to load



.were recorded for a period of 10 months for one-way slab
models and up-té 700 days.for flat plate‘models. '
/

7.2 CONCRETE PROPERTIES . . '

4

The compressivé_ strength and the modulus of elatifity
of concrete fon the slab ﬁodels have been summarized ‘in
Table 6.2 .and again in' Figure 6.1&1-(compressi§é strength)
and Figure 6.2B (modulus of elasticity). All results are
average of three cylinders. Although the 28—day-concretéf
strength had been specified as 28.0 MPa for the two series
;f slab models, scatter of resﬁlts was thained,-w%th 28-da§.
compressive stréngths ‘of concrete varying between 28.0‘%Pa

" for flat plate model 1 to 45.5 MPa for flat plate'modeifz.
A comparison between the qfasured compressive strength and

the modulus of elasicity of concreté'and those computed by

N
ACI 205 [2] is satisfactory as shown 'in Figures 6.2.

7.3 . SHRINKAGE

Four concrete prisms were made for each slab model to
determine the longitudinai\ shrinkage pf concrete due to

. drying. All specimens were curéd. for.the first three days
Aj)after casting, under the same envirqnméntal_'conditions_as
for thé slab models to ensure the same effects from the
Empient temperature and relative humidity. Injtial readings

' i‘ (original lengths of specimens)  were taken .on éay 3 when
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the specimens were demoulded. The first sets of ‘readings on

the length changes of concrete specimens were recorded on

the day of form removal, day 4 for flat plates 1 and 2 ana.

. for, one-way slabs and day 10 for flat plate 3. The

result;né shrinkage strains are plotted against'time in

C :
.Figures 7.1 to 7.4, each point is the average A of results

from four concrete prisms. :

It 1s interesting to ' note that'ﬂshrinkage strains
increased very rapidly during the early portion of- the
observation period ;nd then.remained constant ‘or decreased
slightly afterwards, dependiné'on the environmental condi- T
tions. The longterm shrinkage of concrete due to drying of
concrete dqring the period'from 10 months to 700 days varied‘

from 645 to .7B6 microstrains. (Table 7.1A). Published

results of linear shrinkage tests 1indicated that the

ultimate ' shrinkage strains ranged from. 0.0006 under mild

conditons to about 0.003 under severe drying conditiongy

=

Under identical enQironméntal. bcbnditions, large
cqncreté‘members dry more.EIowly than small ones_§nd accord;
ingly, shrinkage goeé. 60wn'with"increasin§'meﬁber' size.
Owing to the small size of the concrete-prisms‘fbr ,Prinkage:
measurements for flat plate model 3,\  higher sﬁ%inkage

strains were ‘thus anticipated for flat plate model 3 than

for the other two flat «plate-models and the one wéy sla?

-

N \ . L. we !
models.  However, test results (Table 7.1a) showed that
S
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céncrete for fla plate model 2 exhibited the least
shrinkage strainé with the highest 28-day concrete strength
of 45.5 MPa and that ‘concrete for flat plate model 1-:had the
largest shrinkage stra1ns with the Towest 28-day concrete

strength ,of 28,0 MPa. Comparing the shrinkage strains of

-the four different concretes . used (Table”7.1A), it is

apparent that the ultimate shrinkage is a function of the

"quality of the concrete. =

Values of measured shrlnkage stralns of - normal welght

‘concretes ané’those calculated by various’ emp:rlcal methods

and the experimental data from this study are summarized in
Table 7.1B. It has not been possible to provide a sihgle
shrinkage model which fitted extremely Well to the results
(Figs.7.1 to 7.4) nevertheless, the' experlmental data °
generally 1a§ within the predicted curves of-the various
models, and that the agreement between the measured concrete
shr#hkage with the prediction method of the ACI 290.[2].15
very good for arwéthe slabs.

7.4 CREEP OF CONCRETE IN COMPRESSION L

) £

Strains in concrete under constant load can be measured
in terms of three main components, elaetic, creep and
shrinkage. Sttains deqeloped at the time‘pf‘ loading are
regarded as elastic strains,  and the time-depehﬁent strain

remaining after deduction of shrinkage Stiiizfﬂis' creep.

~
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Parallel to the linear rinkage tests, investigafion into
the creep behav1our of concrete was carried out-cn concrete
cyllnders whlch were‘304 m@m long, 152 mm.in diameter and
were loaded in test rfgq as shown in Figure 6.9. -Creep
tests on concrete cyIifiders vere not- carried out for the

A

one-way slab models.

'H All of the concrete cyllnders, a total of 12 (4 sets of
3) cylinders at the start of the creep test for each flat
ﬂblate model, éere subjeeted to a,constant load of,up to 40 %
Of the strenﬁﬂh at testlng to determlne the creep for each
of the concretes used for the three flat plate models. At
this level of stress 'under consideration, ™ the amount of
creep can be-taken to be .directly proportional to the
‘stresses in;tpe concrete. Copstant compressive loads ,were
-appled to thes concrete cylinders at different adges; i.e. éay
7 ﬁor‘sfabs 1 and 2 and day 28 for .slab 3. The environment
of the laboratory‘has uncontrolled end bcth temperatﬁre and
humidity varied widely as showp %n Figure 6.5.. All the
loaded cylihders 'were accompanied by unstressed'-control

concrete prisms (Section 7.3) to establish the shinkage

under identical atmospheric conditions.

For the concrete used in slab 1, the sustained load (on
the 12 concrete cyllnders) produced a stress equal to
approximately 40% of the nominal concrete strength at the

day of testing. Two series of creep tests wereﬂcarried out

v
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for slak 2 with stress/ strength ratios.of 0.348 (for 6 of
. . A : y
the 12 concgete cylinders) and 0.255 (for the other 6
cylindggs) to determine the effects stress/strength. ratio to

the creep strains of concrete, For slab 3,” the stres%g
N v

strength’ratio wag 0.265 for all-12 concrete cylinders. . The

correspondfng stress to 28-day‘codtrete strsngth ratios were
0.325 for slab+l, 0.273 and 0.200 for slab 2 and 0.265 for
slab 3. The measured strains are given as a function of the
loading time in Figures 7.5 to 7.7, with each curve repre-
senting thg'mean .of 6 to 12 cylinders or 12 to 24 sets of
readings with 2 sets of readings from éach cylinder. "The
measured strain§;‘include the inifial strain and the total
creep plus shrinkager;traéns measured on concrete cyliﬁders
under a compressive stress. The‘ results of con;rete
cylinder tests‘are als%-given in Table 7.2, with Tables 7.3
and 7.4 summawizing the measured and calcuiated values of
creep sStrain and creep coefficients by various authors.
Results available from the cylinder tests indicated that’

strains of concrete under sustained load were in the order

of 7.0 to 8.5 'times those measured on initial loading {(row C

of Table 7.2).

»

For-concrete used in slab 2, the concrete cylinders
were loaded at 7 days and the ratio of measured creep strain

to initial strain was found to be 4.55 for a stress/strength

ratio of 0.255 and 4.53 for a stress/strength ratio of 0.348°

(row J of Table 7.2). For the concrete used in slab 1, the
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ratio wes-found to be 4.02. For slab 3, the creep rat1o was
5. 05 where the concrete cylinders were not loaded until 28
days.® A review of test results- (row J of Table 7.2) with
.fhose, predlcted by Bazant [12] (row L of Table 7.2) shows
falrly ébod agreement,

™) R

It can be recognized from the creep tests that‘Creeb
was influenced significantly by'tyeuftfess—strength ratio.of
the concrete, For the" two stress/strength ratios of
concfete used in slab 2[:x§ .comparison echreep cG%ves
(Figure;h7a:L and 7.6B) showed that the final deformatlon of

the- concrete under a heavier load (12.3 MPa) was approxl-

mately 1.25 (=2745/2188 in row B of. Table 7.2) times that of

the less-loaded concrete‘(9.0 MPa) * when the stress rato

) & : : .

between the two concretes was 1.36. Creep strain is propor-
tional to the stress/strength ratio of the concrete at the
time of loading and that creep under gonstant stress from an

early age is likely to be more than that allowed by ACI 209

[2] (compare row J to row M of Table 7.2).

Test results available from the literature (Tabie‘?.j)
indicate that the creep strains areviﬁ the order of 0.4 to
1.2 microstrain/psi. The results of the present tests
produce basic creep of 109 to 131 m1crostra1n/MPa or 0.77 to
0.91 mircostrain/psi for the three types of toncrete used in

the three slab models (row H of Table 7.2).
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At first glance at Eggures 7.5 to 7 7«~'1t seems rather

‘unrealistic that- the famliy of creep curfbs correspond1ng to. .-

ACI model w1ll_not be approached closelxim_ .However, the
‘inclusion of shrinkage in'eombinéﬁion with‘the c;:ep efﬁeét
indicate. much better agreemeﬁg’ betweeﬁ the exberimental'ahd
analytlcal—values. | h

ot -

For the purpose of 'the present analysis, ehe-time"deJ

pendent shrinkage strain was asSuméd to follow the ACI
model.  Nevertheless, no account has been taken of the

influence of temperature on shrinkage and creep. It . can be

o found from row L of Teble 7.2 and Figures 7.5 to 7.7 that

" Bazant's creep_ model provideé a close agreement with the
experimental .results; .It is mainiy because Bazant's‘models
(Appendix S) included noe only shrinkage and specific creep,
but alsc a third vari%ble, the drying creep. As Gamble and
Parrott [47] pointed out that, in addition to specific creep
and shrinkage 'ffecté, the arying creep alone could account
as much as. another 40 or 60r‘% of the shrinkage strains
(Appendix T). It is worth mentioniﬁg that for none of the
specimens was the measured creep strain smaller than

computed.

- Of the 4 sets of creep tests on a total of 12 concrete
cylinders, 2 sets for slab 1 and 1 set for slab 3 were
designed to examine the effect of sustained load on the

modulus of ‘elasticity of concrete; i.e. a period of
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. constant stress followed by complete removal of loﬂa and a

comprgssién test on the }then-unloaded concrete cylinders.
Test results (asteriskéd_f?gures in Table 6.2) indicated
little difference of both the compressive strength and‘the
élastig modulus between the éreep ;oaded concrete and tpe'

control concrete. E ' -

- For slab-3, one set of three creep concrete cylinders
was. unloaded at 68 days, i.e. 40 days after the application
of ‘the sustained load. These cylinders were reloaded and

unloaded immediately after the release of the sustained load

to determine the elastic modulus of the creep , concrete.

"After two cycles of loading and unloading, the concrete

cylinders were again "loaded to -the same sustained 1load
before the load felease._:_The time~varying strains of this
set.of creep concrete cylinders are given in Figure 7-7B.

Comparing Figures 7-7 A and B, it appears that the unload-

ing-relcading process did not affect the long-term creep

, strains of the concrete.

I's

7.5 CREEP OF CONCRETE IN FLEXURE

To determine the otherwise different responses of
concrete due to sustained load in flexure anaAto examine the
significanée.of the compression reinforcement, two.plai?,
two singly reinforcég and twe doubly reinforced concrete

beams were‘éubjected to constant load up to 40% of the beam

A
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capacity. Details of the loading geometry and of the beam

properties are given:in Figure 6.10.

K."-. Thg deflections reqor%gd for the .beam control specimens
are given in " Figures 7.§ to 7.10 and :TabIe-?.S. The
- sustained dead‘load deflegtioﬁﬁ after "a period of 10 months
were found to be the qfﬁer of 3 to 5 times the initial
values. The evidengg of 'tesq results from the beam
* specimens and from ‘éisewhere [155] show tﬂat compreséive
- reinforcement is very effective in reducing the. longterm
deflecfion or. reinforced concrete beams. Under identical
sustained loads and environmental conditions, the longterm
deflections ofesiﬁgly reinforced_beams were found .to be 18
tb 37 percent larger than thdée with tension and compression

reinforcement.

In evefy case, the speciméns with compression steel
showed the least 1long term deflections ' and compression
reinforcement did reduce thé creep deflection. Deflections
due to shrinkage were reduced by thg use of ' compression
reinforcemen; simply because .witﬁout compression steel,

appreciable warping might.occur.

+

I't should be” mentioned that due to the relatively low
reinforcement ratio {tension and compression) in the

" reinforced concrete beams, "~ the use of equal amount of
compression reinforcement provided only a slight édvantage

on the reduction of time dependent deflections. Moreover,
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the test results shown in Table 7.5 illustrate the strength
dependence of longterm deflection. Dnder equai magnitude of
sustained loads, beams with highet concrete strength
exhiﬁited the least final deflection for plain concrete,

single reinforced or doubly reinforced concrete beams.

he]

From the test results of concrete~beams (Table:7.5) and
of concrete. cylinaers (Table 7.2),- it is apparently that
concrete creeps less in flexure than incompression. Take
flat plate moéel 1l for an example, the ratio of final defor-
- mation ‘to initial deformation after 700 days was found to be
7.13 for concrete‘ under axial compression and only BiOéwto
4.88 for the control beams,.

7.6 " INITIAL ELASTIC DEFLECTIONS

The measured and calculated elastic detlections of the
three flat plate models by each of the methods described in
‘Chapter 3 are given in Table 7.6. The measured elastic
deflections due to unloading for slabs 1 and 2 ef loaging
for slab 3 at 28 days vatied from 0.73 mm to 1.10 mm (corre-
sponding to an equivalent 1load of 2.3 KPa and an elastigc.
modulus of concrete of 28 MPa), exceeding those calculated
bf the given methods which ranged frpm_O.SO to 0.67 mm. The
measured deflections were found to exceed those calculated
using any of ' the given methods. The discrepancies can be

attributed to the following causes,
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- although the slabs were examined for cracks before
and after loading and n . cracks were detected, nonvisible
haif—lined tension cracks might have occurred, resulting in ' ~J

a8 loss of stiffness. : ®

- during the removal of formwork and the application\aiﬂ\
concrete blocks on to the slabs, vibrations of the slabs due &.\\H_/’
" to the movements seemed probable,  thus affecting the

accuracy of the dial gages above or under the'slabs.

-

= analytic calculatioﬁs were based on fixed-ends condi-
tions for the columns. This condition might not hold in

actual case, where rotation of columns seemed probable.

Before analysis of tbgggest results, it is necessary to
examine the results fqrg?inﬁéxnal consistency. Comparing
directly the deflection;észﬂghe“ slab models is not possible - .
due to the different load histories and concrete properties
for the slab models. However, the elatic deflections can be

normalized with respect to the load and the concrete modulus

of elasticity by the following -formula,

4
- § = ﬁ%%— where K=3%Z

§E__

- = cqnstant

or~ful]y ftxcd.beams C7.11
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SE/w values for the three flat plate models are listed
in Table 7.7, wvarying from 9020000 mm for slab 1 on day 28
to 22990000 mm for slab 3 on day 10. It is obvious that the
three slabs cannot be considered to be {éentical, even’
though the effect of time on the concrete properties has
been taken into consideration. Consequently, the experi-
mental results wili‘have to be analysed separately for each
slab and compared with theorectical predictions. This
conclusion 1is not unexﬁectéd as deflections are very

sensitive to boundary conditions.

Measured and calculated elastic aeflection for the five
one-way glabs, are given in _Ta?fé 7.5. Predict}on of the
elastic deflections were cdmﬁuted, by the Finite Element
computer program, ‘NOPARC [126]. It was found that NOPARC
did give.reasonably accurate elastic deflections bué did not

give consistent results for long term analysis.

Comparison of SE/w values for all five one-way slab
models at varioué ages of:concrete are summarized in Table
7.9 and again 1in Fiqure 7.11. This constant parameter
. ﬂéE/w) has a mean value of 10760 and a standard deviation of
- 1851. With the benefit of linear regression aﬁélysis, a
regression line wés obtained as indicated in Figure 7.11,
having a conditional standard deviation of 1815. It is

* clear that this linear regression line approaches closely to

the constant mean value of 10760, Indeed, values of 6E/w at
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ages.of 4 days and 28 days by the'reéréééion line were found
o . '

- to-be 10390 and 11230 respectively, resulting/{;\an average
value of 10870, almost identical to the msﬁﬁ_balue of 18760, .

. |
For a 8E/W value of 10760 and by means of Equétion 7.1,
a K value of 1.22/384 was obtained, which is very close to a
fully-fixed beém case having a K wvalue of 1/384, In
conclusion, the five one-way slab models- can be analysed as
fully_figed beams and that the internal consistency of ﬁest
results is excellent. | '

’

7.7 [ONG TERM DEFLECTIONS

T.7.1 Flat Plate Models

-

The . immediate deflections are sélaom of any‘pracpicél
impqrtance, but the long term deflections can reach annoying
‘proportions. Creep under load and warping due to shrinkage
of concrete are important and Vcan cause large increase in
deflection with a lapse éf time. Plots of deflection-time
curves fér the three flat plate models and of the profiles
of the loaded slabs are shown in Figures 7.12 to 7.14 with
Tables 7.10 to 7.12 summarizing the test results for each of

the three flat plate models.

For flat plates 1 and 2 of the first series of tests,
. .
the formwork was stripped after the concrete had cured for
o . .
four days, and the slab was subjected to its own weight. At

"7 days, additional dead load was'applied over the whole span
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of the slab to give a total dead load equal to twice the
design dead -load, simulating the coﬁstruqtion load at an
earlf. age of concgg}e. At 28 days, portipn o{ " the
construction load was removed,, and the total remaining load
(sustginedr constant load) was reduced to one-and-a-half
times Ehe design dead load. For flat plate model 3, -the
concfete was alldwed to cuée.for 10 days before the formwork
was removed and the slab was subjected to its' own weight.
._At-28 days, superimposed‘dead load was applied to the slab,
giﬁing a total sustained load of one-and-a-half times the

design dgéd load.  The load histories for tﬁé;thrée models

have been given as shown in Fiqures 6.6A and '6.6B.

Although the absoclute value of iﬁitial deflection
differs, .each deflection curve shows approx}mately the same
gradient. Comparing slab 1 with slab 2, it was found that
(Figs;7.12 and 7.13) slab 2 showed the larger initial
deflection due to higher load during the initial stage of

the concrete age, and sﬁbsSquently a lafger longterm
deflection at the‘énd of the observation period. for slab
1, final deflectioﬁﬁof 6.37 mm after 700 days for an initial
deflectioﬁ—of 1.29 mm were obtained, and a final value of
6.94 mm' (589 days) for an initial deflection of 1.67 mm for
slab 2. Final deflections were of the order of 4.94 and
4.16 times the initial deflections, For slab 3 with an
initial deflection of 2.12 mm, long term deflection totalled
'8.48 mm after 483 Qays, resuiting in a deflection ratio of

.
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¢ 8.48/2.12 or 4.00. Table 7.13 presents a' summary of the .

test results of the three flat plate models,

Due to the higher magnitude of applied loads as a
' result of a design live load to dead load ratio of 0.5 for
-slab 2 instead of 1.0"as for slab 1}-lit ‘was expectéd that
the increase in longterm déf}eﬁtion fo} slab‘; would be much
“ﬁﬁ;re that that for slab 1. . How;ver, this has not been the
case, The smaller than anticipated increése in mid-span
deflection of slab 2 (5.27 mm over 589 days) relative to
that of slab 1 (5.08 mm over 700 dayé) were due pri;arily to
the quality of concrete. Though the design strength of
concretes were specified to be 28.0 MPa for all the slabs,
the actual strengths of concrete from ready-mixed concrete
plants'were found to be 45.5 MPa for slab 2 and 28.0 MPa for
slab 1 at 28 days. If it is assumed that."the relationship
between deflection of slab and the elastic modulus of
concrete is linear", the net mid-span deflection after 28
days and the longterm deflection for 'slab 2 would have been
2.39 mm and . 9.94 mm respectively (the bracketed fiqures in
réws D and F of Table 7.11). Indeed, the increase in
mid-span deflection due to creep and shrinkage would be 7.55°
mm which was 43 percent more than that for slab 1, i.e., the
same magnitude in the increase of deflection (43%) as for

the applied 1loads-(40% for construction load and 38% for

sustained load).

