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ABSTRACT

A typical construction procedure for a multi-storey reinforced concrete building
involves supporting newly cast slabs on a number of previously cast floors through a
reshore system. The loads transferred by the forms to the previously cast partially

cured supporting slabs may appreciably exceed the design capacity.

A further complication is that large early-age construction loads applied to im-ma.—
ture slabs will cause large immediate deflections and extensive flexural cracking.
The large ratio of applied stress to developed strength, coupled with the low elastic
moduli of the immature slabs, will cause significant creep, mostly non-recoverable,
resulting in large longterm deflections. Shrinkage, though a non-stress originated
concrete deformation phenomena, also affects concrete deformation and needs to

be accounted for in calculations to predict longterm deflections.

Most cases of deflection damage occur as a result of exceeding the permissible
deflection of slabs supporting non-structural elements. This creates serviceability
problems such as cracked partitions, jamming of doors and windows, and an uneven
placement of furniture. In most cases, the visual impact of cracks and sagging floors
may cause concern for safety of the structure even if the structure has adequate

strength.

Problems related to excessive slab deflection constitutes a serviceability limit state.
Current deflection control provisions of the ACI and CSA codes do not address

the sensitivity of slab deflections to early-age construction loading and schedule.



The present study develops a more realistic span-thickness criterion which includes

the effect of early-age construction loads. concrete strength and panel aspect ratio.

Undesirable slab deflections can be reduced by appropriately chosen camber in
the formwork. The concept is to use a prescribed camber to offset the immediate
defiections. An equation is recommended for the estimation of the amount of

camber needed for any given span.

e
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Chapter 1

INTRODUCTION

1.1 General Remarks

Currently, design of reinforced concrete structures is based on the limit state phi-
losophy which takes into account the fundamental functional requirements of safety

and serviceability.

Safety requires structures to have sufficient strength to carry the prescribed design
loads with an appropriately small likelihood of collapse. Serviceability requires
that under service load conditions structures perform satisfactorily for their in-
tended. use, by keeping such factors as deflections, cracks and vibrations within
acceptable limits. The assessment of structural performance at the service load
stage is an important consideration when members are designed on the basis of

their required strength.

Serviceability problems with reinforced concrete slabs have long been a concern to



structural engineers. Nevertheless this concern has not translated into anything
more than design rules governing span-to-depth ratios based on prior experience.
A symposium on serviceability organized by the National Research Council of

Canada in 1989 identified the following points.

1. Serviceability is easy to identify in the abstract, as a problem requiring
consideration in design, but is difficult to deal with by specific preseriptive

requirements.

1o

Most of the problems requiring attention in buildings are serviceability prob-
lems by definition, inasmuch as safety seldom is a consideration in a com-

pleted building.

3. The serviceability limit state should be identified in codes to encourage more

consideration by architects and engineers.

4. Serviceability requirements should be reasonably flexible and should permit

engineers to pursue a range of options in structural design.

The introduction of the limit state design method in recent years has separated
the design criteria for safety from serviceability. This puts more emphasis on
slab deflections. However, the analytical determination of deflection responses
is complicated because of the three-dimensional nature of the problem and the
nonlinear time-dependent behaviour of concrete. This thesis is concerned with the
deflection serviceability limit state of flat slab and flat plate structures

(see Fig. 1.1). | '

The construction of reinforced concrete flat slabs in multi-storey buildings involves
the use of flying forms and reshores; which is a rapid, high quality, repetitive,

construction process. The procedure involves casting the slabs onto forms, which

2



are in turn supported on one or more previously cast floors. The construction loads
on the supporting slabs are determined by the construction schedule. stripping

and reshoring procedure. and the load-deflection charactenistics of the supporting

floors.

The loads occuring through the process of sequential casting of fresh slabs and
stripping of reshores can be significantly higher than the nominal design capacity
of the supporting slabs. If these construction loads exceed the developed structural

strength, failure (collapse) occurs during the construction process, violating the
safety limit state.

These construction loads occur before the supporting slabs have achieved their
full design strength and stiffness. These relatively large, early-age construction
loads applied to immature slabs, having low elastic moduli and tensile strength,
will cause large immediate deflections and extensive flexural cracking. The high
ratio of applied stress versus developed strength of the supporting slabs will cause
significant creep, mostly non-recoverable, resulting in large longterm deflections.
Shrinkage, which is a non-stress originated concrete deformation property also
contributes to the longterm deflections. The occurance of such longterm deflections

constitutes a serviceability limit problem.

1.2 Problem Statement

In reinforced concrete multi-storey construction, contractors prefer to remove
formwork and proceed to the next stage of construction as quickly as is safely
possible. The method of sequential casting and stripping of formwork generally

used in reinforced concrete flat slab construction causes loads which are larger



than the occupancy load. The early-age construction loads often occur before the
slabs acquire their specified design strength and stiffness. Consequently. the slabs
are subjected to extensive early-age fiexural cracking, high non-recoverable creep

and large longterm deflections.

The Canadian Standard CAN3-A23.3-M84, Code for the Design of Concrete Struc-
tures for Buildings [15], and the American code ACI 318-89, Building Code Re-
quirements for Reinforced Concrete {1], provide deflection control for reinforced
concrete slabs by limiting their span-thickness ratics. Unfortunately, this format
does not adequately address the sensitivity of slab deflection to early-age construc-
tion loading. Calculating member depths based upon the thickness equations of

CSA and ACI may not be adequate to prevent excessive slab deflections.

1.3 Deflection of Reinforced Concrete Slabs

1.3.1 General Remarks

Estimating the deflection of reinforced concrete flat slabs is difficuit. The three-
dimensional nature of the problem, the influence of cracking and tension stiffening,
and the development of biaxial creep and shrinkage strains are some of the con-
tributing factors. Accurate prediction of deflections, therefore, depends on 2 good
understanding of the different factors involved. A complete solution to the prob-
lem would require a reliable knowledge of the load history, a method that relates
load to deflection, with full recognition of the actual properties of the materials

involved, and an understanding of what constitutes an objectionable deflection.

Deflection of reinforced concrete slabs consists of an immediate deflection occur-

4



ing on the application of load. and a longterm deflection resulting from creep and
shrinkage. Various methods proposed for the calculation of both types of deflee-

tions are discussed in Chapter 2.

1.2.2 Construction Loads on Flat Slabs

The forms and reshores procedure used to construct reinforced concrete flat slab
structures lead to the imposition of early-age loads on the partially cured sup-
porting slabs. These slabs are therefore subjected to undesirable stress levels and
deformations. This may be detrimental to the subsequent performance of the
structure. Consequently, it is appropriate that both design and construction loads

be taken into account during the design phase of reinforced concrete floor slab

construction.

The design, or occupancy, loads are generally specified with reasonable accuracy,
but the construction loads are usually not well defined and can vary with the
construction method. It is necessary, therefore, to determine the variation in
magnitude of these loads which occur during the construction period. The loads
applied to the slabs are dependent on the number of forms used, number of levels of
reshores, and the stripping sequence. As a result, the analysis of any construction

process must take into account the number of forms and levels of reshores.

The basic concept is to assume a possible construction procedure, number of forms
and reshores, and a casting cycle to determine the load a.pplieldr to the various
slabs at the appropriate critical times. The factored construction loads are then
compared with the available slab strengths. If the load applied is greater than the
strength available, the proposed construction procedure cannot be used.

W



A typical construction procedure of a multi-fioor building is illustrated in Fig. 1.2.
The construction sequence shown is for the case where one level of shores and two
levels of reshores are used. In the present study, the method of analysis developed
by Grundy and Kabaila [30] and later extended by Agarwal and Gardner [3] is

used to estimate construction loads.

1.4 Code Requirements for Serviceability

Current North American codes (ACI 318-83 and CSA A23.3-M84) provide two
methods for the control of two-way slab deflections. Deflections may be calculated
directly and the magnitudes compared with specified deflection limits. Alterna-
tively, deflections need not be calculated if the slab thickness exceeds a specified
minimum value. Equation (1.1) gives the ACI minimum thickness expression in

U.S. Customary Units for two-way slabs without beams.

1,(S00 + 0.005£,)

hmin = .
36,000 (1.1)
where, f, is in psi.
The Canadian provision as given in CAN3-A23.3 is of the form,
.(800 + f,/1.5)
Roin = z 2
36,000 (2.2)

where, f, is in MPa.
The two equations are effectively identical with the difference between calculated

minimum thicknesses less than 2%.

The empirical minimum thickness provisions have evolved on the basis of experi-
ence with slab systems designed using these minimum thicknesses. Irrespective of

the fact that this approach is simple and ideal for use in design, the selection of

6



the minimum thickness does not give the designer any idea of the magnitude of

the actual deflections.

Most European countries recommend permissible maximum deflection values to
which analytically calculated deflections are to be compared. The countries of the
former Council of Mutual Economic Assistance. COMECON, impose the following
deflection limitation: for apartment building slabs, the deflection Jue to dead load
should be less than /200 and the increase due to every 100kN/m? of live load
should be

{
< — < 0.7
61mkN = 5000 _0 imm

where, ! is the clear span and §joorn, the deflection caused by a 100kN/m? live
load. The German Code, DIN-1045 [8], recommends a permissible deflection value
of I/250. -

As both the ACI and CSA minimum thickness equations do not indicate the
magnitude of the actual deflections, they may not adequately ensure deflection

control.

|



1.5 Objective and Scope

Current code provisions for maximum span-to-thickness ratios of reinforced con-
crete slabs omit terms relating to comstruction rate and the effects of early-age

construction loads. The present research is designed to:

1. study the effects of early-age construction loading on the deflection of flat

slabs;

1o

determine whether slabs designed on the basis of the ACI and CSA minimum
thickness equations result in calculated deflections that satisfy the codes

maximum permissible limits;

3. use a computerized analytical procedure which takes into account the effects
of early-age construction loading and the time-dependent effects of creep and

shrinkage to estimate incremental slab deflections; and

4. set a new threshold for the prevention of deflection damage by developing a
span-thickness equation based on the concept of precambering [40].

