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Abstract

Relatively large construction loads applied to immature slabs with their
low elastic moduli will cause large initial elastic deflections. The high ap-
plied stress/developed strength ratio will cause significant creep, resulting
in large long-term deflections. Shrinkage, while not related to construction
loads, also contributes to long-term deflections. Studies reported by many
investigators showed that the long-term deflections cannot be ignored in
the design process and that the contribution of the cffects of the construc-
tion loads cannot be ignored. The influence of the construction loads on
the long-term deflection serviceability means that the construction process
cannot be independent of the design considerations. However, ACI 318 and

CSA A23.3, specify maximum span thickness ratios for which deflections
nced not be considered.

A computer investigation of the long-term deflections for flat plates, of
typical dimensions, was effected using a finite clement analysis program
for several possible load histories. The study indicated that the present
span thickness recommendations of ACI 318 and CSA A23.3 would not
necessarily prevent excessive deflections. The study also indicates that, in
most cases, the code requirement of total deflection not to exceed 1/240 was
critical and could not be met.
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Chapter 1

INTRODUCTION

1.1 General

Flat slabs are generally constructed using flying forms and reshores which
is a very rapid high quality repetitive construction process. The common
construction procedure is to cast concrete onto forms which are, in turn,
supported on one or more previously cast floors. As a result, the construc-
tion loads in the supporting slabs may appreciably exceed the loads under
service conditions. Such loads are dependent on the number of forms, num-
ber of reshores, and the sequence of stripping the forms and reshores and
cannot be determined by inspection. The order of magnitude of the max-
imum construction loads has been previously given as 2 to 2.5 times the
average self-weight of the slab plus formwork [1,2].

Relatively large construction loads applied to immature slabs with their low
elastic moduli and tensile strength will cause extensive flexural cracking and
large immediate deflections. The high applied stress/developed strength ra-



tio will cause significant creep, generally non-recoverable, resulting in large
long-term deflections. Shrinkage, while not related to construction loads,
also contributes to long-term deflections. Due to these excessive deflec-
tions, serviceability problems such as cracked partitions, jamming doors
and windows, and uneven placement of furniture are a source of concern
to owners and other parties involved. In some cases, the visual impact of
sagging floors may cause concern for the safety of the structure even if it
has adequate strength.

Present procedures contained in the CSA A23.3 M84 [3] and ACI 318-
83 [4] codes provide two alternative methods for the control of deflections
of two-way slab systems. Deflections may be calculated directly and the
magnitudes compared with specified deflection limits. The code requires
that deflection computations take into account size and shape of panel, con-
ditions of support, and nature of restraints at panel edges. Alternatively,
both CSA A23.3 M84 and ACI 318-83 imply that deflections need not be
computed if the slab thickness is greater than a minimum specified value.
The selection of the minimum thickness as specified in Section 9.5.3.1 of the
American code does not guarantee serviceability and does not give the de-
signer any idea of the magnitude of the final deflection [5]. Gilbert [5] stated
that an equation for slab thickness which does not include an allowance for
the actual load limit can not insure adequate deflection control. Similar
criticism has been voiced by others [6]. Scanlon {7] on the other hand,
reported that the code minimum thickness equations are compatible with
the maximum permissible deflections using the code criteria for deflection
computations.



1.2 Problem Statement

Slabs constructed through shoring procedures in multistory structures are
subjected to loads that may exceed the total design service load. Appli-
cation of these loads often occurs before the slab has reached the specified
design strength. The combination of early age loading and reduced concrete
material properties may lead to increased cracking and loss of slab stiffness.
As a direct result, immediate, as well long-term deflections will increase.
The ability to predict these increased long-term deflections including early
age loads is required.

1.3 Objective and scope

The main objectives of the present research may be summarized as follows:

1. To study the effects of early age construction loading on flat slab
deflections.

2. To identify and evaluate deflections associated with the construction
of multistory structures.

3. Evaluate CSA. A23.3 M84 minimum thickness provisions.

4. Recommend changes in the provisions if required.

The present study was confined to the analysis of flat plates. Ten different
structures in terms of thickness, span, live load to dead load ratio, and
aspect ratio were selected and were loaded under different loading histories
to simulate the loads which result from the construction schedule. The



analysis was conducted using an existing finite element computer program
called NOPARC (NOnlinear Analysis of Prestressed And Reinforced Con-

crete structures) to predict the behaviour of the reinforced concrete flat
plates.

The scope of the work undertaken in this study consisted of the follow-
ing:

Chapter 2 describes the different methods of analysis of construction pro-
cess and the resulting construction loads imposed on slab of multistory
structures.

Chapter 3, reviews existing methods dealing with the calculation of the
immediate, as well as, the long-term deflections of two-way slab systems
with an emphasis on long-term deflections calculation methods.

The finite elements method used for the present study is described in Chap-
ter 4. Chapter 4 also comprises a brief review of the general method of the
finite elements, a description of the material models used to derive the con-
stitutive relationships for concrete and steel, and gives a description of the
selected finite element along with the general solution algerithm, the solu-
tion procedure for time-dependent effects, and the computer program.

The description of the present analysis is given in Chapter 5. In the be-
ginning of Chapter 3, some remarks concerning the tensile strength of the
concrete and the methods for shrinkage prediction are given. Alternative
expressions for both the tensile strength and shrinkage of th concrete are
presented. The second step consists of the validation of the computer pro-
gram by comparing experimental results with those given by the computer
program. Finally, a description of the geometrical and the material prop-
erties of the slabs used in this investigation is given.

4



Chapter 6 presents and discusses the computer simulation results of the

analyzed slabs.

Based on the computer simulation results, conclusions and recommenda-
tions are given in Chapter 7.



Chapter 2

CONSTRUCTION LOADS
ON FLAT SLAB SYSTEMS

2.1 General

The basic objective of the design of a reinforced concrete structure is to en-
sure that the loads imposed on it are carried safely not only during service
but also during the construction process. Uncertainty about the magnitude
of floor loads imposed during the period of construction has always con-
cerned designers, especially with recent trends toward shallower members
and longer spans and more rapid construction.

A survey by Meyer and Rusch (8] indicates that more buildings collapse
during construction than under service loads. As an example, on March 2,
1972, portions of the Skyline Plaza Apartm = t building in Fairfax County,
Va., during construction collapsed resulting in 14 deaths and 34 injured. In
a recently published review of this catastrophe, Carino et al.[9] concluded
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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.

During the construction of multistory flat slab structures fresh slabs are
usually supported by several previously cast slabs through a series of forms,
shores and reshores known as the supporting assembly. Shoring consists of
a system of vertical posts and horizontal longitudinal and transverse mem-
bers providing uniform support for the formwork and the newly cast slab.
Reshores, usually tubular screw props are substituted for shores to free
formwork for use at other levels. Removing the shores allows the slab to
deflect and carry its own self weight. In Canada, prefabricated flying forms
are usually used as the casting surface.

Attention has been given in the last three decades to different ways of
determining the load history during construction. Several analytical meth-
ods have been developed to estimate construction loads transferred to slabs
in the supporting assembly. Some of these methods will be briefly reviewed
in this chapter.

2.2 Grundy and Kabaila,‘1963

Grundy and Kabaila (1} developed a simplified analytical method to deter-
mine the loads imposed on the forms and on the individual slabs in any

7



systems of forms during construction process. The following assumptions
were made:

1. The shores are infinitely rigid in comparison with the slabs in vertical
displacement.

2. The shores are spaced close enough to consider the shore reactions as
a distributed load.

3. A load applied to the shoring system is distributed between the slabs
in proportion to their relative flexural stiffnesses.

4, The effects of creep and shrinkage may be ignored.

5. The foundation is infinitely rigid compared to the stiffness of the slabs.

The analytical results indicated that the maximum load ratios obtained
with constant E, and variable E, are very close, and hence the error intro-
duced by not modifying the stiffness of each slab in the supporting assembly
to account for their different ages is not appreciable.

The loads calculated by the Grundy and Kabaila method carried by the
shores and the slabs with three levels of shores, constant elastic modulus
for all floors and a construction cycle of 7 days are shown in Fig. 2.1. The
maximum load ratio calculated is 2.36, at 42 days (3 cycles), and a con-
verged value of 2.00 for a typical floor. From this analysis, Grundy and
Kabaila showed also that, the absolute maximum load ratio actually in-
creases with an increasing number of the shored levels. However, the age of
the slab at which these maxima occur also increases. For 2, 3 and 4 levels of
shores, the absolute maximum factors were 2.25 at 14 days (2 cycles), 2.36
at 42 days (3 cycles), and 2.43 at 28 days (4 cycles) respectively. In each
case, the loads converge on a cycle in which the bottom slab of the shored

8



system has a load ratio of 2.00. The slab with the absolute' maximum loads
is always the last slab supported directly from the ground.

2.3 Taylor, 1967

To reduce the loads imposed on a slab during construction, Taylor [10]
employed a technique of stripping formwork by slackening and tightening
adjustable shores before each new slab is cast. With this method, all shores
at one level must be slackened simultaneously, thus requiring greater su-
pervision and inspection.

Using the same assumptions adopted by Grundy and Kabaila, Taylor re-
ported that the maximum load ratio is reduced from 2.35 to a value of 1.44.

In his consideration of the behavior of fiat slabs and plates, Taylor showed
that cracking of concrete of these structural systems affects slightly the de-
flection of a floor. Consequently, the stiffness at an early age is dependent
" mainly on the elastic modulus of the concrete, therefore Taylor endorsed
variable values for E.

2.4 Marosszeky, 1972

Marosszeky [11] presented an analytical method for the shoring and reshoring
of floors during the construction stage. Basically, the method consists of
completely releasing a floor at time (T-1) days after pouring and immedi-
ately reshoring it. At this time, the floor carries its self weight plus the
weight of the superimposed formwork while all loads imposed during the



construction of the next level are distributed.

It was shown that construction loads using such a system, are consider-
ably less severe than those using undistributed shores and consequently in
most cases the structure may be designed for normal working loads. In this
analysis, Marosszeky derived a formula to estimate the critical load on a
typical floor and can be defined as (1+1/n)D at age T, where n indicates
the number of sets of shores used.

In addition to the above method, a rational basis for the evaluation of

the severity factor was presented too and a severity factor F was derived
at any time T:

_ construction load/total service load
" fu at time of loading/ f.; at 28 days

_ load ratio
" tensile strength ratio
where f. is the concrete tensile strength.

(2.1)

(2.2)

2.5 Agarwal and Gardner, 1974

Form and reshores loads were measured by Agarwal and Gardner [2] over
a complete construction cycle for two high-rise flat slab buildings in 1971,
to determine the actual load ratios applied to the slabs and shores-reshores
during the various construction stages. The field measurements agreed
within acceptable accuracy with those predicted by the simplified theory of
Grundy and Kabaila and confirmed that, the lower supporting slabs in a
shore-reshore construction schedule can be subjected to loads often greater
than the design loads of the structure.
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Design tables {2,12] were given to determine the permissible shoring sched-
ules for various live load to dead load ratio, rates of construction, types
of cement, and ambient temperatures. As reshoring is effective in reduc-
ing the maximum loads experienced by 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.

From the field investigation, an expression was derived by Gardner to esti-
mate load during construction, the following relation was proposed:

chrufrucﬁon = 1.1 x 1-1 X 1.4 x LR X D + % (2.3)

where D denotes the slab dead load, LR the load ratio, and N the number
of levels of supports-shores and reshores.

This investigation overlapped in time with that of Marosszeky and the
theoretical methods are identical.

2.6 Chan, 1984

Chan [13] used the Strudl computer program to calculate the load his-
tory which would occur during construction using the preshoring process
(Cantor and Rizzi). Cantor and Rizzi [13] proposed a schedule in which
the reshores are placed before the shores are removed in an effort to re-
duce slab deflections. Based on simplified assumptions, Chan carried out a
two-dimensional analysis . The shores and forms system considered was a
‘flying form’ system as shown in Fig. 2.2b and the preshoring practice was
adopted in the analysis. The essential stages involved in this analysis are
presented in Figs. 2.2a-I through 2.2a-IV.

11



Fig. 2.3 shows the third floor slab load history using Grundy and Kabaila's
shoring system, Gardner’s reshoring system and the preshoring method.
The load history of slabs constructed using the preshore method lies be-
tween the all form system and 1 form plus reshore schedule and does not
fulfill the claims of the proposes.

2.7 Sbarounis, 1984

Sbarounis [14] reports that when incorporating the effects of cracking into
the load distribution factors for the supporting slabs reduces the previ-
ously established maximum load ratios by approximately 10 percent. Both
Agarwal and Gardner [2] and Sbarounis account for the construction live
load effect by increasing the maximum load carried by the lowest slab in
the suppor.ting assembly. Sbarounis recommended additional loads, due to

50 ps (2394 Pa) live load, of 55/N ps f(2633/N Pa) and 35/N psf(1676/N Pa)
for uncracked and cracked slabs respectively; where N represents the total
number of levels in the supporting assembly.

Sbarounis also recommended the use of the following expressions to es-
timate the maximum construction dead load:

Wa =2[W,, + 3 Wy(N +1)] (2.4)
Wi, = 50/N psf(2394/N Pa) (2.5)
Or, by an adequate estimation:
W, = 2[Wss + 10 psf(479 Pa)| (2.6)

where W is the weight of one slab, ¥~ W} is the sum of the weights of the
falsework and Wy, is the portion of the construction live load resisted by
the lowest slab.