-
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enced sign%f}éé tly by the deflections or loadiﬁg histd{ies
that occur during construcfioh|periqg.' "As Table 7.13 (row
K} . indicatess .over 40 pér cent'-qf_the- final deflection
occurred during the first-28 days afterl;heh casting of the
slabs, and that the creeb defleéﬁion {row H-of Table 7.13)
was about 2.5 to 3.0 times ﬁhe.initial deflectiﬁﬁ. ’

'

7.7.2 v One-way Slab Models

- This second series of the laboratory investigation was

N

carried out~to. examine the effects of different 'Loqding'

histories | (Figure 6.12)% corresponding to  various

consfruc on methods, compared - to the arbitarily thosen |

loading procedure applied to the three flat slab models in
Series_l. It was hoped that this coﬁtinued research wouyld
yield additional ipformation on th€ longterm strugturai
behaviour of floor slabs subjected to early construction

loads of different magnitugdes. - <

Figures 7.15 to 7.21. show the deflection-time curves

for the five slab models which were subjected‘to different
loading histories within the first 28 +days after the

placement of.concrete. In Giew'éf Figures 7.15 to 7.21 and

Tables 7.14 to 7.18 which represent the test results on the.

one-way slab models, and of Table 7.19 which summarizes the

test results of all five slabs, the following observations

can be made.
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- * Measured 2a-$£y deflections of the five slabs indicated

that deflections were highly influenced by the magnitude of

e

"the incremental loads. An examination of the measured

deflections during tHe_construction process suggés£ed that
if heavy load Were-appiied at this time, appreciable differ-
_ences in defléétions would occur between the most heavily
loaded slab (model 5) and the least loaded slab (model 1).
The 28-day final ‘deflecpions were 2.74 mm for slab model 5  F
and only 1.66 mm for slab moael. 1,(row B of Talbe 7.19), a
factor of ~1.65. The differences carried through when a
comparisoﬁ of the long term deflections was made ‘between
these two -slab models, i.e., 4.07 mm for slab model 5 and

3.10 mm for slab model 1 (row E of Table 7.19). ’//’"“;
. ® .

An examination of the deflection curfves (Pigure 7&16)
reveals that the slopes of all these curves were virtually
the same after day 28; subsequent deflections after removal

of the construction loads seemed to be independent of the

. prior loading. , In other words, the additiopal deflections

due to creep and shrinkage of concrete during the first 28
days of ldgding could not be recovered despite removal of -
the -load and the identical sustained 1load on the slabs

afterwards.

It is equélly interesfing to note that the increases in

deflections from day 28 to the endAéf'the observatidn.per'

(i.e. 10 months) for all the five slabs were ve
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‘indeed, 1.44, 1.24, 1.35, 1.34 and 1.33 mm for slabs 1 to 5

accordinglfl 'However, due to the distinct loading histories

in the initial stages, final deflections after 10 months for °

the individual slabs were found to range from 3.10 mm (slab
1) to 4.07:mm (slab 5) for span/defléction ratios of 631 and

481 respectively.

The net deflections after 28 days, taken as the sum of
defiections due to loading (plus) and unloading (minus)
alone and excluding deflections due to creep and shrinkage,
werermeas;red'to be 0.60, 0.63, 0.62, 0.60 and 0.58 mm for
slabs 1 to 5 respectively. The corggsponding final deflec~

tion§ after 10 months were 3.10 mm, 3.96 mm, 3.18 mm, 3.35

-

mm and - 4.07 mm, 'giving ratios of final deflectioh to net
: déflectipn at 28 days of 5.17, 6.29, 5.12, 5.58 and 7.02
(row J of Table 7.19). The corresponding creep Mgfios
(creep deflection/initial deflection in rbw H of Table
7.19}), .y;ried from 2,98 for the least lgiggd slabs (#i and
#3) go 4.79 for the mosf heavily loaded slab 6#5), which
wvere larger thap the usually assumed value of 2.35 [ACI,2).

. : )

7.8 CONTROL OF DEFLECTION

As far as the deflecti'on limits of ‘L/24O as,specifiéd

by ACI 318-83 . Building Code [5] 1is concerned, it is
disturbing that for flat 'platé models 1,2 and'!3, ‘the
| . 1] © ‘

. measured values of L/307, L/282 and L/231 (Tables 7.10 to

_96._ K ‘1.
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7.12) were very close to or exceeded the specified’

deﬁléction‘limit.

]

Uniike the three flat slab modéls in which the deflec-
tion/span ratios were very close to or higher than allowable
(L/240), the resulting deflection/spanﬁratios for all the
five one-way slabs varied from 1/481 for slab model 5 (ﬁost
heavily loaded) to 1/631 for slab modei 1 (least loaded),
which were below the specified deflection limit of 1/240 by
ACI 318-83 Building Code[é]. In short, because the simple
multiplier fér additional longterm deflection as recommended
by the ACI 318;83-Bui1ding Code was based on éxperimental
data on one way slabs and though was stated to be egually

-applicable to two-way slébs, its applications to flat slabs

may result in .serious errors in predicting the longterm or

-total deflection.
[

7.9 ¢ ANALYSIS AND LOMPARISON OF TEST RESULTS

To analyse the 1long term behaviour of reinforced
concrete.slabs, initial elastic deflecﬁion, deflection due
to hshrinkagé of ‘qoncrete and deflection -due to creep of
concrete are the main concerns. “As stated in Section 3.9,
that errors in estimating Fhe elasgic‘deflection of two-way

reinforced\concrete slabs seem inevitable, and since the

P

long term deflection is usually several times the elastic

-~

deflection, poor correlation between measured and calcualted

—
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long term deflections 1is foreseen should the calculated_
elastic deflections be used.; For a 'mebhingful comparison
between results and with the benefit of experimental data,
the measured elastic deflections will be ‘used herein as the

initial elastic¥deflections.

7.9.1 A.C.I. Models

According to clause 9.5.2.5 of the ACI 318-83 Building

Code [5], the absolute maximum ratio - of additional

deflection due to creep and shrinkage to initial deflection
for slabs can be taken as 2 after five years or 1.2 after

one yeapQ(Eq.4.l). -If the initial deflection of a slab was

‘taken to be equal to the net deflection after 28 days (1.29,

1.67 amd 2.12 mm for models 1 to 3), the final mid-span

deflections of the three flat plate models would then be’

three times the net deflection, i.e. 3.87 mm, 4.91 mm and

'6.36 mm accordingly which were much lower than the measured

values of 6.37 mm, 6.94 mm and 8.48 mm respectively (Tables

7.10 to 7.12).

For the five one way slab models, three times the

initial deflections would give long term deflections of

- 1.80, 1.89, 1.86, 1.80 and 1.74 mm when the measured long

term deflections were 3.10, 3.96, .18, 3.35 and 4.07 mm
accordingly. The ACI '318-83 figures, do not seem to be

acceptable simply because no distinctions were made for the
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design live load to dead load ratio. énd‘ the heavy
construction 1lcad applied to the slabs soon after the

placement of éon;rgte.

-

Compafison between calculated lbng term deflectioné}%z/pi
ACI-209 model (Egs. 4.3 and 4.11) and the measured defléc-

_tions' from this study (Figs.7.12 to 7.}4 for flat plate
models and Figs.7.17 to 7.21 for one-way slab models) and
from other available test results and‘field measurements are
illustrated in Fig.- 7.22 and also in Table 7.20. In every
case, the measured long term deflections were-found to
exceed those calculated by ACI-209 model with a mean of 0.74
and a standard deviation of 0.12 (correlétjon coeffi-
Eient=0.9447). Use of a creep factor which 1is time
dependeﬁt only and not stress or lcading history dependent

needs to be reconsidered.

7.9.2 Sbarounis’'s Model

)

Cbmparison of measured deflections and-;hose calculated
by Sbarounis's model. (Egs. 5.2 and 5.3) is giveﬁ in Fig.7.23
and Tabkle 7.21. Sbarognis's model is the only model to have
included the effects of construction load on the long term
deflections of slabs. The construction load effects are
included implicitly 1in calculating the secaﬁt service load

deflection (6sd in Eq.5.3).
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A relatively better agreement between the ﬁeasured and
calculated deflections (than the ACI 209 model) was obtained
as shown in Fig.7.23, with a mean of 0.83 and a standard
deviation of 0.19 (porrelation coefficient=0.9725).
However, $§barounis's model does not have\any means of taking‘
account of the creep occurring during the construction
period due to the construction ldads, which can be seen to
be considerable from Figs.7.12 to 7.14, and that the
possibly significant contribution of shrinkage deflection is

included simply as a multiplier of the secant deflection.

7.9.3 Proposed Models

MODEL A :

Any metﬁbd\giiﬁ?sed for use in a design office must be
reasonably simple to use while including the most signif-
icant parameters. For the longterm deflection ﬁroblem,‘the
most important parameters are elastic deflection due to
construction locads, creep deflections due .to Eoﬁstruction
loads, elastic deflection “due te sustained load and crzﬁb
deflection due to sustained load. To includé -these major
construction parameters, the longterm deflection of flat
slab struétures can be approximated by the following'
equation; ) , o

_ gLl N L
stotal— Ssus{+sshrlnk+cu(8cons ULT-+ssust) IZ'?]
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where
8total

§

cons = deflection due to construction load with the

longterm deflection.

elastic modului taken at the appropriate age

$

sust = defléction due to service (sustained) load

shrink= deflection due to shrinkage by ACI-209
(Equations 4.11 and 4.12)

o Cy = ACI-209 creep coefficient (Equation 4.2)
r

C.L. = maximum construction load

‘Vlt. = load capacity of slab = 1.4 D.L,+1,7 L.L.

Application of this eqguation " in comparison with
measured deflections from this study (Figs;7;12 to 7.14 fo
flat plate models and Fiés.?.l? to 7.21 for one-way slab
models) and other teét results i% given in Fig.7.24 and also
in Table 7.22. It is obvious from Fig. 7.24 that the corre-
lation between measured and calculated deflections 1is good

(méan=0.95, standard deviation=0.11, correlation coeffi-

%Téht=0.9904), and the proposed method is simple .to use.

‘"MODEL B

Ie
4 * '

From the test results of the five one-way slab models

and taking into account of both the peak locad factor and the
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average load factor during the first 28 .days after a new
slab is cast, test results (Table 7.23) give clear
indica#ion that the final deflection of a slab depends to a
greater extent upon the peak' load‘féctor rather than upon
the average"ioad factor. The longterm deflection of slab 5
with the hiéhest peak load factor of 2,36 was found to be
4,07 mm which was gréater than that of slaﬁ 2 (3.96 mm) with
the highest average load factor of 1.80. Probable reasons
for this phenomenon are.the possibility of cracks developed
due to tkis peak load and that the relatively high immediate
dgflect}on with subséquent higher creep deflection might not

be recoverable upon removal of this peak load.

Since 1ongtéfm deflection due to shrinkage warping must
be stress cor load independent, creep deflect}on gill depend
upon two major patameters; (i) peak load/ultimate load
ratio, to include the effect due to the magnitude of the
construction load and .(ii) the ratio between the concrete
strength at first loading"or.at the time when this peak
(constrgktion) load was applied and the specified 28-day
concrete strength, to include the effect of concrete age at
loading. The results of the tesgs.(rows H and M of Table
7.19) in terms of the creep coefficients (creep defléction/
elastic or 28-day net deflection) for the five slab models
subjected to various peak loads at different ages and of tﬁe

peak load factors are given in Figure 7.25.

kg ‘
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It was found that for a period of up to 10 months under
loading, a linear relationship exists between the peak load
factor and the creep coefficient and can be described by the

- following equation,

C.C. = 2.50+(P.L.F.-0.55)4.18 [7.3]
where :

C.C. = CREEP COEFFICIENT ® 306 DAYS “‘

- OAD Jfe
P.L.F. = PEAK LOAD FACTOR - DEAK LOAD [Fe'
PEAK LDAD = MAXIMUM APPLIED LOAD:
ULT. LOAD = LOAD CAPACITY OF SLAB )
fc = CONCRETE STRENGTH WHEN PEAK LOAD IS APPLIED
fe' = 28-DAY CONCRETE STRENGTH

From A.C.I. 209's model for time-dependent creep
coefficient (Equation 4.2), the treep coefficient at 306
days can be estimated to be about 0.756 of the ultimate
creep coefficient. Equation 7.3 can therefore be replaced
by the following expression fdf‘%he u%ﬁimate creep coeffi-

. 3
cient; (i

LY

ULT.C.Q. = 3.3+ (P.L.F.~-0.55)5.5 C7.4A1
> 2.35

A minimum value of 2.35 for ultimate creep coefficient
i5 suggested as is recommended according to A.C.I. 209's
creep model (Equation 4.2)}. Long term deflection of a slab

can therefore be calculated by the following formula;
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Shotal = Sinitiar UFCOFE Ly L7.481]
. {0.6 '
where Ct = ULT..CC —TB:;EE
~ Y4nrini= SHRINKAGE DEFLECTION (EQ.4.11) .

Figures 7.12 to 7.14 illustrate .the applicatiqh and
much improved accuracy 5; EQuétion 7.4 compared. to the
measured Albng term deflections of .the three flat plate
models tested in thiéAStudy. Between measured and calcu-
lated deflecpians by eQuation and‘7.4, it can be seen from
ngle 7.24 'aﬁé-Fig.T.ZG that the correlation 1is excellent
with a wmean"of 1.01 and a standard deviation of 0,10 {corre-

H

lation coefficient=0.9969),

7.10 CONCLUDING REMARKS

Y

This research involved an experimental inv&stigation
into the effect of early age construction loads on the
short term and loﬁg term deflections of reinforced concrgte
slabs. Including construction effects,.creep and shrinkage.
of concrete, total ~long term deflections of up to 5.time5
the measured or B times the caléulated 28-day service load
deflection have been measured. Test results show that long
term deflection 1is a problem and cannot be ignored 1in the
design process if reinforced concrete slab structures afe to

behave adequately during construction andyservice.

Two approximate metheds - aré given to calculate long

term deflection which include the-major construction param-

-104-



~eters and givéﬂEeason%b;e quults for the eight slabs tested

as wéll as for somerther tast-results and field measufe4
ments. Since in practice, designers continue to rely upon
experlmental\ 1nformat10n and emp1r1cal expressions about
longterm beﬁgv1our of concrete,- the‘ two design methods
(Eguations 7r2 and 7.4) taklng into account the effects of
eatly age cgﬁStruction loads are satisfactory to calculate

the long term deflection of slabs.
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Chapter VIII /

CONCLUSION

buring incremental construction a -mulftstofy flat slab
building is subjected to the combined effects of dead loads
and construction loads. This report describes in brief both
the analytical methods for the computation of two-way slab
deflections and laboratory tests to determine the instanta-
neous and longterm deformations of reinforced concré;e flat
plate and one-way slab ‘structures. Several loading
histories were considered to represent various cbnstggption

methods commonly adopted in practice.

8.1 CONCLUSION

On the basis of the results from the present study and

from the literature, the following conclusions can be made.

(1) The etrrors in the prediction of elastic deflec-
tions are large” no matter which method is used. Discrep-
ancies could|%é"attributed to the torsional effects in the
regions between the columns and the slab elements. Tﬁe
classical theories of plates, based 6n the assumption of
ideally elastic concrete plate, do not necessarily reflect

the true state of stress in a slab.
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(2) Of the several methods employed in computing the

initial deflections of flat plates, only the modified frame
method or'the S-method and the beam defléction formulas gave
resonably comparable wvalues. As the computation of slab
deflection has become a routine design office procedure,
Scanlon and Murray's modified .. beam defle;tioa formulas give
a simple and convenient design means for predicting the

~initial deflections of flat plate slabs.

(3) Time dependent creep and shrinkage have‘signif—
icant effects on the total or long term deflections of the
flat plates. Total ‘deflections of.up to 4.94, 4.16 and 4.00
times the initial deflections have been reached for flat
plate 1 after 700 days, flat plate 2 after 589 days and flat
plate 3 after 483 days reépectively.

(4) Although general design 1is covered by the ACI
building code, the current building °code provisions on
deflection consider only a few of the many factors affecting

long-term deflections. Creep multipliers based on beam test

data are not suitable for flat slabs and ‘the thickness amd

thickness-to-span limitations prescribed by the Code cannot .

be expected to prevent excessive deflections in every case;

.

(5) Sustainéd loads affected the deforma{igg;:7;:t its

effect on the modulus of elasticity of cohc:ete was less
than expected. For flat plates 1 and 3, tﬁe' modulus of
eiasticity of loaded and unloaded (after 21,40 or 178 days;
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Table 6.2) concrete cylinders were identical to that of

concrete free of any stresses.

(6) It was found experimentaily that the creep defor-
mation of concrete can egceed elastic deformation by a
factor of 5 and additional deformation due to drying of
concrete alone can account to as much as another 2 times the

elastic deformation.

(73 The experimental data showed the difference in
creep coefficients for the three different concretes and the
variations of creep coefficient with age of 1oadiﬁg. The
creep coefficient increased as the sustained stress level
increased or as the stress/strength ratio of concrete at

loading increased.

(8) '+ Effects of membér size on éhrinkgge strains were
léss obvious. However, the dependence of shrinﬁage upon
quality of concrete is tremendous. The recorded concrete
shrinkage strains were much less for flat plate model 2 (645

microstrains after 589 days) with a 28-day concrete strength

of 45.5 MPa compared to that for the other slab models with

lower'concrete strengths, 786 microstrains for flat plate

model 1 after 700 days (concrete strength = 28.0 MPa), ,698

7

micfostrains for flat plate model 3 after 483 days (concrete

strength = 34.1 MPa), and 742 microstrains for one way slab

models after 306 days (concrete strength = 33.6 MPa).
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.(9) Since shrinkage due to drying of concrete is often
assumed to be stress indepéhdent, the ratios(_af final
strains to initial strains vary, depending, on the magnitudes

of initial strains or stresses,

(10) .ACI+-209's [2] shrinkage egquation (Eq.4.3) is easy
to use and appeared to provide a‘good estimation of the

shrinkage strains,

(11) ACI-209's [2] creep equations (Eqs.4.2 ahd 4.4)
tend to underestimate the creep deformation for reinforced

concrete slabs.

(12) Compression reinforcement is very effective in
reducing the time dependent longterm deflection: of
reinforced concrete beams and logically should be equally

effective for two-way slabs.

(13) The seguence of'stripping or reshoring has a
significaﬁt influence on loﬁgterm deflections. Different
construction processes produced total deflections as high as
seven times the initial deflections with the use -of Grundy'§.
shoring system (one way slab model 5), or as low as'ﬁiyé
times the initial deflections Qith‘ the use of shoring/re-

shoring system {one way slab model 3).

(14) Stress.is not a reliable way of controlling
deflections. For structures that are to be subjected to

moderately high stress at service load over-a long period of
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time,” creep Bhould become a design consideration, because

the -greategg ,Lisk would .appear to be the longterm

deflection.

(15) Creep deflection is peak lqu and not average load

dependent, 1i.e., high transient 1oad‘zou1d result in a

larger ~creep deflection than for a sustained load of

moder, nitude during construction process. «

(16) Two empirical. formulas are presented and have been
proved to 'be satisfactory in computing the 1longterm

deflection of a slab, taking into consideration the effects

of construétion loads. v
L~ (5 . i /
8.2 RECOMMENDATIONS C\ P x
- a .