" The scope of the research consists of the following:

o the use of a layered finite element analysis to predict the deflection responses

of reinforced concrete flat slabs

e the use of nonlinear methods of analysis to account for concrete cracking,

nonlinear material properties and time-dependent concrete behaviour

» mathematical modelling of concrete creep and shrinkage behaviour using the

recommendations of Gardner and Zhao [24]

8



generation of creep compliance coefficients using & computer program

CCCoef written by the author

modification of computer program NOPARC to incorporate the revised

time-dependent behaviour of concrete in serviceability analysis

validation of the modified program by modelling and analyzing a series of
experimentally tested slabs

the use of the validated program in serviceability analysis

development of a span-thickness criteria.



R m

L

2-way slab without beams
(flat plate)

2-way slab without beams ’
(drop panels and column capitais)

Figure 1.1: Flat Plate and Flat Slab Structures
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Chapter 2

LITERATURE REVIEW

2.1 General Remarks

Over the past three decades many research investigations have been carried out
into the serviceability of reinforced concrete floor systems, but limited progress has
been made in predicting longterm deflections. This is due to the sensitivity of slab
deflections to factors such as early-age construction loading, degree of cracking,
and the time-dependent effects of creep and shrinkage, which are difficult to model .
effectively. With the main emphasis of this study on how early-age construction
loads and time-dependent concrete properties affect the serviceability of reinforced

concrete flat slabs, the review of literature will be restricted to these topics.



2.1.1 Experimental Studies

Documentation of field-measured deflections for two-way slabs is very limited. A

brief review of the available case studies known to the author is presented below.

C.S.L.R.O., Division of Building Research (Sydney), 1961 [16]

The Commonwealth Scientific and Industrial Research Organization,
(C.S.I.R.O) reported the results of an experimental study conducted in Sydney,
Australia by the Division of Building Research on a light-weight fat plate structure

during and after erection.

The reinforced concrete flat plate slab was 90 mm (3.5 in) thick, and spanned
three bays of 2.74 m (9 ft) in one direction and three bays of 3.66 m (12 ft) in the
other direction with cantilevers of 1.83 m (6 ft) at each end of the longer span. No
edge beams or torsional reinforcement were provided near the edge columns. The

slab was subjected to its own weight of 1.53 kPa (32 psf) ten days after casting.

Progressive deflection of the sla;b continued for 52 days as a result of the slab dead
load and an applied uniformly distributed load. Immediate deflections due to slab
self-weight were not alarming, but the interior panel deflections observed 8 months
later were as much as 12 times the initial elastic deflections. Of these unacceptably
large longterm deflections, 20% was attributed to differential column settlements,

40% to cracking and local bond slip and the remainder to creep.
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Taylor, 1970 [51]

Taylor reported the results of initial and longterm deflections measured on 2 flat
plate roof construction in North Sydney, Australia. The 203 mm (8 in) thick
slab, with a span-to-depth ratio of 31.0, was subjected to its full dead load 14
days after casting. Mid-panel deflections measured after 850 days for four interior
panels ranged between 6.5 to 10 times the initial deflection. As the slabs were not
subjected to comstruction loads, little cracking was expected. The large longterm
multipliers were therefore attributed to high creep and shrinkage of the concrete
used.

Taylor and Heiman 1970 {52]

Taylor and Heiman reported on measured deflections for a reinforced concrete flat
plate roof system. The test slab was 203 mm (8 in) thick with a span-to-depth
ratio of 31. The slab was designed for a total load of 8.86 kPa (185 psf), including
slab dead weight of 5.27 kPa (110 psf). Formwork for the roof slab was stripped

14 days after construction.

The initial mid-panel deflection for an interior panel was 2.79 mm (0.11 in). The
total deflection of the same panel, being in service 9 years after, measured 24.38
mm (0.96 in), i.e 8.7 times the initial deflection. This total deflection was con-
sidered to consist of 15% immediate deflection, 19% longterm deflection due to
cracking, 40% creep deflection and 26% shrinkage deflection.

14



Sbarounis 1984, [45], [46]

Slab deflections were measured by Sbarounis in a multi-storey flat plate building
in Chicago. The slabs had an average thickness of 184 mm (7.25 in) with center-
to-center spans of 6.6 m and 6.8 m ( 21.6 ft and 22.4 ft). Lateral force resistance
of the fiat plate was assured by shear walls and a stiff system of beams and closely

spaced wide columuns. .

Midpanel deflections measured one year after construction for 173 bays on 13 floors
ranged between 13.46 mm (0.53 in) and 54.86 mm (2.16 in) with 2 mean of 34.29

mm (1.35 in), and a standard deviation of 7.67 mm (0.29 in).

The calculated initial deflection for an identical reinforced concrete slab loaded
to the se.rvice dead load of 4.17 kPa (87 psf) was 5.33 mm (0.21 in). Longterm
deflections were also calculated using Sbarounis’s analytical procedure and an as-
sumed one-year multiplier of 4.2. The calculated and the mean one-year measured

deflections were reported to be in good agreement.

Fu, 1985 [19]

Fu conducted an experimental investigation into the effects of early 2ge construc-
tion loads on the immediate and longterm deflections of reinforced concrete slabs.
Two sets of experimental slabs were cast and subjected to various construction

load histories, followed by a constant sustained load over a long period of time.

The first set of slabs involved three identical flat plate models, 63.5 mm (2.5 in)
thick, and supported by four 203 mm (8 in) square columns, with clear spans of
1.96 m (6.42 ft) in both directions. The design live load to dead load ratios were
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1.0 for f'at plate model 1, and 0.5 for flat plate models 2 and 3.

The second set of slabs were five nominally identical one-way slabs subjected to
different load histories. All slabs were 63.5 mm (2.5 in) thick. 203 mm (8 in) wide,
1.96 m (6.42 ft) long, and designed for a live load to dead load ratio of 0.5. The

load histories were modelled to represent different construction methods.

Mid-panel deflections were measured regularly for hoth sets of slabs for up to 10
months. The longterm deflections in all cases were significantly high, of the order

of 5 to T times the immediate deflections.

Jokinen and Scanlon, 1987 [34]

Jokinen and Scanlon reported the results of an experimental study conducted on
a twin-storey office complex during and after construction. The complex consisted
of two towers, 20 and 28 storeys in height. The floor system consisted of 2 200 mm
thick two-way flat slab with 3000 x 3000 x 150 mm drop panels and 1520 x 1320
mm column capitals. Columns were spaced 9.0 m on center and the floor slabs
were cambered 15 mm at bay centers and 10 mm on grid lines. The compressive

strength of concrete used for the floor slabs was 30 MPa.

The floors were constructed using 2 system of fiying formwork and three levels
of reshores. Formwork was stripped 3 days after casting. Mean deflections (not
| including camber) measured one year after construction ranged from 32.53 to 39.05

mm with coefficients of variation between 24.8 and 31.0 percent.
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2.1.2 Analytical Studies

Taylor, 1970 [50]

Taylor proposed two computational procedures for the determination of the longterm
deflection of flat plates. The first method considered creep-and shrinkage deflec-
tions separately and their contributions were added. The creep deflection is cal-
culated as a product of a computed initial deflection and a creep factor. The
shrinkage deflection is determined using the expression of Branson and Christian-
son [11].

Ssh = KuponL? (2.1)
where,
K, = shrinkage coefficient which depends on end constraints,
psn = shrinkage curvature, and
L = member span (center-to-center). The extent of the shrinkage curvature de-

pends on the level of reinforcement. If (p — p’) < 3%,

- E3h " (P—P')
o =0.7T == (p—p')3 1/— (2.2)
Psh . (p—¢) P

Ean

= 2.
Psh h ( 3)

I£(p—p) > 3%,

where,

€,n = shrinkage strain,

h = slab thickness,

p' = percentage or ratio of compression reinforcement, and

p = percentage or ratio of tensile reinforcement.

An alternative method also proposed by Taylor combines the effects of creep and

shrinkage. The longterm deflection of a reinforced concrete member is calculated
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using the following equations:
Ay = A+ Qg (2.4:)

Acs = ertA:'c (2'5)

where.

A, = longterm deflection.

A = initial deflection based on cracked section,

A., = additional deflection due to creep and shrinkage,

k. = a factor which accounts for a reduction in longterm deflection due to the
presence of compressive reinforcement, and

C: = a combined shrinkage and creep multiplier which depends on the age of
concrete at loading and the average relative humidity. It has a value of 3 a.ft_er 10

vears.

Sbarounis, 1984 [46]

A method developed by Sbarounis proposed calculating the longterm deflection of
flat siabs as the product of an immediate secant service dead load deflection and

a iongterm multiplier.

Stongterm = 852 X Multiplier ' (2.6)

The service dead load deflection, 4,4 is given by

where,

010 = deflection caused by maximum construction load applied as a simple load

inerement,
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Wmee = maximum construction load. and

W,s = service dead load.

The longterm multiplier which characterizes the effects of creep and shrinkage is
expressed as

Cu | Sahu N
2 (Shu 2.8
3 5)-i-l---(soo) (2.8)

where, C, is the ultimate creep coefficient and s,4,, the ultimate shrinkage strain.

Multiplier =1+ 2.8

Gilbert, 1985 [26], [27]

A design oriented procedure for the control of deflection in reinforced concrete slab
systems was proposed by Gilbert. The basis of Gilbert’s procedure was a series of
computer analyses of reinforced concrete slabs. The computer experiments were
performed using a plate-bending finite element program developed to study the

longterm service load behaviour of reinforced and prestressed concrete slabs.