12
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Chapter 3

DEFLECTIONS OF
TWO-WAY REINFORCED
CONCRETE SLAB
SYSTEMS

Calculation of two-way slab deflections is complicated by the three-dimensional
nature of the problem; the less well defined influence of cracking and tension
stiffening, and the development of biaxial creep and shrinkage strains create
additional difficulties. The following gives a review of available deflection
calculation methods. Long-time deflections will be reviewed extensively
since the present study is mainly concerned with this type of deflections.
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3.1 Immediate Deflections

Both classical and numerical methods can be used to calculate the deflec-
tions of a flat plate carrying distributed or concentrated loads. A compre-
hensive review of the response of slabs with various support conditions and
loads is given by Timoshenko and Woinowsky- Krieger [15].

The deflection of a thin, rectangular plate of uniform thickness at a point
(X,Y) can be expressed by the following equation: :

FW | FW oW

k'
axi Y 25x7: T oy - D (3.1)

where,
W = deflection at point (X,Y)
g = transverse load
D = flexural plate rigidity
= ER3/12(1 - v?)
h = plate thickness
v = Poisson’s ratio
E = modulus of elasticity

Theoretical methods of finding solutions to plate problems can be grouped
into the following:

e Closed form
¢ Infinite series
¢ Energy methods

o Finite differences
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» Moment distribution

¢ Finite element method

One of the greatest difficulties in attempting to determine the deflection
of a reinforced concrete slab using Eq. 3.1 is that it is a nonhomogenous
structure of two materials which experiences cracking. The problem can be
classified as an inelastic, nonlinear analysis of a nonhomogenous anisotropic
body. An analysis to determine slab deflections by a direct application of
elastic theory is essentially impossible. However, some progress has been

made in the development of analytical models for these structures based on
finite elements methods.

The basis of the finite element method is the representation of a body or a
structure by an assemblage of subdivisions called finite elements. These ele-
ments are considered interconnected at joints called nodes. Simple functions
called displacement functions are chosen to approximate the distribution
or variation of the actual displacements within each finite element. The
unknown magnitudes of the displacement functions are the displacements
(or the derivatives of the displacements) at the nodal points. Hence, the
final solution will yield the approximate displacements at the nodal points.

The complexity of the theoretical methods of analyses of plates has led
various investigators to attempt to formulate simple methods of analyses.
Some of the popular methods of analyses are described briefly below.

The equivalent frame method is a standard method of two-way slab design
in both the CSA A23.3 M84 (3] and ACI 318.83 [4] codes. The structure is
divided into continuous frames centered on the column lines in each direc-
tion. Each frame is composed of a column strip including any column line
beam, and 2 broad band of slab between panel centerlines.
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A method to calculate deflections based on an equivalent frame approach is
described by Vanderbilt, Sozen, and Siess [16]. Deflection at the midpanel
of an equivalent frame is found as the sum of the centerline deflection of
the slab-beam plus the deflection of the beam edge with respect to the cen-
terline plus the additional deflection of the center-panel element.

A more direct application of the equivalent frame method was proposed
by Nilson and Walters [17]. This method considers the deflections of a typ-
ical panel in one direction at a time, then uses superposition to obtain the
" final midpanel deflections. Kripanarayanan and Branson [18] extended the
method to include the effects of cracking. In calculating deflections, the
equivalent frame stiffness is modified by using an average of the effective
moments of inertia of the negative and positive moment regions.

More recently, Rangan [19] proposed calculating the midpanel deflection
of a flat plate as the sum of the midspan deflections of the column-beam
strip (in the long direction ) and middle-beam strip ( in the short direc-
tion). Each strip is considered as a separate beam carrying a uniformly
distributed load and applied end moments. Scanlon and Murray [20] pro-
posed a similar procedure, but used an equivalent uniform strip load and
actual beam end moments in the deflection calculation. The moments were
obtained from an equivalent frame analysis or from the ACI Code direct
design method.

The finite element method (FEM) which will be described in section 4.2
provides a more general approach and a more powerful tool for the anal-
ysis of reinforced concrete slab systems than the methods mentioned above.

The main problem of the application of the FEM to reinforced concrete
is the derivation of a suitable set of constitutive relations to model the slab

19



behavior under various loading conditions. The response is generally not
linearly elastic under all loading conditions. The majority of existing finite
elements programs apply only to linear elastic analyses. However Jofriet
and McNeice [21], Scanlon [22], and Scanlon and Murray [23] considered
the inelastic range by modifying the element stiffness matrices to account
for flexural concrete cracking. This approach is known as the “modified EI”
approach in which an overall moment-curvature relation reflecting the var-
ious stages of material behavior is assumed. Another approach used in the
analysis of reinforced concrete slabs is the layer approach which is based on
the basic nonlinear stress-strain law and the finite element is divided into
imaginary concrete layers. This approach was applied by Hand et al.[24]
and Van Greunen [25). The reinforced concrete section is modelled as a
layered system of concrete and “equivalent smeared” steel layers. Perfect
bond is assumed to exist between the concrete and bonded steel layers.
The stiffness properties of an element are then obtained by integrating the
contribution from all the layers in the section. The latter approach is used
in the finite element computer program used in the present analysis.

3.2 Long-Time Deflections

Under sustained loads, the deflection of concrete members continue to in-
crease with time, due principally to the effects of creep and shrinkage. The
additional long-time deflection may be many times greater than the elas-
tic immediate deflection. The creep and shrinkage deflections are related
to structural details, reinforcement ratio, the developed concrete strength
and hence temperature and humidity, and load history.

Fu and Gardner [26] reviewed the literature reporting measured long-term
deflections and the results of a detailed laboratory study. Table 3.1 presents
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a summary of the published ratios of measured long-term deflection to ini-
tial deflection. The summary shows that the long-term deflections are sig-
nificant and cannot be ignored in the design process and the work of Sbarou-
nis [27], Fu and Gardner [26], and Graham and Scanlon [28] indicates that
the contribution of the effects of the construction loads on long-term deflec-
tions have to be accounted for when doing time-dependent analysis of slabs.
The long-term deflection of a concrete member will include a deflection due
to shrinkage of the concrete and the immediate deflections caused by the
various dead and live loads plus creep deflections. Long-term deflections

may be further increased by temperature differences through the thickness
of the slab.

3.2.1 Creep Deflection

Deflection due to creep depends upon the creep characteristics of the con-
crete, the amount of compressive reinforcement and the amount of cracking
that has taken place. As a result of creep under sustained stresses, the
compressive strain in the concrete at the extreme fiber increases with time
as shown in Fig. 3.1 while the strain in the tension fiber increases only
marginally. The creep strains causes an increase in curvature which causes
additional deflection of the member.

ACI 209 proposed the following empirical equation for calculating the ad-
ditional deflection due to creep :

A, =k Cy A; (3.2)
Ag

k, = 0.85 — 0.45 =5 (3.3)
As
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where,
A; = immediate deflection
C¢ = crecp coefficient (Section 4.3.4)

k. = factor to account for compression steel and neutral axis shift

3.2.2 Deflection due to Shrinkage

In an unrestrained reinforced concrete member, shrinkage causes shortening
of the member which is resisted by the reinforcement. When the reinforce-
ment is symmetrically placed in the section, shrinkage does not cause any
curvature of the member. However, when the reinforcement is not symmet-
ric, shortening of the reinforced face is far less than that of the unreinforced
face (Fig. 3.2). This differential shrinkage causes a curvature of the mem-
ber. For thin slabs, where compression steel is not usually provided, the
differential shrinkage strains magnify considerably the deflections.

Branson and Christianson [29] proposed that the long-term deflection due
to shrinkage could be calculated from the following expression:

Aah = I(;‘Vﬁb,};L? (3'4)

where I{jy is a coefficient depending on the boundary restraints, ¢, is the
shrinkage curvature, and L is the span length.

don =07 52 (p = p)F EE (3.5)
for (p —p) < 3 percent
€a

for (p—p') > 3 percent
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where,
p = percentage of tension steel
p = percentage of compression steel
h = slab thickness
e, = shrinkage strain (section 4.3.3)

In the following, a literature review of the determination of long-term de-
flections of reinforced concrete slab systems will be given.

3.2.3 Analytical studies
Taylor, 1970

The two methods proposed by Taylor to determine the long-term deflection
of flat plates were based on a computed initial elastic deflection, together
with a procedure recommended by Branson [30] or a simple multiplier ac-
cording to Taylor [31].

In the calculation for this plate it has been assumed that the final state
of the column strip will be 100% cracked, the cantilever element will be
50% cracked, and the simply- supported plate element will be 50% cracked.

The first method considered creep and shrinkage effects separately. The
shrinkage deflection was determined using Branson’s procedure (Equations
3.2 and 3.3) and the deflection due to creep was equal to the initial deflec-
tion multiplied by a creep factor C..

The alternative method proposed by Taylor considered creep and shrinkage
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effects together, using multipliers and the following equations presented by
Branson:

At = Aic + Aca (3.7)
Acy = k,Cuic (3.8)

where k, = 1 — 0.6(4,/A,) and the value of C; depends on the average
relative humidity and the age of the concrete when loaded.

Scanlon and Murray, 1974

Scanlon and Murray {23] presented a finite element model coupled with a
time integration procedure to simulate the behavior of reinforced concrete
slabs at working loads, including the effects of nonuniform reinforcement,
tensile cracking, shrinkage, and creep.

A rigorious approach to the computation of slab deflections requires a
formulation which includes coupling between the membrane and flexural
behavior of the plate. However, the analysis developed by Scanlon and
Murray considers only flexural behavior and disregarded the requirements
of in-plane compatibility.

The model considered the plate to be subdivided into a set of layers, each
of which had an instantaneous linear elastic orthotropic constitutive rela-
tionship.

A parametric study was carried out to illustrate the application of the
proposed method of analysis. The study was restricted to a square interior
panel of a flat plate floor system and the effects of the following parameters
were considered,
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concrete properties

loading history

span to depth (I/d) ratio

column width to span (¢/!) ratio

¢ reinforcement layout

For an 8-in. thick interior flat plate panel designed in accordance with the
direct method of ACI 318-71 Building code and for a (¢/!) ratio of 0.1 and
a sustained load equal to the design live load, an average ratio of final de-
flection after 800 days to the initial deflection at 7 days was estimated to
be in the range of 3.5 [22]. '

Rangan, 1976

By considering the deflection at the midpoint of a rectangular panel of
a flat plate as the sum of the deflections of a column-beam strip in the
long direction and a middle-beam strip in the short direction; Rangan [19],
proposed a simple procedure to predict long-term deflections of flat plates
and slabs. In the long-term deflection prediction, the column-beam strip
is considered to be fully cracked and the middle-beam strip is only par-
tially cracked. Based on Branson's [32] procedure for computing creep and
shrinkage deflection and using C; = 2.35 as recommended by ACI Com-
mittee 209 [33], the long-term deflection of a flat plate was computed and
compared to Taylor's experimental result of a flat plate.

The measured initial and long-term deflections after 850 days of Taylor’s
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flat plate were 0.11 in. (2.8 mm) and 0.72 in. (18.3mm), giving a final to
initial deflection ratio of 6.5. Rangan found the initial deflection to be 0.20

in. (5.0 mm) and the total one to be 0.67 in. (170.0 mm), giving a final to
initial deflection ratio of 3.35.

Sbarounis, 1984

Sbarounis [27] proposed a simple procedure to calculate the long-term de-
flection of multistory flat plate buildings equal to the immediate secant
service dead load deflection, 6,4 times a simple multiplier:

OLong—term = 8, X Multiplier (3.9)

854 is given by:

' W,d
bsa = 6maz(m) (3.10)
Multiplier = 1 4 2.8( Gy ) + 1.2(5hey (3.11)
2.35 800

where 6.maz 18 the deflection due to the maximum construction load (Win,z)
when applied as a single increment and W, is the total service dead load.
The quantity 8,4 is variable and depends on the maximum construction
load and the concrete strength at the time of loading.

The multiplier for creep will range from 1.5 to 4.9 and for shrinkage from
0.6 to 1.6 according to the variation of C, and €,;,. The multipliers and
the procedure developed herein are applicable only to multistory structures
constructed by supporting the fresh slabs on previously cast floors.
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Scanlon and Graham, 1986

Scanlon and Graham [28] used a finite element program SAPIV to perform
a parametric study of the deflections in flat slabs including load history
and recommended a set of factors to convert immediate deflections to long-
term deflections. A reduced modulus of rupture was specified to account
for cracking due to shrinkage restraint.

Creep deflection due to incremental loading was calculated using ACI Com-
mittee 209 procedures. Total instantaneous plus creep deflection at time t
due to the load increments was obtained by summing each individual load
increment deflection. To account for irrecoverable creep, the creep deflec-
tion due to unloading was multiplied by a factor less than one. Shrinkage
deflection was also calculated using ACI Committee 209 recommendations
and added to the total instantaneous plus creep deflection.

Based on the parametric study, an alternative simplified method was pro-
posed for design purposes. The procedure involves calculating a maximum
deflection A,.., due to construction loads, scaling the deflection down to
the sustained load deflection A, by a factor A, to obtain the net deflection
A, at time t. The recommended multipliers are based on Standard ACI
209 creep and shrinkage values. For any different conditions, the long-term
multiplier can be modified using the following equation:

) + Mgy ate) (312)
where A, = Mie — 1, Aic is the immediate plus creep component and A, is
the shrinkage component.