(L) The ' discrepancy in the measured and computed
deflections emphasizes the Hqu -for -bettér method for
computing ‘immediate deﬁlectioﬁs of twg;way slabs.

: ) ‘

(2) Future full-scaled tests on flaf slabs are recom-

" mended to take . into the consideration of the following

parameters : (a) wvariation in construction and sustained

loads; (b) rate of strength develo Egprfof’fﬁgggéncrete; (c)

curing methods; (d) span/depth.ratios: and (e) interior or

exterior slab panels. : ST T~
rd

- . . ! ’

(3) Compression steel is recommended for flat slabs so
as to reduce dr eliminate the possibly appreciable warping,
especially in thin slabs., '
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(4) 1In order to av01d extensive cracking and thus high

‘

1mmmedlafe’“nd long term deflectloqs of flat slabs, it is

6951rable to determine the exact variations in magnitudes of

the dead and live loads which may occur during the

construction period.

* (5) Though désigners and énginears_prefer a shortened
stripping t%ime for floor slabs, it is recommenaed .that
specifications be made _af the: concrete strength required
before the removal of form so as to prevent damagé or even

failure to slabs due to premature removal of forms.

'(6) Usual practice calls for. the following precautlons,

RN

hich should be followed to reduce excessive deflections;

() control construction loads to --prevent cracking of

concrete during gonstruction; (b} ensure top reinforcement .

locations to achieve -maximum stiffness at supports ~“and (c)

proper curing.

(7) The key to reduce the long term deflection is to
keep any transient load during construction period to a

minimum, simply because the long term deflection is

) : —~
sensitive more to the peak load than toriga average load fo
: . . /"?
whigh a slab is subjected. . . o f\
. N » . N . - r-?

. T o \\_../
(8) Long term deflection of a slab - consists of "an

initial deflection due to ‘seriiqe and/or early construction

1oads, plus the deflections due to creep and shrinkage, and
- . A
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do

equations 7.2 (model A) and 7.4 (model B)

aproximate the long term deflection of a slab.
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PREDICTION METHOD

DIN|BCS

REQUIRED iNﬁgT DATA \ AC1|BeP[C78 C70
SIZE AND SHAPE OF MEMBER x | x| x| x|x|x
AGE AT LOADING X | x| x| x]x|x
HUMIDITY OF ENVIRONMENT X | x| x| x|x|x
COMPRESSIVE szENQTH OF CONCRETE| X | X | x | x | x | x
CONSISTENCY OF FRESH CONCRETE X x | x
TEMPERATURE, x | x| x Xe
TYPE OF CEMENT . X[ x| x{x|x/|x
CEMENT CONTENT -® X X
UNIT WEIGHT OF CONCRETE X | x
WATER-CEMENT RATI0 \ X X
SAND-AGGREGATE RATIO X |x
- [NGGREGATE-CEMENT RATIO X
AIR CONTENT OF CONCRETE ¢ X
CURING CONDITIONS e X

* DURING THE CURING PERIOD PRIOR TO LOADING
e+ HUMIDITY AND BEGINNING OF DRYING

ACl - ACI COMMITTEE 209
. BaP = BAZANT AND PANULA

C78 - CEB/FIP MODEL CODE 1978
DIN - GERMAN PRESTRESSED CGNCRETE CODE
BCS - BRITISH CONCRETE SOCIETY
C70o - CEB/FI1P RECOMMENDATIONS 1870

L 23]
L1231
307
€411
£201]
£29]

- TABLE 4.1 REQUIRED INPUT DATA FOR CREEP

OF CONCRETE
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- LONG TERM DEFLECTIQN
RATIO = “TRTTTAL DEFLECTTON -
4.2 LOADED. AT 7 DAYS
TAYLOR 3.0 LOADED AT 14 DAYS
[1173 1.8 LOADED AT 28 DAYS
|SCANLON & ||3.5 - CRACKED SECTION
MURRAY 4.5 - UNCRACKED SECTION
[105] S
RANGANL99](3.35 - CRACKED SECTION -
: 5. 1o CONCRETE STRENGTH AT TIME OF LOADING
WILSON <100 - 6 fe '
« 4.16 - 0.8 f¢
L ]§] ] 3.78° - 1.0 ¢
SBARQUNIS |[5.00 X §sd = (EQUATIONS 5.2 AND 5.3)
(1021 | | .
L

S.d =" SUM OF THE TMMEDIATE DEFLECTION DUE TD SLAB WEIGHT AND

THAT DUE TO SERVICE LOAD OTHER THAN SLAB WEIGHT

‘max (Wad/Wmax)

§mex = DEFLECTION DUE TO CONSTRUCTION LOD. Wmgs :
Wasx = MAXIMUM CONSTRUCTION LOAD WHEN APPLIED AS A SINGLE INCREMENT
Wed = TOTAL SERVICE DEAD LOAD OR THE TOTAL SUSTAINED LOAD.
TABLE 5.1 ANALYTICAL LONG TERM DEFLECTION
' RATIQS - ' .
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FLAT PLATES ONE-WAY SLABS
SEQ?GNATION L 3 1 2 3 4 5
DATE OF cASTING|{g55 |195S (5363 153 1563 1583 [15a2 |'8qs
CLEAR SPAN () l1.96 |1.96 |1.96 |1.96|1.96 |1.96 |1.96 |1.96
SUS15E Ty | 203 | 203 [203 | 203 | 203 | 203 | 203 | 203
SLAB THICKNESS Y6305 163.5 |63.5 [63.5 |63.5 |63.5 63.5 [63.5
SLUMP  (MM) 76 |76 |76 |76 |76 |76 |76 | 76
Q%E%P3¥NEQSTYS) 4] 4 1015 4 5 5 5
STRENGINCRETE || 2870 45.5| 34.1{ 33.6] 33.6| 33.6 33.6| 33.6
STRENGTHL MR  |[417 |#17 [a17 [z |7 | 417 | a7 |7
MoboLus  Nepa [ 200 | 200 200 [200 | 200 |200 | 200 | 200
S, | 5 (5 [ |5 |5 5151
Lrye EOR W 1o 180l0. 1800. 180|0. 180]0. 180J0. 180]0. 180l0. 180

| £min, PROVIDED Y5 55300, 253(0.253(0. 380]0. 380]0. 380/0. 380/0. 380
pmax EROVIDED 15 s0710.5070.507]0. 380l0. 380[0. 3800. 3800. 380
;g?ﬁéggéEMENT YES ® [YES » fYES e | oo ) =- R
LIBR-REINF, MpA[l400 (400 [400 | - | - [T T

N

* FIGURE 6.4

TABLE 6.1

PROPERTIES OF SLAB MODELS

. =
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SLAB 1 SLAB 2 | SLAB 3 ONE ~ HAY
CONCRETE MIX PROPORTIONS (KG/CU.M)
CEMENT 305 360 335 330
WATER 172 160 165 179
AGGREGATE|| 1009 1050 - 1040 1009
SAND 863 | 790 820 864
fe IN HPA ‘Ec IN GPA
fo | Ee | fe | Fo | fe | Ee | fe | Ee
DAY 3 17.8 |==== |==== | -=== | -=== {-===122.2 |25.1
@PAY 4 19.9 |21.7 |30.9 | 29.4 |24.1 |~=== |--== | -=--
DAY 5 ||-—-- |-——- |34.7 |31.5 |25.8 |28.8 |25.4 |27.2
DAY 7 22.6 |24.5|35.8 |32.9 |27.1 [30.6 |27.4 |27.7
DAY 10 |[24.8(25.5 [-—= |- - |27.4[31.5 |---- |[----
DAY 11 ~wm= ===~ |==== [ === |-===|---- |30.6 | 28.8
DAY 12 [----1|----138.0[3478 |----|----|30.8{29.0
DAY 14  |[26.2|25.9|38.6 |-~~~ 29.5(31.931.4129.3
DAY 21 memm | mmm e e e o= [ 3202 [29.8
DAY 28 ||28:9125-9 145.5|38.5 |34.1.132.6 [33.6 |30.2
DAY 68 i I Rl EAAGA RN EEEE EEE
oAy 185 || 300,129 146.97139.5 | --nn [-=- [37.17] ----
| YEAR  ||30.0|28.6 |47.6|39.9 |37.9 |33.7 |39.7 |31.5
2 YEARS 1302 | =mmm |mmmm mmm foom oo e o

s - CREEP CYLINDERS INITIALLY LOADED AT

7 DAYS FOR SLAB 1. ¢ OR
28 DAYS FOR SLAB/3

~

TABLE 6.2 CONCRETE'PROPERTIES
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FLAT PLATE|FLAT PLATE(FLAT PLATE| ONE-WAY
MODEL 1 MODEL 2 MODEL 3 |SLAB MODEL
CONCRETE
STRENGTH 28.0 45.5 34.1 33.6
(MPA)
SHRINKAGE 786 645 698 742
STRAINS || (700 DAYS)| (589 DAYS)| (483 DAYS) | (306 DAYS)

(SHRINKAGE IN MICRO-STRAINS)

TABLE 7.1A MEASURED CONCRETE SHRINKAGE STRATN!
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* APPLIED STRESS
APPLIED STRESS

12.3 MPA

non

. ** 700. 589 AND 483 DAYS FOR SLABS 1.2 AND 3

ses BY GAMBLE AND PAROTT'S EQUATIONS (APPENDIX T
DRYING CREEP = KT Egp

K

nnoun

g
K
K

TABLE 7.2 TEST RESULTS OF

UNDER SUSTAINED.

—
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\
0.044 /MPA + &g
APPLIED STRESS IN MPA
0.396 FOR STRESS OF 9.00 MPA
0.566 FOR STRESS OF 12.3 MPA

= SHRINKAGE_,

SLAB 1 |SLAB 2 |SLAB 3
| (W) INITIAL STRATN (MICRO- MM/ [ 37> 278 a78
' 2188 .

(B) FINAL STRAIN 2652|5188 1o3g0
(C) STRAIN RATIO = B/A 713 |5-87 le.s6
- Al 1910 »y
(D) STRAIN INCREASE ( = A-B) 2280 (1910 2102
(E) MEASURE SHRINKAGE STRAINes [[786 |645 |g98

§ 255
(F) DRYING CREEP s»s _ 311 222|278
(G) PLASTIC FLOW ( = D-E-F ) 1183 1919 hyyog
(H) BASIC CREEP = (G) /STRESS 31 111 oy
(MICRO-STRAIN PER MPA) 109 :

(1) INCREASE IN STRAIN DUE 1265
TO CREEP ONLY ( =D-E ) 1494 11750  |1404
(J) CREEP COEFFICIENT ( = 1/A) fl4.02 |4-35 1505
(K) TOTAL CREEP STRAINS (BAZANT) || 1384 }ggg 1113
(L) CREEP COEFFICIENT (= K/A) |3.792 jégg 4.00
(M) CREEP COEFFICIENT (ACI) o7 1133 L |1.89

(STRAINS IN 0.000001 MM/MM)

9.0 MPA FOR ALL OTHER CYLINDERS

CONCRETE CYLINDERS
COMPRESSION
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Lal

(M) |[FINAL  (B) [DEF. RATIO
ION|(DEFLECTIGN {=B/A}

SLAB 1 (?oo DAYS)

|PLAIN CONCRETE" BEAM 8.0 | 24.2 3.02
SINGLE R. C. BEAM || 21.0 102.5 4.88
{DOUBLY . R. C: BEAM | 20.0 | 75.0° 3.75

SLAB 2 (589 DAYS)

PLAIN CONCRETE BEAM || 6.0 1161 3.02

SINGLE R. C. BEAM | 16.0 47.0 | 2.94
DOUBLY "R. C. ‘BEAM || 15.0 140.7 2.71

SLAB:gh{483 DAYS)

PLAIN CONCRETE BEAM || 7.0 22.4 3.20
SINGLE R. C. BEAM | 17.0 85.3 5.01
.. .|DOUBLY R}‘C. BEAM || 16.0 62.1 3.88

(DEFLECTIONS 1IN 0.01 MM)

CUNCRETE STRENGTHS :* 28.0 MPA FOR SLAB 1
’ 45.5 MPA FQOR SLAB 2
34.1 MPA FOR SLAB 3

¥

LOADS ON CONTROL BEAMS 1 =~
445 N ON PLAIN CONCRETE BEAMS - |
. 1335 N ON SINGLY OR DOUBLY R.C. BEAMS

TABLE 7.5 TEST RESULTS OF CONTROL BEAMS
- (CREEP OF CONCRETE IN FLEXURE)

2
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LuDL POTSSONDEFLECTION AT i
kpa |E P RaTi0-MMID-SPAN .01MM - REMARKS
R ) 78 (SLAB 1) )
H. C. FU (1985 2.3 28 | --- 73 (SLAB 2) |EXPERTMENTAL DATA
: - - 110 (SCAB 3)
: SN g EQUIVALENT FRAME
ADOSS - CPCA [251 [2.3| 28 | 0.0 &£ HETHOD 10, 14
| STRUDL 11 [1133 2.3| 28 | 0:2 s 55 FINITE ELEMENT METHOD
R 'J l . . :
STRUDL 11 C1133 2.3 28 | 0.0 60 FINITE ELEMENT METHOD
e o . |[ELasTiCc soLuTiON
TIMOSHENKD -[ 1221 2.3 28 | 0.0 ‘ 50 (K=0.00581) »
L 46 DIAGONAL BEAM STRIP
| SNEDDON & HILL E1141(2.3 28 | 0.0 60 ¢  |ANOLOGY (K=0.00531) e
. : ) FINITE DIFFERENCE &
VANDERBILT ET ALC12472.3 —128 0.0 50 MOMENT DISTRIBUTION
VANDERBILT ET ALC124]2.3 28 | 0.0 67 - S-METHOD N
: ) - - |BEAM DEFLECTION
SCANLON & TPRRAY[106.2.3 28 | 0.0 64 < ik
. 7 ‘ F.E.M.,WITH TIME_STEP
NOPARC [1263 2.3 28 |. 0.0 81 - | NTEGRATION SCHEME

« DEFLECTION = k a L? /0 (Eg. 3.2)
- - a .
f : ** USING DEFLECTION FORMULA FOR A FIXED-ENDS BEAM
: - DEFLECTION = 0 L° /(384vEeD)
: “L=/Te1.96 M= 277 K
® , - l=1g '
: ‘ ' 4@ = LOAD PER UNIT LENGTH
ELASTIC DEFLECTIONS AT 28 b¢vs

. l :
TABLE 7.6 ELASTIC DEFLUECTIONS DF FLAT PLATES

’

1

&
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(SE/W IN 10000 MM)

TABLE 3.7 SUMMARY OF SE/
=" YFLAT PLATE Monktﬁ)
T

-

» .

-

W, VALURE

..\
>3
\“ \ -
k)
‘ i -suae 1 | stae 2 | sias 3
ON DAYQ:;;:i( 922 1463 ---
ON DAY 7 - 1075. 1107 -
ON DAY 10 N e - | 2299
ON DAY 28 * 902 883 1423
s J/




staBNol 1| 27| 3 4 5
DAY Nou M e M| || mle]m]e
4 = [---cleee-114,0[10.0 il el R bl EEEEI EEES
) 4 oo e f19,0{10.6 === |- = oo oo [ e
\ 5 * 13.5]9.75|----{----14.5]9.75/13.0]9.75[15.0/0.75
5 *428.525.0(---- |[---- |26.5(25.0 26.0(25.0(28.5(25.0f.. N\
7 ----|----60.0/47.0(10.5{11.2}11.2]11.2[8.0011.1 ]
12 el el Rt SR R TS ATV -6.0|-6.8[5.003.50
14 f--wlemme]-eezl----l11.0[10.6|11.5/10.3 16-5[10.3
19 |-=--|--==|----|---~|-115]-104|-5.0(-5.0(8.00|7.70
' él |---- “=ro|Tme---11-5)10.4(12.5010.110.5(9.75
26 [----|----[-~--|----[-115|-103 ~225{-188|-58. =4|.
>
28 118.015.0|-22. [-15. |21.0015.0]19.0[15.0[23.5]15.0
- .-..ﬁngEEso.o 49.8(63.0/52.6[62.0 SO'ng.o 50.858.0(51.0
BEEUL(A) 310.[313. |396. 351.4318. |378. |335. 377. 407 [355.

DUE TO SLAB DEAD L0AD
"#» DUE TO ADDITIONAL DEAD LOAD
*+ DUE TO LOADING/UNLOADING ONLY
(+ FOR LOADING AND - FOR UNLGADING)
(A) AFTER 306 DAYS

. 'o
M - MEASURED DEFLECTIONS (0.01 MM) .
c - COMPUTED'DEFLECTIONS BY NOPARC £1261

TABLE 7.8 ELASTIC DEFLECTIUNS OF ONE WAY
SLAB MODELS

—140- ‘ . . : \



SLAB NO 1 2 -3' 4 S
DAY NO.{ 8E/W | SE/W | 8E/W | SE/W | SE/W
4% 1--==" | 12000 --- R
4 wsw === 9430 --- --- —
5 e 12040 --- 12930‘i- 11600 13380
S #* 10890 o 10130 9940 11280
7 -=- 11700 8430 9000 6430
12 -~ . 8400 7790 | 12980
14 -~ - - 9330 | 10050 | 14410
19 e R 850 | 140 9040
21 - “—- 9940 11130 9350
26 --- <-- 10030 10760 12650
28 10730, | 13110 | 12510 13200 14000

» DUE TO SLAB DEAD LOAD
s DUE TO ADDITIONAL DEAD LOAD

_ - "§E/w (MEAN) = 10760
$E/W (STANDARD DEVIATION ) = 185

-
b

LINEAR REGRESSION ANALYSIS

LEAST SQUARE REGRESSION LINE «

SE/W = 10255 + 34.78 (D

T = AGE OF SLAB IN DAYS

CONdITIONAL STANDARD DEVIATION = 1815
< ,

(REFER TO FIGURE 7-11)

TABLE 7.9 SUMMARY OF SE/W VALUES
- (ONE WAY SLAB MODELS)
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SLAB 1 SLAB 2 SLAB 3
(A) 3d—DAY NET DEFL. 129 167 212
(B) /TOTAL DEFLECTION
AT 28 DAYS 291 302 345
(C) 28-DAY SHRINK, (D 347 347 398
SHRINKAGE DEF. ()57 57 66
(¥ CREEP DEFL. A7 -
//py 28 DAYS (=B-C-A) 105 78 67
— 637 694 848 .
(E) FINAL DEFL. (700 DAYS) |(589 DAYS) [(483 DAYS)
(F) TOTAL SHRINK. (1| 786 645 698
SHRINKAGE DEF. (2) 130 107 116
(G) TOTAL CREEP DEFL.
g Rk : 378 420 520
(H) G/A 2.930 2.515 2.453
(J) E/A - 4.94 4.16° | 4.00
K B/E 0. 46 0.44 0.41 /
. . / : . R 4
(LY F/E 4 0.204 0.154 0.137
/ A

'

(DETEEérloms IN 0.01 MM) .

(1) MEASURED SHRINKAGE IN MICRO-STRAIN
(2) A.C.T. MODEL - EQUATIONS 4.11 AND 4.12

CLEAR SPAN OF SLAB = 1.96 M. HOWEVER. DUE TO NEGATIVE REINFO CEMENT
AT COLUMN CORNERS AND THAT THEORETICALLY.. SHRINKAGE DEFLEC I0R-15
ZERO FOR EQUAL AMOUNT OF +VE AND -VE REINFORCEMENT, t.e. SPAN LENGTH
SUBJECTED TO SHRINAKGE WARPING = 1.96/2 = 0.98M THEN LTS DIAGONAL
LENGTH=/Z'(980 MM) =1386 MM, WHICH CAN BE ASSUMED TO BE SIMPLY
SUPPORTED WITH A-REINFORCEMENT RATIO OF 0.253 %

CREEP DEFLECTION (PLASTIC FLOW) .
+ CREEP COEEFICIENT = CREEP DEFL./ELASTIC DEFL. (\\
FINAL DEFL./ELASTIC (28-DAY NET) DEFLECTION

28-DAY DEFLECTION/TOTAL DEFLECTION .