According to Gilbert, the maximum allowable span-to-depth ratio for reinforced

concrete slabs should be calculated using the relationship

AN besE.
= I\lfxzfu[*l—(m—))]om (2.9)

2
d
where,
l/d = span-to-depth ratio,
I, = a factor which depends on support conditions,
K, = a constant which is equal to 1.0 for flat slabs,
K5 = slab system factor which depends on the aspect ratio of the slab,
k = fraction of the total uniformly distributed load carried by an equivalent beam.
For flat plates k = 1.0,

bey = effective width of the equivalent beam,
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w, = sustained slab load per unit length,
w, = variable slab load per unit length.
E. = modulus of elasticity of concrete, and

a = a factor that accounts for the effects of reinforcement ratio, p, and the modular

ratio, n.
a=15,/m < 8.0 (2.10)
for pn 2 0.0435, and
1
= — 2.
o Tom (2.11)

for pn < 0.045.

If the member does not support non-structural elements likely to be damaged by
deflection, A is the maximum permissible total deflection. In such a case ¢ = 1+ A.
For members supporting non-structurzal elements likely to be damaged by excessive
deflection, A is the maximum permissible incremental deflection (i.e that part of
the total deflection which occurs after the attachment of non-structural elements)
and ¢ = A, where A is 2 longterm deflection multiplication factor which is expressed
as:

4!
A=20-12222>06 C o (2.12)

A! and A, being areas of compression and tension steel respectively. Gilbert
compared predictions made using his proposed equations with field measurements
of several in-service slabs reported by Taylor and stated that the results were in

good agreement.

Fu and Gardner, 1985 [20]

Fu and Gardner reviewed the literature reporting measured longterm deflections

of reinforced concrete slabs. Unfortunately most of the published work reviewed
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did not indicate the construction schedule used. Table 2.1 gives a summary of
the published ratios of measured longterm deflection to initial deflections. Based
on their studies, Fu and Gardner developed the following equation to calculate

longterm deflections.

éiongtem = O.clastic(l + C-C) + ‘Ssh (2-13)
where,
c.c = 3.3+ 5.5(plf — 0.535) (2.14)
Praz [ S
If=—=—\F 2.15
P f Pult J; ( )

In the above equations,

Stongterm = longterm deflection,

Setastic = elastic deflection,

6,4 = deflection due to shrinkage,

plf = peak load factor,

Pz = maximum load during construction,
P,; = 28-day design ultimate load,

fi = 28-day concrete strength,

f. = concrete strength when Proz is applied.

Graham and Scanlon, 1986 [29]

Using 2 parametric study, Graham and Scanlon developed a procedure using long-
time multipliers to estimate deflections of two-way slabs subjected to construction
loads, sh.riﬁkage, and irrecoverable creep. The analytical model used in developing
the long-time multipliers treated construction loading history as a series of load
increments, applied at specific times and associated with a particular construction

sequence.
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Immediate deflection for each load increment was calculated using a finite element
plate bending program. Creep and shrinkage deflections were calculated based
on the provisions of the ACI Building Code. Total instantaneous plus creep de-
flection at time, ¢, was obtained by summing deflections from all load increments.
Shrinkage deflection was then added to the total instantaneous deflection and creep

deflection to obtain the longterm deflection.

Current practice involves calculating an immediate deflection, taking into account
the effects of cracking and then multiplying the instantaneous deflection by a factor
to account for creep and shrinkage effects. Accordingly, Graham and Scanlon pro-
posed an alternative simplified procedure which calculates 2 maximum deflection,
Amaz, due to construction loads, which is in turn scaled down to the sustained
load level. The resulting sustained load deflection, Ay, is then multiplied by a

factor, A;, to obtain the total deflection.

For a multi-storey slab system using a typical shoring and reshoring procedure,

Graham and Scanlon recommend the use of an effective modulus of rupture

(fr)ess = 0.3\/f (2.16)

and a longterm multiplier of 3.50. It was, however, indicated that if the expected
ultimate creep end/or shrinkage values are different from those recommended by
ACI-209. the longterm multiplier is to be calculated using Sbarounis’s equation

Cu Es -
Atfmodified) = 1 + Ac(m) + Ash(mg) (2.17)

Gardner and Fu, 1987 [23]

Gardner and Fu proposed a method that included a construction load dependent

creep term to calculate the longterm deflections of reinforced concrete flat slab
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structures. The total deflection included deflections due to shrinkage and sustained

live load.
CL

Seotat = Ooh + Spus[l + Cul 2 + 7)) (2.13)
where,
Srotar = total deflection,
b, = deflection due to shrinkage,
§,us = deflection due to sustained service load,
CL = maximum construction load in multiples of slab dead load.
UL = ultimate design load, and

C. = ACI creep coefficient.

For shrinkage deflection, Gardner and Fu reported that Branson's equation gave
reasonable prediction of their experimental results and, therefore, recommended

its use.

The value UL is given by,
UL=14D +1.7L (2.19)

where D is the slab dead load and L the applied live load.
The defections calculated using Eq. (2.18) were compared with measured deflec-

tions and they showed good agreement. The results are summarized in
Table (2.2).

Thompson and Scanlon 1988, [53]

Based on the results of a parametric study, Thompson and Scanlon proposed
modifications to the code’s serviceability provisions. The following is 2 summary

of their recommended changes.



X

. For two-way slabs without beams between interior supports, the minimum

thickness should be governed by

!
homin = — 2.20
lm“‘l 3 ( )

for, f, < 60,000 psi

For exterior panels with discontinuous edges, the slab thickness may be de-
creased by up to 5 percent if an edge beam with stiffness ratio, ¢, not less

than 0.80 is provided.

The minimum thickness may be multiplied by a factor
(1.20 — 0.208) > 0.9
to account for the effect of panel aspect ratio, 5.

For flat slabs with drop panels the minimum thickness may beé decreased
by 10 percent if the thickness of the drop panel is greater than or equal to
1.25 times the slab thickness, or by 20 percent if the drop panel thickness is
greater then or equal to 1.50 times the slab thickness.

. Thickness smaller than k., may be used if the deflections are computed,

and if it can be shown that the deflections computed will not adversely affect
the serviceability of the structure.
Deflection computations should take into account the effects of construction

loading and shrinkage stresses.

A limit of /200 on total deflection should be included.



Table 2.1:

Age of

Longer | Initial

Source Year | Span | Defl.
(mm) | (Days)

CSIRO. |1961| 3037 | 10
Taylor & Heiman | 1970 | 6293 14
Taylor 1971 | 8676 56
Taylor & Heiman | 1972 | 7544 17
Jenkins 1974 | 6477 10
Yamamoto 1982 | 3600 1
3600 2

3600 3

3600 | T

3600 28

5000 3

5000 28

Sbarounis 1984 [ 6828 28
Fu 1985 “2163 10

_-..r.=

Summary of Measured Longterm Deflections [20]

Initial |,

Defl.

L o
o »
S =

(2]
(=]

1.29
0.95
0.31
0.77
0.72
4.15
4.05
5.33

2.12

483 days

Age of
Final
Defl.

(Days)

8 months

9 years

1 year
3.0 years
8.0 years
610 days
3.5 years

1 year

27 months
112 days
112 days
112 days
112 days
112 days
112 days
112 days

1 year

Longterm to
Final | Short-term
Defl. | Deflection
_(mm) Ratio

I 12.7 10.0
24.4 8.7
13.97 3.9
22.35 6.3
23.40 6.7
18.87 2.2
21.80 2.5
7.90 4.0
11.70 5.9
5.71 4.4
3.35 5.6
5.46 6.7
4.92 6.4
3.92 5.4
19.62 4.7
14.78 3.6
34.29 6.4
8.43 4.0




Table 2.2: Comparison of Eq. (2.18) with Measured Deflections

Shrinkage 28-Day Calculated | Experimental
Deflections | Sustained Load CL/UL | Creep | Deflection | Deflection
mm Deflection (mm) _ Factor mm mm
Slab 1 2.89 0.93 0.65 1.711 6.44 6.51
Slab 2 2,32 0.89 0.89 1.711 6.09 7.57
Slab 3 3.20 1.68 0.67 1.711 9.68 9.52




Chapter 3

METHOD OF ANALYSIS

3.1 General Remarks

General analytical solution methods do not exist for the analysis of surface struc-
tures such as flat plates and shells. The finite element method can model a con-
tinuous surface structure as a system of discrete elements joined at nodes. All the
displacements, strains and stresses within an element are described in terms of the
conditions at the node. The a.nalys.is of reinforced concrete structures is comph-
cated by the concrete cracking in tension at discrete locations when the principal

tension exceeds the tensile strength of the concrete.

Concrete creeps under load with the creep strains usually considered a multiple of
the "elastic” strains. Consequently, for a reinforced concrete element under fexure,
the creep strains under compression increase with distance from the neutral surface
and, together with the concrete cracking under tension, a redistribution of internal

strains and stresses is required for equilibrium and compatibility. Concrete also

%]
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experiences shrinkage with time. This shrinkage is restrained by the reinforcement
causing additional redistribution of strains and stresses to maintain equilibrium

and compatibility.

The finite element method is the only feasible method of analyzing the time de-
pendent behaviour of cracked reinforced concrete flat slabs. The slab structure
can be modelled by an appropriate number of triangular or rectangular elements.
The reinforced concrete section is modelled as a layered system of concrete and
equivalent smeared steel layers. The stiffness property of an element is obtained

by integrating the contributions from all the layers in the system.

To model nonlinear effects due to load, the problem is treated as piece-wise linear
with the load applied in a number of increments and the material properties depen-
dent upon the level of strain. For each increment in load, the element properties
are iterated and the strains, stresses, and displacements due to the load increment

are added to those from the previous load increment.