At=1+Ac(

Based on their investigation and the subsequent parameter study, Scan-
lon and Graham recommended a set of long-term deflection multipliers,
given in Table 3.2.
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3.2.4 Measured Deflections

Documentation of field-measured two-way slabs deflection is not extensive.
Most recorded data relates to flat slabs and plates constructed in Australia.
Although construction materials and procedures may differ from those in
North America, these case studies still indicate the extent of tWo-wa.y slab
deflection problems.

ACI Committee 435 prepared a report on observed deflections of reinforced

concrete slab systems, and causes of large deflections [34]. The report com-
prised two distinct parts.

The first part is a summary of published studies on slab deflections. The
summary focused on construction practices and materials quality. Com-
parison of deflections calculated by various methods with actual long-term
deflections was made in some cases.

The second part summarized several construction problems and material
deficiencies which can contribute to large long-term deflections. A brief
review of these case studies will be given herein.

Blakey, 1961

Blakey [35] reported on an experimental lightweight concrete flat plate
structure. After a period of 200 days, the ratio of the total deflection
to the initial dead load deflections was seven for the center of an interior
panel. In a separate investigation, Blakey [36] in 1963 described deflections
for an experimental 3.5 in. thick lightweight concrete flat plate, spanning
three bays of 9 ft in one direction and three bays of 12 ft in the other, with
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cantilevers of 4.5 ft in the long direction. In eight months, loaded only by
self weight, the deflections at the center of the interior panel increased by
twelve times the initial elastic deflections. Of this measured deflection, 20%
was attributed to differential column settlements, 40% to cracking and to
local bond slip, and 40% to creep.

The slab was constructed of expanded shale concrete and built outdoors
in the summer. It was noted that the slab underwent fluctuating con-
ditions of temperature and relative humidity, and was expcsed to direct
sunlight during the construction and observation periods.

Taylor,1970

Taylor [31] described long-time deflections for a reinforced concrete flat
plate constructed in Sydney, Australia. The longer span-to-depth ratio was
31.0. Ratios of initial (three-day) deflection measurements to those taken
2.5 years later indicate increases of 6.5 to 10 for deflections at the center of
four interior panels. It was thought a partial reason for the large multipliers
was the high creep and shrinkage characteristics of the concrete used.

Comparison with calculated long-time deflections indicated best results
were obtained when creep and shrinkage deflections were considered sep-
arately using Branson’s procedure [37], thus allowing for cracking in the
slab.

Heiman, 1974

‘The deflections of flexural members in four different buildings in Australia
were reported by Heiman [34]. These slab systems consisted of:
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1. a flat plate roof in two-story commercial building (I/h = 31)
2. a flat slab in a three-story unenclosed car park (I/k = 36)
3. a flat plate in a four-story motel and car park (I/k = 31)

4. atapered beam and slab construction in a fifty-story circular high-rise
building ({/k = 21 for beams)

Deflections measurements were recorded for periods ranging from 2.5 to 8
years.

The first two systems had negligible construction loads as the slabs were
propped directly to the ground below or supported on upper level slabs.
For system (1) the long-time to initial deflection ratio was 8.7, while for
system (2) the ratio ranged from 5.1 to 6.3. Shrinkage deflections were
thought to be a major factor in both these structures.

The latter two systems were subjected to heavy construction loads from
the subsequent slabs cast above. In addition, the props bearing directly
onto the ground in system (3) settled during construction causing addi-
tional slab loading and deformation.

Jenkins, 1974

Tests were carried out by Jenkins [38] on a panel on the fourth level of a
building comprising five levels of flat plate floor, four bays wide and seven
bays long. The column grid was 21 ft 3 in. x 18 ft 10 in. with columns
99 in. x 22 in. and the thickness of the slab was 9 inches. The ratio of
one-year dead load deflection to the initial (ten-day) deflection was approx-
imately four. The slab supported heavy construction loads from the above
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floor slab and storage of bricks for partition construction which acted as
preload.

Sbarounis, 1984

Slab deflections were recorded by Sbarounis [39] in a multistory flat plate
building at 175 bays on 13 floors of the upper part of the structure one
year after casting. Lateral force resistance of the flat plate was assured by
shear walls and a stiff system of beams and closely spaced wide columns.
The center-to-center slab spans were 21.6 and 22.4 ft (6.6 to 6.8 m) and an
average thickness of 7.25 in. (184 mm).

The net measured one-year deflections on the 13 alternating floors, ranged
from 0.53 to 2.16 in. (13.5 to 54.9 m). They averaged 1.35 in. (34.3 mm)
with a standard deviation of 0.29 in. (7.4 mm) and a coefficient of variation
of 12%. In 90% of the cases deflections exceeded 1 in. (25.4 mm) and in
10% of the case exceeded 1.72 in. (43.7 mm).

The calculated deflection for the 7.25 in. (184 mm) slab loaded to the
service dead loads of 87 psf (4166 Pa) at a 28-day strength of 4000 psi was
0.21 in. (5.3 mm).

Long-time deflections were calculated using the procedures developed pre-

viously and assuming a one-year multiplier of 4.2 [27] and were in good
agreement with averaged measured one-year deflections.
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Fu and Gardner, 1985

Five nominally identical simple span one-way slabs were tested by Fu and
Gardner [26]. The slabs were subjected to different load histories and the
resulting deflections measured. The load histories were modelled to rep-
resent different construction methods. All slabs were designed for a live
load/dead load ratio of 0.5. All the slabs had a width of 8 in. (203 mm),
were 2.5 in. (63.5 mm) deep and spanned 77 in. (1960 mm).

Only the mid-span deflections of the tested slabs were measured under
load. After the formwork was stripped, measurements were made every
day for the first month and then weekly afterwards. The time-dependent

deflections were significant and of the order of 5 to 7 times the immediate
deflections.

Based on their experimental investigation, Fu and Gardner derived a method
to determine the total long-term deflection of one-way slabs in terms of the
peak construction load relative to the slab strength. The multipliers ob-
tained were similar but larger than those given by Sbarounis [27].

3.3 Effects of Concrete Cracking

The deflection of reinforced concrete slabs is influenced greatly by the de-
gree and distribution of cracking, Cracking may occur in slab members due
to restraint of shrinkage as well as flexure resulting from the applied loads.

The effect of cracking in slabs, as in beams, is to reduce the flexural stiffness
of the member and thus to increase the deflection. Although most cracking
occurs around panel supports, extensive cracking may also develop in the
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midpanel regions. Prior to cracking, deflections are computed using the
moment of inertia of the gross concrete cross section. At the cracks, the
moment of inertia is reduced, but the concrete between cracks continues to
have a stiffening influence, and use of the cracked transformed moment of
inertia overestimates the computed slab deflections.

For simple-span beams, Branson [30] recommended use of an average effec-
tive moment of inertia for the entire length of a span:

M,
M,

PV <1, (3.13)

= (P L+

where,
I, = gross moment of inertia
I, = fully cracked moment of inertia
M., = cracking moment
M, = maximum bending moment in the span

Although Eq. 3.13 was derived on the basis of tests on simple and continous
rectangular beams and simple T-beams, its use for two-way slab systems is
permitted under the ACI code specifications [4)].

3.4 Code Requirements for Deflections

The present Code limitations for deflections of two-way slabs are based on
minimum thickness requirements. Both CSA A23.3 M84 and ACI 318-83
Codes provide similar minimum thickness equations that take into account
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the size and shape of the panel, the conditions of support, the nature of
restraints at the panel edges, and grade of reinforcement. For slabs with-

out beams, the controlling minimum thickness relation is a function of only
clear span and reinforcement grade.

If a slab meets the minimum thickness requirements, then deflections need
not be computed. For smaller slab thickness, computed deflections must
not exceed specified limits. These limits pertain to immediate live load
deflection and long-time deflection occuring after the attachment of non-
structural elements due to all sustained loads, plus immediate deflection
due to any additional live load.

"There are no separate provisions concerning the effects of construction loads
at early age. Maximum construction loads may be higher than the total
service loads that are used to check the serviceability limits specified in
the code. This may lead to unsatisfactory deflections in slabs otherwise
meeting code requirements.
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Table 3.1: Summary of Long-term Deflection Terms [26]

Source

Washa
CSIRO
Taylor and Heiman
Taylor

Heiman and Taylor

Jenkins
Yamamato
Sbarounis

Jokinen and Scanlon

Year

1947
1961
1970
1971

1972

1972
1982
1984
1987
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Age Age Long-term to
of of short-term
initial final deflection
deflection | deflection ratio
28 days 5 years 3.9
10 days | 8 months 12
14 days | 2.5 years 6-8
56 days 1 year 3.9
3.0 years 6.3
8 years 6.7
17 days | 610 days 2.2
3.5 years 2.5
10 days 1 year 26
1-28 days | 112 days 4.4-64
1 year 42-64
7Tdays | 1year 2.5




Table 3.2: Recommended one-year and ultimate multiplier [28]

Assumed modulus of rupture

for calculation of One-year multipliers | Ultimate multipliers
immediate deflection Aie | Aan At Xie | Asa A
fr= 0.6;; fi Mpa

- full creep recovery 2051165 370 225|175 4.00

- one-half creep recovery 2.60 [165| 425 ]3.00|1.75] 475
fr= 0.32;}f; Mpa [

- full creep recovery 180 {0.70| 250 |2.00|075| 275

- one-half creep recovery 230070 | 3.00 |2.50)0.75]| 3.25
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Chapter 4

FINITE ELEMENT
ANALYSIS

4.1 General

The finite element method (FEM) is a numerical procedure for solving
a continuum mechanics problem with an accuracy acceptable to engineers.
The FEM has gained universal acceptance and is today the most important
and versatile method available for the analysis of structures. Several texts
[40,41] have been written about the method, therefore only a highlighting
description will be given here along with a brief review of the FEM used to
perform the present analysis and the development of the computer program.
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4.2 Description of the Method

The concept of the FEM stems from the idea of discretization and numerical
approximation. The FEM is a technique for analyzing complicated struc-
tures by dividing the continuum into a number of small elements. These
elements are considered interconnected at joints which are called nodes or
nodal points, this is the first approximation. The second approximation is
that the elements are deemed to be able to represent the general behavior
of the structure between the nodal points.

4.2.1 Basic Equations

To accomplish the second approximation mentioned above, the displace-
ment field u within an element is approximated by a set of shape functions
N, which are choosen to reflect the deformation patterns within an element
as follows:

{u} = V{6 (41)

where {4} is the elements nodal displacements vector.
The strain displacement relationship can be expressed as follows:

{e} = {L]{u} (4.2)

where [L] is a suitable linear operator.
Substituting Eq. 4.1 into Eq. 4.2 yields

{e} = [B{6} (4.3)

where [B] = [L][IV] represents the strain-displacement matrix.
The stresses at the nodes are related to the strains at the nodes by the
stress-strain matrix [D] known as the constitutive matrix as:

{c} = [D]({e} - {eo}) + {00} (4.4)

39



where,
{€g} = initial strain vector
{o9}= initial stress vector

The total potential energy of an elastic system, can be written as:
N=U.+W (4.5)

where U, is the strain energy and W is the potential energy of the applied
loads.

The strain energy stored in the body is given by:

17
U.= 2fve o dV (4.6)

The work done by the applied loads which is the negative of their potential
energy can be separated into three parts: that which is due to the con-
centrated loads, R, that which results from surface tractions, T, and that
which is done by the body forces, P.

Therefore, Eq. 4.5 can be rewritten as:
= l T - T _ T _ T
m=; jv LodV ]V «TPdV js WTTdS — {§}T{R}  (4.7)

The combination of Eqs. 4.3 and 4.4 and the minimization of the total
potential energy by using Ritz procedure (OI1/3{6} = 0) yield:

[K){6} = {F}s + {F}s + {F}« + {F}s, + {R} (4.8)

where,
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(K] = %. y[B]F[D][B]dV

= gstructural stiffness matrix
{F}s= L. [s[N]T{T}dS

= nodal force vector due to surface tractions
{F}s= L. y[N]"{P}aV

= nodal force vector due to body forces
{F}eo= T, Jv[BI"[D]{e}dV

= nodal force vector due to initial strains
{F}o’n= Ze fV[B]T{aU}dV

= nodal force vector due to initial stresses
{R} = applied nodal force vector

In the above P and T represent the vectors of body forces and surface

tractions respectively.

4.2.2 Element Types

A structure can be modelled by using one-, two-, or three-dimensional ele-

ments or a combination of these elements.

One-dimensional Elements

A one-dimensional element may be represented by a straight line whose
ends are nodal points. This type of element is used for structures that can
be idealized by line drawings, such as trusses and frames. Fig. 4.1a shows a
bar element which can take only axial tension or compression, therefore it
has one degree of freedom at each node. Fig. 4.1b shows a beam element,
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it possesses bending strength as well as axial strength, hence it has 6 DOF
per node.

Two-Dimensional Elements

Two-dimensional elements connect three or more nonlinear nodes. If the
nodes are allowed to have only displacements in their plane, the element is
termed a membrane element. It has 2 DOF (u,v) at each node, as shown
in Fig. 4.2a. Alternatively, the element may be used to simulate plate
bending action by specifying 3 DOF (w,0,,6,) at each node as shown in
Fig. 4.2b. Membrane actions and flexural actions can be combined to
obtain a flat shell element with 5 DOF at each node as shown in Fig.