SHRINKAGE DEFLECTION/TOT;L DEFLECTION

TABLE 7.13 SUMMARY OF TEST RESULTS OF
: FLAT PLATE MODELS

X eI
LU I S TR | I 1|

~

~145-



.

- d3¥NSYIRN v 12 3148Vl

L4

/4 = i1°s ClLv¥ NO119371430 LN3AN343A 3WLL (H)
WW 9S61 = NYdS ¢ (d) /NYdS .= €9 011V¥ NO11037430 Of NYdS (9)
$103443 39VININHS/d33¥0 ONIANIINI oig SAYQ 90 ¥3L4Y NOI1231430 VIOl (D
NO (2)QY01 TYNOLL1QQY 3JH043E se 991 .
$133443 I9YUNINHS/d3IYD ON1ANTONI os BH1 AYQ 82 1V NO11231430 Y104 (D).
. ' : . (ATND SNIQYOINN/ONL1AYOT 01 3n@
ONIQYOINN ¥04 - ONY mzwn<04 ¥04 + 09 AYO 82 1Y NOLL1937430 L3N ()
NO av01 GV3J TYNOL1100% 8l . 82 AYQ LY ()
- & .
: g« Y = dvol Y10l —— (AY07 ay3Q IYNDLL1Qay) Z AvVQ LY (@)
. ) . wrr
gvyol ayo1 1¥NOli1agy 0l 3Inad. . 582
dvo7 QY30 8y1s 01 3ng sogl . w4<>ozum WY04) § AVD IV (V)
- . (WX 10°0)
.mmeum NO11931430
. , .

~146-



)

¢ 8VY1S ..»<3 3IN0 40 wzo:om._mmn.ommbm,\mz Sl1+/ 3749Vl

1

O11lY¥YY NO11i237430 IN3QN3d3U LI

a4 = 629 ")

WH 9581 = NVAS 1 () /NVdS = yov . OIiV¥ NOI1193143C 01 NYdS (9)

5193443 39VANINHS/dFIHD ONIONTINI 96 SAYQ 90§ ¥3L4Y NOL1031430 V101 (4

R N R T

ONIYOINN ¥04 - ONY SN1OVOT 04 | €9 - (ANO e gaTeoniavol 0L N0 -

GIAQNIY QVOT V101 40 % 2 2e- . 82 AVQ 1V (0)

. 8 + YV = Ov01 V10L 009 ﬁﬁo<og,g<mo WNOLLIOOY) £ AV 1V (@)

. avol QMWMJAmqmmhmmmm o .Mwmwuu . - (IWAOWIY WO bAYO LY (V)
VNI W01103 1430 - .

- &

-2

’147f



a

SHYVHI

NO11937430

s Qs = zZli's . O1iv¥ NO11031430 IN3ONIIQ IWIL ()
WH 9561 = NVdS (4) /NYdS = Sig o_h<mr=o_huu4umo 0L NVdS (9
§193443 39VINI¥HS/dITHO ONIGNTINT . 8Ig SAva 902 '¥314Y NO11037430 WIDL (B

NG (3) QY01 TYNOILIGQY 3H0438 e £81
$103443 39VANINHS/J3T¥ IN1ANTONI ve 291 AYQ 82 LV NO11931430 viol (3

: P (ATNO ONIGYOINN/ONIGYOT 0L 3nQ)
ONIQVOTNR ¥0d4 - ONY:ONIOVOT ¥O4 + 29 A0 82 1Y NO11937430 19N @
i

NO QY01 QV3Q TYNO1L1day. 12+ _ 82 AVO 1V (D)
> @+ ¥ = QVO1 VIOl _—— (@vo1 avaa TYNOLLIAAY) Z AV 1V -(8)

R avo1 gvo1 TYNOILlddy ol 3ng $°92
avol av3a avis oL 3ng Syl - CIVADHIY WHDD < Ava LV (1)

F (HH 10°0)

-148-



]

N

b 71300W. 8Y1S >(3 ANOD mo_monHQMJmmm_ammDm<mz 2 m4m<h

\

r

/4 = 85°s O11VY NOI1L937430 INIONIJ3O 3WIL (H)

WH 9561 = NYJS ¢ (4)/NVdS = v8s OLLVY NO11031430 01 NVdS (9)

5103443 IOVANIEHS/d33H0 ONIGNTIONI seg SAV 90¢ ¥3L4V NOIL037430 VIO ()

s SIS STt 18 | svg e worsrne i

ONIQVOINN ¥0d) - GNY ONIGVO? 404 + 09 R A A S - R

. NO QY07 av3g T¥NOILIGaY 61+ 82 AVQ 1{ (@)

8 + ¥ = GV07 V101 — (QV07 GV3Q TYNOILIGAY) Z AYG LV (@)

. v ammmddmuwmhmmmm uw wum u”Mm (TVAOHIY WO S AVO LV (V)
SHHVWIY NO1193 1330 -

N

-149~



<

/4 =

01iv¥ NOT1037430 IN3ON3d430 3HIL

NO1£931430

. , 20°2 )
W 9561 = NVJS 1 () /NVdS = 18y OLLVY ND1L03T430 0L WVdS (O)
'§193443 FOVANIYHS/d3I¥I INIGNTINI Lov SAVQ 908 ¥31dV za_Humwmua WIOL ()
S S e SE | aa e v enin ik @
ONIQYOTND ¥Od - ONY czma<oq xmu . ‘88 Rl i A L I R
NO GY01-GY3a TYNOILidgy ves 82 AV 1V (9)
. 8 + ¥ = QY01 101 — (QY07 QV3Q WNOILIGOV)'Z AVO 1Y (@)
OO o1 aya0 avis 08 and 4 (IVAOHIN WHOA) S AVQ LV (V)
 SNNVHIY, o .

-150-



- SLAB 1 [SLAB 2 |SLAB 3 [SLAB 4 [SLAB 5
(A) 28-DAY NET DEFL..| 60 63 62 60 58
(B) TOTAL DEFLECTION - -
KT 28 DAYS 166 272 183 201 274
(C) 28B-DAY SHRINK.-)|[ 380 380 380 380 380
SHRINKAGE DEF (2 36 36 36 36 36
(D) CREEP DEFL. ' ; : nE '
(E) FINAL DEFLECTION || - ‘ ] :
(F) TOTAL SHRINK. (1) 742 742 742 742 742
SHRINKAGE DEF. (2) 71 71 71 S 7 71
(C) TOTAL CREEP DEFLY 179° | 262 | 185 | 204 | 278
(=E~F-A) |
(H) G/A (FIG.7.25) 2.98 |4.16 |2.98 |3.,40 [4.79.
(J) E/A ' 5.17 |6.29 |5.12 |5.58 |7.02
(K) F/E 3 0.23 |0.18 |0.22 |0.21 [o0.17
([) PEAK LOAD - 1.00 [2.00 | 1.34 |1.62 |2.35
: fe/fc . 0.757 | 0.814 | 0.814 [0.960 | 0.960
(M) PEAK LOAD FACTOR || 0.510. /0.985 |0.660 | 0.736 | 1.066

o ~ (DEFLECTIONS IN 0-01 MM)

(1) MEASURED SHRINKAGE IN MICRO-STRAIN
s (2) A.C.I1. MODEL - EQUATIONS 4.11 AND 4.12

CLEAR SPAN OF SLAB & 1.96 M, HOWEVER. DUE TO NEGATIVE REINFORCEMENT

AT FIXED ENDS AND THAT THEORETICALLY. SHRINKAGE DEFLECTION IS ZERQ

FOR EQUAL AMOUNT OF +VE AND -VE REINFORCEMENT.

t-0. SPAN LENGTH SUBJECTED TO SHRINAKGE WARPING = 1.96/2. OR 0.98 M~ .

WHICH CAN BE ASSUMED AS SIMPLY SUPPORTED WITH A REINFORCEMENT. :
" RATIO OF 0.380 %

CREEP DEFLECTION (PLASTIC FLOW) N R
CREEP COEFFICIENT = CREEP DEFL./ELASTIC DEFL.
FINAL DEFL./ELASTIC (28-DAY NET) DEFLECTION
SHRINKAGE DEFLECTION / .TOTAL DEFLEECTTION )
PEAK LOAD MAXIMUM CONSTRUCTION LOAD- (FIGURE 6.12)°
. _ CONCRETE STRENGTH AT LOADING
fe/fe - SPECIFIED 28~DAY CONCRETE STRENGTH
(REAK LOAD/ULTIMATE LOAD) / ./ fe/fc

TABLE 7 19 TEST RESULTS OF ONE WAY SLAB MODELS

-
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AC1-209 MODEL : EQUATIONS 4.4—AND 4.11 FOR CREEP AND.

SHRINKAGE
SPAys 18TRIF | aWat. DLy, [crees CREEP |SHRINK [TOTAL EOADINGMEAZ. | caL.
DEPTH -FORM AT| DEFL. |CREEP {COEFF. DEFL. [bEFL. |DEFL. PER10D |DEFL. | PEAS.
RATIO-J2 DAYS | (190 |COEFF.| ct- |« Eec | et J=corec|warsy | owo | wii
o . ; 1R
H-C.FU (1983) FLAT SLAB t 30.8 [ .4 1.28 | 2,30 | 2.090 | 2.70 | 1.30 | 5.29 | 700 | 6.37 | o.63
- -4, .
) - . : - 1
H.C.FU .(1985) FLAT SLAB 2 30.8° 4 1187 112,50 | 2.05 342 | 1.07 | 618 | 589 | 6.94 | 0.9
) ] ) ) " —— ; ‘ .
H.C.FU (1983} FLAT sLAB 3 [ 30.8 | 10 | 2.12 | 2.35 1.89 | 4.00 | y.187 7.28 | 483 | 8.48 | 0.5e
TAMAMOTO (1982) ONEWAY SLAB 1| 30.0 | 1 1.20 | 2.94 |1.8%1 | .37 | 118" | 4.82 ny | 5.1 | o.84
YAMAMOTO (1982} OMEWAY SLAB 2| 30.0 | 2 0.95 | 2. 1.705 | 1.82.) v.8"| 373 | 112 | s.38 0.70
- ~ ’ .
TAMAMOTO (1982) ONEMAY SLAB 3 30.0 | 3 0.8 | 2.58 [1.626 | 1.32 | 1.16°| 3.29 12 | 5.48 | o.60
A -
YAMAMOTO (1582} ONEWAY 5LAS 4 S0.0 1 77 | 0.27 | 2.35 4w | 1.4 [ 16| 302 | 12 | 492 | 0.62
i /] n ™
YAMAMOTO (1982} ONEWAY SLAD 5| 30.0 | 28 | 0.7z | 2.35 1/4\/1 .07 [ 1.8 | 2.95 | n1z2 7 3.2 | 073
N l]‘ ?
YAMAMOTO (i 982V ~oNEwAY sLap 8| 38.5 | '3 415 | 2.58 [1.628 | 6.75 | 2.38 [v3{28 | 112 [19.82 | 0.8a
l .
? -
YAMAMOTO(}982) ONEWAY sLaB 7| 8.5 | 28 4.05 | 2.35 [1.481 | s.00 | 2.38 12.2) N2 14.7e | 0.34
WASHA (1947) BEAM ¢ 0.0 [ 28 | &0 | 2,33 |2.117 1251 | 4.32 | 23.35| 1825 | 23.68| o.99
JERKINS (1974) FLAL PLATE 6.7 {10 | 2.00 [ 2.35 | 1.99 } 3.98 | 1.80 | 7.48 | @10 | 11.70( 0.84
SBAROUNIS (1%84) -~ 175 BAYS -
ON 13 FLOORS (FLAT FLATE) 35.0 | 20 | 5.33 |.2.35 | v.82 | 9.70 J 376 [ 1a7s| 3es | 34.37 | 0.35
. ¢
TATLOR AND HEIMAN (1970) 3.0 | 14 | 420 | 2.35 | 2.18 [r0.25 | 3.74° 18.89| 285 | 24.4 | 0.77
= FLAT PLATE ' ' Bl I ' ' h I
R-C.FU (1885) ONEWAY SLAB 1 | J0.8 | s 0-60 | 2.43 | 1.84 | 1.10 [ 0.7v | 2.41 | 306 | 3.10 | 0.78
) . . . < .
H.C.FU (1585) ONEWAY SLAB 2 | J30.8 | + 063 | 2.50:1 1.89 (1.9 { b.71 | 2.53 | 308 | 3.58 | 0.64
H:C.FU (1885) ONEWAY 5LAB 3 | 30.8 | & 0.62 | 2.43 4.3@.15 6.7 | 2.47 [ 308 | 3.13 | 0.78°
H.C.FU (1985) ONEVAY SLAB 4 | 30.8 1 & 9.80 | 2.43 | 1.84 (1210 | 071 | 2.4 | 306 | 3.35 | 0.72
y
HeG.FU (1283) ONEWAY SLAB S [ 30.8 | S | 0.%9 [ 2.43 | 1.84 | 1.07 | o 2.3¢ | 306 | 4.07 | 0.58

TABLE 7.20 COMPARISON OF

-WITH TEST RESUL
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1+ TABLE 7.13 (ROW'F)

2 + MEASURED SHRINKAGE STRAIN = 0.000670 AT-112 DAYS
' . DUE TD EQUAL AMBEINT OF POSITIVE AND NEGATIVE REINFORCEMENT AT FIXED ENDS-
. . EFFECTIVE SPAN LENGTH SUBJECTED TO SHRINKAGE WARPING = 0.5 X SPAN LENGTH
\ . _ ] . ‘

".3 1 DUE TO/TNSUFF1GE INFORMATION, «
SH?NK GE DEFLECTIUN = 20% FINAL DEFLECTION
L = ({c) + (F)) /4.0

i

2

~

4 1 AVERAGE OF 173 BAYS ON-13 FLOORS OF A FLAT4RLATE STRUCTURE ONE YEAR
AFTER ‘CASTING WITH FINAL DEFLECTIONS RANGING .FROM 13 46 TO 54.86 MM

5 v ULTIMATE LOAD = 1.4(190) + 1.7(75) = 281 PSF ’
MEASURED DEFLECTIN DUE TO SLAB DEAD LOAD (110 PSF) = 2.8 #M AT 14 DAYS
1.E. DEFLECTION DUE TC SERVICE LOAD = (110+475)+2.8/110 MM.= 4.7 MM

. . -
~ . ) .\\\VLJ

\_- . ( ' \"‘ . ! . .
. : L\ ‘ Fl ! 3,
C B =

TABLE .7.20 (CONTINVED)
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Wy

A

! . Cu Eahu :
: X (2.8 1.2 + 1) . £5.21
tote! od 2.35 800
SPAN/ [SIRIP c.L. [ £ CREEP [gyoypk |MULTI- [TOTAL JLOADINGMEAS. | cat.
. . OEFTH [FoRH arl o1 | aNp . [ “sd [COEFF |coerr |PLIER. {REFL. |PERICD DEFL. | MEAS.
' aatio |2 pavs | "0 fgepi | o | et - T e1sF+0eH X E{DAYSY | omi | a0y
L 3.84 B . i
H.C.FU C1985) FLAT SLAB 1 30.8 | 4 1.60 | 2.73 | 1.20 | 2.48 [ 1.14 | 4.62 | S.54 | 700 | 6.37 | 0.07
) KPA
\ . 5.03
H-C.FU (1985) ELAT SLAB 2 30.8 [ 4 1.96 | 3.705( 1.47 | 2.44 | 143 | 4.57 | 6.72 | 589 | 6.94 | 0.97
- KPA
o[ 3-705
H.C.FU (198BS) FLAT SLAB 3 1.30.86 | 10 | 2.12 | 3.795| 2.12 | 2.98 | v.12 | 4.50 | 0.54 | 403 | 6.4 | 1.12
KPA i
. 2
YAMAMOTO (1882) ONEWAY SLAB 1| 30.0 | 1 1.53 2.0 DL [1.1475] 2.20.| 7.00 | 4.20 | 4.82 | 112 | 5.71 | 0.84
: 1.5 DL )
) 2.0 DL
YAMAMOTO [1982) ONEWAY SLAB 2} 30.0 | 2 1.20 [, ¢ p [0-9000] 2.03 | v.00 | 4.03 | 5.63 | 12 | 5.35 [ 0.8
: 2.0 DL ;
YAMAMOTO(1982) ONEWAY SLAB 3} 30.0 |. 3. [ 1.06 || ¢ o 0-7950| t.94 | 1.00 | 3.94 | 3.3 | 11&y | 5.48 | 0.5/
2.0 0L ‘
YAMAMOTO (1982) ONEWAY SLAB 4 30.0 | 7 1.02 (| g p {0-7650( 1.78 | 1.00 | 3.78 [ 2.88 | 2. | .52 | 0.53
. 2.0 DL : I
TANAHOTO (1992) ONEWAY SLAB 5| 30.0 | 28 | 0.96 || ¢ |8.7200) 1.76 [ 1.00 | 3.7¢ } 2,70 | 112, [ 3.92 | c.89
2.0 0t . "
YAMAMOTO {1882) OKEWAY SLAB 8 J4.5 3 - S5.24 1.$ DL J.9300( 1.94 1.00 3.94 |15.48 "2 19.62 0.79
. 2.0 DL, B
YAMANOTO (1982) ONEWAY SLAB 7| 38.5 | 28 | 5.08 || ¢ p'l3-8100) 1.76 | 100 | 378 va3t| 12 [1478 | 097
) H DL‘ .
1.
WAGHA (1947) BEAM G 30.0 28 6.10 1.5 oL 6.10 2.52 1.18 4.70 29.87 | 1825 23.88| 1.1
3 (198PSF ) )
JENKINS (1974) FLAT PLATE 26.7 10 |3.277 |gopep| 2-82 | 2.38 | 105 | 4.53 | 12.77] 810 | 11.70] 1.0
TAYLOR AND HELMAN (1970} 4 |1oesf :
ZFLAT PLAIE 3.0 1 14 470 |\ opsp 470 | 280 | 110 | 478 | 22.30( 3265 | 24.4 | 0.02
- ol
HiC.FU (19B5) ONEWAY SLAB 1 | 30.8 s |0.60" [1.5.0L|0.6000| 2.19 [ 1.08 | 4.27 | 2.56 | 308 | 3.10 | 0.8
1.5 0L
2.0 DL
H-C.FU (1985) ONEWAY SLAB 2 | J0.8 4 0.85 1.5 DL 0.6373| 2.25 1.08 41.3) 2.78 308 3.488 0.70
1.5 0L
H.C.FU (1985) ONEWAY SLAB 3 | 30.8 5. |o.62 [, 5 prlo-6200) 2.9 | 1,08 | 4.27 | 2.5 | 308 | 3.18 | 0.83
3 1.8201
H.C.FU (1985) .ONEWAY SLAB 4/%:: 5 |0.835 || ¢ g [0-5852] 2.19 | 1.08 | 4.27 | 2.50 | 306 | 3.35 | 0.75
\\‘J' 2.360L T
H.C.FU (1985) ONEWAY SLAB § 0.8 5 0.325 1.5 DL 0.5904| 2.19 1.08 4.27 2.52 Jos 4.07 0.82

TABLE 7.21

COMPARISON OF SBAROUNIS'S MODEL
WITH TEST RESULTS
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otal

SER.L.+ SERVICE OR SUSTAINED LOAD .
' SUMMATION OF DEFLECTIONS DURING THE\'CONSTRUCTION LOAD (FIRST 28 DAYS)

' CONSTRUCTIN LOAD

1 TOTAL DEELECTION OF SLAB UNDER SUSTAINED LOAD

+ SECANT DEFLECTION = ¢ . x SER-L.

o L (E0..5.3)

! DEFLECTION DUE TO CONSTRUCTION LOAD

t* CREEP COEFFICIENT = 2.