Time dependent effects due to shrinkage and creep of the concrete for a specified
time duration are modelled as follows. For each concrete layer in an element, the
shrinkage and creep strains corresponding to the specified time interval are added
to the existing strains of the laver. The lack of internal compatibility requires
internal stresses and corresponding forces at the nodes. A time dependent nodal
force vector, analogous to the applied load nodal force vector is created. The time
dependent force vector can be divided into a2 number of increments. The problem
is aga';n treated as piece-wise linear, with the material properties and element state

_of strain dependent upon the cumulative level of strain.



However conceptually easy. the finite element method requires adequate modelling
of the constitutive materials. This chapter describes the displacement formulation
of the finite element method and presents the basic equations and the element

models used.

Chapter 4 reviews the material models used to derive the constitutive relationships

for concrete and steel.

Chapter 5 discusses the time dependent properties of creep and shrinkage and the
equations used to model their effects.

Chapter 6 discusses the computer simulation process and presents the results of

the analysis.

Chapter 7 presents the conclusions drawn from the study and the recommendations

necessary to effect changes in the Building Codes.

3.2 Finite Element Analysis

The concept of the finite element method is an idealization of a continuous media
by a discretized structural system to which the matrix methods of structural anal-
ysis are directly applicable. The validity of the method depends on how well the
approximate solution converges to the exact solution. There are two basic matrix
formulation approaches associated with the method;

o the Force Method which assumes the internal forces as the unknowns of the
problem, or |

s the Displacement Method which assumes the displacements of the nodes as

the unknowns of the problem. This is the option used herein.
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3.2.1 Displacement Formulation

The displacement formulation of the finite element method is equivalent to the
minimization of the total potential energy of the continuum in terms of a prescribed
displacement field. An appropriate choice of the displacement field ensures that
convergence of the minimum potential energy of the continuum and of the nodal
displacements to a correct solution occurs by increasing the number of the fnite
elements used in approximating the continuwm. With the displacement method,
compatibility requirements in and along elements are initially satisfied and the
governing equations in terms of nodal displacements are written for each node

using equilibrium conditions.

To obtain a solution to a given structural problem using the displacement ap-

proach, five steps are necessary.

(1) The elastic continuum with an infinite number of unknowns is discretized into
an assemblage of elements having a finite number of unknowns. This requires

selection of the type and size of the finite elements to generate the mesh of the

system.

L)

(2) Interpolation functions are used to approximate the variation of displacement

within an element. These are in the form,

{u} = [N]{w} (3.1)

where u = the displacement feld,
N = interpolation (or shape) function, and

w = nodal displacements.
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(3) From compatibility the strain vector. £ at any point within the element can be

found in terms of the displacement vector u.

{} = [L]{u} (3.2)

where L is a linear differential operator.

Substituting for u in Eq. (3.2) from Eq. (3.1), the strain vector becomes:

{e} = [L][N]{w} = [B{w} (3.3)

where [B] = [L][V] is 2 strain-displacement matrix called the B-matrix.

(4) Stresses are evaluated from strains using the constitutive relationship

{d’} = [D]({":} - {50}) + {ao} (3.4)

where,
[D] = constitutive matrix,
{so} = initial strain vector, and

{c,} = initial stress vector.

(3) From the Principle of Virtual Work, the equilibrium equation for an initial

stress-free state is given by:

S [t (ol = T [l {fP)av + T [} {fds + LY {F} (35)
where,
Z = summation over all elements,
v = volume of an element,
s = surface of an element,

{u} = element displacement vector,

{€} = corresponding strain vector,
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{e} = stress vector.
{fB} = vector for body forces.

%} = applied surface loads vector,
{u'} = virtual nodal displacements. and

{F"} = vector for externally applied forces at nodes.

Substituting for the element displacements. strains. and stress in Eq. (3.5) from

Egs. (3.1). (3.3). and (3.4) respectively, gives

WY R} + 2 [N {2y + 3 [INT{f5}ds) =
W [BIF{DI({e} - {e.]) + {o.} v

where,

(F} =T [V {5}
(F} =T [T {7%)as
(F} =3 [IBITID){=}eo
{Fy =% [IBI"{ou}dv
(K)= % [1B8)71D)[Bldv
The equilibrium equation may simply be written as:
(K1{x) = {F}

with.
{F} = {F} + {F°} + {F*} + {F"°}

where,

[K] = element stiffness matrix,

(3.6)

(3.7)
(3.8)
(3.9)
(3.10)

(3.11)

(3.12)

(3.13)



u = displacement feld vector.

{F} = equivalent nodal force vector. and

{F*}. {F?), {F®}. {F} = equivalent nodal force vectors due to body forces,
surface forces, initial strains, and initial stresses respectively.

The element stiffness matrix of Eq. (3.12) is generally evaluated by numerical

integration.

In the application of the displacement formulation of the finite element method,
an inherent assumption ma&e is that the stress-strain function is hnear. The
assumption of a linear stress-strain relationship implies that the B-matrix is inde-
pendent of the nodal displacement vector r, and that geometric nonlincarities are

insignificant.

3.2.2 Finite Element Modelling

The accuracy and effectiveness of a solution routine will depend on the typc of
finite elements used for the analysis. To model the bending and membrane actions
of reinforced concrete slabs, two finite elements are used. The selection of these
elements was done on the basis of efficiency with regard to the computational
effort required in forming the element stiffness matrix, the accuracy of the element
displacement shape functions in representing the actual displacement field, and
the ability of the element geometry to well represent the shapes of the structural

members. Brief discussions of the elements used are presented below.



Triangular Shell Element

In the analysis of reinforced concrete column supported slabs, significant mem-
brane forces develop as a result of large out-of-plane deflections. To account for
both the plate bending action and the membrane effect, a triangular shell element
is used. The element is formed by combining the 9-DOF Irons-Razzaque triangle
with the Constant étr_ain Triangle (CST) to ohtain a flat triangular element with
five degrees of freedom at each node.

The Irons-Razzaque triangle is used to provide the plate bending action of the
slab while the CST is used to model the membrane action developed as a result of
the out-of-plane deflections. The shell element is three-dimensional in nature but

Kirchoff assumptions reduce the problem to a two-dimensional problem.

Kirchoff’s Assumptions

e normals to the plate middle surface remain normal and straight after deformation

e strains normal to the reference surface are neglected.

The advantages of the 3-DOF triangular shell element are:
(1) ability to model arbitrary geometric shapes,
(1) mesh refinement capability for regions of high stress gradients,
(iii) element stiffness matrix is reasonably simple to calculate,
(iv) the assembled structural matrix has the minimum bandwidth for a particular
nodal and element layout, and Ay
(v) good bending capability provided by the Irons-Razzaque tria.;\:gle.
g

H

A major disadvantage of the shell element is the inability of the ‘CST to capture

high stress gradients. The use of a refined mesh overcomes this problem.



Using Kirchoff's assumptions. the displacement at any point in the element can
be written in terms of the displacements and their derivatives on the reference

surface.

(227, 2) = (@ y) + 20,0(2, 5 3) = volz.Y) = 202y 3) = wo(2.y)  (314)

where,

u,v,w = displacements in the X.y.z -directions,

Uo, Voy W, = displacements on the element reference surface,
6, = dw /0y = rotation about the x-axis, and

8, = —dw/dz = rotation about the y-axis.

By choosing shape functions for the bending displacements (w,8.,6,), and the

in-plane effects (u,v), the reference surface displacements (u,, v,, W,) may be ex-

pressed as:
u, = Nz, y)u (3.15)
v, = Nalz,y)v (3.1G)
w, = Ny(z,y)w (3.17)
where,

N,. = shape functions for in-plane displacements, and
N, = shape functions for bending displacements.

The nodal displacement vectors are:

u = [ty - up-ug]” (3.18)

v=[vy-v2- vg)T (3.19)
w = [wy - we - wal” (3.20)
8, = [z - 622 - Oza]” (3.21)
8, = [6y1 - 8,2 - 8,3]” (3.22
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The strain vector at any point in the element is given by:

h dng Ry
axr Jzr 8z
s = 3y = Bug -2z 2w =&, — = 2
= 3y ay - ay? SoT =X (3-23)
Ju o Du Bus 4 vy 2w
dy + az Sy + 3z “9zdy

where,

£, = in-plane strain vector at the reference surface, and

X = curvature vector at the reference surface.

From Eq. (3.23), the strain and curvature vectors can be expressed as:

N,z 0
u u
I v{ }=B,,,{ } 821)
v v
N,y N,z
and,
M, zz w w
XxX=1 Myy |§ 6: ¢ =B{ 6 (3.25)
M, zy 6, 8,

Substituting for ¢, and x in Eq. (3.23), using the expressions of Egs. (3.24) and

(3.25), the strain-displacement relationship becomes:

eE=Bptm —zBym=Br | (3.26)
where,
=T o

From Eq. (3.11), the element stiffness is given by:

) (K] (K]
K]l= | BTDBdv = mm mb 27
i / b [ (Klem  [Kss ] (820
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where, [K]mn is the membrane stiffness matrix, [}y is the bending stifiness matrix

and [K]ms is the coupling stiffness matrix.

By definition.

[Kmm = f [B)L[E][B]mde (3.29)
(Kl = [[BIF(E)Blsde RN CE-2)
[Klom = [(BI(E](Blndv O (3:30)

In the element stiffness expression of Eq. (3.27),
[BJom = (KT s

The matrices [B],, and [B], represent the strain-displacement relationship, which
depends on the shape functions. The material constitutive matrices are [D]mm and
[Dlw. To evaluate the material matrices, the reinforced concrete con;positc section
is considered as a layered system of concrete and equivaieni smeared steel layers

Fig. (3.2). The steel is converted to a uniform layer with an equivalent thickness

of
A_,,
b

where, A, is the bar area and b the spacing between bars.

t, =

(3.31)

Each layer is assumed to be in a state of plane stress 2nd the material matrix for

an element is obtained by summing contributions from all layers as follows:

Do = f Cdz = S (541 — 2)Cai + 3. Coste; (3.32)
h =1 =1
Do = [ —2Cds = =S X2 — 220 = S 2:Coits 3.33
bm = 2Cdz = Z (*;+1 *-:) ot Z'J SJtu ( . )
h =2 j=t
2 < 1 3 3 < 2
Dy = jh #Cds = 3 2(sF, = )Ca + L #1C0t (3.34)

=1 =t
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where C.; = material matrix for concrete layer z,

C,; = material matrix for steel layer j.