4.2c. The common types of two-dimensional clements are the triangular
and rectangular shapes.

Three-Dimensional Elements

Three-dimensional solid elements connect four or more nodes. Typical solid
elements can be grouped under tetrahedron, triangular prism and hexahe-
dron family elements and they are shown in Fig. 4.3. This type of elements
is used to solve practical problems where three-dimensional stress analysis

is required such as openings in pressure vessels, pipe intersections, stress
distribution in soils and rocks, concrete dams ctc..
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4.3 Material Modelling

4.3.1 General

Concrete exhibits a pronounced nonlinear behaviour at high stress levels,
and its response differs markedly to compression and tension. The low ten-
sile strength and cracking of concrete is one of the major factors causing
nonlinear behavior of the reinforced concrete composite. In addition to this
nonlinearity, concrete properties also depend on its age and enviromental
factors like ambient humidity and temperature. This leads to creep and
shrinkage of concrete which can in some cases be of major importance in
assessing the behavior of a structure over its lifetime. Reinforcing steel can
be considered homogeneous material with well defined properties which can
be modelled satisfactorily with simple models.

4.3.2 Concrete

In a detailed review of concrete subjected to biaxial stress states Kupfer et
al.[42] presented experimental data for a complete range of stress combina-
tions. These investigators concluded that the strength of concrete subjected
to biaxial compression may be as much as 27 % higher than the uniaxial
strength. The concrete ductility at maximum compressive strength also
increases as shown in Fig. 4.4. In Figs. 4.5 to 4.7 stress-strain curves for
specimen tested at different constant principal stress ratios are shown.

Based on these experimental results, it has been established that concrete
behaves as an orthotropic material in the two principal stress directions,
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and this is the a.ssumpfion made for the concrete model. For an orthotropic
material, the incremental constitutive relationship referred to the principal
axes 1 and 2 can be written as:

d0'1 1 El vy ElEg 0 d61
dO'z = -(I_—_VT) v/ E]_ Ez Eg 0 deg (4.9)
dTn 0 0 (1 - I/z)G' d“fu

where G is the shear modulus under plane stress, and v is the effective
Poisson’s ratio under biaxial stress.

While no experimental work has successfully determined the value of the
shear modulus under a state of biaxial stress, the following value for G’ has
been proposed [43]: '
G = 4(1—1,-5(5:1 + By — 20 /ELEy) (4.10)
The value of v is obtained from experiments and varies from 0.15 to 0.2
below the elastic limit. At a stress level higher than 80% of the ultimate
stress an increase in values is observed.

The tangent moduli, £, and E,, are determined from curves similar to
the uniaxial stress-strain curve for plain concrete and a concept of “equiva-
lent uniaxial strain” was developed . The technique involves the separation
of the Poisson effect from those facets of the stress-strain behavior of con-
crete that may be attributed to the biaxial strength envelope shown in Fig.
4.8.

A typical equivalent uniaxial stress-strain relation based on an equation
suggested by Saenz [44] is shown in Fig. 4.9. The constitutive relationship
for the compression part of the curve is given by:

_ Eoeiu

T 14 (Eo/E, - 2)ein/€ic + (€in/€ic)?

o; (4.11)
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in which Fj is the initial tangent modulus; E, = 0;./€;. is the secant modu-
lus at the point of maximum compressive stress ¢;.; and ¢;. and ¢, are the
equivalent uniaxial strains at the maximum compressive stress and in the
principal direction i respectively.

For tension the relationship is:
o;i = Eyey,  for oi < oie (412)

where o, is the tensile strength of the concrete in the principal stress di-
rection.

Detailed information on how the equivalent uniaxial stress-strain curves
are constructed, and subsequently the stress-strain curve after peak stress
and the way in which stress reversals are handled is given in [25]. Five
material properties of concrete are needed to construct the equivalent uni-
axial stress-strain curves. These are (1) uniaxial initial tangent modulus,
Ey; (2) uniaxial compressive strength, f.; (3) strain corresponding to fo €
(4) uniaxial tensile strength, f,; and (5) Poisson’s ratio, v.

All these parameters can be obtained from uniaxial load tests on concrete.
In cases where experimental data are not available, one can use the expres-
sions recommended by different ACI Committees.

Assuming moist-cured concrete (normal or lightweight ) using typel cement,
ACI Committee 209 [33] recommends the following expressions at any time

t:
(] t ’
f(t)= mfc(zs) (4.13)

£1(8) = 0.65/W £i(2) (4.14)
Bo(t) = 33.0W5,/F/(¢) (4.15)
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where,
£:(28) = 28 day uniaxial compressive strength in psi
f.(f) = uniaxial compressive strength in psi
fi(t) = tensile strength in psi (represented by the modulus of rupture)
Eo(t) = initial uniaxial tangent modulus in psi
W = unit weight of concrete in pcf
t = time in days since casting

The strain corresponding to peak uniaxial compressive stress is given by

Hognestad: :

2f(t)
€(t) = === 4.16
Poisson’s ratio for concrete is taken to be 0.15, although at a stress level

higher than 0.8f;, higher values are observed [42].

Unloading in Concrete

Unloading or stress reversal occurs during the time-dependent analysis due
to the effects of creep and shrinkage or load history. Darwin et al.[43] pro-
posed the use of the initial tangent modulus Ey for unloading before reach-
ing the maximum compressive stress. The unloading in concrete model
adopted in this study is based on this assumption. Extensive details on
how this approach is used are given in {25].
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Cracking and Tension Stiffening

The tensile weakness of concrete and the resulting cracking is a major fac-
tor contributing to the nonlinear behavior of reinforced concrete elements.
When it is subjected to a net tensile stress, concrete behaves as a linear
elastic-brittle material.

When a principal stress exceeds the uniaxial tensile strength of concrete, it
is assumed that a crack is formed perpendicular to this principal direction
(direction 1 for instance). The modulus of elasticity in that direction is set
to zero and the constitutive relationship in Eq. 4.9 reduces to:

do, 1 0 0 0 dey
do; ¢ = m 0 E/(1-+%) 0 de; (417)
dTlg 0 0 ﬂG’ d"hz

where (0.0 £ 8 £ 1.0) is a cracked shear constant introduced by Lin [45]
to provide a way of estimating the effective shear modulus after cracking,

The physical situation in the vicinity of a crack is illustrated in Fig. 4.10.
As the concrete reaches its tensile strength, primary cracks form. The full
load is transferred over the crack by the reinforcement. The concrete be-
tween the cracks, however, still carries some tensile stress due to the bond
between the concrete and the steel. This is called the tension stiffening
effect. As the load increases the bond between the steel and the concrete
will deteriorate and the tensile stress will drop.

The tension stiffening has been represented by using two procedures. In
one case, the tension portion of the concrete stress-strain curve has been
given a descending branch. This has been introduced in different ways by
Scanlon ([22] and Lin [45] as shown in Fig. 4.11. The second method is to
ignore the concrete between the cracks and use an increased stiffness for the
steel. The relative effects of different representations for tension stiffening
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have been studied by Van Greunen [25]).

4.3.3 Shrinkage

Shrinkage of concrete is defined as the volume changes which occur indepen-
dently of externally applied stresses and of temperature changes. Shrinkage
may lead to increased cracking which is very difficult to prevent in some
cases. In order to predict whether shrinkage cracking will occur, and how

to adopt a thorough design to prevent it from happening, it is necessary to
understand the mechanism of shrinkage.

Shrinkage arises mainly from two causes: loss of water on drying and vol-
ume changes due to carbonation. The latter phenomenon is a physico-
chemical reaction involving cement hydration in presence of atmospheric
carbon dioxide and of moisture. Carbonation shrinkage is not separated
from drying shrinkage and most experimental data on drying shrinkage in-
cludes this effect. Drying shrinkage occurs due to the loss of water from
the concrete to the surrounding unsaturated air. A part of this movement
is irreversible and should be distinguished from the reversible part (mois-
ture movement). The surface dries more rapidly than the interior causing

nonuniform distribution of shrinkage through the volume, this is known as
differential shrinkage.

The factors which influence shrinkage are generally taken to be the wa-
ter content, relative humidity, size of the member and aggregate content.
Shrinkage increases with the increase in water content, while it decreases

for any increase in the ambient relative humidity, the size of the member
and the aggregate content.
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The shrinkage strain at any time ¢ can be found from experimental curves
or from ACI Committee 209 [33] recommendations.

According to ACI Committee 209, shrinkage at time ¢, measured from the
start of drying tp, is expressed as follows:

(t —to)°

et} = K, Ky mému

(4.18)

where,
€sne = ultimate shrinkage strain
f,e = constants, determined from experiments
I, = cotrection factor for slump of the concrete mix
Iy = correction factor for the size of the concrete member
Ky = correction factor for relative humidity

The ranges for ¢, f and e, for normal or lightweight concrete and for moist
or steam curing have been found to be:

€shu = 415 x 107% $0 1070 x 10~%un/in
¢ =109%t01.10
F =20to 130

Shrinkage at any time after age 7 days for moist cured concrete:
(-7
3IB+(t—-17)
Shrinkage at any time after age 1-3 days for steam cured concrete:
(t-3)
55 4- (¢t — 3)

e = K, Ky 800 x 1078 (4.19)

€sny = I ICH 730 x 10~° (420)
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To account for any variation in field conditions, correction factors are in-
troduced and are shown graphically in Fig. 4.12.

Slump correction factor I,:

I, = 0.89 4 0.041S (4.21)

wlere, S is the slump in inches.
Size correction factor Ky use curve of Fig, 4.121

Humidity correction factor Ay;:

Ky=14-0.01H40 < H <80 - (4.22)

Ky =3.0-0.03H80 < H <100 (4.23)

where, H is the ambient relative humidity in percent.

4.3.4 Creep

Creep can be defined as the increase in strain under sustained stress and,
creep has in the past been referred to also as flow, plastic flow, plastic
yield, plastic deformation, many of these terms arising from imperfect un-
derstanding of the nature of the phenomenon. A thorough understanding

of the phenomenon of creep, leading to an ability to model it analytically
is essential.

Several theories have been proposed to explain the mechanism of creep,
but no theory has been capable of explaining all the major aspects of creep.
These theories can be broadly classified as: mechanical defformation theory
[46], plastic theories [47], viscous flow theories [48] and a theory based on
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the seepage of gel water [49)].

Several factors influence the creep of concrete. The major parameters have
Leen identified as [50]: creep deformation is inversly proportional to the
strength of concrete, the age of concrete at loading, the volume (maximum -
size, grading, shape) and modulus of elasticity of aggregate, the relative
humidity, the ambient temperature, the thickness of the specimen, and the
finess of cement. Finally, the creep deformation is directly proportional to
the duration of the applied stress in an asymptotic fashion.

The quantitative determination of these factors is essentially a statisti-
cal problem as the experimental results are inherently random variables
with coefficients of variation of the order of 15 to 20 percent at best [33}.
However, solutions to date have been primarily deterministic in nature.
Moreover, they only attempt to establish correlations between computed
results and the behavior of actual structures. The correspondence between
laboratory and field conditions are not yet well established.

Analytical Models

The different analytical models to represent creep can be divided into ap-
proximate methods, a differential formulation and an integral formulation.
Approximate methods like the effective modulus (EMM) and rate of creep
methods (RCM) were developed as simplified design methods. The dif-
ferential formulation has been used, but numerical problems with imple-
mentation, have restricted its use. The integral formulation has been the
most promising method and it is used in this investigation. The model, as
described by Van Greunen [25], utilizes a set of state variables containing
the stress history and takes into account under biaxial stress, age of the
concrete, duration of loading, and temperature variations.

ol



Creep under Biaxial Stress

The ratio of lateral creep strain to the creep strain in the direction of the
applied stress is called the creep Poisson’s ratio. Experiniental studies have

shown that the creep Poisson’s ratio ranges from 0.16 to 0.25, which is
similar to the elastic value.

Creep under High Stress Levels

It has been shown from experimental studies that creep is linearly propor-
tional to stress up to 0.35f.. Beyond this value the shape of the curves is
as shown in Fig. 4.13. Experimentally it has also been established [51] that

the relationship between creep recovery after removal of the loading and
the stress level is linear as shown in Fig. 4.14.

Practical Models

Several practical models for predicting creep for a particular concrete and
cnvironmental conditions have been developed. The simplest one is the ACI
Committee 209 model which has recommended the following expression:

(t — 7)0%0

C: = I{sI\HI{hI\T 10+ (t _ .,.)0.60

C. (4.24)
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where,
C, = Crecp cocfficent
= Creep strain at time t / initial instantaneous strain
Cy = Ultimate creep coeflicient
= 2.35 for standard conditions
K, =0.81 + 0.07s

Ny =1.27- 0.006711, H > 40
Ky = 1.0 - 0.0167(S2-6.0), SZ > 6.0
= 1.0, 57 < 6.0
Ky = 1.267"%"8 for moist cured concrete for 7 days
!t = Observation time in days

T = Age at loading in days

4.3.5 Reinforcing Steel

To model the constitutive relationship of the reinforcing steel a stimple bi-
linear model is used as shown in Fig. 4.15. In this model, steel can exhibit
strain hardening with a Bauschinger effect or be taken to be perfectly elasto-
plastic. Four paramecters are needed to determine the stress-strain curve.
These are (1) initial modulus of clasticity, Es, (2) modulus of strain hard-
ening portion, Esy, (3) yield stress, fy» and (4) ultimate strain, e,,. Failure
is assumed to have taken place when the total strain in the reinforcing steel
exceeds €,,.