Cu/2.35 (Cu - A.C.1. 209 MODEL. EQ. 4.2)
+ CONSTRUCTION LOAD

(SLAB 1) = 0.64 + 0.96 = 1.60 MM -
(SLAB 2 ) = 0.75 + 1.21 =~ 1.96 MM
(SLAB 3 ) = 1.10 + 1.02 = 2.12 MM

2 X SLAB DEAD LOAD
SUSTAINED LOAD = 1.5 X SLAB DEAD LOAD

FROM .GIVEN DEFLECTION-TIME CURVE.IMMEDIATE DEFLECTION DUE TO CONSTRUCTION
LOAD WHEN THE FLOOR ABOVE WAS POURED = 0.05 INCH = 1.27 MM.

1.e. DEFLECTION DUE TO SLAB DEAD LOAD AND CONST. LOAD = 2+1.27 = 3.27 MM
WHICH CORRESFONDS TO AN EQUIVALENT LOAD OF (3.27/2.0)X120 PSF OR 196 PSF
FOR AN ULT. LOAD = 1.4(120) + 1.7(60) = 270 PSF,

PEAK LOAD/ULTIMATE LOAD =~ 196/270 = 0.726

SERVICE LOAD = 120 + 60 ~ 180 PSF

ULTIMATE LOAD = 1-4(110) + 1.7(75) = 281 PSF N
MEASURED DEFLECTIQN DUE TO SLAB DEAD LOAD (110 PSF) = 2.8 MM AT 14 DAYS
t.e. DEFLECTION DUE TO SERVICE LOAD = (110*75)/110 X 2.8 = 4.7 MM

“

TABLE 7-19 ~ DEFLECTION DUE TO CONSTRUCTION LOAD

{SLAB 1) = 0.60 MM = 0.600 MM (AT 28 DAYS)
(SLAB 2) = 0.63 + 0.22 = 0.850 MM (AT. 7 DAYS)
(SLAB 3) = 0.62 = 0.620 MM (AT 28 DAYS)
(SLAB 4) = 0.60 - 0.19 + 0.225 = 0.635 MM (AT 21 DAYS)
(SLAB 5) = 0.58 - 0.235 + 0.58 = 0.925 MM (AT 21 DAYS)

FIRST YALUE 1

(SLAB 1) MAXIMUM LQAD
(SLAB 2) MAXIMUM LOAD
(SLAB 3) MAXTIMUM LOAD

SUSTAINED LOAD = 1.50 X CALCULATED DEAD LOAD
LOAD AT 7 DAYS = 2.00 X CALCULATED DEAD LOAD
SUSTAINED LOAD = 1.50 X CALCULATED DEAD LOAD
(SLAB 4) MAXIMUM LOAD = LOAD AT 21 DAYS =a1.62 X CALCULATED DEAD LOAD
(SLAB 5) MAXIMUM LOAD = LOAD AT 21 DAYS = 2.36 X CALCULATED DEAD LOAD

SECOND VALUE : .. ’ : :

[ B I B I )

. FOR ALL F1VE SLABS. SUST. LOAD(28 DAYS) = 1.50 X CALCULATED DEAD LOAD

TABLE 7.21° (CONTINUED)
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-

. C.L. : !
totel 6uuai * cu(. 6<:I ULT. * 6auui ) e 6ch [7'_2]
* (AY [(B) [(C) | (D) | CE) [CF) {(G) | (HY | ) | (KY | (LY. | (M)
' SPAN/ [|STRIP 6 C.L. s uLr. CREEP |TOTAL ROADINGMEAS. CAL. - .
. . oEPTH fromn a1 el el (O [0 0 lereer |coere. [pefL. [penionfoerL. | HEAs.
; : RATIO |? DAYS o RATIO COEFF.| ct L7721 jtoavs) | omp {J/7L) .
H.C.FU {1985) FLAT SLAB 1 3.8 | 4 1.80' | 0.645[0.030% 1.303 2:’{»04 z.m5 ¢.38 | 700 | 6.37 | 1.00
2 3 N
H.C.FU {198%) FLAT ELAD 2 J0.8 4 I-Dﬁl 0.890}0.890 1.07 2.30 2.0% 7.36 Sd0 .94 .08

1 2 3
H.C.FU {19835) FLAT BLAB 3 J0-8 10 1.10 | 0.280)1.8080 1-18 | 2.35 1.80 | ¢.38 483 8.48 | 0.77

. s 7
YAMAMOTO (1982) ONEWAY SLAB 1| J0.0 | 1 1.53 | 0.70 [0.720 | 116 [2.038 [1.881 | s.20 | n2 | 5.1 | 0.9
3 7
YAMAMOTO (1982 ONEWAY SLAB 2] 30.0 | 2 1.20 | 0.70 [0.7%0 | 1.16" [2.707 [1.703 | 4.62 | 112 | 5.35 ) 0.8
s r
YAMAMOTO (1982} ONEWAY SLAB 3| 30.0 | 3 1.06 | 0.70-|0.730 [ 118" |2.580 [1.628 | 4.34 | 112 | 5.46 | 0.70
"‘} s 7 :
YAMAMOTO C1982) ONEWAY SLAB 4| 30.0 | 7 1.02 | 8390 [0.730 | 1.16" [2.350 [1.401 | 4.08 | 112 | 4.92 | 0.3

e,

s 7 . '
YAHAMOTO (1382} ONEWAT SLAB 5 300 | 28 [ 0.96 | 0.70 |0.720 | 1.16" [2.350 [1.481 | 3.34 | 112 | 3.32_] 1.00

o s 7 '
YAHAMOTO (1982} ONEWAY SLAB o 38.5 | 3 | s.24 [ 0.70 |3.270°| 2.30" |2.580 {1.02¢ [16.95 | 112 [19.82 | 0.qe

s 7 ’
YAHAMOTC (1982} OMEWAY SLAB 7| 38.8 | 28 | s.o8 | o0.70 [3.090 | 2.38 |2.3%0 {1.480 [185.31 | 112 |14.78 | 1.04

[ ] 9
WASHA (1947) BEAH G Jo.0 28 2.14 | 0.1358| 6.10 4.32 2-35 | 2.117| 24.047 1825 | 23.88| 1.02

JENKINS (1974) FLAT PLA.IE 268.7 10 (3.27 0.728| 2.00 }2.88 2.3% 1-99% | 12.38 l.IO L0 114

SBARDUNIS {198B4) =~ 173 BAYS 1z n - |- 13
ON 13 FLOORS (FLAT PLATE} 35.0 28 |9.62 0.82¢8| 5.33 |7.97 2.35 1.82 | 36.85| 365 |J4.3 1.07

TAYLOR AND HETHAN (1970) 14 15 n
= FLAT PLATE 3.0 14 |2.80 0.39¢ [4.70 4.3 2.35 | 2418 21.66| J285 | 24.4 | 0.4%

H.C.FU (198%) ONEWAY SLAB 1 | J0.8 - 0.42 |0.44 |0.54 [0.71 2-43 | 1.84 | 2.59 | 306 J3.10 | 0.84 '

H.C.FU (1885) ONEWAY SLAB 2 | J0.8 4 0.85 |C.889 |0.68 [0.71 2-50 1.09 4.06 | 306 J.96 1.03

H.C.FU (1985) OMEWAY SLAB 3 | 30.8 5 0.525 |0.578 |0.630 (0.7 2.4 1.84 3.08, | 08 3.18 | 0.9¢

H.C.FU (1985) ONEWAY SLAB 4 Jao.8 S ©0.635 |0.720 |0.570 [6.71 2.43 1.84 | 3.7 308 3.35 | 0.9%

H.C.FU (1945) ONEWAY SLAB 3 | J0.4 5 0.925 |1.040 |0.705 (0.71 .| 2.43 1.84 4.48 | 308 4.07 1.10

TABLE 7.22 COMPARISON OF TEST RESULTS WITH MODEL A -
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;1 TOTAL DEFLECTION OF SLAB UNDER SUSTAINED LGAD _
_+"DEFLECTION DUE TO SUSTAINED (SERVICE) LOAD o

+ DEFLECTION DUE TO CONSTRUCTION LOAD (BEFORE SUSTAINED LOAD ON) -
+ CREEP COEFFICIENT (A.C.I.'S CREEP MODEL)

t CONSTRUCTION LOAD

«L-t ULTIMATE LOAD CAPACITY OF SLAB

'}SHRIHKRAE DEFLECTION BY A.C.1. MODEL (EQUATIONS 4 11 AND 4. 12)

SUMMATION OF DEFLECTIONS DURING CONSTRUCTION PERIOD (FIRST 28 DAYSj

"(SLAB 1) = 0.64 + 0.96 = 1.60 MM

E N
-

o

14 «

16

17

18 1

(SLAB 2) = 0.75 + 1.21 = 1.96.MM

(SLAB 3) = 1.10 + 0.00 =~ 1.10 MM

6(SUST) = DEFLECTION AT 28 DAYS X (SUSTAINED LOAD/LOAD AT 28 DAYS)
(SLAB 1) = 0.31 X 2.730/0.810 = (.93 MM

(SLAB 2) = 0.29 X 3.785/1.245 = 0.89 MM

(SLAB J) = 1.02 X 3.785/2.300 = .68 MM

SHRINKAGE DEFLECTION FROM TABLE 7-13
ULTIMATE CREEP COEFFICIENT ACCORDING TO A.C.1.'S CREEP MODEL

TIME DEPENDENT CREEP COEFFICIENT {(EQUATION 4.2)

= DEFLECTION DUE TO REMOVAL OF HALF 'SLAB DEAD LOAD AFTER THE .
CONSTRUCTION PERIOD MULTIPLIED BY 3.0 BECASUE. .
SUSTAINED LOAD = 1.5 X SLAB DEAD LOAD

TABLE 7-20 (COLUMN 6)

xDEFLECTION ‘DUE TO BEAM DEAD LOAD OF 37.5 PSF (ULT. LOAD = 240 PSF)

DEFLECTION DUE TO SUSTAINED LOAD OF 107 PSF ‘

FROM NOTE 3 OF TABLE 7-21. CONS.LOAD/ULT.LOAD = 196/270 = 0.726
DEFLECTION DUE TO CONSTRUCTION LOAD = 3.27 MM

FROM THE RESULTS OF FLAT SLAB MODELS (TABLE 7-13), ’
SHRINKAGE DEFLECTION = 0.2 X TOTAL DEFLECTION -

DEFLECTION DUE TO SERVICE LOAD OF 87 PSF = 5.33 MM
DEFLECTION DUE TO CONSTRUCTION LOAD (157 PSF) = 5.33 X 157/87 = 9.62 MM

AVERAGE DEFLECTION OF 175 BAYS ON 13 FLOORS OF A FLAT PLATE STRUCTURE
ONE YEAR AFTER CASTING WITH ONE-YEAR DEFLECTION RANGING FROM 13.46 MM
TO 54.86 MM

DEFLECTION DUE- TO SLAB DEAD LOAD (NOTE 4 OF TABLE 7.21)

DEFLECTION TO SERVICE LOAD  _' (NOTE 4 OF TABLE 7.21)

TABLE 7-8 (SLAB 1) = 0.60 - 0.18 = 0.42 M
(SLAB 2) = 0.63 + 0.22 = 0.85 MH (BEFORE
(SLAB 3) = 0.62 - 0.21 + 0.115 = 0.525 MM SUSTAINED:
(SLAB 4) = 0.60 - 0.19 + 0.225 = 0.635 MM LOAD ON)
(SLAB 5) = 0.58 - 0.235 + 0.S8 ~ 0.925 MM

CONST. LOADS FOR SLABS 1 T0 5 WERE 1.0, 2.0, 1.34. 1.62 AND 2.36 TIMES
THE CAL. DEAD LOADs AND THE ULTIMATE LOAD = 2.25 X CAL. DEA?;EE}D
\

» DEFLECTION AT 28 DAYS X (SUSTAINED LOAD/LOAD AT 28 DAYS)
TABLE 7-19 (ROW F)

TABLE 7.22 (CDNTINUED)
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. 7
4.34% .
Lﬂf—\l;‘\'mmmmuuz) OMEWAY SLAB 4] 3020 | 7 | 0.77 | 0.70 | 0740|5055 | 2000 [ 116 [ a0k |“ni2 [ 4i92 | bus2

F = 3.3 + (E-0.55)5.5 > 2.35 L7-41 "‘

- (A) | (B) [(C) [(D) |(E) | (F) [(6) {(H) [ |(K) [ (L) [

s DEPTH |FORM AT| DEFL. |WLT. COEFF. |DEFL.= |DEFL. [DEFL.=|PERIOD |DEFL. | ‘HEAS.
RATIO |7 DAYS | (D [RATIO EQU-Z4| (CIX(FY (M) {CeCeH | CDAYS) | (0 (J/L)

4.224

SPANS PSTRIP INIT. |PEAK/ [i}) CREEP CREEP\SHIIIK TOTAL RLOADINGIMEAS. | CAL.
[
T

! 1 3
H.C.FU (1985) FLAT SLAD | 30.8 4 1.1 0.643| 0.718 3.533°| 3-92 | 1.30 | 6.24 | 700. | €.37 | 0.09
1 3.792 J :
H.C.FU {1945} FLAT GLAB 2 Jo.8 4 1.08 | C.889| 1.00) 4.75¢ | 5-04 | V.07 | 717 ) 389 ‘6.04 ‘1.03

, 1 ‘ 3.944
H.C.FU {1983) FLAT SLAD 3 3.8 | 10 | 1.07 | c.667] 0.867 5. gy | 6-2¢4 | 1,167 9,37 | 433 | 848 [ 1.10

. 4 AlS.010 3
YAMAHOTO (1882} OMEWAY &LAB 1] 30.0 1 1.29 | 0.70 |0.881 |y ;ax | 4-07 1.16 | €.32 112 .M 114
) 4.938 . :
YAMAMOTO (1982) OMEWAY SLAB 2| J0.0 2 0.95 | 0.70_ | D.831 3122 | 297 1.16 | S.08 | 112 3.35 { 0.95
4.958

YAMAMOTO (1982) OMEWAY SLAE 3] -30.0 3 0.81 0.70 | 08315 ;a0 | 2.53 1.18 | 4.48 1z 3.30 | o.82

4o ‘ 4.12% -
YAMAMOTO (1582) ONEWAY SLAB ﬁ J0.0 20 0.72 | 0.70 | 0.700|5 xoq | 3-87 | te18 | 378 | 112 3.92 | 0.96

4.958

YAMANCTO (1382) ONEWAY SLAB 6} J38.3 ] 4.15 | 0.70 | 0.8%) 3.122 12.96| 2.38 | 198.48] 112 18.682| 0.99

4.128 A

YAMAMOTO (1982) OMEWAY SLAB 7| J8.3 28 4.05 | 0.70 | 0.700| goo [10.53 | 2.38 | 18.98} 112 14.76] 1.15

. 2.728
WASHA (1947) BEAM G “j30.0 | 28 | .10 | o.448] o.a48 o 0y | 15.00| 432 | 25.42{ 1925 | 23.e8] 1.07
X : (] 4.208 7
JENKINS {1974) FLAT PLATE 26.7 | 10 | 2.00 [0.726 | 0.720 5 oon| 7.25 | 2.317 | 1.5 w10 | 91.70] o.08

SBARDUNIS (1884} =~ 175 BAYS 8 | s.704 7 )
ON 13 FLOORE (FLAT PLATE) 3.0 28 5.33 (0.828 0.4887 4.420 23.38| T.22 38.114 303 34.3 1.08
i
TAYLOR AND HEIMAN (1570) ¥ ©rate.3mPlo.m7P ¢ 7
ZFLAT PLATE 31.0 | 14 14.70 o aseClo. szl :.::: 16.99 5.42 | 27-10| 3285 | 24.4 | 1.0

Py

(D) + PEAK LOAD / ULTIMATE LOAD (
(E) *+ PEAK.LOAD / (ULTIMATE LOAD X ffe/fé)" WHERE

+ fe 1S THE COMPRESSIVE STRENGTH OF CONCRETE AT FIRST OR PEAK LOADING
(H) + SHRINKAGE DEFLECTION BY A.C.I. MODEL (EQUATIONS 4.11 AND 4.12)

1+ DUE TO THE DISCREPANCIES IN THE CALCULATED AND MEASURED ELASTIC DEFL..
IT WAS DECIDED FOR A MEANINGFUL COMPARISON THAT 1
ELASTIC (INITIAL) DEF. = DEF. AT 28 DAYS DUE TO UNLOADING (SLABS 1 & 2)°%
OR LOADING (SLAB 3) TIMES (SUSTAINED LOAD/LOAD AT 28 DAYS), MULTIPLIED BY
A CORRECTION FACTOR (C.F.) FOR THE AGE OF CONCRETE AT FIRST LOADING
C.F. = 1/(|fo/f€ ) WHERE Ffe¢ 1S THE CUNCRETE STRENGTH AT FIRST LOADING

TABLE 7 24 COMPARISON OF MODEL B WITH TEST RESULT
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o

fe/fc' = 0.7118__ (FIRST LOADING AT 4 DAYS)
1.0. INITIAL DEFLECTION = 0.31 X 3.0°//0.7118 = 1.11 MM

10

e

.1+e. FOR SLAB 1, DEFLECTION//; 28 DAYS’DUE TO UNLOADING = - 0.31 MM
"SUSTAINED LOAD/LOAD. AT 28 DAYS =.2.730/0.910 ~ 3.0

FOR SLAB 2. FIRST LOADING AT 4 DAYS:
INITIAL DEFLECTION = 0.29 X (3.785/1.245) (1//0.68) = 1.06 MM
FOR SLAB 3. FIRST LOADING AT 10 DAYS:

INITIAL DEFLECTION = 1.02 X (3.785/2.300) (1//0.80 0) = 1.97 MM

USING A.C.1.'S CREEP MODEL (EQ.4.2) TO CALCULATE THE CREEP COEFFICIENT
(2ND VALUE 1IN COL.F) CORRESPONDING TO THE LOADING" PERIOD OF EACH SLAB
WITH ULT.CREEP COEFF (15T VALUE IN coL. F) FOUND FROM ‘MODEL B (£Q.7.4)

TABLE 7.13 (ROW F)

AS GIVEN IN THE LI1TERATURE.
"70% OF THE YIELD POINT AY THE MAXIMUM LOADING DURING CONSTRUCTION PERIOD*

MEASURED SHRINKAGE STRAIN = 0.000670 AT 112 DAYS
DUE TO EQUAL AMOUNT OF POSITIVE AND NEGATIVE REINFORCEMENT AT FIXED ENDS,
EFFECTIVE SPAN LENGTH SUBJECTED TO SHRINKAGE WARPING = 0.5 X SPAN LENGTRH

FROM GIVEN DEFLECTION-TIME CURVE.IMMEDIATE DEFLECTION DUE TO CONSTRUCTION
LOAD WHEN THE FLOOR ABOVE WAS POURED = 0.05 INCH = 1.27 MM,

1.a. DEFLECTION DUE TO SLAB DEAD LOAD AND CONST. LOAD = 2+1.27 = 3.27 MM
WHICH CORRESPONDS TO AN EQUIVALENT LOAD OF (3.27/2. OJXIZO PSF OR '196 PSF
FOR AN ULT. LOAD = 1.4(120) + 1.7(60) = 270 PSF,

PEAK LOAD/ULTIMATE LOAD = 196/270 = 0.726

FROM THE RESULTS OF FLAT SLAB MODELS (ROW K OF TABLE 7.19),
SHRINKAGE DEFLECTION = 0.2 X TOTAL DEFLECTION

1.e. SHRINKAGE DEFL. = ( (C) + (G} ) / 4 0

FROM SBAROUN1S'S MODEL STRUCTURE. CONSTRUCT]ON LOAD ~ 157 PSF (CASE 2)
- ULTIMATE LOAD = 1.4(60+27) + 1.7(40) = 180 PSF
PEAK LOAD/ULTIMATE LOAD = 157/190 = 0.826
ESTIMATE fe/fe'= 0.7 (AGE OF 7 DAYS AT LOADING)

AVERAGE DEFLECTION OF 175 BAYS ON 13 FLOORS OF A FLAT PLATE STRUCTURE ONE
YEAR AFTER CASTING WITH ONE-YEAR DEFLECTION RANGING FROM 13.46 TO 54.86 MM

ULTIMATE LOAD = 1. 4(110) + 1,775 = 28 PSF '
MEASURED DEFLECTION DUE TO SLAB DEAD LOAD (110 PSF) = 2.8 .MM AT 14 DAYS
DEFLECTION DUE TO SERVICE LOAD = (110475)/110 X 2.8 = 4.7 MM

TWO LOADING COND]TIONS WERE CONSIDERED FBR ALL 7 SLABS., i.e.. SLAB DEAD
LOAD AFTER FORM REMOVAL AND TWICE THE SLAB D.L. DURING CONSTRUCTION PER10D.
IN EVERY BUT ONE SLAB (#1) THAT THE CONSTRUCTION LOADING RESULTED IN 4
LARGER PEAK LOAD FACTOR» FOR SLAB #1, FORMWORK WAS STRIPPED AFTER ONE DAY
fe/fe' = 0.165 AND PEAK LOAD/ULT.LOAD = 0.7/2 = 0.35

HENCE. PEAK LOAD FACTOR = 0.35//0.165 = 0.861

FOR A CONSTRUCTION LOAD OF TWICE THE SLAB D.L. AND APPLIED AT 7 DAYS.