¢, s = number of concrete and steel layers,

=i, z; = z-coordinates as illustrated in Fig. (3.2), and

t,; = thickness of equivalent steel layer.

Support Element

A spring-type support element developed by Wilson [56] is used to provide linear-
elastic supports for the nodes and to limit nodal displacements or rotations to
prescribed values. The element is defined by a single directed axis through a
specified nodal point and its assigned a linear extensional stiffness along the axis
or a linear rotational stiffness about the axis. The element stiffnesses are added
directly to the structural stiffness matrix. The forces in the support element are

included in the calculation of the internal resisting load vector.

3.3 Ceneral Solution Algorithm

The solution procedure involves the use of an incremental approach and an iterative
time-step integration scheme to find the load-displacement path. The duration for
which the response history is to be analyzed is divided into a number of time steps.

Externally applied loads are assumed to remain constant within a time step.

As an example, consider an external load vector R applied at time ¢;. The load
has been subdivided into three equal load steps, Fig. (3.3). The structure is then

analyzed for each load step by an iterative solution procedure. The increments
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calculated in the field variables (displacements. strains, and stresses) are added

to previous totals to evaluate the current state of the structure. After all the

externally applied load increments have been considered, the analysis for creep and

shrinkage for a given time interval is carried out in a similar way. An algorithm

describing the fundamental steps of the analysis is given below.

1.

1o

S'Jl

Input control parameters indicating the number of nodal points, element

types, number of time steps, convergence criteria and the type of analysis to
be performed.

Specify structural geometry, material properties, types of layer systems and

layout, and element particulars. The element load vector is formed.

Input the control data for the current time, ¢;, and time step
At; = tiy, — t;. Form the applied load vector, R, and the load step vector,
AR, for time, #;.

Form the structural load vector AR’ for time ¢; from the external nodal
increment vector Ri.

Ri=R:'+ AR (3.35)
AR, =R+ AR' | (3.36)

where j is the iteration number, and RI™! is unbalanced load vector.
At the beginning of the problem, R = R = 0 and Rg is incremented only
for external loads.

(7 = 0 means the last value for the previous load step).

Divide the structural load increment vector to obtain the load vector for each

load step of the increment.
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6.

10.

11.

Create the material matrix for each concrete layer of an element, calculate
the layer stiffnesses. and integrate to form the element stiffness matrix. As-
semble the element stiffnesses into the global structural stiffness matrix and

triangularize it.
Solve the equilibrium equation
RIAr? = AR? (3.37)

and back substitute to find the nodal displacement increment vector A7,
Add this to the previous total displacement vector to obtain the current

total nodal displacement vector.
="l A (3.38)

For the second and subsequent iterations, check for convergence using the

displacement norm.

In the absence of a converged solution, repeat steps 3, 6, and 7 until conver-
gence is obtained or the maximum number of iterations allowed is reached.

If the equilibrium state has been found, continue to step 9.

Return to step 4 and repeat it through step 8 for a given time step if this is

not the last load step. Otherwise, proceed to step 10.

At the end of a time step, calculate the material properties for the new time

L.

For a time step, calculate creep and shrinkage strain increment vectors for
each element and the equivalent nodal loads, treating the calculated strains
as initial strains. Also, calculate the material properties at the end of the

time step for the new time £;,,.
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12, Assemble the structural time-dependent load vector iy and calculate the

load step vector ARy; then return to step 4 and repeat it through step 3.

13. If time #; is the last time considered. the solution is terminated. Otherwise,

Teturn to step 3 and continue the analysis for the next time step.

The steps outlined in the above algorithm are standard procedures in the computer

program TIDARCS (discussed in section 3.5).

3.4 Procedure for Time-Dependent Effects

A stepwise integration method is used to analyze the time-dependent effects of
creep and shrinkage. The nonlinear behaviour of the structure is modelled by
dividing the entire analytical period into a number of time steps. An initial strain
approach, which was discussed in detail by Zienkiewicz [57], and used in studies
by van Greunen [34] and Kabir [35], was adopted to determine the response of the
structure to creep and shrinkage strain increments occuring during a time step.

The method is described below for a time step At; =t — ¢;.

1. It is assumed that all external loads are applied at the beginning of a time
step and kept constant during the time step. The field variables (displace-
ments, strains and stresses) for the elements are found by solving the equi-

librium equations for the applied loads.
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2. Based on the assumption that stresses remain constant for a given time step,

the strain increments due to creep and shrinkage occuring in each concrete

layer are calculated.
Qegi = Acf + Ag] (3.39)

where Aef and Acs) are the respective creep and shrinkage strain increment

vectors in layer z, and Ae,;, the initial strain increment vector.

3. The equivalent nodal forces produced by the initial strain increment are
calculated.

Re=3 f BIDyAeordA (3.40)
k=1v4

where, ;. is the material matrix for the concrete layer at time #;.;. The
resulting element load vectors are transformed into global coordinates and
the time dependent load vector R,;, due to creep and .shrinkage-strains, is
assembled.

4. The structural stiffpess matrix K is formed and the equilibrium equations

are solved for the equivalent nodal load vector.
Ar = KT'AF,, (3.41)
where, Ar is the nodal displacement increment vector.

5. From the nodal displacement increment, the corresponding strain increment

vector Ag; in every layer is obtained.
AE:‘ = B{AT (3-42)
The stress increment vector is subsequently calculated as

Ag; = Di(Ag; ~ Agy,) (3.43)



6. Increments in the ﬁ.eld variables are added to the total values from step 1 to
obtain the current total values. Convergence is then checked and the solution

completed for time step At;.

7. Steps 1 through 6 are repeated for the next time step At;y,.

3.5 Convergence Criteria

A step-by-step iterative approach is used to track the nonlinear response and the
load-displacement profile of the structure. Displacement and a force convergence
criteria can be used in the computer program to identify the equilibrium state
of the structure. Convergence criteria are set such that iterations are terminated
when the change in a response increment is reasonably small that further iterations

would not improve the solution significantly.

The displacement criterion, used in this study involves the assessment of the accu-

racy of the total displacement vector by looking at the last displacement increment.
Ad = t;A0 = ¢, (3.44)

where, ¢, is the prescribed convergence tolerance for translational displacements

and t,, the prescribed convergence tolerance for rotations.

3.6 Computer Program

To perform the analytical investigations outlined in this study, a computer pro-
gram TIDARCS (ITIme Dependent Analysis of Reinforced Concrete Slabs) is
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used. The program is 2 modified version of NOPARC which was developed at the

University of California, Berkeley and used extensively by other researchers.

The program is based on the displacement formulation of the finite element method
and a time step integration procedure. It is used to model the load-deformation
response of reinforced concrete slabs and panels through the elastic, inelastic and
ultimate regimes. The stress and strain states in concrete and steel can be deter-
mined for any stage of the response history. Time-dependent effects of creep and

shrinkage are accounted for in tracing the deflection profile of the structure.

The program is coded in Fortran and was run on the University of Ottawa AM-
DAHL 5860 computer. It was first converted from CDC FORTRAN to IBM
FORTRAN.

TIDARCS consists of a short main program and subroutines which perform the
input and output functions, database management functions, and the numerical
computations required for the time-dependent solution. A flow chart describing
the logical structure of the program is presented in Fig. (3.4). A sample input file

is presented in Appendix C with extracts of a typical output file given in Appendix
D.
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b. [RONS-RAZZAQUE PLATE BEMDI!NG TRIANGLE

Figure 3.1: Finite Elements Used in Present Study

45



Reference

surface

==

NN

)z
Se+i
c . l:l
“e
e-1 [ zx
c=2 zC'I T
Reference surface
- t_'
l a
3 C f = 2.
2 "3 }ts
i "2 T K = 5
z ]

CONCRETE LAYERS

STEEL LAYERS

Figure 3.2: Layer System of a Triangular Finite Element

46



3!(:“)

a1

5:(:4)

Ry (1)
e ity Atz acy Aty

L L L
1 i 4;___,

t, Cu...Cy Casq time

{>
X
J-
=

g

2

a. EXTERNAL LOAD HISTORY

X ! 1 1 ! | -
ty L2 s BuvwoCq Tpey Cime

h. DISPLACEMENT HISTORY

Figure 3.3: Structural Response History Due to External Loads

47



( TIDARCS - START )
NEXT PROBLEM

PINPUT
Read controi variables and sucture data

ELSTIF
Compute clement load vectors

TIME STEP LOOP

Read load control data and extemnal loads. Calculate load step vector

LOAD STEP LOOP

—

PLOAD ()
Form current total external load vector and incremental load vector

T NO
ITERATIONLOOP __ ~rcon7 ~,

—

YES

—ELSTIE .
Form clement stiffness matnices

FORMK_ . .
Assemble structural stiffness matrix K

ESOLVE(D) |
Triangularize K

-

ESQLVE {2)
Back substitute

-

STATE
State determination and output of results

N |
Leat— o < convereed? -2

NO YES
et <l _S=NLSTEP? -
YES

< TIME.DEPENDENT ANALYSIS? -

NO

YES

| STATE
Form time-dependent load vector
]
L NO

< (TIME=NTIME? _

>
YES

NO
STOP

Figure 3.4: Structured Flow Chart of TIDARCS




Chapter 4

CONSTITUTIVE MODELS

4.1 General Remarks

Reinforced concrete is a composite of concrete and reinforcing steel. Accurate
prediction of the structural behaviour will depend on adequate modelling of the
constituent materials and the interface between them. The properties of reinforc-
ing steel are generally well defined and can be modelled easily. Development of a
sui_table model for concrete is complicated due to the

o non-homogeneity of structural concrete,

» pronounced nonlinear behaviour of concrete at high stress levels,

¢ cracking of concrete in tension,

e absence of a well defined failure criteria, and

e time dependent influences of creep and shrinkage.