Assuming axis 1 is parallel to the longitudinal axis of the reinforcing bars

and axis 2 is orthogonal to it, the incremental constitutive relationship can
be written as:

dO‘1 E_,c 00 d€1
dO’g = 0 00 dEz (425)
dT]g 0 00 d‘ng
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where E,. is the current modulus of elasticity of the stecl.

4.4 Nonlinear Solution Techniques

All phenomena in solid mechanics are nonlinear, especially in reinforced
concrete structures, and some problems require noulinear analysis if real-
istic results are to be obtained. Structures may exhibit nonlincar behavior
due to a noulinear constitutive relationship (inaterial nonlinearity) or a

nonlinear strain-displacement relationship (geometric nonlinearity).

Depending on the sources of nonlincaritics, we can divide nonlincar prob-
lems into three categories. The first category involves material nonlinecarity
problems in which the stresses are not linearly proportional to the strains,
but in which only small displacements and small strains are considered.
Many engineering problems fall under the first category, an example being
clastic-plastic analysis of various structures. Although lincar stress-strain
equations are assumed to hold in the second category, problems involving
geometric nonlincarity arise both from nonlinecar stress-displacernent rela-
tion and from finite changes in geometry. The problem of large deflections
of plates lics in this category, where the geometry of the plate changes, so
that membrane cffects become significant. Finally, the third category is the
combination of the first two categories. It involves nonlinear coustitutive
behavior as well as large strains and finite displacements.

In the case of reinforced concrete structures displacements are inherently
small, geometric nonlinearities generally do not occur and attention can
be restricted to material nonlinearities. These include: (1) cracking of the
concrete; (2) nonlinear stress-strain for concrete, steel, bond and aggregate
interlock; and (3) time dependent effects such as creep, shrinkage, temper-
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ature and load listory.

The solution of nonlinear problems by the finite element method is usually
attempted by one of three basic techniques: incremental or stepwise proce-
dures, iterative or Newton-Raphson methods, and step-iterative or mixed

procedures, For simplification, only the nonlinear incremental equilibrium
for a single clement is considered

[k]{A8} = (A F) (4.26)

Where the nonlinearity occurs in the stiffness matrix [k], which is a function

of nonlinear material properties [D(¢)]. The material parameters in [k] are
no longer constants, thus

%] = [k{ad}, {a F}] (4.27)

It is on the basis of this stress-strain or constitutive law that we determine
the variable matrix [D(7)] for the nonlinear analysis.

Essentially, the incremental procedures approximates the nonlinear prob-
lem as a serics of lincar problems, that is, the nonlinearity is treated as
piccewise linear, The iterative procedure cousists of successive corrections
to the solution until equilibrium under the total load is satisfied. The

step-iteration procedures utilize a combination of both the incremental and
iterative schemes.

These procedures are schematically shown in Figs. 4.16 to 4.18. Details

of these methods may be found in any textbook on finite elements, for
example of that of Desai and Abel [41].
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4.5 Finite Element

A flat éria.ngula.r shell finite element is selected. The element is formed
by combining the 9 DOF Irons-Razzaque plate bending triangle [52] with
the constant strain triangle (CST) as the membrane element to obtain a
flat triangular element with 5 DOF at each node as it is shown in Fig.
4.19. Irons and Razzaque employed smoothed derivatives instead of the
true derivatives of the shape function for the corresponding displacements
element. The CST used is the one employed for plane stress analysis and it
is used to represent the membrane or in-plane action of a slab. It should be

noted that for plane stress systems, the element properties must be sym-
metric about the reference surface.

The element stiffness is given by Eq. 4.28 and it is generally evaluated
by numerical integration.

_ o [ Kl (K
(k] = [ |BI(D|[Blav = [ g [K]J] (4.28)

where,
[K]mm = membrane stiffness matrix
{Klsw = bending stiffness matrix
[K]ms = coupling stiffness matrix ([K]sm = [K]TL,)

The components of the element stiffness matrix are given below:

Kl = [ (BIE(CIBIndV = [ (B [ [(Cldz] (BlndA = [ (BIE (Dl Blnda
| (4.29)

(Kl = LZ’[B]%'[CJ[B]adV= fA[B]';r [ /;. z*[C]dz] [BlydA = /A [B)T[D)ss[BlsdA
(4.30)
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(Kl = [ <2(BIF(CYBlndV = [ [BIF | [ ~#(Cldz] (BIndA = [ [BIF(Dlim(Blnda
(4.31)

In the above equations, [Bl,, and [B]; represent the strain-displacement

matrices and depend on the shape functions, whereas [D]nm, [D]ss and

[D)em reflect the material constitutive relations.

To evaluate the material matrices, the reinforced concrete composite section
is assumed to be made up of a system of concrete layers and “equivalent
smeared” steel layers as shown in Fig. 4.20. The steel is converted to a
uniform layer with an equivalent thickness given by:

8, = % (4.32)
where A, is the bar area and b is the spacing of the bars.

Each layer is assumed to be in a state of plane stress and the material
matrix for an element is obtained by summing the contribution of each
layer.

4,6 General Solution Algorithm

To trace the nonlinear and time-dependent behavior of reinforced concrete
structures, an incremental formulation of the finite element method, cou-
pled with a step-by-step integration scheme through the time domain, is
used. For each time step, an incremental load procedure combined with
constant or tangent stiffness iterations in each load step is used to find the
load displacement path.

During a time step the exterior loads are assumed to remain constant. The
applied exterior loads are subdivided into a number of equal load steps as
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shown in Fig. 4.21. The structure is then analyzed for each load step by an
iterative approach and the increments calculated in the field variables (dis-
placements, strains, stresses) are added to the previous totals to evaluate
the current state in the structure. After all the load increments have been
treated, the analysis for time-dependent effects from the current time to
the next time is then performed. The time-dependent load vector may be
subdivided into load steps and the same procdure as described previously
is carried out at the beginning of the next step.

More aspects of the method of analysis along with the algorithm outlining
the basic steps of the procedure are given in [25].

4.7 Solution Procedure for Time-Dependent
Effects

A step-by-step integration scheme in the time domain is used to analyze
the effects of time-dependent phenomenon on the behavior of reinforced
concrete structures. An initial strain approach is adopted to determine the
response of the structure.

The procedure as described in [25] is summarized here for a typical time
step At;:

1. The loads are applied at time ¢; and remain constant for A¢;. For
these loads the current total values of the variables are found.

2. For the stress state of step 1, calculate the strain increments due to
creep, shrinkage occuring in each concrete layer.
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3. The equivalent nodal forces produced by the initial strain increment
are determined. The element load vectors are then transformed to
the global coordinates and the structural load vector assembled.

4. The structure is then analyzed using the general solution algorithm.
The element stiffness matrices are formed using the concrete material
properties at time #;4;.

5. From the displacement increment, the local displacement increment
for the element and the corresponding strain increment in a typical
concrete layer, is computed.

6. The vector of stress increments in the concrete layer is calculated, for
the first iteration only.

7. The current total values of all the field variables are then calculated,
convergence checked and the solution completed for time step At;.

At time ;41 an equilibrium position for the structure, due to the applied
load history including time-dependent phenomena up to time ¢;,,, is there-
fore found.

4.8 Computer Program

To perform the method of analysis previously described, a computer pro-
gram, NOPARC (NOnlinear analysis of Prestressed And Reinforced Con-
crete structures), was developed by Van Greunen et al.[25]. The program
is able to trace the quasi-static response of reinforced and prestressed con-
crete slabs of arbitrary geometry and shear panels under instantaneous and
sustained loads. Time-dependent phenomena such creep and shrinkage ef-
fects and temperature, can be simulated to trace the changes in the field
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variables of such structures.

The program is coded in FORTRAN IV language, and was developed on
the CDC 6400 computer at the University of California, Berkeley by Van
Greunen in 1979, and then it was converted to CDC 7600 machine by E.C.
Chan in 1983 and to IBM FORTRAN 77 by the author. Full details on the
program can be found in [23].

The program is structured such that additional elements could be added
easily. The equation solution is done by Gaussian elimination and the
equation solver adopted to solve symmetric banded matrices by triangular-
ization and then backsubstitution in two separate operations.

A flow chart of the logical structure of NOPARC is shown in Fig. 4.22

and an example of the input data for the program is presented in Appendix

C.
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Chaptér 5

DESCRIPTION OF THE.
PRESENT ANALYSIS

5.1 Validation of the Program

As a first step in this thesis, it was appropriate to check the validity of
NOPARC program. The program was first converted from CDC FOR-
TRAN Standard to IBM FORTRAN Standard and then run on the Uni-
versity of Ottawa AMDAHL 5860 computer.

A square corner-supported slab tested by McNeice [21] and analyzed by
many investigators under concentrated load acting in the center of the:
slab, was analyzed. Initially, only the immediate (or short-time) deflection
occuring on application of the load was considered. The slab analyzed is
isotropically reinforced, 26 in. square by 1.75 in. thick and divided into-10
equal layers. Only one quarter of the slab is modeled by the finite element
mesh as shown in Fig. 5.1. The material properties used for this analysis
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and details of the slab are shown in Fig. 5.1. Note that only the 28-day
compressive strength of concrete, the modulus of elasticity of concrete, and

the modulus of elasticity of steel were given, while the remaining material
properties were assumed.

In the first analysis, the concentrated midpanel load was applied in 4 load
increments of 1 kip each. The various tension stiffening models mentioned
in Section 4.3 were incorporated in the analysis to check which model fits
best., With regard to the tensile strength of the concrete represented by the
modulus of rupture, the analysis was carried out using both the full value
of the modulus of rupture taken equal to 1/10 the compressive strength at
28 days i.e 550 psi and a reduced value of 275 psi.

The results for the short-time analysis were compared with those obtained
from the experiment as shown in Fig. 5.2 and Fig. 5.3. From the load- -
deflection curves for node 12 it can be observed that the tension stiffening
model based on unloading in the concrete results in the behavior of the slab
being too stiff after the initial cracking. The tension stiffening employing an
increased steel modulus shows a very good agreement with the experiment
curve. The model using the assumption that there is no tension stiffening
at all produces a greater increase in deflection than the previous tension
stiffening models. The concrete is assumed to carry no stress normal to a
crack but an additional stress, representing the total internal tensile force
carried by the concrete between cracks, will be carried at the steel level in
the direction of the bars. This is probably a more accurate representation
of the actual orientation of stress in the cracked region of a slab, than the
concept of considering an average tensile stress in the concrete [58]. Con-
sequently, the model for tension stiffening effect using an increased steel
modulus was used throughout the present analysis. Also, from Figs. 5.2
and 5.3 it can be noticed that deflections increase significantly as the mod-
ulus of rupture is reduced by 50 percent or to a lower value. The effect of
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varying the tensile strength of concrete is therefore of paramount impor-
tance in estimating deflections of reinforced concrete slabs.

The time-dependent analysis consisted of analyzing the slab due to the
effects of shrinkage, creep and load history. Prediction of creep and shrink-
age effects were based on ACI Committee 209 recommendations. A simple
load history as shown in Fig. 5.4, was adopted. The deflection-time plot
for the analyzed slab is also shown in Fig. 5.4. A good agreement was ob-
tained between the finite element results and the hand calculation results
as shown in Appendix A and Table Al. The ratio of computed one-year
deflection to the immediate deflection at 28 days was found to be 2.5.

5.2 Present Analysis

5.2.1 General Remarks

The analytical determination of the deflection of two-way reinforced con-
crete slab systems is complicated by the three-dimensional nature of the
problem; the effect of the flexural and torsional rigidities of supporting slab
elements; the stiffening effect of columns; slab aspect ratio and continuity
of the panels; cracking of the concrete; and the time-dependent concrete de-
formation. Consequently, the accurate assessment of flat slabs deflections is
dependent on an understanding of the different factors involved. For most
slab systems, the main contributing factors to problematic deflections can
be grouped into the following categories:

1. material properties

2. slab geometry
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3. loads

4, construction procedures

Building contractors involved in concrete construction tend to remove form-
work and proceed to the next stage of construction as quickiy as is safely
possible, Therefore, it is appropriate to assess the structural adequacy of
young concrete structures. Rules of concrete design standards are com-
monly used when dealing with the load resistance of a young concrete stuc-
ture. However, code provisions are primarily based on tests of relatively
mature concrete elements. In ACI 318-83, the tensile strength of concrete
is expressed in terms of the square root of the compressive strength. How-
ever, recent researches [53,54] have shown that a square root relationship
between tensile strength and compressive strength is not the most appro-
priate relationship for young concrete. These researches tend to support
a power law larger than the North American codes values. For cormpari-
son, the ACI and CEB relationships are given, together with relationships
published by Carino and Lew [54] and Gardner et al.[55]

fi =0.62(f)00 ACI

fi =0.30(f)°¢" CEB

fi =0.24(f)°™  Carino and Lew
fi =046(f)°%° Gardner et al.

In the above expressions, f; and f, are expressed in MPA.