PEAK LOAD FACTOR =.0.7//0.677 = 0.851 < 0.861 - THUS. 0.861 WAS USED

CASE 1 s SLAB DEAD LOAD APPLIED AT 14 DAYS:
PEAK LOAD/ULTIMATE LOAD = 110/281 = 0.39]
fo/fc = 0.88
1.e. PEAK/ULT. O/0 fc/718)) = 0.417

CASE 2 1 'SERVICE LOAD APPLIED AT 28 DAYS:
PEAK LOAD/ULT]HATE LOAD = 185/281 = 0.658
fo/fd = 1.00
l.o. PEAK/ULT /K fc/7fd)) = 0 658 > 0.417
HENCE. CREEP COEFF. = 3.3 '+ (0.658-0.55)5.5 = 3.894.

TABLE 7. 24 (CONTINUED) -
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PERCENT OF 28-DAY VALUE

"FIG.1.

0.00- 0
1.00 —_
0.60 7 —
: 1.40
2 o » e LOAD FACTORS
T L T T Eine ... #s AGE. OF CONCRETE
0.00 [TTTT]0 - «1-00 5 2.36 21 FLOOR IN DAYS
1.00 . 0.00 : ' '
AR CONSTANT Ec ASSUMED
SO aoe TN "1 |~ FoR ALL FLoORS
- . i , (
0.00 14 1.00 19 1.00 35 . \
3.00 K E
AT 31 DAYS 26 DAYS 42 DAYS
FIG.1.1 TYPICAL LOAD DISTRIBUTIONS ON
LONCRETE FLOORS [3541]
8 u-: R .
8‘ / B
e
| s i
ol / N A.C.1. FORMULAE C[21 I
fe (1) = fc(28) #t/ (4+0.85%1) i
Ec(t) = 33eW)"° #SORT (fe (£))
¥ Fct (£) = 0.65¢SQRT (Wefe (1)) i
‘ W = CONCRETE MASS (KG/CU.M|
o | —— COMPRESSIVE STRENGTH - fc |
f ", —-—-— MODULUS OF ELASTICITY - Eec
- SAME CURVE { ... M@DULUS OF RUPTURE - fect |
t %= CONCRETE AGE IN DAYS
o 2 4 &\ & 10 12 14 16 18 20 =22 24 26 ﬂ2h 30
| - “TIME (DAYS) ° - ‘
2 E DEPENDENT PROPERTIES OF CONCRETE
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<

m L L L 1 A 1 L 1 i L 1 1 1 1
o~ <
1 |SHORE. + RESHORE - . b
] |PRESHGRE (CHAN) - 2 | ] A
* |GRUNDY & KABAILA -3 :
|- | [
o -\ | °
N- N | - ! -0']
. 3 _1 | .
L . I | S — ﬁr R
W [ w
2 o l_ _2_ _ : | -
- -~ : . b
w. =T  Fmmmmmmsssmmq pmmmemesooood
€ - [— I | | !
o | ! | :
S 1o ! 4 S -
=< : : | S A
o, R P [
< 9 - R Lot o _|°
3 - r— - —
i J - |
o ’ \[ .
-
DAYS 4 5 -7 12 14 19 21 26 28 i
v ) " |t |0.00 1.00 1.34 1.00 1.34 1.00 1.34 1.00 1.00 2
°l I 2 |0.00 1.00 1.34 1.12 1.45 1.29 1.62 1.00 1.00
’ ' ! | 3 ]0-001.00 1.34 1.45 1.78 2.03 2.36 1.00 1.00 3
i | ' + | I
4 i LOADS ON SLAB = LOAD FACTOR X SLAB WEIGHT -
) 1 ,I i
":;!.1 L] L] | k] L] ‘. L] g L] o ¥ L3 — | - L] L 1 LJ
. 0 2 4 6 8 10, 12 14 16 18 20 22 24 26 28 30

F1G.2.5 LOADING HISTORIES ON- FLAT SLAB BUILDINGS

 TIME _(DAYS) .
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[] 203 MM sauARE ELEMENTS

X] 165 MM SQUARE ELEMENTS

.2.36 M :
SQ.PANEL ~ % FIXED NODES AT COLUMN CORNERS

-

COLUMN ELEMENTS

.. (A) STRUDL L1131

CENTRE LINES OF SLAB PANEL
(QUARTER OF A SLAB PANEL) .
. 540 MM | . : " % FIXED NODE AT COLUMN CORNERS
(a8 .
'/“
o ®
. L . T~ Q.
' . (B) NOPARC L1261 , .

 FI16.3.1 FINITE ELEMENTS DISCRETIZATION

Y
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ELASTIC DEFORMATION
(INSTANTAPEOUS RECOVERABLE)
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DELAYED ELASTIC DEFORMATION
(TIME~DEPENDENT RECOVERAELEJ
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UNCRACKED SECTION ~
N =

. @ = CURVATURE AND € = STRAIN

SUBSCRIPYS + 1 - INITIAL OR ELASTIC -

C - DUE TC CREEP OF CONCRETE
S ~ STRAIN IN STEEL
FIG 4 2 STRAIN DISTRIBUTIGN IN R. C BEAM
' Tsu - CURVATURE DUE TO SHRINKAGE ¥ .
“fSH
v
‘ ‘;.. . ‘ e -. : - o .
o R ,

(s) SIMPLY SUPPORTED BEAM : td

\ (b) FI1XED-END BEAM

Nt

F1G.4.3 SHRINKAGE CURVATURES IN R.C. BEAMS ¥
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0. 0 20 30 40’ s0 (1] { a0 80
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F16.5.1 RELATIONSHIP BETWEEN PLASTIC FLOW
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Al ¢ .
N . 203 MM
.G ‘ .| Sa.coLumns

) 63.5 MM THICK SLAB .
(2.36X2.36 MXM SPAN)

- j— 1.96 M ———— EFFECTIVE DEPTH (d)
' £ . oL OF SLAB = 50 MM
- 2.36 M >

FLAT PLATE STRUCTURES

13 MM DIA.THREADED RQD

_ _ 4~ (PINNED ENDS)

1 . 1
13X38X38 MM ANGLES
n . 203 MM
. ’ “4—  5Q.COLUMNS
63.5 MM THICK SLAB

}

BALL BEARING (AS PINNED .END)

*.

BALL BEARING
SUPPORT CONDITIONS |

L -172-

. FIG.6.1A EXPERIMENTAL FLAT PTATE STRUCTURES
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203 MM SOUARE CoLUMN ¢

SLAB WIDTH = 2.36 M

!

203 MM
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76 MM 152 MM
SPACINGS SPACINGS

SLAB EDGES

i

762 MM

5-MM DIAMETER WIRE MESH

POSITIVE REINFORCEMENT

SLAB EDGES

— 508 MM -ll

sk «—-CENTRE OF sLAB PANEL

/
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COMPRESSIVE STRENGTH MPA

‘MoplULUS OF-ELASTICITY GPA

2 1 i 1 1 . 3 g 1 3 1 g _-;_‘_ F —y
Q] T ~ b
~ k ,_‘—4'2 3 i
g' A a /,a" L > * il
o A /,/ % X ’_-:’:__.._._-_-;"..‘.F ———— i
M -~ —_—=F
Sox Je=T 0 i
2 x °. _
. ' 496’ -
& Lt
2 fe(t) = (fc’) » t/ (4+0.85e%) |
. )l
° t = CONCRETE AGE IN DAYS -
fe = 28-DAY CONCRETE STRENGTH -
] L o ' |
0 2 4 6 8 10 12 14 16 18 20 22 29 26 25 3b
“TIME (DAYS) |
(A) COMPRESSIVE STRENGTH .VS. TIME
wn ks Y 4 A i 1 3 i " 1 | i L 1 1 1 1
)
o el
-+
-A i
ﬂ-l A\ i )
r ' : + A T TR + |
o A+ AT T
? R S S tbepuiu el
v X ,,X' — -:_-:. — - = = = ' o -
o ’JJ _ — 0; — - .‘.“_". . =
& ,/;;45" Ee() =33 « W 'Efic o
f}9 - . . . | i
21 | A.C.1. EQUATIONS 21 |
® SLAB 1 | .
1 , 2StaB2 e .
+ SLAB 3 Y- -
¥ ) "X ONE-WAY SLABS —_—— = 1
% 2 4 6. 8 15 12 1% e 18 20 22 24 26 28 30
: TIME (DAYS) .
- {B) MODULUS ELASTICITY .VS. E-
3 1 ’/_ﬂ,liﬁl \

F16.6.2° MEASURED CONCKETE .PROPERTIES
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203 M | 610 MM \ 2 LAYERS FOR EACH SII
SQUARE
COLUMN

MM

1?2 i

i

n = :

N

: i g
w

24 AT 25.4 MM

TORSIONAL REINFORCEMENT

< 152 MM. WIDE AND 610 MM. LONG
- PLACED IN BEngE J.0P AND,BOTTOP

. MAIN REINFOROEMEX
DILAMETER 6 MM
, © ULT.STRENGTH = 660 MPA
e ESTIMATED £, = 400 MPA

F1G6.6.4 TORSIONAL REINFORCEMENT IN TEST SLABS
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LOAD FACTORS

A
q

2.5

2.5

. * . ;’,f
FLAT SLAB MODEL # 1 -1 .

. FLAT -SLAB MODEL # 2 - 2 | : !
FLAT SLAB MOQEL # 3 (3| - \

- -
o | # 1 AND # 2 s
] l._._____..._____.__._.. _______________ 1 (v

] | bl

| |

] | bl

! N 1
1 . | | L-
| LT
| | |
! - !
] | DAYS 4 7 10 28 SUST.LOAD I
: I F h
] | S |o.82! 2,008 2.00 1.50° 1.s¢C : A
J | 2 |o.60* 2.00° 2.00 1.50° 1.50° | DL
: 3 [0.00 0.00 o0.s0" ).50% 1.50° L
| — _ |

] | - - LOABS ARE IN TERMS OF MULTIPLES OF T

i ] CALCULATED DEAD LOAD I A

| A - SLAB SELF WEIGHT - : ~

N 2 1 } B - CONSTRUCTION LOAD = 2.0 » CALC. DEAD LOAD I

| e 4 C - SUSTAINED LOAD = 1.5 e CALC. DEAD LOAD ! I

i T - I
. ' l | L
1 -
Y ) # 3
" e L TN o f L
I o
N X
! R S
. : o . :
I .
A | 'Q' i !
| | :
| 1
- I _l ‘;_
T ll ¥ - ‘17 L) 1 LI Li A 1 L) L
0 2 4 8 ‘10 12 14 15 18 20 22 24 26 28 30

5 TIME (DAYS)
(A) LOADS IN TERMS TIPLES OF CALCULATED DEAD LUAD‘

FIG.6.6K LOADING HI'STORIES ON FLAT PLATE e

MODELS - ) ‘ g

. : =178~



o e

‘ , -—— . : .-
. g‘, -l A ’y '. 1 L ] [l ..l L L 1 L .l V 1 ; O .
s .
FLAT PLATE MODEL # 1 - | .
‘ FLAT PLATE MODEL®°# 2 . - 2 : |
{ELAT PLATE MODEL # 3 - 3 3
: v _,,# 2
2 r—=—- r—=—="="=======- & T T T == 1 i
o I 4 - w
2 | I
| L
i _ I i
I E !
- 1 A ! s
1 |
T 1. ~ i
| ' ly -
;.' | - ,(_ - P I L?__g_-
] B et U 1# 3w
~ : : | ™M
. | DAYS 4 7 10 28 SUST.LOAD | -
I -
. r b 1485 3.64 3.64 2.73 .2.73" I -
_ l . : B
L ;‘ 2 [1485 s5.03 5..03 3785 3785 ] ol <
o | 5 { 3 [0.00 0.00 1485 3785 37asB L o*
o ' = - A
e I LOADS ABE IN KPA A
| - SLAB SELF WEIGHT = 1.485 KPA _ |
] O = CALCULATED DEAD LOAD = 1.82 KPA (SLAB.1) T
L : = 2.523%LAB. ) B
A | ' ‘ = 2.523KFA (SLAB 3 | - T .
| - A - SUSTAINED LOAD = 1.5 e 1.82 = 2.730 KPA e
1 - B -'SUSTAINED LOAD = 1.5 e 2.523= 3.785 KPA il
- - e e e — L |
1# 1 I #3 . r
lf}-" b »
o~ = | -
- I l L.
| I [ &
; | ‘ I
{ |
-t ] I -
1 ! L] L) ! L 1 L) L | 3 L | ¥ LI .I - 3 - L)
0 2 4 6 8 10 12 14 18 18 20 22 24 26 28 30- -

. (B) LOADS IN T

~ FI6.6.6B LOADING HISTOR
' MODELS . B

TIME  (DAYS)

~179-
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DISTANCE BETWEEN CENTRELINES- OF COLUMNS
{‘ =* 2160 MM . %

203 MM | | L vee o l
SOUARE - I- 360 | I60 | 360 — 360 | 360 360 —
COLUMNS . : S

"® SCALE MEASUREMENT LOCATIONS .
A DIAL GAUGE LOCATIONS

OVERALL SLAB DIMENSIONS - 2.36X2.36 MXM

FIG.6.7 LOCATIONS AND DESIGNATIONS OF SLAB
- DEFLECTION MEASUREMENTS

-180~
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2160 MM
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R 1-r e 4
203 MM o o e
sauARe =4 G OF. SLAB . .o~
N§\ , 2 )
e i ol By
L AT
| AN . 380 . - L
- ) \\ .
— N \
| < ' . s
| ' AN 3 J 180
\ . -
I . B 1 |
- e \\ j
I ~ N | 180
| L e 1
. \.\ ,
N
I» 360 —=t= 360 +_3‘so --.T— 360
« N
L B s ¢ OF SLAB
' ¥l .
,0
. }-» 360«-}-— 360 + 284"~ |~ | 360
, 6
. ‘ . //
A )i 1
a - |
.’ \ 180
| L/ L i
7/
| /// e 180
I b |
| .’
. 360
7 :
L e _ . |
l—— 490 414 N\ -
208 M 76, CENTRE LINE
COLUMN OF COLUMN

=STRAIN GAUGE LOCATION
DIMENSIONS IN MM

FIG.6.8 LOCATIONS OF RENIFORCEMENT

STRAIN MEASUREMENT
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1CATION

L
OF

c JACKI
Ley

~=-BEARING PLATE

ELEVATION

FH——HEA

BEARING PLATE
=" HEAD PLAT

L
FLATE

304 MM.

STRAIN GAGE
OR LO

~=—FOR LOAD
MEASUREMENT

THREADED RODS

HEAD PLATE
T3e—BEARING PLATES

132 MM.
GAUGE LENGTH

i

152 MM.
~*4 DIAMETER F=-

1.8 M LONG

A

HEAD PLATES - 152 MM. DIA. 25 MM. THICK
BEARING PLATES - J04X304X25 MM
° THREADED RODS - 25 MM.DIA.
" STANDARD CONCRETE CYLINDERS (CAPPED)

F1G.6.9 APPARATUS SET-UP FOR CREEP TEST :

T
vt
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@

IP lP (CONCENTRATED LOADS)

L . 1

229 MM ' 229 MM ' 229 MM

RECTANGULAR SECTION - WIDTH = 76.0 MM
| - DEPTH = 63.5 MM
-, REINFORCING BAR DIA.= 5 MM

REINFORCEMENT SUSTAINED LOAD

- RATIO (%) (2¢P IN N)

PLAIN‘CONCRETE'} mm-- - 445

'SINGLY REINFORCED . 0.507 1335

DOUBLY REINFORCED 0.507 1335
v

FI1G.6.10 CONTROL BEAM SPECIMENS

=S

2
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—»{ 203 |a—
. A

T

81 (ELEVATION)

(PLAN)

1960 —»] 203 [e—
63.
152 f 3
+— 508 —» f _F—
DIAL GAGE 53
76 ‘
i i i
i - ‘ 203
: Ly
€102 pi ¥
[ 1 63.5 END SECTION _
' |<;203——[T DIMENSIONS IN' MM
A EFFECTIVE DEPTH (4) = 50 MM
(e o] 63.5 (CENTRE SECTION) ‘
L |

F1G.6.11 DETAILS - OF ONEWAY SLABJ MODEL S

~184-
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LOAD FACTORS

w i ‘1 i i i L L ' i : u 1 1 L 1 'y ID
o~ o
d CONTROL SPECIMEN (A) - 1 L

CONTROL SPECIMEN (B) - 2
J SHORE + RESHORE -3 L
PRESHORE (CHAN) - - - 4 e
| |[GRUNDY & KABAILA -5 i
-{ -
o 2 N . ® o
o - ' — - — = T — | “] "ed
| ., k
| 5 | _
' | reTT T |susTaiNeD T
K , LOAD _ |w
- L (ALL 5 [~
. l | 1 SLABS) | -
SR S T ]
i -~ '
i i i i
| L
b ?__-I i E t
o] —— b o
- | \'fnl ' -
DAYS 4 S 7 12 14 19 21 26 28 SUST.LOAD
’ | 1 [0.00 1.00 1.00 1.00 1.00 1:00 1.00 1.00 1,50 1.50 i
v 2 |0-60 0.60 2.00 2.00 2.00 2.00 2.00 2.00 1.50 1.50 |\
e : N 3 [0.00 1.00 1.34 1.00 1.34 1.00 1.34 1.00 1\50  1.50 |°
. ( "4 [0.00 1.00 1.34 1.12 1.45 1.29 1.62 1.00 1.50 1.50°
] | 5 [0.00 1.00 1.34 1.45 1.78 2.03 2.36 1.00 1.50 +1.50 |}
4 LOAD ON SLAB = LOAD FACTOR X CALCULATED DEAD LOAD L
] CAL. DEAD LOAD = 1.0.KN/M '
. SUSTAINED LOAD = 1.5 X 1.0 KN/M = 1.5 KN/M . L
] SLAB DEAD LOAD = 0304 KN/M = 0.304 X CAL. DEAD LOAD
0 2 4 6 8 10 12 14 18 18 20 22 24 26 28 30 32 34
" TIME (DAYS)