Extensive research effort has been directed towards establishing a generalized con-

crete theory, based on 2ll experimental observations, which has led to the evolution
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of several constitutive models. Detailed documentation and analysis of many of

the existing models can be found in Ref. [35].

4.2 Behaviour of Concrete

A review- of the deformation behaviour of concrete is important as one of the cri-
teria for serviceability (deflection) depends on the extent of concrete deformation.
The main factors generally considered in the deformation of concrete are applied
stress, creep, shrinkage, and thermal variations. A general discussion of concrete
deformation as the result of applied stress is presented in this section. Deformation

resulting from the other phenomena will be discussed in Chapter 3.

4.2.1 Concrete under biaxial stress

Experimental findings indicate that concrete is seldom stressed in one direction,
but simultaneously in a number of directions. Nevertheless, concrete is commonly
treated as an orthotropic material with biaxial stress behaviour. In a detailed
review of concrete subjected to biaxial stresses, Kupfer et al [37] presented exper-
imental stress-strain curves for the following states:

(a) concrete under biaxial compression (see Fig. 4.1),

(b) concrete in combined tension and compression (see Fig. 4.2), and

(c) concrete subjected to biaxial tension (see Fig. 4.3).

The following conclusions were drawn from their study:

¢ 2 maximum compressive strength increase is realized for the biaxial compres-
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sion state. Approximately 27% strength increase is achieved for a stress ratio
aa/cy = 0.5. This is reduced to about 16% at an equal biaxial compression

state of ou/oy = 1s

e under biaxial compression-tension, the compressive strength decreases al-

most linearly as the applied tensile stress increases

o the biaxial tensile strength is almost the same as that of the uniaxial tensile
strength:

o stiffness of concrete increases in the presence of biaxial compression. This is

mainly due to the confinement of microcracking in the cement paste;

e concrete undergoes an inelastic increase in volume as compressive stresses
increase and its failure point is approached. This is attributed to the pro-

gressive growth of major microcracks.

4.2.2 Concrete model for present study

The model used to characterize concrete behaviour under biaxial stress is 2 mod-
ified version of Darwin and Pecknold’s model {18]. The model (fig. 4.7), is based
on an orthotropic hypeelastic formulation and was developed in such a way that

the constitutive model.



1. can be easily incorporated into a finite-element program,

1o

is applicable to cyclic loading,
3. accounts for strain softening in compression, and

4, is determined completely by conventional parameters rather than empirical

constants.

For biaxial compression, a family of curves was suggested by Darwin and Pecknold
[17], depending on the biaxial stress ratio, to express the constitutive relationship

- Eociu
ClH(E - + (2

€ie Cic

o (4.1)

where,

E, = initial uniaxjal tangent modulus,

E, = secant modulus, f:‘-

£iu = equivelent uniazial strain in the principal stress direction,

Tic, £ic = maximum compressive stress and the corresponding strain in the principal
direction i. These values are obtained from the bia..jcia.l failure envelope of IXupfer
et al. [38], shown in Fig. 4.4.

For tension, the relationship is
0; = B, for o; Loy (4.2)
where ¢;, is the tensile strength of concrete in the principal stress direction.

The displacement formulation of the finite element method uses an incremental
load step solution procedure to account for material and load-deformation nonlin-

earities. For an orthogonal material under biaxial stress, the incremental consti-
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tutive matrix, with respect to the axes of orthotropy. is given by

d0'1 El V:E-; 0 d.‘;‘ 1
1
dO': = V:E: Eg 0 dS: (43)
1 -2
d‘l’m 0 0 ( 1- 1541 V:)G’ d‘h:

where,

! and 2 are the orthotropic material directions,

E,, E» = uniaxial tangent moduli in directions I and 2,
v, v, = Poisson’s ratio in directions I and 2,

G’ = shear modulus for a material under plane stress.

The following assumptions are made in the modification process of the orthotropic

constitutive relationship
o v, vy = 2, where v is the effective Poisson’s ratio under biaxial stress,

o 1 By = 1 E, for symmetric material behaviour.

The value,
, 1
G' = m[& + By — 20/ By By (4.4)
is adopted as the shear modulus under a state of biaxial stress, as it has been
demonstrated to show no bias in any particular direction with respect to shear

stiffress [18]. Based on the above assumptions, the incrementally linear orthotropic

constitutive relationship in the principal stress direction is given by:

dO'l E1 U‘\/m 0 d€1
1

dag = 1 -2 V\/E]_Eg Eg 0 d€2-

dria 0 0 %(El + By — 2”@) d2

(4.5)
If the element coordinate system x ~ y is such that the principal stress directions

1 and 2 make an angle 8 with respect to z — y, then the constitutive relationship
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in the element coordinate system is given by:

-

dd'_,_.;. -E‘.I.c2 + -EZ"-%2 L E1E2 %(El - Eg)CS d&'::
1 2
do,, ¢ = T2 Es? + Eoé? 3(Er — Ep)es deyy
dryy (sym.) 1By + B2 =~ 2uV/Er En) Ay
(4.6)

where, ¢ = cosé and s = siné.

From Eq. (4.5), the concrete material properties needed in the solution process

are the orthotropic elastic moduli Ey and Ez, and the effective Poisson’s ratio ».

Work by Kupfer et 2l [37] suggested that, under biaxial stress there is a significant
increase in stiffness which can not be attributed to Poisson’s effect alone. The
cause seems to be confinement of microcracking in the presence of biaxial com-
pression. This makes the use of Eq. (4.5) inappropriate at high stress levels when
microcracking confinement is present. The concept of equivalent uniazial strains
developed by Darwin and Pecknold can be adopted to help incorporate the effects

of microcracking confinement in the constitutive equation.

4.2.3 Equivalent Uniaxial Strain )

The equivalent uniaxial strain defines the variation of the elastic moduli £, and E;
with respect to stress variation. If Poisson’s effect is removed from experimental
biaxial stress-strain curves in compression, a family of stress-strain curves can be
constructed whose slopes would provide the values of E, and E,. The curves are
called equivalent uniazial stress-strain curves, and the values of E; and E- account

for the effects of microcracking confinement.

Equation (4.1) suggested by Darwin and Pecknold [18}, was used to simulate the
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biaxial stress-strain behaviour of concrete. Thus. the constitutive relationship for
the compression part of the curve is given by.

_ Eosiu
TIEIE - 2@+ (2

e Cre

[~ (4.7)

where, all variables are as defined under Eq. (4.1).

For tension,

o; = E,giu, for oifou (4.8)
where oy, is the tensile strength of concrete in the principal stress direction. The
equivalent uniaxial strain ¢;, essentially removes Poisson’s effect from the biaxial

strains whereas increase in strength and ductility are accounted for by o;. and ;.

respectively.

If concrete is biaxially compressed in the principal stress directions and assumed
to be proportionally loaded with piece-wise linear material behaviour, the stress-

strain relationship is defined as,
dey = 222 _ 501 (4.9)

where,

doy, do; = increment in stresses in principal directions 1 and 2 respectively E,

E, = orthotropic tangent moduli.

Rearranging Eq. (4.9), gives

de2

da'g = Ez—
1—van

= E, deaa (4.10)

where,
a= 5’-2 = biaxial stress ratio
n= %‘- = modular ratio

des, = dea/(1 — v @ n) = uniaxial strain increment in principal direction 2.
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For the stress-strain relationship of Eq. (4.10), the gradient E: does not contain
Poisson’s effect. Instead, a value des, has been introduced to account for the
effects of microcrack confinement. Subsequently, the vaiue of E; can be used in

the constitutive matrix of Eq. (4.3).

The total uniaxial strain at any point is obtained by summing all the strain incre-

ments up to that load point.

ds;“=2d€;u =Z—-dst—=z% (411)

l1—-van

The slope E; of the equivalent uniaxial stress-strain curve at any point (o, &) is

given by differentiating equations (4.7) and (4.8).

For loading in compression,

do; E.(1-4¢%

Bi= g = (1+[2-2¢+ )7 (412)
where,
g= z—“ (4.13)
In the case of tension,
g:,. =E, (4.14)

The equivalent unjaxial stress-strain curve used is shown in Fig. 4.5. It has a slope
E, which passes through the point of maximum compressive stress and strain (o,
gic). For biaxdal loading, the point (&, €:) is a function of the principal stress ratio
a, the uniaxial compressive strength f., and the strain at the peak uniaxial stress
g.. The values of the maximum stresses in the two principal directions (&, 02c)
are obtained from the biaxial strength envelope of Kupfer et al. [38]. It is assumed
that the maximum tensile stress the concrete can withstand is the uniaxial tensile

stress, f;.



As shown in Fig. 4.4. the biaxial strength is divided into four regions, depending

on the stress state represented by the stress ratio «. The principal stress directions

are chosen such that ¢, > o, algebraically. A summary of the four regions of the

strength envelope and the expressions for the maximum stresses oy, &2, and their

corresponding strains &, £, is given below.

1. Compression-Compression Region

L1+3.65a
(1+a) "¢

T2c
fl

Tie = QT2

T2 =

= c-::(3 -2)

Tre Tie\2 T1e

E1c = Ec[—1. 6( 7

)3+ 5( )~+035

2. Compression-Tension Reglon

oo = 1 +3.280:f,
o T (1+Q)2 ¢
T2e

€20 = £.[4.42 — 8. 38Z= 47 54( )2 2.58( i

f!