In a recent paper by Dilger et al.[56], a close examination of methods for
prediction for shrinkage was presented. It reveals enormous discrepancies
among results predicted with these models and great differences between
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predicted values and experimental findings in many cases. The paper inves- .
tigated the more popular shrinkage prediction models (ACI 209-82, CEB-
FIP 78 etc.). From comparisons made of their influencing parameters, time
development function and with some long-term results, Dilger et al. con-
cluded the following with respect to ACI 82 model:

1. Neglecting the effect of the amount of water used in the concrete
makes ACI 82 inaccurate model.

2. ACI 82 model does not work for swelling prediction for concrete under
water or in saturated air, and may overestimate shrinkage for small
members.

3. ACI 82 model assumes a constant value for f in Eq. 4.18 (Section
4.3.3) which results in a constant time development of shrinkage for
any size of the member and any relative humidity (RH) of the air.

4. ACI 82 model fails in predicting a swelling of concrete in RH of 100
percent.

5. The shrinkage modification factor for curing time in the ACI 82 model
disagrees with the experimental observations.

Alternatively, and based on a set of experimental investigations on the creep
and shrinkage of concrete Brayant et al.[57] developed the following time
development function for the prediction of shrinkage strains

(/T3

T+ /II e (5:)

(esn)t =
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where,
f =f/TF
t = days of drying
Ti = equivalent thickness
a = 1.0021

Eq. 5.1 can be rewritten as:
- §

Fri (€sh)u (5.2)

In the above expression f is a function of the shape and the size of the
member:

(eah )t =

f=224(T,)**® (5.3)

where Ty is expressed in days/in?.

Based on the above observations the whole analysis presented here was
carried out using the relationships given by Gardner et al. and Bryant et
al. for the tensile strength of the concrete and for the prediction of shrink-
age deformations respectively. Prediction of creep deforinations were based

on the expressions proposed by ACI 209 Committee as outlined in Section
4.3.4.

5.2.2 Slab Details

Analyses were conducted for a 3-bay flat plate system in X and Y direc-
tions. Due to symmetry, only one quarter of the slab system was considered
in the analysis as shown in Fig. 5.5. Ten flat plates of different thicknesses,
spans, and live load to dead load ratios were designed using the Direct De-
sign Method of the ACI Building Code [4]. Loads, other than self weight,
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used for the slab design included a superimposed dead load of 15.5 psf (0.75
KPa). The design strength was taken as 3000 psi (20 MPa) and a steel yield
stress of 60,000 psi (400 MPa) was used. Slab details and material proper-
ties are shown in Table 5.1 and Table 5.2 respectively.

For all designs, required steel areas were not matched with available re-
inforcing bar sizes. Instead, the computed area of steel per unit width
was specified as input for the computer analysis. Calculated effective steel
depths assumed 0.8 in. (20 mm) clear cover to all bars, with #15 bars used
in both the column strip and the middle strip. Fig. 5.6 shows the rein-
forcement plan used for a typical panel. Each quarter of an interior panel
is divided into four quadrants, separated by the middle and column strip
boundaries. Reinforcement areas for each quadrant of the designed slabs
are given in Table 5.3. No attempt has been made to design all the exterior
and interior panels for flexure. QOnly, an interior panel was designed and
the computed areas of steel adopted for all panel types of the slab.

One mesh layout was used throughout this study for all slabs. The lay-
out has the general configuration of the mesh shown in Fig. 5.7 with the
dimensions adjusted to suit the column strip and the middle strip as well
for each slab.

Three construction load histories labeled L1, L2, and L3 were selected as
shown in Fig. 5.8. The first loading history consisted of a load of 1.35 DL
applied at 7 days and held constant up to 1000 days. In the second case a
load of 1.43 DL was applied at 14 days and maintained constant thereafter.
In loading history L3, a load of 1.60 DL is applied at 28 days and kept
constant thereafter. In this DL denotes the self-weight (dead load) of the
slab. Ultimate long-time deflections were assumed to occur 1000 days after
casting.
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It is worth noting that, for the present investigation we are assuming a con-
stant value of the effective modulus of rupture over the entire slab. However
greater restraint stresses would be expected to occur in the vicinity of the
columns and around the boundaries compared with those at midpanel [59].
Therefore, it may be desirable to consider the realistic distribution of the
modulus of rupture values across the slab in accordance with the expected
degree of restraint. Such consideration is not included in this study.

In total, 20 runs were carried out using the computer program NOPARC.
The computer simulation experiments were designated test series S1 to S10.
Test series S1 to S5 were analyzed under the loading histories L1, L2, and
L3 while test series S6 to S10 were only analyzed under loading history L1,
and for a typical loading history the analysis was performed by taking into
account the effects of creep and shrinkage together.
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Table 5.1: Slab Details

Slab

86

Spans Column | Clear spans Slab
designation | l width | lin l3n | Thickness £

(in) | Go) | Gy JGm) | Gw) | G 1P
s1 936 | 236 | 26 |210] 210 6 1.0 |
Ry 330 | 330 26 304 | 304 10 1.0
S3 400 | 400 26 374 | 374 13.2 1.0
S4 276 | 184 20 250 | 158 6 1.0
S5 296 | 148 26 270 | 122 6 1.0
S6 2306 | 1567 26 2101 131 6 1.0
S7 236 | 118 26 210 92 6 1.0
S8 236 | 236 26 2101 210 8 0.5
S9 236 | 236 26 210 | 210 8 1.0
510 236 | 236 26 210 i 210 ___§ 2.0




Table 5.2: Material Properties

28-day Compressive strcn-gth f.{28) 3000 psi

% Teusile strength fi = 1.25(f. )% psi
g Modulus of elasticity Eyt) = 33.0 I'Vl‘s\/f_c' psi
© | Poisson’s ratio v = 0.15
Unit weight (ﬂo__rmal weight) W = 144 pcf
Yield sirength £, = 60000 psi
3 Modulus of elasticity E, = 29(10°) psi
& | Modulus of strain hardening E,, = 0.0
Ultimate strain €2 = 0.1 in/in
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Table 5.3: Reinforcement Details

Slab | Quadrant Reinforcement areas (in?/in)

N Top T—Top Bottom Bottom
X-Direction | Y-Direction | X-Direction { Y-Direction

1 0.0400 0.0400 0.0160 0.0160

1 2 0.0110 0.0120 0.0160 0.0110

3 0.0120 (0.0110 0.0110 0.01G0

4 - - 0.0110 0.0110

1 0.0700 0.0700 0.0300 0.0300

2 2 0.0200 0.0236 0.0300 0.0200

3 0.0230 0.0200 . 0.0200 0.0300

. 4 - - 0.0200 10.0200

1 0.1004 0.1004 0.0386 0.0386

3 2 0.0264 0.0299 0.0386 0.0264

3 0.0299 0.0264 0.0264 0.0386

4 - - 0.0264 0.02064

1 0.0550 0.0378 0.0236 0.0162

4 2 0.0179 0.0120 0.0157 0.0162

3 0.0120 0.0120 0.0236 0.0120

4 - - 0.0157 0.0120

1 0.0427 0.0305 (.01183 0.0129

5 2 0.0139 0.0120 0.0122 0.0129

3 0.0120 0.0120 0.0183 0.0120

4 - N 0.0122 0.0120
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Table 5.3: Reinforcement Details (Cont’d)

Slab | Quadrant Reinforcement areas (in®/in)
Top Top Bottom Bottom
X-Direction | Y-Direction | X-Direction | Y-Direction

1 0.0280 0.0250 0.0090 0.0090

6 2 0.0150 0.0090 0.0090 0.0090
3 0.0090 0.0090 0.0140 0.0090

4 - - 0.0090 0.0090

1 0.0380 0.0250 0.0090 0.0090

7 2 0.0200 0.0090 0.0090 0.0090
3 0.0130 0.0090 0.0130 0.0090

4 - - 0.0090 0.0090

1 0.0260 0.0260 0.0100 0.0100

8 2 0.0100 0.0100 0.0100 0.0140
3 0.0100 0.0100 0.0140 0.0100

4 - - 0.0100 0.0100

1 0.0360 0.0360 0.0100 0.0100

9 2 0.0100 0.0100 0.0100 0.0200
3 0.0100 0.0100 0.0200 0.0100

4 - - 0.0120 0.0120

1 0.0560 0.0560 0.0100 0.0100

10 2 0.0100 0.0100 0.0100 0.0300
3 0.0100 0.0100 0.0300 0.0100

4 - - 0.0180 0.0180
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Figure 5.3: McNeice Slab: Load-Deflection Plot (f, = 225 psi)

92

1.0



2.0 |
O
'2 B
3
3 1.0
e a) LOADING HISTORY
0.0 1 ! T ! : 1 1 1
0.0 100.0 200.0 300.0 400.0
Time since casting, Days
0.4
0.3
=
<
k) [
S
Q
= 02
Q
©
IS |
| -
1=
QO
O o}
' b) DEFLECTION~TIME PLOT
0.0 L | L i L | A )
0.0 100.0 200.0 300.0 400.0

Time since casting, Days

Figure 5.4: McNeice Slab: Loading History and Deflection-Time Plot

93



I

h

I

All cobumns 26 in % 26 in

y/

(474

Elevation

Figure 5.5: Slab Details

94

{144




half cotumn stip hal t middle strip

|
1 1 |
(sym)
' - —
hatf column ship
PR DR, I s
t 2
- - — - - —— —p—
| ! - ' |
- ...f...._...*...
| I | |
| | ! | . .
1 | _}_ _1 holf middle strip
" bk m mam
I 1 H | I
.3 1
(sym)
(sym) . .
(a) Top Reinforcement (sym)
;— i | | Calcalated teint \
b e —fp——f— Qlcdalaied reiniatcernen
: ; ; : ~~ ~ panuineinenst
| 1 | ! e
| ! ]
R T
. ) ! ""“"\ MMinithum reinforcemoent
2

\\l cquiretnenl

() Bottom Neintorcement

0.8 in. | T

ek ness varics

(C) Reintorcement Mrangement
Figure 5.6: Reinforeing Steel Details

95



haif column

half middle

— 3 e

5
-
&
K 27
o 26
h-)
=
|
e
g 19
2
S

\ 4

A
=
-

\ & (sym

{sym)
4 >4 i< |4 P
half column middle strip column styip half middle
strip strip
39 Nodes
56 Elements
Yy
f,
i

Figure 5.7: Finite Element Grid



1.35 DL
-
- 0|
O
S
a) LOADING HISTORY L1
0.0 ' [T BN N Y [ T B A R N | A | I T T U A
10° 10 10° 10°
Time since'casﬁng, Days
2.0 r
1.43 DL
(aa]
-
x*-ou. 1.0 -
O
S
b) LOADING HISTORY L2
0.0 1 [ N N N I | ] t ot gt gl L t e oy daaet il )
10° 10 10° 10
Time since casting, Days
2.0
1.60 DL
(s 4]
ol
- 1.0
O
O
-
c) LOADING HISTORY L3
0.0 ! Leu bt 3 4 el:1 1 1t] P N § TR P N B N N L [T W N IR A
10° 10 10° 10

Time since casting, Days

Figure 5.8: Loading Histories for the Analyzed slabs

97



Chapter 6

PRESENTATION AND
DISCUSSION OF RESULTS

6.1 General

It has been generally recognized by many investigators, including Gilbert
(60] and Scanlon (28] that the main factors affecting slab behaviour can be
broadly categorized into those associated with:

¢ Material properties

¢ Slab geometry (including quantity and location of reinforcement and
the boundary conditions)

¢ Environment (in particular, average relative humidity)

¢ load history and construction procedures
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In calculating two-way slab deflections, several additional factors need to
be considered and must all be modelled adequately namely; the three di-
meansional nature of the slab, the influence of cracking and tension stiffening
and the development of biaxial creep and shrinkage strains.

In addition, the final deflection of a slab depends on the extent of ini-
tial cracking which, in turn, depends on the construction procedures, the
amount of early shrinkage, the degree of curing and so on [61]. In recent
field measurements of the deflection of many supposed identical panels [39,
62] a large variability was reported. Deflections of identical panels after
one year differed by over 100 percent in some cases.

6.2 Deflection Criteria

Calculated deflections will be compared with the present code deflection
limits as well as a limit on total deflections. The present code provisions
require calculated slab deflections to be less than /360 for live loads as
well as [/240 or [/480 for incremental deflections. Although ACI 318-83
and CSA A23.3-M84 codes contain no specified limit on total deflections,
other codes, including the British [63] and Australian [64] codes, do include
limits on calculated total deflections. For this study, a limit of {/240 on
total deflections recommended by ACI Subcommittee 435 [65] for outdoor
decks as well as a limit of //200 recommended by Thompson and Scanlon(7]
will be considered. The span length ! defined only in the ACI and CSA
codes for beams will be taken as the clear span length of the diagonal be-
_tween opposite column corners when considering midpanel deflections.
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6.3 Results and Discussion

The calculated midpanel deflections for interior panels versus time curves
under the different loading cases (L1, L2, and L3) are shown in Fig. 6.1
through Fig. 6.5, and a summary of the midpanel deflections of the interior
and exterior panels of the test series is given in Tables 6.1 and 6.2 along
with the long-term to short-term deflection ratio. Calculated deflections in
exterior panels of equal span lengths were found to be considerably larger
(some 80 %) than the appropriate interior panels. In the following discus-
sion only the midpanel deflections for interior panels will be considered.