_ . , —
FIG.6.12 LOADING HISTQRIES ON ONE-WAY SLAB MODELS ,
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(MM

CALCULATED DEFLECTION

1 1 | - 1 1 rl L 1 L 1 1 L 1 ]

A.C.1. 209 MODEL

o
v = CDLUMNS H AND K OF TABLE 7-20
S'Eo{al= InI{Ia1+£shrlnk¥8crcep
w- 1]
” Scréep_ K'Ct élnlflal
0 H.C.FU - 3 FLAT PLATES ’ ﬁf
ol ® [135]
M
A [127]
j + [ 633 '
X [1033 - o
- ¢ [119] . .
4 H.C.F. - 5 ONE WAY SLABS
[+ 4 X
o
oL o
] +
o . ) MEAN = 0.74
o STANDARD _ 5.5
’ng DEVIATION ‘ .
CORRELATION _
. ____COEFFICIENT - 0-9447
6 12 18 24 30 36 42

MEASURED DEFLECTION (MM)
FIG.7.22 COMPARISON OF ACI-208 MODEL
WITH TEST RESULTS
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MEASURED DEFLECTIGON

(MM)

F16.7.23 COMPARISON OF SBAROUNIS'S MODEL WITH

WITH TEST RESULTS

-213-

-
: 1 1 i L t L ') 1 1 1 1 t
Y
o SBAROUNIS'S MODEL 1
¥ -, COLUMNS J AND L OF TABLE 7-21
R b - ,
Stotar= §g02-855s0 12308 0. o |
=5 § =4 Ws d
sd max ma X
Wad = TOTAL SERVICE LOAD ‘a
g Wmax = MAXIMUM CONSTRUCTION LOAD
£ 8
&
g ] >
—
S &
I o
w
L
a
a w
u M H.C.FU - 3 FLAT PLATES
= © ® (1351
8 a [1273]
::JN_ + ] + [63]
o ¢ L[119] ,
| 4 H.C.FU - S ONE WAY SLABS |
o - MEAN = 0.83 L
o STANDARD . 4.yg
éB DEVIATION ’ ]
CORRELATION _
R o COEFFICIENT = 0-9723
6 12 18 24 30 .36 42

o~



MODEL A (PROPQSED) .
o/ - COLUMNS J AND L OF TABLE 7-22 |
Sioial= 5susi+ gshrlnk
C.L.
ol * Cu (Scona ULT. +6su3{) X
" sust = DEF. DUE TO SERVICE LOAD
- = DEF. DUE TO CONST. LOAD -
. cons )
E o C.L. = CONSTRUCTION LOAD i
= ULT = LOAD CAPACITY OF SLAB
=z i _
Q
bt (2]
—
& i
— 3
L (V]
V] 7 L
[
O o . . L
il o 0 H.C.FU - 3 FLAT PLATES
< ® [135] X
2 : a [127]
2o ' + [63] L
o x [1031]
) .El 191] L
4 H.C.FU - 5 ONE WAY SLABS
o u . MEAN = 0.85 |
STANDARD . 4.1y
| DEVIATION i
: CORRELATION _
' o _COEFFICIENT ~ 0'9?04
6 12 18 24 30 36 42

MEASURED DEFLECTION (MM)
FIG 7.24 'COMPARISON OF MODEL A WITH TEST RESULTS
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MODEL B (PROPOSED) : i
o - - COLUMNS J (ND L OF TABLE '7-24 - L
i \
\
— ' \
y S’u.u’t:a\l_‘slr'nl‘tla.li‘.sshrInl<+‘scr-eep K I
Y gcr‘ccp:: Cu $ inltial X i
. Cu = 3.3 + (P.L.F.-0.59%)X5.5 K
o >2.35
ES' 1
. _ PEAK LOAD,_Qi
z 1 PLFeEOrotoand e e !
— : ' &
S % -
-
w
w7 L
a
0 ol L
i o 0 H.C.FU - 3 FLAT PLATES
< | o [135] I
c:).) , a [1271
= o + (631 I
o x [1031]
. U] ¢ [119] N
o | MEAN = 1.01 [
. | STANDARD _ 4 .,
| DEVIATION ’ i
CORRELATION _
____COEFFICIENT - 0-9969
"6 12 18 24 30 36 42

MEASURED DEFLECTION (MM) _
FIG.7.26 COMPARISON OF MODEL B WITH TEST RESULTS

-216-



&

APPENDIXES

-217-



LIVE LOAD/DEAD LOAD = 0.5 (1.0)
‘(LOL-) (DaLc) '

DESIGN LOAD = 1.4 D.L. + 1.7 L.L.

= 2.25 (3.1)  D.L.
DESIGN LOAD/DESIGN D.L. = 2.25/1.4 (3.1/1.4)
: = 1.607 (2.214)

CONSIDER A CONSTRUCTION SEQUENCE USING .
THREE LEVELS OF FORMS AND. 7-DAY CYCLE -(FIGURE 1.1)

CONCRETE STRENGTH AT  (FIGURE 1.2)

7 DAYS = 0.70 X f¢
14 DAYS = 0.88 X fc
21 DAYS = 0.96 X fc
TOTAL = 2.54 X f¢

AVATLABE STRENGTH = 2.54X2.25 = 2.47%X3.10

= sz 7.6

. '. > 5.56 e . > 5.56 e
? 'Q.K.'-

* A TOTAL OF 4 SLABS (4 X 1.4 D.L.) IN THE SYSTEM
(THREE OLD SLABS SUPPORTING ONE FRESH SLAB)

F|

APPENDIX-A EFFECTS OF LIVE LOAD TO DEAD LOAD
RATIO IN FLAT SLAB STRUGTURES
. DURING CONSTRUCTION PROCESS

-218-



assumed - Y

(A} X-DIRECTION BENDING

assumed
support line

N :
(B) Y-DIRECTION BENDING

dssumed
support line

+q (C) COMBINED BEwéi?G
mx '

- MID~SPAN DEFLECTION OF AN EQUIVALENT FFRAME INCLUDES .
(A) . THAT OF THE PANEL ASSUMED TO BE FIXED AT BOTH ENDS OF 1TS SPANS
(B) PLUS THAT DUE TO THE KNOWN ROTATION AT EACH OF THE TWO
SUPPORTING L'INES

MID-SPAN REFERENCE DEFLECfION OF A UNTFORMLY LOADED EQUIVALENT FRAME

WITH FIXED ENDS g “A%4 ‘ | W = UNIFORM LOAD
' REF = “384 E T e

MID-SPAN DEFLECTION OF A COLUMN OR ‘MIDDLE STRIP STRIP UNDER FIXED END

CANDITIONS ' M E. 1
) d STRIP = d REF —SIRIP "C_ FRAME

Merave Ec Istrip

ROTATION OF COLUMN (8) = UNBALANCED MOMENT/STIFFNESS OF THE EQU. COLUMN

MID-SPAN DEFLECTION OF THE PANEL DUE TO END ROTATION = dé = 8L /8

THE TOTAL MID-SPAN DEFLECTION FOR THE COLUMN -OR MIDDLE STRIP EQUALS
dstrip = O'strip * e *dgr |
d ., = CONTRIBUTION TO DEFLECTION DUE TG ROTATION OF LEFT SUPPORT
d g o = CONTRIBUTION TO DEFLECTION DUE. TO ROTATION OF RIGHT SUPPORT
FOR SQUARE_SPANELS, THE MID-SPAN DEFLECTION 1S
' | F=dcoy *+ Tmx=0cx+ Oy
FOR RECTANGULAR PENELS, THE MD-SFAN DEFFLECTION IS,
d= ¢dey+Gpux+ dex» dyyve -

- APPENDIX-B DEFLECTION COMPUTATION
' ‘ BY ADOSS (253

-219-
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r . N .
- | - LINES ‘OF
y ;{I: CONTRAFLEXURE
CENTRE LINE I \\\ 1\¢"1 EQUIVALENT
OF COLUMN L] SLAB BEAMS n____1S.S. SLAB
N iy '
-
' L (a) EQUIVALENT FRAMES ;
7. : @
SENEEEUEQNE - . L, = LENGTH OF SHORT SPAN
LS = LENGTH OF LONG SPAN
éa —~— LEVEL OF UNLOADED SLAB
b% . | _{=— PROFILE OF LOADED SLAB
o N AT MID SPAN - , ]
: (b) PROFILE OF DEFLECTED

SHAPE AT MID SPAN

DEFLECTION FOR FIXED-ENDS COLUMN STRIP (0.4 L2 WIDE AND LILONG) '
DEFLECTION FOR CANTILEVER BEAM (UNIT WIDTH AND 0-2L2 LONG) R ”/\‘“'\)
¢ = DEFLECTION FOR SIMPLY SUPPORTED INTERIOR PLATE (0.6L]x0-6L2)

O O O
o
n

APPENDIX-C S- ME

THOD FOR DEFLECTION
ANALYSIS [1

24]

-

-220-



COLUMN OR MIDDLE STRIP WITH END MOMENTS
. J?’ ' .

-

-
feusty—]
—
ey —]
et
|
-
an—
-
L]

s ' >
4 . /","
i Q, -
. Mo (STRIP) >

lJ» .
- - L
.
s wit M+ M) L2
_ 6 - s n 1 2 n
— 384 E T 16 E 1 _
% . .
gj/ _ W = EQUIV. STRIP LOAD Fnomffl
W LQ (M, + M) et ’
o n _ ] 2 + M ]
& 8 2 3

= N

MO(STRfP)

o = errecTive (EQ- 34

CLEAR SPAN

I

APPENDIX-D SIMPLIED BEAM APPROACH C1061 "

1

o B
.
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Ui

NUH
OF

W
1 U
1 Uy 272 2
(1)  CONSTANT STRAIN TRIANGLE
Vi.W{ DISPLACEMENTS » 9 D.0.F. 8y3 Y-AX1S
ROTATIONS - 6 D.0.F.

BER OF DEGREES OF FREEDOM (D.0.F.)
THE TRTIANGULAR SHEEL ELEMENT
=9+ 6 =15

x3 T—» X-AXIS

By

0x1

(‘:
(11) PLATE BENDING TRIANGLE
TRIANGULAR SHELL ELEMENT

TIME DEPENDENT ANALYSLS

WITH REFERENCE TO \FIGURES 1 AND 2 ON NEXT PAGE

()
(2)

R

(3)

(4)
(5)

CONSTANT LOAD ASSpMED FOR EACH TIME STEP at =t -t

i+

FIND INCREMENTAL .STRAIN (DUE TC CREEP, SHRINKAGE AND
TEMPERATUREY FOR K-TH CONCRETE LAYER:
oh I I = DUE TO
{AE ) - {Ae 1 ‘Ae l .. [ae I . TEMPERATURE
K . K K . K CHANGES

nmrn u uw

-0 D=

APPLY INTEGRATION EQUATIONS TO DETERMINE TIME LOAD [R],
MATERIAL MATRIX
TIME LOAD WITHIN TIME STEP at;

t

N NUMBER OF CONCRETE LAYERS'
STRAIN-DISPLACEMENT MATRIX
R = B D dA
[ ] th/;[ K] [ K]‘ {AEKl TRANSPOSE OF MATRIX
) AREA OF ELEMENT
TRANSFER EQUIVALENT_ LOAD TO GLOBAL COORDINATES
COMPUTE ADDITIONAL DEFLECTION DUE TO THIS -EQUIVALENT
APPENDIX-E FINITE ELEMENT ANALYSIS BY
NOPARC [1261]
-222-




ALoad
R ()
3ty
R, (t3)
at]  atp at3 : - sty
{Ry £)) I R— -] =]
| L ] - | | )
t) tz  t3 4 ....ts tnel?
: TIME
(1) EXTERNAL LOAD HISTORY
AN o |
dDEFLECTION "
OL‘
| L
t to 13 tyg A YT
| TIME

(2) DISPLACEMNT HISTORY

APPENDIX-E (CONTINUED)
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/

THE FINAL (30 YEAR) LOAD-INDUCED STRAIN
= ELASTIC STRAIN + CREEP STRAIN

_ STRESS + STRESS X CREEP FACTOR
ey £y

THE ELASTIC MODULUS AT THE TIME OF LOADING
(Et) IS GIVEN BY

Ei- = E28 (0.4 + 0.6 F{/F28) .
= 2
E28 = 20 + 0-2/f28 (KN/MM®)
STRENGTH RATIOS - ( f‘Jc / f28 ) ot
AGE (DAYS) - 7 28 90 365
OPC = L 0.65 1.00 1.20 1.35
RHC »e 0.75 _1.00 1.135 1.20

* ORDINARY PORTLAND®CEMENT CONCRETE
#+ RAPID HARDENING CEMENT CONCRETE

CREEP FACTOR
for effective section
thickness (mm) of -~

<200{ 33881~ 400 Indoors UK. Oltdoors
L 4 B

i
i
= 3 I ) \ |[ R ’ |
| | -——Age of loading
|
|

. {(days)
- \
- 3 L, \m\
\

|
!
1
I
|
_ N
| ' |
] TR
2T hﬁ\ﬁ\éﬁ?‘“N RN
T
i
}

__-1 - 1 —— \_\\
I | 365 T T~
» | ]
n | | .
20 .60 80 100

Relative humidity (7))

APPENDIX-F MODEL OF CREEP FACTOR BY
THE CONCRETE SOCIETY [37.951]
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1 )

' - Cc c c c c
C28(tlt0) - KC Kd ‘Kh Ke Kt

028(’c."co) [S THE CREEP COEFFICIENT AT ANY TIME. %,

FOR CONCRETE LOADED AT to = 28 DAYS

CORRECTION FACTORS

H

AMBIENT RELATIVE HUMIDIDTY
= AGE OF_ CONCRETE AT LOADING
= CONCRETE COMPOSITION

= CROSS-SECTIONAL DIMENSION

= THICKNESS COEFFICIENT

38 2.0,
—l - .
3.0 ~ AN, -
2.5 ] 1.2 I~ Narmal _
\ cement !
%20 - AN ‘0.8 \‘*\\ 4
i ) High early R
1.5 % 0.4—strangth cemon@t
1.0 L A I i
30 40 S50 60 70 BO 90 100 1 3 7 14 28 . 50180360
(a) Ralative humidity, percent . (b) Age of loading, days
. 4 Y
20— - ;- 20\
1.6+ ' J // e 11 \ | N
1.4 *““0/7 P 1.0 .
: - !
51.2—-—--——‘9-0—ﬁ -99-*4, 109 R
1.0 - _A_/%___f. @,__ﬂ__ 'OB ! \L,}k_\ / +
. . : : '
0.8—'—//'7/ ,/1 1 or - : 4‘-;~
- b |
0.3 04 0.5 0.6 0.7 o ©O 100 200 300 400 500
i) Water/cement ratio {d} Effactive thickness, cm
1.0 . _
0.8 dl " | Note:Effective thickness, !, is the quotient
’ d of the area divided by half the parimeter
0.6{—— /| incontact with the atmosphera. |f
K 40 / one of the dimensions is large with _ .
04— -~ e’ tPQ .7~ T respecttothe othars, the effective
0.2 P y q,“? ! thickness is equal to the actual
'0 - L i J Hfhlckness.
1 10 100 1000 10.000
o Age of concrete at loading, days

APPENDIX-G CEB-FIP 70 MODEL OF CREEP

PREDICTION C291]
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)

(t - to) 2% o
10 + (t-to) 0-8

Ct = Ky Kp Ky Kio

Cy = CREEP COEFFICIENT
= CREEP STRAIN/INITIAL STRAIN
Cu = ULTIMATE CREEP COEFFICIENT TO BE DETERMINED
. FROM. EXPERIMENTAL DATA
= 2.35 FOR STANDARD CONDITIONS
Kg = CORRECTION. FACTOR FOR SLUMP :
= 0.81 + 0.07 S+ S = SLUMP IN. INCHES
K = CORRECTION FACTOR FOR SIZE OF MEMBER
= 1.0 - 0.0167 (SIZE - 6.0)1 SIZE > 6 IN.
= 1.0 SIZE < 6 IN.
KH = CORRECTION FACTOR FOR RELATIVE HUMIDITY
= 1.27 - 0.0067 * H: H > 40
Kyy = CORRECTION FACTOR FOR.AGE AT LOADING

( to = AGE AT LOADING IN DAYS.)

STANDARD CONDITIONS :

=

SLUMP = 2.7 INCHES.

REL. HUMIDITY

40 %

It

_MIN. THICKNESS 6 INCHES OR LESS

LOADING AGE

7 DAYS FOR MOIST CURED CONCRETE

* CORRECTION FACTORS FOR-CEMENT CONTENT. AIR CONT

:/

1.25t0 %"'® FOR MOIST CURED CONCRETE FOR 7 DAYS

ENT

ECTED

AND PERCENT FINES (BY WEIGHT) ARE NORMALLY NEGL

7
APPENDIX H A.C.1. MODEL FOR CREEP [ 2., ;\%
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THE FOLLOWING INFORMATIONS ARE NEEDED FOR THE
EVALUATION OF DRYING SHRINKAGE OF STRUCTURAL
CONCRETE (NORMAL WEIGHT) WITH NORMAL WORKABILITY
WITHOUT ADDITIVIES : a

(1) EXPOSURE CONDITION

13

(2) EFFECTIVE SECTION THICKNESS :
(TWICE THE VOLUMNE DIVIDED BY EXPOSED SURFACE AREA)

(3) RELATIVE AREA OF REINFORCING STEEL

-SHRINKAGE-OE SYMMETRICALLY REINFORCED- CONCRETE =

=S (1 + KP) :

POTENTIAL SHRINKAGE OF THE PLAIN CONCRETE

WHERE S =
P = AREA OF STEEL RELATIVE TO THAT OF CONCRETE
K =25 OR 15 FOR INTERNAL OR EXTERNAL EXPOSURE

30 r_%hrinkuge Emilh shrinkoge
R S VP by
600 [300]150 pasu °“’|’s”'° 600300 | 150
300 _400_\ ‘ = L1004

. , 401

300 i ) L1504
. | 200- 75~ ¢
"F200+ i 30

2001 | »5o~”d°'

2001 .. | feo- ‘g

HO0 ﬂ | '

%00‘400- | ' - Lyjoa517507

shrinkage |
—0——0~1-0 } : Q—~0——0—
I eaxponsion I
| 200} 200} 206 N100+ 100+ 1004
ol vl
20 40 60 80 100

Relative humidity {4}

APPENDIX-1 MODEL OF DRYING SHRINKAGE BY
- THE CONCRETE SOCEITY L[591]
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5 1S 148 1S 13
shu Kc Kd Ke Kp Kt

L.
-t

153
e

eshy 1S ULTIMATE SHRINKAGE
CORRECTION FACTORS

KS ="AMBIENT RELATIVE HUMIDIDTY
KS = CONCRETE COMPOSITION

KS = CROSS-SECTIONAL DIMENSIONS
“KS LONGITUDINAL REINFORCEMENT

K =.THICKNESS COEFFICIENT

500 20
400 ! . 1.6 —--—[—q—
B c=500 kg/m"
2300 \\\ | K :: [
: 12— i
QZOO - i J\‘\l 10— - . i = -
100 ' f _ : 0.8 _4 ! .
’ . 0 l I l ;\J . I : : J
e 40 50 &0 70 80 90 100 0.3 0.4 0.5 0.6 0.7 08
(a) Relative humidity, par cent bl Water/cement ratio

1.2 L i R s S e
1.0 \‘ b j o.s% "TL —
\ i .08 ; : 1

08 : K i \L
KQ© 0.7 i .
0.6 h"‘\ 0.6 i \\_
0.4 A s | —t
0 100 200 300 400 -~ 500 0 1 2 3 4 5
{e) Effective thickness, cm . (d] Longitudinal reinforcement, p=100 A, A,
1.0 T : - "'9..- = Nate: .
0.8 cm=50mm A //l For effective thickness see Fig. 2-4.
06 pagran .
K:O.é ‘/‘Ap éo “'QQQQ» [
*
0.2 ///\‘/1 & :

J
1 10 100 1000 10000
te) Age of concrete at joading, days

APPENDIX-J CEB-FIP 70 MOEDL OF SHRINKAGE
- PREDICTION C[291
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(t-to) B
A+ (%"to)a

Ssh (1) = K, Ky, Ky

“shu

sh (t) = SHRINKAGE STRAIN AT TIME 4
“shu = ULTIMATE SHRINKAGE STRAIN
to = TIME FROM WHICH SHRINKAGE STARTS

A+B = CONSTANTS DETERMINED FROM EXPERIMENTS

I

KsKhKH CORRECTION FACTORS FOR SLUMP OF CONCRETE MIX,
SIZE OF CONCRETE MEMBER AND RELATIVE‘HUMIDITY

o (t-to)
€ = €
sb(t) Ks Kh KH 35 + (-te) shu
CORRECTION FACTORS : o
Ks = 0.89 + 0.041 X S : S = SLUMP IN INCHES
Ky = 1.193 - 0.0322 d + 4 = THICKNESS (IN.)