Tle = 02,

yl

T1c
€lc =-

E,

3. Tension-Compression region

T2 = 0.65f;

€20 = €[4.42 — 8. 38‘}’,‘ +7 a4( )2 - 258 Tae

!c=.f¢

= T1e
Er1e =47

E,

)3]

(4.15)

(4.16)
(4.17)

(4.18)

(4.19)

(4.20)

(4.21)

(4.23)
(4.24)
(4.25)

(4.26)



4. Tension-Tension Region

e = 02 = ] (4.27)
S1e = £2c = é‘: (4.28)

The biaxial stress-strain behaviour of concrete is treated as an equivalent uniaxial

stress-strain relation. The strain increment in each principal direction is evaluated

solely by the principal stress increment in the same direction. To construct the

equivalent uniaxial stress-strain curve, only the following material properties of

concrete are needed

e uniaxial ipitial tangent modulus, E,

e uniaxial compressive strength, f.

¢ the corresponding strain for the uniaxial strength, ¢,

¢ uniaxial tensile strength, f/, and

¢ Poisson’s ratio, v.

Information on all five parameters may be readily obtained from experimental

uniaxial load tests or from empirical expressions.

ACI Committee 209 [3] recommended the use of the following expressions for the

uniaxial compressive strength, the uniaxial tensile strength, and the initial tangent

modulus of concrete.



Compressivé Strength

(foe = ﬁ(fé):s (4.29)
where,

(") = uniaxial compressive strength at time 2.

(f1)2s = 28-day concrete strength,

t = time in days after casting,

a, B = constants, which depend on cement type and method of curing.

Tensile Strength

£1(t) = gw( £ (4.30)
where,
f(t) = uniaxial tensile strength, and

w = unit weight of concrete in pcf. The value of g, is equal to 1/3.

Modulus of Elasticity

E.(t) = 33[(f1)J4 (4.31)
where,
E.(t) = initial tangent modulus, and

w = unit weight of concete in (pcf)



For the present study. a set of equations recommended by Gardner and Zhao 24|
for compressive strength. tensile strength and modulus of elasticity are used as
thev represent concrete behaviour more realistically than those of ACI-209. The

Gardner-Zhao compressive strength equation is of the form:

i

a + bti

feme = femas (4.32)

where.

fon.. = mean concrete strength at age ¢,

f.mas = mean concrete strength at 28 days,

a, b = constants, which depend on cement type.

The recommended coefficients for the various cement types are
e Type 1 or (Type 10) Cement concrete a = 2.8, b = 0.77

e Type I or (Type 20) Cement concrete a = 3.4, b = 0.72

e Type III or (Type 30) Cement concrete ¢ = 1.2, b = 0.90.

The form of Eq.(4.32) is similar to the ACI-209 expression, which is limited in
its ability to represent early age and longterm strength development. To relate
the 28-day mean concrete strength, (fi,..5) to the specified characteristic strength
(f'.2s). Gardner and Zhao adopted the recommended CEB-FIP 1990 Model Code
[13] expression.

femzs = fexzs +8 (M Pa) (4.33)

For tensile strength calculations, Gardner and Zhao endorsed the use of the CEB-
FIP 1990 Model Code (13} equation.

fl.=030(f,)}  (MPa) (4.34)

where,
fii = characteristic tensile strength,

fi. = characteristic compressive strength.
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The modulus of elasticity equation recommended by Gardner and Zhao is of the
form:

E. = 3500 + 4300( f.,.)'/?

where, f. is the concrete mean compressive strength. The relationship used
to represent the strain corresponding to peak uniaxial compressive stress is the

Hognestad expression [32],
_LH
TEq(t)

where, £.(t) is strain corresponding to peak stress f,(¢) at t days.

i

() (4.35)

Poisson’s ratio is taken as 0.15 in this study and is assumed to be independent of
age and stress. Txperimental evidence [37] however indicates that at stress levels

higher than $0% of peak stress, there is significant increase in value.

4.2.4 Cracking and tension stiffening

An important characteristic of concrete, which is in part responsible for the non-
linear behaviour of reinforced concrete members, is its low tensile strength. In

this study, 2 maximum stress criterion was used to determine the failure strain of

concrete in tension.

When one of the principal stresses exceeds the tensile strength of concrete, an
assumption of crack formation perpendicular to the direction of that stress is made.
The modulus of elasticity in that direction is et to zero and a crack shear constant,

8, is introduced. If there is crack formation ir the principal stress direction 1 for
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example. the constitutive relationship of Eq. (4.5) reduces to

dO'; 0 0 0 df.'l
dos b=l0 &2 o |{ (4.36)
d‘r;: 0 0 BG' d‘)’r_\

The cracked shear constant, 8, was proposed by Lin [39], to help estimate the
effective shear modulus after cracking. It depends on the effect of dowel action

and aggregate interlock and has a recommended range of
0.0<8<1.0

It should be noted, however, that there have been cases of numerical instability
when 8 = 0. After concrete is cracked in one direction, the formation of a new
tensile crack is restricted to a direction orthogonal to the first crack. When cracks
in both orthogonal directions occur, the effective shear modulus is the only non-

zero term in the material matrix.

dcr; 0 0 0 dEI
do» ¢ =100 0 ds2 (4.37)
dria 0 0 8¢ dmz

When a reinforced concrete member under uniaxial tension reackes the peak tensile
strength, psimary cracks are forme- at finite wtervals as shown in Fig. 4.6. At
these cracks. the stress in the concrete declines to zero, and the total load is carried
across the crack by the steel reinforcement. The bond forces at the contact surface
induce tension stresses into the concrete between the cracks. Between cracks the
concrete remains bonded to the steel bar and contributes to the overall stiffness
of the system. This stiffness effect. often called tension stiffening, may be quite
significant for finite element modelling and can be accounted for by assuming a
gradual loss of tensile strength in concrete. Scanlon [47] and Lin [39] advanced
this line of approach, but in different ways.
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Two tension stiffening options are provided in the computer program used. A
method suggested by Gilbert and Warner [25]. and the linear unloading curve
of Lin [39]. The Gilbert-Warner method is simpler and computationally more
efficient. The tensile strength of concrete between cracks is ignored. Instead. this
additional stress is conveniently lumped at the level of the steel and an increased

steel modulus is used.

With Lin’s model, the tensile modulus of the concrete is set to zero once there is
tensile crack formation. The steel and concrete stresses obtained from Lin's model

are estimates of the average stresses in the concrete and the steel, as shown in Fig.

4.6.

4.2.5 Concrete Strain Softening

Experimental results indicate that concrete is a strain-softening material when
loaded bevond the maximum compressive stress level due to material degradation.
This gives a negative tangent modulus, which is likely to cause numerical insta-
bilities when used in the constitutive equation (4.3). To circumnvent this proble,

the following technique developed by Kabir {35] is used.

When a calculated principal stress ¢ exceeds the value of oy, yielding is assumed
to have occurred. The stress drops to ¢® and the elastic moduli are set to zero
for the next load iteration. At the stress level ¢, an unloading of o, occurs,
which is the unbalanced stress. This is redistributed in the next load iteration.
The process is continued until crushing occurs at £,. The use of the zero modulus
in place of the negative value is to facilitate the numerical solution of the finite

element equilibrium equations.

63



The constitutive relationship for the finite element formulation after yielding is.
do = 0ds (£.33)

Lin [39] used the unconstrained flow rule and the normality fow rule separately
with a Von Mises vield criterion to investigate the behaviour of reinforced concrete
slabs and shells and concluded that the yield criterion was independent on the type
of flow used. Subsequently, the simpler to formulate "unconstrained flow rule” is

assumed for the unloading branch of this model.

4.2.6 Stress Reversal

Unloading can result from the time-dependent effects of creep and shrinkage or
applied load history. Darwin and Pecknold [17] developed 2 constitutive model
which included loading, unloading and reloading curves for use in the analysis of
structures subjected to cyclic loading. A simple loading and unloading curve based
on the Darwin model is illustrated in Fig. 4.8 and assumes that 2ll unloading take
place with an initial tangent modulus E,. The model has four distinct parts which

are described below.

1. AB - compressive loading before yield is restricted along the path 4AB. Based
on the initial assumption. any unloading in zone AB should have a slope
E,. This means that unloading from H should occur along HP. Further
unloading from P will occurs along PQ.

0

BCD - compressive unloading after yield at M occurs along MN with a

slope E,. The strain increment determines whether unloﬁding path BC or
M N will be followed at point M.



3. AF - Tensile loading before cracking takes place along AF with a slope of
E,. Any unloading before F is reached will happen along FA.

4. FG - tensile unloading after initial cracking occurs along FG or F depend-
ing on the tension stiffening model' being used. For the gradually unloading
model of Lin, unloading takes place along &G with the tensile stress redue-
ing to zero at and beyt;nd G. At G reloading will occur along G4 and then
AB. For the increased steel modulus model, the stress in concrete drops to

zero from F to F and any reloading takes place along H.4 and then 4B.

4.3 Reinforcing Steel Model

A simple bilinear constitutive model (see Fig. 4.9} is used to represent reinfore-
ing steel behaviour. The model may be perfectly elasto-plastic or exhibit strain-
hardening with Bauschinger® type effect.

The basic parameters needed to define the various material states are:

e initial modulus of elasticity, E,

e strain-hardening modulus, E,s

o steel yield stress, f, and

e ultimate strain, £,,.

Figure (4.9) illustrates the reinforcement model for which, the following four dif-

ferent material states are defined.

1Discussed under section 4.2.4
2Refers to one particular type of directional anisotropy induced by plastic deformation. That

is, an initial plastic deformation of one sign reduces the resistance of the material with respect to

a subsequent plastic deformation of the opposite sign (page 352 of [14]).



1. AB, AF - An initial linear elastic portion representing loading in primary

tension or compression and with a constant slope E,.