Close examination of the long-term deflections of Tables 6.1 and 6.2 in-
dicates an interaction between creep, shrinkage, the age at first loading,
and the sustained load and these effects can not be considered separately
and summed. Under load history L2, slab S1 is largely uncracked, may
have only localized cracking over the supports resulting in low immediate
deflection but a large time-dependent effect. However, under load history
L3 extensive cracking occurs throughout the slab, but the long-term deflec-
tion is only slightly greater than for the similar slab under load history L2.
It is equally interesting to note that the long-term to short-term deflection
ratio in case L2 is slightly higher than the value obtained under load history
L3. In the case of load history L1, the slab S1 suffers the biggest long-term
deflection for this series of slabs, and the highest ratio of the long-term to
short-term deflection is obtained. This is primarly because the slab was
loaded at an early age resulting in large creep effects and shrinkage deflec-
tions. Similar results were obtained in Test Series S2 through Test Series S5.

The effect of varying the ratio of long span to short span (panel aspect

ratio 8) on the deflection versus time curves is illustrated in Fig. 6.6. The
aspect ratio, 3, affects the long-term deflection in the same manner it af-
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fects the short-term deflection, however the highest long-term to short-term
deflection ratio occurs when § is equal to 1.5 (Test Series S6). A similar
result was obtained by Gilbert [60).

Fig. 6.7 demonstrates the sensitivity of the calculated midpanel slab de-
flections using different live load to dead load ratios (L/ D) with attendant
different steel ratios. It appears that the effect of varying L/D has a marked
influence on the magnitude of the long-term deflections. Slabs designed us-
ing high live load/dead load ratios resulted in low long-term deflections and
vice versa. In general, due to the amouns of the reinforcing steel needed
by the higher live load to dead load ratio slabs, the calculated long-term
deflection is reduced.

Fig. 6.8 shows the variation of the ultimate midpanel deflections with
span-to-depth (I/h) ratio for Test Series S1 and $9. As can be seen; for
the narrow range of slab thicknesses considered, the ultimate deflections
varied significantly. It would appear that the influence of cracking on slab
stiffness increases with la..rger 1/h ratios.

Table 6.3 compares calculated slab deflections at midpanel for an inner
and outer panel with the code permissible deflections specified in CSA3
-A23.3 M84. Also calculated deflections are compared with the selected
limits on net total deflections. The table indicates the following:

¢ In all cases simulated in this thesis, computed live load deflections
are well within the permissible limit of {/360.

o The selected incremental deflection limit proved to be critizai in the
case of a rectangular panel having its aspect ratio 8 = 1.5, and in the
case of a square panel when the live load to dead load ratio L/D is
equal to 0.5.
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e Calculated tota! deflections met the deflection limit of I /200, while
the code specified limit of /240 for some of the simulated cases proved
to be difficult to satisfy. For Test Series S6 (8 = 1.5) and Test Series
$8 (L/D = 0.5), neither the code limit of 1/240 nor the recommended
[/200 limit is satisfied.

e Both calculated total deflections and calculated incremental deflec-
tions in exterior panels for the whole test series of slabs investigated
in this study do not meet the code specified permissible deflections.
The boundary conditions particularly the discontinuity at the edge
of the pahel resulted in excessive exterior pane! deflections. It is con-
cluded therefore that the thickness of an exterior corner panel needs
to be increased to control deflections by satisfying code limits.

Using the computer simulation deflections and assuming that the deflec-
tion is inversely proportional to h?; the thicknesses required to satisfy the
code-specified permissible deflections are calculated. Table 6.4 summarises
the calculated thicknesses. Comparing the required thicknesses determined
to satisfy /240 limit on total deflection in Table 6.4 and the thicknesses
given by CSA A23.3 M-84 (Eq. 9.9 in the present code) reveals that this
equation is inconsistent of insuring a thickness that would satisfy the less
restrictive criterion on permitted total deflections. Scanlon [7] arrived to
the same conclusion and suggested a limit of //200. In addition, Table 6.4
indicates that an increase of the thickness by at least 15 percent in pan-
els with discontinous edges would be more appropriate than the current
recommendation of 10 percent. The principal reason for this is that many
factors affecting the true magnitude of the long-term deflections have been
ignored such as the loads resulting from the construction method which
have a greater influence on slab deflections than service live loads.

As a first approach to tackle this problem, the following equation is pro-
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posed which take into account the age of concrete at the time of loading,
the construction loads, and slab design live load/dead load.

ln [(€sn)e + fy X K1 x Ky x C]

A > =36, 000 + 50008(1 + 6.) (61
where,
I = clear span length
(esn): = shrinkage strain after ¢ days of drying
K, = construction load factor expressed in
term of dead load
K, = factor to account for the age of concrete at
the time of loading
C, = creep coefficient after ¢ days of loading
8 = ratio of long to short clear spans
B, = ratio of length of continuous edges to
total perimeter of a slab panel
K, and K; are given by the following equations:
Ky = construction load (6.2)

1.25D 4 1.5L

_E(28) _ [42+0.85t
K= g = V= (6.3)

Eq. 6.1 was derived using the [/200 criterion. At ultimate this equation
can be rewritten as

I, [800+ f, x Ky x K3 x K3 x C,]

b > 35,000 + 50008(1 + A.) (6:4)
where Kj; is factor given by:
t0.6
— -0.118 (1 _
Ks = 1250718 (1 - o) (6.5)
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Comparing the maximum span to thickness ratio given by the proposed
equation with the maximum span to thickness ratio determined using the
thickness given by the computer simulation in Table 6.5 indicates that the
prediction formulae gives comparable results only for loading history L1.
The origin of this discrepancy can be attributed to the term Kj in Eq. 6.4.
To remedy to this Eq. 6.4 is modified resulting in the following equation:

Iu [800+fy X K1 X Kg X Ka]
36,000 + 10,0003

k> (6.6)

where K;, K3, and K3 are terms reflecting the construction load effect,
the age of the slab at first loading, and the creep effect and are given
respectively by the following equations:

construction load

Bv= T 12/D) (6-7)
_ E(28) _ [42+0.85t
B=Fm ~V ¢ (68)
—0.118 1.0.8 tO.S
Ky=1+125t"1 (3— = 15—=55)C (6.9)

where,
7 = age at which the analysis is required
t = age of the concrete at loading

Table 6.5 summarizes the maximum span/thickness ratios given by the
present formulae described above. The comparison shown in this table
indicates that Eq. 6.6 gives satisfactory agreement with the maximum
span/thickness ratio predicted by the computer simulation and can be used
to specify minimum thickness of flat plates.

-
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Table 6.6 compares the Span/thickness ratios calculated from Eq. 6.6 with
the ACI 318-CSA A23.3 ratios and Scanlon’s suggestion [7]. The table
shows clearly the influence of construction schedule on limiting span/thickness
ratio while satisfying the [/200 limiting deflection requirement. Note that
the construction loads used, which relate to shore reshore system, are ex-
amples only and can be changed.
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Midpanel deflection, in
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Figure 6.1: Test Series S1: Calculated Long-term Deflections
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Midpanel deflection, In
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Figure 6.2: Test Series $2: Calculated Long-term Deflections *
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Midpanel deflection, In
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Figure 6.3: Test Scries §3: Calculated Long-term Deflections
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Midpanel deflection, In
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Figure 6.4: Test Series S4: Calculated Long-terin Deflections
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Midpanel deflection, In

slb.. .

5.0

4.0

3.0

2.0

i — LOADING HISTORY L1
! — . LOADING HISTORY L2

_________ LOADING HISTORY L3

1 L ! R ! R !

0.0 200.0 400.0 600.0 800.0
Time since casting, Days

Figure 6.5: Test Series S5: Calculated Long-term Deflections
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Ultimate midpanel deflection
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Figure 6.8: Variation of Calculated Long-term Deflections and Span-to-
Depth (I/1) Ratio
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Table 6.1: Deflection at Node 6

Total Incremental Long-term?

Loading | Immediate | 1000-day | long-term deflection short-term

Slab | history | deflection | deflection | deflection | 180-1000 days | deflection
(in) (in) (in) (in) ratio
L1 | 030436 | 17569 | 1.4525 0.6084 477
S1 L2 0.25870 1.2242 0.9655 0.3617 3.73
. L3 0.37122 1.6077 1.2365 0.6034 3.33
L1 0.46668 2.0495 1.5826 0.8574 3.38
S2 L2 0.46464 1.8033 1.3386 0.9993 2.88
L3 0.58334 2.1890 1.6056 0.9389 2.75
L1 0.51561 1.7473 1.2317 0.6787 2.38
S3 L2 0.50923 1.8084 1.2991 0.7145 2.55
L3 0.64716 2.0846 1.4374 0.8029 2.55
L1 0.79452 40492 3.2547 1.4702 4.09
S4 L2 0.78431 3.6498 2.8655 1.2656 © 3.65
L3 0.91207 2.8383 1.9262 0.6477 2.11
L1 1.1915 5.5014 4.3099 2.4319 3.60
S5 L2 1.1519 4.8575 3.7056 1.9845 3.20
L3 1.3302 4.6002 3.2700 1.7537 2.46
S6 L1 0.26083 1.6476 1.3867 0.6020 5.31
S7 L1 0.17283 0.9941 0.8213 0.2677 4.75
S8 L1 0.32223 1.7975 1.4753 0.7948 - 4.58
S9 L1 0.17992 0.8613 0.6814 0.2002 3.78
S10 L1 0.16660 0.7962 0.6296 _0.3034 3.77
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Table 6.2: Deflection at Node 26

[ Total Incremental Long-te_a;m to
Loading | Immediate | 1000-day | long-term | deflection short-term
Slab | history | deflection | deflection | deflection | 180-1000 days | deflection

. (in) (in) "~ (in) (in) ratio

L1 0.66044 | 3.2372 | 2.5767 1.1153 3.90 . - |
S1 L2 0.57900 2.5799 2.0009 0.8282 3.45
L3 0.81282 2.7786 1.9658 1.0033 2.42
L1 1.0229 3.3300 2.3071 2.0302 2.25
S2 L2 1.0027 2.9743 1.9716 1.5193 1.96
L3 1.2075 3.4388 2.2313 1.3731 1.85
L1 1.2891 3.0912 1.8021 1.1425 1.40
S3 L2 1.2074 3.1278 1.8304 1.1389 1.41
L3 1.5676 3.4960 1.9284 1.1814 1.23
L1 0.81382 3.3271 2.5133 1.1258 3.08
S4 L2 0.78125 2.9454 2.1641 0.9564 2.77
L3 1.00160 2.7796 1.7780 0.6382 1.77
1 1.3764 6.5927 5.2163 3.3741 3.79
S5 L2 1.3034 5.7554 4.4520 2.7324 3.41
L3 1.5594 6.5286 4.9692 3.2596 3.19
S6 L1 0.45908 . | 2.4484 1.9893 0.9090 4.33
S7 11 0.26855 1.6030 1.3344 0.4637 4.97
S8 L1 0.62808 2.7785 2.1504 1.1935 3.42
S8 L1 0.38198 1.7452 1.3632 0.3938 3.57
| S10 ] LI 0.25076 1.2316 0.9808 0.5063 3.91
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Table 6.5: Maximum Span/Thickness Ratio Comparison

Clear [
Slab | span | Loading | Maximum span/thickness ratio
(in) | history | Eq. 6.1 | Eq. 6.6 | Computer
L1 33.2 20.8 331
S1 210 L2 40.6 32.5 374
L3 052.0 33.8 34.1
L1 33.2 20.8 30.9
S2 304 L2 40.6 32.5 32.2
L3 52.5 33.8 30.2
L1 33.2 29.8 32.5
S3 | 374 L2 40.6 32.5 32.2
L3 52.5 33.8 30.7
L1 44.1 33.0 29.8
S4 250 L2 03.8 36.9 30.9
L3 69.6 37.5 33.5
L1 92.1 36.3 20.1
S5 | 270 L2 63.7 39.5 30.3
L3 83.6 41.2 30.8
S6 | 210 L1 44.1 33.0 31.8
ST | 210 L1 52.3 36.3 36.7
S8 | 210 L1 29.4 25.3 24.7
59 210 L1 33.2 20.8 3.5
S10 | 210 L1 37.8 35.9 32.3
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P —

Table 6.G: Span/thickness Ratio Comparison (Interior Pancls)

Casting | Number
cycle of Const. L/D ratios ACI-CSA | Scanlon
(days) | reshores | load | 0.5 | 1.0 | 2.0
3 1+4 1.30 {19.3]23.5|29.7 33.75 30.0
7 1+3 1.35 |23.5|281 (342 33.75 30.0
14 142 143 | 26.1|30.636.7 33.75 30.0
28 ___1 + 1 1.60 | 27.3 31.9_ 37.8 33.75 30.0
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Chapter 7

CONCLUSIONS AND
RECOMMENDATIONS

7.1 General

Both CSA A23.3-M84 and ACI 318-83 allow two methods for controlling
deflections of slabs. Slab deflections need not be checked if the slab thick-
nesses are larger than those specified in the code. If thinner slabs are used
the deflections must be calculated explicitly, and the results compared with
deflection code-specified limits established considering the consequence of
excessive flexibility.

The specified minimum thicknesses are established primarily from past ex-
perience with slab systems designed using these minimum thicknesses. No
extensive systematic studies to date have been reported to investigate the
validity of the minimum thickness equations except the one reported by
Thompson and Scanlon {7].
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Chapter 9 of both Codes contains a Table (Table 9.1 in CSA A23.3-M84)
for beams and one-way slabs, with depths expressed as a simple fraction
of the span. For two-way construction analogous expressions are included,
"These are complicated by the need to consider such factors as the aspect
ratio of the slab panels, the boundary conditions on all sides of the pan-
els, and the flexural stiffness of the supporting beamns. For cases where
deflection is calculated explicitly, Chapter 9 of both Codes contain a Table
(Table 9.2 in CSA A2 .3 M-84) of maximum permissible deflections.