Ky = 1.4 = 0.01 Y% 40 < H < 80

[}
(@]
o

I

0.03 H : 80 < H < 100

=T
il

% RELATIVE HUMIDITY )

* CORRECTION FACIORS FOR CEMENT CONTENT, AIR CONTENT
AND PERCENT FINES (BY WEIGHT) ARE NORMALLY NEGLECTED:

APPENDIX-K A.C.1. MODEL FOR SHRINKAGE [2.191
AN
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EDUATION OF DIFFUSION ° ‘
(DIFFUSION OF HEAT ON THERMAL STRESSES)

(jﬁﬂi , 0% 625 , - _0s
0x2 y? az2 dt

S = FREE. UNRESTRAINED UNIT LINEAR SHRINKAGE STRAIN
K = DIFFUSION COEFFICIENT OF SHRINKAGE IN SQ.IN/DAY

ASSUMPTIONS 1

(1).FLOW OF WATER ENTIRELY BY VAPOR DIFFUSTON

(2) VAPOR PRESSURE OF THE WATER IN THE CONCRETE
"PROPORTIONAL, TO THE MOISTURE CONTENT

"(3) PERMEABILITY INDEPENDENT OF THE MOTSTURE CONTENT
T = 4 Ko/b% (J(2+1)/2) -

/
Ko = INITIAL K = 0.1 SQ.IN/DAY
K-é/o.1o (2/(2+%)) SO.IN/DAY
b = SECTIONAL WIDTH

shu

S, = ULIIMATE SHRINKAGE (0.000765 IN/IN)

SIMPLIFIED EQUATIONS : -
(M) IF T < 0.05

S/Sshu = 2 T //x

(B IF T >°0.05

1

o
S h_L____.[e—czn—1f (x%/4) T]
1

8
S ’ x2 (2n-1)%"

APPENDIX-L PICKETTS SHRINKAGE EQUATIONSC967
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SN

“sh PER UNIT LENGTH
]

} 1. } i
t/2 i ' £/2 \ !
—+ | o\
. 1 C.G. —X .
y : : h
t i R . ._STEEL e :JTo l\seshEs
i Tatehte A
()\)‘ UNFIROM . ‘(B-) DEFORMATION B
"SHORTENING CAUSED BY STEEL

(A) CONCRETE FREE TO SHRINK WITH A FICTITIOUS COMPRESSIVE FORCE OF
As e'hE; AT CENTROID OF STEEL\(F!GURE A) )

<4

(B) COMPRESSIVE FORCE OF STEEL RELEASED. RESULTING IN AN EQUIVALENT
TENSILE FORCE. To. AT CENTROID OF STEEL

EQUIVALENT TENSILE FORCE.= To
‘ " ‘Aa EahEa '
APPLIED AT STEEL LEVEL TO THE GROSS TRANSFORMED AREA (FIGURE B)

) _ _Jo . To &
CONCRETE STRESS = —* 3 —eyr
: ' - T e '
CURVATURE  ¥Psh = o 9
E1 /2
c 9 )
b 2
DEFLECTION Osh = “fsh KL
2 Ceh = STRAIN IN STEEL . OR-
= FREE SHRINKAGE STRAIN -IN (A)
Kw = COEFFICIENT (EQ.4.11)
= MEMBER THICKNESS
= ECCENTRICITY
NG ‘

APPENDIX-M EQUIVALENT FORCE METHOD 'L 441

{
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CONCAVE

!
I

1AL )
TION
%ION
d
L/2R L/4R"
_J__STEEL _ ~ __ -~ __l_;'
N%

- "CONVEX S e Y
UNIT LENGTH. -~
" ELEMENT — "

(A) ' (B) -

FROM B): Jon = e % o Bk o
2
FROM (s d= b 5 7= bt
A Y
‘ 1 - 8d |
et TSh = R = L2 . -
d = ——E—T”‘ L SIMPLY SUPPORTED BEAM
- 2
d - (’a’ﬁ*‘]‘é— ,FIXED-END BEAM
. .
“sh = c = STRAIN IN CONCRETE DUE TO SHRINKAGE

STRAIN IN STEEL
RADIUS OF CURVATURE : :
EFFECTIVE DEPTH OF SECTION

APPENDIX N GEOMETRY OF NARPING £80]
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(A) BASED ON' THE STRAIGHT LINE ADOPTED T0 THE MEASURED
VALUES PLOTTED WITH RESPECT TO VARIABLE /¥

(B) AS A SUGGESTION. THE FOLLOWING POINTS OF “TIME COUNTED
FROM THE FORM REMOVAL ARE RECOMMENDED FOR THE
MEASUREMENT, t = 2,4,9,16 25 DAYS

i -

(C) INTERSECTION BETWEEN STRAIGHT LINE. (POINTS. FROM

(B) .VS. JT ) AND Y-AXIS 1S d(0) - - A

0@ =81 = INSTANTANEOUS DEFLECTION +  OR
§ oL 153[ e T 125 M @ 1.2s nc;(O)l
AN AV p Es(L)® £(0) Ec (D)
- 6w = deo
WHERE p = (OE1/2) Mmax = = 5,48  FOR S.S. BEAMS

I

1/48 FOR FIXED-ENDS BEAMS
(0) FROM GIVEN FIGURES
r\ (DEPENDING ' ON CURVATURE)

n,

FROM GIVEN FIGURES

£(0) = FR | :
(DEPENDING ON SHAPE OF CROSS SECTION)
(0) = INITIAL RESULTS AT TIME = 0

(D) EFFECT OF CREEP -

S L9 -13[ oy oex T 1M @ s @) 5
R A COX Fe b 1 P Es (—';L):5 : o ﬁ(O) Ee (0)
R O (t) = [ror 7 peor]x b, (e

_WHERE ¢}/ ¢ (@) = [t/14 +  (FROM FIGURE)

APPENDIX-01 DEFLECTION EQUATIONS BY
: WILSON [1317 r

~
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THEN 0 (b = T4 x J_« '
= dew - J(O) = CREEP DEFORMATIQN
~
Sy = 62(t) <r+¢(t>) = TOTAL DEFORMATION .. _ |
. . RN
62(1) = CALCULATED DEFLECTION OF CRACKED BEAM
(E) EFFECT OF SHRINKAGE +
h(t) : . 8 ) (1+$(t))
f
(F) TOTAL DEFLECTION. 8 ()
dcr = §c + § L8 d
] c
(G) - /u.= 6EI./L2 Mmax.
- P/ Pl

Ec. rLg,f ? (t)., .FROM GIVEN FIGURES AND TABLES

= Mer (0),= fopp () Y0y bH /6

= Mer(® = Mcr (0)/ (1 +,50(00)

6\-.

» Ay

Y

APPENDIX-01" (CONTINUED) N

-234-



&
DEFLECTIONS IN MM SLAB 1 |SLAB 2|SLAB 3
FORMWROK "STRIPPED AT 1 DAYS |2 DAYS|3 DAYS|
|MEASURED INITIAL, DEFLECTION 11.79| 3.07] 1.54
| ' R
{COMPUTED INITIAL DEFLECTION 12.50| 4.23| 1.54
. ':'. - ..I_." . .
MEASURED 28-DAY DEFLECTION 30.36| 8.57] 6.00
COMPUTED. 28-DAY DEFLECTION 18.27| - 8.93| 5.71
L, 7
INCREASE IN. DEFLECTION (MEAS.) 8.57| 5.50| 4.46
» ( a
INCREASE IN DEFLECTION (COMP.) | 5.71| 4.70| 4.17
TA) ALL SLABS (ONE"HA?) HAD A THICKHESS OF 0.16 AND WERE
SIMPLY SUPPORTED WITH A SPAN LENGTH OF 4.2 M
(B)'ALL SLABS WERE LOADED BY THEIR Dﬁﬂ“HEIGHT DURING
FOUR WEEKS AFTER REMOVAL OF FORMWORK .
(C) DEFLECTION VALUES (MEASURED AND COMPUTED) WERE OBTAINED
. FROM GIVEN DEFLECTION-TIME CURY

APPENDIX-02 TEST RESULﬁS'BY‘NILSDN L1311
g | o
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T

-

TOTAL DEELECTION MULTIPLIER X dod -

"1 + 2.8 Cu/2.35 + 1.26,

Cu = ULTIMATE CREEP COEFFICI

“ Eshu = ULTIMATE SHRINKAGE _STRA
7. (MICRO. IN/IN)

ésb + éosd

‘max (Wsd/Wmax)

MULTIPLIER

as = 1MMEDIATE DEFLECTION DUE TO SLAB WE

Oosd = IMMEDIATE DEFLECTION DUE TO SERVICE
- DEAD LOAD OTHER THAN Wss
Snax = IMMEDIATE DEFLECTION. DUE TO Wmax
. APPLIED AS A SINGLE INCREMENT
" Wmax = MAXIMUM CON®TRUCTION LOAD

DEAD LOAD + LIVE LOAD

/
Wad - < TOTAL SERVICE LOAD

"TO SHAROUNIS [102]

APPENDIX-P DEFLECTION MULTIPL IER/AC
s ;

-

hu/800
ENT
IN

»

IGHT Wss

—

CORDING
LV



SECTION PROPERTIES 1

£ = 0.00507 (COLUMN STRIP)
.ry = 417 MPA '
r; = 28 MPA
S50 MM

P -
It

MOMENT CAPACITY OF SECTION

0-59 5 f,
t 7

¢

- . 2 _ L
_0.9/3 b d f'y (1 J'
4600 N-M/M

2470 N-M/ (COLUMN STRIP)
WHERE COLUMN STRIP ='0.540 M

nu

. MAXTMUM MOMENT
| 2

) Mz = H—LE_LA )
Li = 2160 MM 5+ Ln = 1960 MM &
1.E. W = 5.677 KPA -

LOAD CAPACITY OF SLAB = 1.4 D + 1.7 { - |
WHERE D = DEAD LOAD AND L' = LIVE LOAD

FOR MODEL 1 * L/D=1.0 LOAD CAPACITY OF SLAB
' " HENCE, D=5.677/3.1 = 1.82 KPA
FOR MODEL 2 s L/D=0.5 LOAD:CAPACITY OF SLAB

0.6 (0.7 Mo) FOR COLUMN STRIP

4

HENCE. D=5.677/2.25 = 2.52 KPA .

o

APPENDIX-Q LOAD CALCULATIONS FOR
. FLAT PLATE MODELS

o
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SECTION PROPERTIES

0.00380

P —1
F, = 417 MPA
;o fl= 28 MPA .
d = 50 MM
b = 203 MM
CLEAR SPAN =. 1960 MM

MOMENT CAPACITY OF SECTIOQN

O.Sg‘p fy )
fc.

0.9 p 6 d% 1 (1 -

700 N-M
W 12
MAXIMUM MOMENT =—“ﬁrr

L

LOKD CAPACITY OF SLAB = 1.7
' LIVE LOAD

4D+
WHERE D = DEAD LOAD AND L =

" FOR L/D = 0.5, LOAD CAPACITY OF SLAB = 2.25 D = ¥
' HENCE, D = 1.00 KN/M

APPENDI LOAD CALCULATIONS FQOR
ONE WAY SLAB MODELS
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K
5
(A} SQUARE-ROOT HYPERBOLIG=#ZAW FOR SHRINKAGE

"= FINAL SHRINKAGE

s = 1210 - 880 Y MICRO.IN/IN

Y'= (390 7 %+

~N
it

((1.25/a7c + 0.5(g/5)%) X (U+s/e)/ w/c)) > fFa) = 12
> 0.0-
‘- . _
= ULTIMAJE SHRINKAGE STRAIN Sshu = Ssco® E(7+600) /E (to+ U oh)
< - -~ :
— SHRINKAGE STRAINS AT TIME t . -
Esh(?.to)_ = fghu Kh s (1

CEMENT CONTENT  KG/CU.M. ’

" w/¢ = WATER/CEMENT RATIO .
a/c = AGGREGATE/CEMENT RATIO| ‘BY WEIGHT
o/s = GRAVEL/SAND RATIC -
s/c = SAND/CEMENT RATIO
AGG. = SAND + GRAVEL _
fo' = 28-DAY CYLINDER STRENGTH, KSI
SAND < 4.7 MM (STEVE #4)
t = AGE OF CONCRETE
to = AGE WHEN DRYING BEGINS
t = DURATION OF DRYING = t - to.
Tsh = SHRINKAGE SQUARE HALF-TIME
D = EFFEICTIVE CROSS-SECTION THICKNESS., MM
= 2(V/S) = 2 X (VOLUMNE/EXPOSED SURFACE)
Cy = DRYING DIFFUSIVITY OF NEARLY SATURATED .
CONCRETE AT REFERENCE TEMPERATURE: To = 23°C
KT'. = TEMPERATURE COEFFICIENT (IN ABSOLUTE TEMPERATURE)\ _ |
. . = CALCULATED FROM' T AND To IN KELVIN
H = RELATIVE HUMIDITY. -

APPENDIX-S BAZANT S MODELS FOR. SHRINKAGE
AND CREEP [12]

-239-
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cq9f7= 10 MM2/DAY

¢y

7 IF - C7z < 7
21 IF C7z > 21

“
HUMIDITY DEPENDENCE: Ky

B

1~-H* for H < 0.98

-0.2 for H

SQUARE-ROOT HYPERBOLIC LAW IN TIME

s = [T/ (Tsh + 1)
rtSh =
Ks = SHAPE FACTOR = 1.0
S = 1.15
2 1.25
= 1.30
= 1.55

AGE DEPENDENCE :

600 (Ks*D/150% C§ef /¢y (to)

Y

ASSUMED VALUE OF C] AT AGE OF 7 DAYS
0.125 # c# (w/c) - 12

INFINITE SLAB
INFINITE CYLINDER
" INFINITE SQUARE PRISM

SPHERE
CUBE

Ci () = C7KT (0.05+/(6.3/t))
“shu = Sso ® E(7+600) /E (to + Tsh)
E(t") =

TEMPERATURE DEPENDENCE

E28 «/C t'/ (4 + 0.85 t")

KT = T/To ® EXP. (5000/To - 5000/T)

APPENDIX-S (CONTINUED)
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(B) CREEP FUNCTION AT SIMULTANEOUS.DRYING

CREEP FUNCTION =

1/Bo + Co(t.t) + Cd (4.t 40) - Co(t.thta)

J(t,t) =
i
Eo = INITIAL (ELASTIC) MODULUS .
.Co(t.t) = BASIC CREEP (DOUBLE POWER LAW)
Cd (t.t,to) = INCREASE OF CREEP DUE TO DRYING
Cp (t.t\to) = DECREASE OF CREEP AFTER DRYING
't' = AGE AT LOAD APPLICATION
to =

AGE AT THE START OF DRYING

(13 BASIC CREEP : Co (t,t)
Cott t] = F/Eo & (¢~ M tk) et

WHERE Eo.ﬂ.d.mfn ARE MATERIAL PARAMETERS:

1/E0 = 0.09 + 1/(1.7028) "y 7= 0.00005 & ¢
1/Eo = IN 0.000001/PS]
'Eo = 57000 /F¢ - (A.C.1.) o
A = UNIT MASS OF CONCRETE IN LB./CU.FT.
fe' = 28-DAY CYLINDER STRENGTH IN KSI
A IO{”
1 2428 " + &)

A= 1/(40 % w/c ) 1 “m = 0.28 + 1/, (Fe') 2

X = @0 Grer/ 7 0.1 (/e)? (449272 )
IF X>4 n=0.2+ 0.07 X% 7/ (5130 + x°* ¥
IF X <4 p=o0.12 )
< aj = 1.0 FOGCEMENT TYPES 1. 11
= 0.93 LI

1.05 Iv'

A

B - 4
‘l .

APPENDIX-S (CONTINUED)
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'
S

] '— . 1
(fasE) {TMRK) S (44

(2) Cd(t.thto)

Cd (t,t to)

T4

¥d

Eo, m + Sshu. TPsh FROM SHRINKAGE MODEL

n

' -0.3
1+ (-te) /10T, 700, @,

. _— ! -C, (n)
Syftht’) = (1 + 10 T,/ (t-1)) d
= TIME SHAPE
C, = 2.8-7.5n

v i.5 _ 1.5 . _‘ . -
K, = In, - | t H,=0.98" to 1.0
fd4 = 0.008 + 0.027(s) FOR ¢ > 0
) = 0.008 FOR r < 0
u-= 1/ (1+0.7ep "1-4)
i -103 1.3 - " 1.5 '
AND r = 56000((s/a)efcd) =~ (g/s)’ ((w/c)/esm)' -0.85

e -

(3) Cp(t.t\hto)
' - " N ‘ 4
Cp (iltlt-o) = Cp Kh Sp(tv{n) CO (tlt)

C = 0.83

Kp =[H2 .- H¥+ H = 0.98 TO 1.0
o ] ,

TIME SHAPE

‘ _Sp(t.to).

“(1+ 1000, / (t-t )y "
S 0

’

~ APPENDIX-S - (CONTINUED)
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\ .

- THE TOTAL STRAIN IS
t = 5/ + “be +  “sh 1""KG")

€t = TIﬁE-ﬁEPENDENT STRAIN

% = INITIAL STRAIN ' .
€4e = BASIC CREEP
€sh = SHRINKAGE STRAIN

K = 0.043 /MPa. AT 7.9  MPa

K = 0.049 /MPa - AT 15.9 MPa

J = APPLIED STRESS IN MPa

i [

1300 PSI 9 MPat K=0.044

(A) FOR - -
K = 0.396

(8 FOR = 1776 PSI = 12.3 MPas K=0.046
K = 0.566 |

APPENDIX-T DRYING CREEP ACCORDING TO
GAMBLE KND PARROTT. (473
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