7.2 Conclusions

Based on the results of the computer simulations the following conclusions
are presented:

1. The tensile strength of concrete plays an important role in the service
load behaviour of concrete slabs. Slab deflections increase as the
modulus of rupture, concrete tensile strength, is reduced.

2. There exists a complex interaction between creep, shrinkage, and
cracking in reinforced concrete slabs behaviour and the separate fac-
tors can not be considered separately and their effects simply summed.

3. Creep and shrinkage effects are of paramount importance for predict-
ing the long-term behaviour of reinforced concrete slabs.

4. Construction loading, applied to a concrete slab at carly age can alter
drastically the subscquent deflections. Calculated deflections that do

not take into account construction loading are likely to be significantly
less than actual deflections.
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5. Total deflections are many times as great as the immediate deflections.
Deflection multipliers recommended by current Building Codes are
generally unsuitable for predicting long-term deflections.

6. Corner panel deflections are found to be approximately twice the
interior panel deflections. Present ACI 318 - CSA A23.3 Code re-
quirement of increasing the minimum thickness by 10 percent in the
panel with discontinous edge is too small and should be increased to
15 percent.

7. All slabs studied met the deflection limit of 1/360 for live load deflec-
tions.

8, For the slabs studied the total deflection criterion (limit of //240) was
a more restrictive limitation than an incremental deflection of /480.

9. The 28-day design of the slab does influence the percentage of rein-
forcement; slabs designed for large L/D ratios are less susceptible to
deflection problems.

10. The current ACI Building Code and Canadian Standards provisions
for minimum thickness of slabs are too simplistic and should include
appropriate correction factors to reflect the age of concrete at the time
of loading, the construction rate, and slab design live load/ dead load

ratio.

11. Revised minimum slab thickness requirement is proposed.

7.3 Recommendations

The following recommendations for revisions to CSA A23.3 are presented
for consideration.
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1. Equation 9.8 included in Clause 9.5.3.2 of the current Code should
be revised to the following equation.

B> L. [800+fy x K; x Kp X Kg]
36, 000 + 10,0003
K], Kz, and K3 are given by:

construction load

K =

1+1.2(Z/D)
K. - E[28) _ [12+0858
2T E() t

1.0.6 tD.G C
104798~ 10480

Ka=1+1.25¢0118¢

At infinity (r = o0), the term K3 becomes:

tO.G
= -0.118 (1 _
K;=1+125¢ (1 TP to.s)cﬂ
where,
r = age at which the analysis is required
t = age of the concrete at loading

2. The minimum thickness required by the proposed equation (Eq. 6.6)
should be increased by at least 15 percent in panels with discontinuous
edges.
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Appendix A

McNEICE SLAB:
LONG-TIME DEFLECTIONS
COMPUTATION |
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This appendix presents the hand computation of the long-time deflections
at the midpanel of McNeice slab. The notations and the formula given here
are those used in the computer program.

Slab data
l = 36 in
h = 175in
p = 085%
Kw = 1/8
C. = 235
€she = 800 x 10~%in/in
(F)» = 6388 psi

Age at loading 7: 28 days
Age at which the analysis is required t: 365 days

Correction Factors

Creep
' CFroc = /4000/(f). = 0.79
CFs; = 0.81+0.07Slump = 1.0
CFsz = 1.0-0.0167(SZ -6.0) = 1.0
if SZ S 6.0 in, CFsz =1.0
CFrgy = 1.27-0.0067 RH = 1.0
ifRH< 40%, CFry =1.0
Shrinkage
CFsy = 0.940.04 Slump = 1.0
CFpy = 140-0.010RH = 10
ifRHL 40%, CFry=1.0
CFsz = 1.0-(5Z-6)/30 = 1.0

if SZ < 6.0in, CFsz=1.0
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The following expressions are used in the calculation

1. Deflection due shrinkage

Doy = Kw don (LV2)? (A1)
2. Shrinkage curvature
bon = 0.722 /% (A.2)
3. Shrinkage strain
e = Ozt Tl e (A3)

35+(t—17) 35+(r—7)

4. Deflection due creep

Ay =k CiA; (A.4)
5. Compression steel factor
kr = 0.85 — 0.45ﬁ (A.5)
As
6. Creep coefficient
(t - T)0’6
Cy=CF,—————C, A
f 104 (t—r)0s (4.6)
7. Total final deflection
At = A“ + Ash + Acp (AT)
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Hand Computation Results

Shrinkage correction factor
Shrinkage strain

Shrinkage curvature
Deflection due to shrinkage
Creep correction factor
Creep coeflicient
Compression steel factor

Deflection due to creep
Total final deflection

CF sh

€sh

¢sh
Ash
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1

1.0

428.8 x (10~%) in/in
162.5 x (1076 in~!
0.05265 in

0.79

1.423

0.85

0.16942 in

0.36214 in



Table A.1: Comparison of Long-term Deflections for McNeice Slab

Case

Midpanel deflections (in)

Immediate

Imnediate
and
shrinkage
Immediate
and
creep

Total

long-term

Computer Hand
results calculation
0.14007 0.14007"*
0.22126 (0.19272
0.29248 0.30949
0.34432 0.36214
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1* The immediate deflection is taken equal to that given by the computer prediction




- Appendix B

SUMMARY OF SLAB
DEFLECTIONS
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Table B.1: Slab Deflections: Test Series S1

138

Node Age Deflection (in)
number | (days) L1 L2 | I3
7 [os0436| - -
14 - 0.25870 -
6 28 - - 0.37122
180 | 1.14850 | 0.85450 | 1.00430
1000 | 1.75690 | 1.22420 | 1.60770
7 0.66044 - -
14 - 0.57900 -
26 28 - - 0.81282
180 |2.12190 | 1.Y5170 | 1.77530
1000 | 3.23720 | 2.57990 | 2.77860
7 0.26106 - -
14 - 0.23261 -
19 28 - - 0.30783
180 | 0.85907 | 0.67581 | 0.72643
1000 | 1.31590 | 0.98570 | 1.15480
7 0.37914 - -
14 - 0.33174 -
27 28 - - 0.45854
180 | 1.14930 | 0.95472 { 0.97616
1000 | 1.76800 | 1.41040 { 1.53240
7 0.18836 - -
14 - 0.16666 -
39 28 - - 0.21870
180 | 0.70564 | 0.54387 | 0.56423
L 1000 | 1.10180 | 0.82291 | 0.91254




Table B.2: Slab Deflections: Test Series $2
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Node | Age Deflection (in)
number | (days) L1 L2 I L3

7 0.46686 - -

14 - 0.46464 -
6 28 - - 0.58334
180 | 1.19210 | 0.80393 | 1.25010
1000 | 2.04950 | 1.80330 | 2.18900

7 1.02290 - -

14 - 1.00270 -
26 28 - - 1.20750
180 | 1.29980 | 1.45500 | 2.06570
1000 | 3.33000 | 2.97430 | 3.43880

7 10.36912 - -

14 - 0.36134 -
19 28 - - 0.43641
180 | 0.49743 | 0.56005 | 0.86612
1000 | 1.37820 | 1.21760 | 1.50810

7 |0.61175 - -

14 - 0.58781 -
27 28 - - 0.70520
180 | 0.73944 | 0.82658 | 1.18320
1000 | 1.88200 | 1.66690 | 1.97770

7 0.22217 - -

14 - 0.20838 -
39 28 - - 0.24520
180 [ 0.32637 | 0.36626 | 0.50814
1000 | 0.96253 | 0.83019 | 0.92935




Table B.3: Slab Deflections: Test Series S3
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Node Age Deflection (in)
number | (days) L1 L2 L3 |
7 |0.51561| - ]
14 - 0.50923 -
6 28 - - 0.64716
180 | 1.06860 | 1.09390 | 1.28170
1000 | 1.74730 | 1.80840 | 2.08460
7 1.28910 - -
14 - 1.29740 -
26 28 - - 1.56760
180 | 1.94870 | 1.98870 | 2.31460
1000 | 3.09120 | 3.12780 } 3.49600
7 0.41776 - -
14 - 0.40614 -
19 28 - - 0.50962
180 | 0.73750 | 0.74996 | 0.90056
1000 | 1.19290 | 1.21580 | 1.43190
7 0.76736 - -
14 - 0.76648 -
27 28 - - 0.91345
180 | 1.11210 ) 1.14280 | 1.32590
1000 | 1.74370 | 1.78110 | 1.96840
T 0.25742 - -
14 - 0.25116 -
39 28 - - (.29015
180 | 0.49275 | 0.48014 | 0.53520
|| 1000 }o0.85321 | 0.83370 | 0.88429




Table B.4: Slab Deflections: Test Series S4

Node Age Deflection (in)
number | (days) L1 L2 L3

7 0.79452 - -

14 - 0.78431 -
6 28 - - 0.91207
180 |2.57900 | 2.38420 | 2.19060
1000 | 4.04920 | 3.64980 | 2.83830

7 0.81382 - -

14 - 0.78125 -
26 28 - - 1.00180
180 [ 2.20130 | 1.98900 | 2.14140
1000 | 3.32710 | 2.94540 | 2.77960

7 0.78525 - -

14 - 0.77580 -
19 28 - - 0.91091
180 | 2.46920 | 2.29830 | 2.13300
1000 | 3.84580 | 3.49920 | 2.75830

7 0.14979 - -

14 - 0.14905 -
27 28 - - 0.20002
180 | 0.51139 | 0.46580 | 0.49145
1000 | 0.80088 | 0.72490 | 0.65185

7 0.62599 - -

14 - 0.62374 -
39 28 - - 0.73418
180 | 1.87820 | 1.77250 | 1.77550
1000 | 2.88240 | 2.65250 | 2.30390

141




Table B.5: Slab Deflections: Test Series S5

Node Age Deflection (in)
number | (days) | Ll L2 L3 |
[ 7 [rwew0] - [ - |
14 - 1.15190 -
6 28 - - 1.33020
180 | 3.06950 § 2.87300 | 2.84650
1000 | 5.50140 | 4.85750 | 4.60020
7 1.37640 - -
14 - 1.30340 -
26 28 - - 1.55940
180 | 3.21860 | 3.02300 | 3.26900
1000 | 6.59270 | 5.85750 | 6.52860
7 1.17610 - -
14 - 1.12990 -
19 28 - - 1.31720
180 | 3.03420 | 2.78630 | 2.80530
1000 | 5.45390 | 4.70320 | 4.52860
7 0.12020 - -
14 - 0.10908 -
27 28 - - 0.15234
180 | 0.35616 | 0.31957 | 0.34437
1000 | 0.68952 | 0.59172 | 0.60454
7 1.04870 - -
14 - 0.98896 -
39 28 - - 1.18550
180 | 2.82570 | 2.48620 | 2.58930
1000 | 5.19740 F4.23180 | 4.15220
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Table B.6: Slab Deflections: Test Series S6 to S10
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Node Age | . Deflection (in)
number | (days) | $6 .| S§7 | S8 [ S9 510
7 ]0.26083 | 0.17283 | 0.32223 | 0.17992 | 0.16660 |
6 180 | 1.04560 | 0.72639 | 1.00270 | 0.66115 | 0.49282
1000 | 1.64760 | 0.99410 | 1.79750 | 0.86134 | 0.79618
7 |0.45908 | 0.26855 | 0.62808 | 0.38198 | 0.25076
2% 180 | 1.53950 | 1.13930 | 1.58500 | 1.35140 | 0.72525
1000 | 2.44840 | 1.60300 | 2.77850 | 1.74520 | 1.23160
7 | 0.24155 | 0.16771 | 0.25646 | 0.15675 | 0.13003
19 180 | 0.97035 | 0.70805 | 0.73205 | 0.52791 | 0.33264
1000 | 1.54030 | 0.96626 | 1.31630 | 0.68480 | 0.55100
7 | 0.02924 [ 0.01046 | 0.34974 | 9.21748 | 0.15664
97 180 | 0.10914 | 0.04042 | 0.87045 | 0.71835 | 0.41298
1000 |0.17937 | 0.05350 | 1.54810 | 0.93074 | 0.69775
7 | 0.20666 | 0.15496 | 0.11661 | 0.08541 | 0.07871
30 180 | 0.86861 | 0.65578 | 0.37626 | 0.29751 | 0.18293
1000 | 1.39640 | 0.88016 | 0.67461 | 0.39325 | 0.28627

e e ————————————— re——————
B R ———  ——— ———————————.




Appendix C

INPUT DATA FOR
McNEICE SLAB EXAMPLE
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McNEICE SLAB: TIME DEPENDENT ANALYSIS
2 2

10.
10000.
365.

——

2
$500.

1

1 29.0E+06 60000,

1 10
-.875

525

1 2
1 1
2 1
1 18
1 1
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4 2
6 4
7 5
9 7
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13 9
i85 1
16 10
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4845525,

3 20
16

-7

-t n b
GGt = O = D N

15

1

.00 .00
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1
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1
1 1
i
1
1
1 1
]
1
1
1 1
1 t
1 1
1 1
1 1 1
1
5500, .15
550. .0026506
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1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
-S00,
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18.
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