1o

BD - At the point B, steel attains its vield stress value f, and initial yielding

begins. Loading after yielding occurs along BD with a reduced slope E.

3. CH - unloading is assumed to occur along a path parallel to the primary
curve. At a point C for example, unloading will take place along CH with
a slope E,, and continue along HFG with a slope E,.

4. FG - Stress reversal along 4B continues to D after which loading initiates
along FG with a slope E,;.

Failure is assumed to have occurred when the total strain in steel exceeds E,,. If
1 is an axis parallel to the steel’s longitudinal axis and £, an axis perpendicular to

it, then the incremental stress-strain relationship is given by:

dal E’ 0 0 dEl

1
do: ¢ =7"3| 0 0 0|y dez (4-39)
d‘l’lz 0 00 d"‘{lg

In the strain-hardening region, E, in the elasticity matrix of Eq. (4.39) is replaced

by E,.. For perfectly elasto-plastic steel, E,j is taken as zero.

66



afRaR

~00a
4

g
€2
Strain
ga/€ 4
<
1.2 “~\\
//\5: 7 — €2
+1.c / £.€2
€
/ ;
i° a= 0,/0;
— = 0.00/-1=0.00Q
: — — =-0.52/-1%=0.52
—_— =-1.00/-1=11.00
1] 1 L 1 ' 1 1
3 2 L Q -1 -2 -3

Serain {inZinx10 )

Figure 4.1: Concrete Under Biaxial Compression {74]

67



=4
F

[ Td ad

€

€2

= (Q.000/-1= 0.0Q00
=0.052/-~1=-0.052
=0.103/-12-0.103
=0.204/-1=-0.204

1 -

-2

Strain (in/inx10"%)

Figure 4.2: Concrete Under Combined Tension and Compression [74]



?g ] \
T0.10
Ey €, E-:.E:/E2 €
T0.08

a=g,/0,

—_—— =0.00/1.0 =0.00
——  =0.55/1.0=0.5S
——— =1.00/1.0=1.00

. Il oo 1 L

-0.04 =-0.02 0.00 0.02 0.04 0©0.06 0.08 Q.10

Strain {ia/inx107?)

Figure 4.3: Concrete Under Biaxjal Tension [74]

69



LO’:/F::
a=-0.17 U”:= fr
—_ —
/ | '_"‘-~..___. ‘-'—-_._____-_/éJ N
14 r"
1.0 .65 4 T/t
/ @ _—m<e<=0.17
. e
. ;.= fe
=1+3.280t
o . A T T
X \ .
o-,’ £0.85 Fc
-Q0.65+
®
=-Q.17
Q) ~-1.0
-0.1l7x12 %0
O = & Oz¢

Compression = -
Tension = +

Figure 4.4: Biaxial Strength Envelope [74]



2AINY) UIL1G-SSAIG [RIXBNIf) yuopeamnby :g'§ 031 g

el

"

3 20

21

\Ml3

}+

21

2 |z
—.:U

mu ’
w3t

-u——u

ny

373

B4

71



Primary crack

/f-ﬂcinforcemcut /f_
/ i

P-‘-—-—-frk(rllf(llf(lt\ ——m P

Average

Prem—

STRESS IN CONCRETE

/—Average

STRESS IN REINFORCEMENT

Figure 4.6: Stress Distribution in a Cracked Reinforced Concrete Element



=-- 0.85 G-:C

T e A e At 84 BE BN ik hp = — — — =

o
[44]
~
N

£ 1SE, €

Figure 4.7: Unbalanced Stresses Due to Strain Softening



& ~--- 083G,
[N

Figure 4.8: Load Reversal Model for Concrete



Figure 4.9: Reinforcing Steel Model for Present Study

1

=]



Chapter 5

TIME DEPENDENT
CONCRETE PROPERTIES

5.1 General Remarks

A significant complication in the analysis of the time-dependent effects of concrete
is that the relationship between total stress and total strain is not a linear function
of time. In predicting the time-dependent behaviour of concrete it is assumed that
the total strain in concrete is the sum of the elastic, creep, and shrinkage
strains [36].

er(t) = eu(t) + &4(t) + &c(t) (5.1)
where £7(t) = total strain in concrete,
g.(t) = elastic strain,

€,(t) = shrinkage strain, and £.,(¢) = creep strain.

In this chapter, the time-dependent properties of shrinkage, and creep, and the
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constitutive relations used to model them are discussed.

5.2 Shrinkage Strain

Shrinkage is a concrete deformation phenomena which is defined as the time de-

pendent volume change occurring independent of applied loads.

5.2.1 Mechanism and Influencing Factors

Shrinkage is attributed to two main factors:

1. loss of water on drying from concrete to the surrounding unsaturated envi-

roment (drying shrinkege)

2. volumetric change due to carbonation (carbonation shrinkage).

With drying shrinkege, free water held in the capillaries is first lost causing prac-
tically no shrinkage. Upon further drying, some absorbed water is lost thereby
initiating shrinkage. The process of moisture diffusion from the interior of con-’
crete to the surface is slow and complex. The surface dries more quickly than the
interior causing non-uniform shrinkage distribution through the volume. For slabs
and panels. however, the assumption of uniform shrinkage distribution is generally

considered an adequate approximation.

Carbonation shrinkage is caused by a reaction between calcium hydroxide, a hy-

drated cement mineral, and atmospheric carbon dioxide in the presence of water.



The major factors influencing the shrinkage of concrete are aggregate content,
water-cement ratio. member size and ambient relative humidity. Shrinkage in-
creases with an increase in water content. while it decreases with any increase in

relative humidity, aggregate content and specimen size.

5.2.2 ACI Shrinkage Model [3]

ACI Committee 209 recommends the use of the following equation for the compu-
tation of shrinkage strain:

(t — to)c

Esa(t) = I{’I{hI{Hm

<
o

€ahu (

where,

£,4(t) = shrinkage strain at time ¢,

Ssau(t) = ultimate shrinkage strain,

t, = time from which shrinkage starts (i.e drying commenced),
t = time at observation,

f,e = constants determined from experiments,

I, = slump correction factor,

K, = member size correction factor, -

Ky = correction factor for relative humidity.

Normal ranges of constants e, f and €;4, using normal or light weight concrete

are:

e=09-1.10
F=20-130

Eone = 415 x 107 — 1070 < 107°



Standard relations for the prediction of shrinkage strains using appropriate con-
stants arc:
e For concrete moist cured for 7 days

(t=17)

Esnl(t) = I{,I{hf\.’gm x 800 x 107° (3.3)
e For concrete steam cured for 3 days
. t— - =
E,h(f) = I{’I{hIXHgf)(-i-_(t?f—:;) x 730 x 10 6 (0.4)

The correction factors which take into account variations in slump, relative hu-

midity, cement content and specimen size are
K, = 0.89 + 0.041s
Ky =14-001H, for 40< H 80

Ky =3.0-0.03H, for 80 < H <100

where. s is slump in inches, and H, the ambient humidity.

5.2.3 CEB-FIP Shrinkage Model [13]

According to CEB-FIP 1990, shrinkage strains developed for 2 particular concrete
specimen should be calculated by

Cea = eaoﬂs(t —t,) (55)

where,

€.5, = notional shrinkage coefficient,

8, = coefficient describing the development of shrinkage with time,
t = age of concrete in days,

» = age of concrete at the beginning of shrinkage.
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The notional shrinkage coefficient is expressed as:

€cso = Ex( fom )IRH (5.6

with,

€s(fom) = [230 + €,e(75 — fom)] x 107° 5.7
wl?,ere,
fom = 28-day compressive strength of concrete (N Jmm?),

B, = coefficient dependent on concrete type and is equal to:

¢ 3 for normal or slowly hardening cement.
e 5 for rapid hardening cement,

e 9 for rapid hardening high strength cement, and

For 40% < RH <« 99%
Bry = —1.558sry

where,
RH .
and for RH > 99%
Bry = 0.25

RH is relative humidity in %.

The development of shrinkage with time is given by the following equation.

t_t, [A

Aule—t) = (Gamme s = ts > 58
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where, h, = nominal size of the member in mm. and is equal to

&

h, = 24,
u
A, being cross-sectional area, and

g - perimeter of the member in contact with the atmosphere.

5.2.4 Gardner-Zhao Shrinkage Model [24]

ACI-209 and CEB use a Ross type equation to relate shrinkage at a given time
to a hypothetical ultimate shrinkage. However, experimental evidence does not
support this conclusion. Gardner and Zhao on the basis of experimental data
review, proposed that the shrinkage strain, ¥(¢) should be calculated using the
following equation:

T(t) = €onu X Ba X B (5.9)

The variables in Eq. (5.9) are defined as follows:

' 0.5 o 0.5
€y = 900 = I = (—‘:—"2—3-) * ( :5 \ * 10~¢ (5.10)
cmic fcmZB}
_ 72T+ In(t —tc) (t -t 5 2 -
B(t) = [ 718 ] ol oy +0.0125 = (V/S) ) (5.11)

Bn = 1=k for h< 1.0
= —0.20, for k=10 (5.12)

where, ¥(t) = shrinkage strain,

fi .2 = concrete mean compressive strength at 28 days,
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! . = concrete mean compressive strength when drying commenced,

V/S = volume to surface ratio {mm), and ' = 1.0 for Type I Cement concrete.
This model gives a better characterization of shrinkage deformation than the ACI
model and is used in this study. According to Gardner and Zhao [24]. the ACT
shrinkage provision shows a systematic trend in overestimating shrinkage at early

ages but underestimates it at later ages.

5.3 Creep Strain

Creep is a stress originated phenomena which is defined as the time dependent
increase in strain under sustained load. There are two types of creep strains which
are lumped together to give what is generally referred to as total creep. These are,

basic creep and drying creep.

Basic creep is the time-dependent deformation that occurs when 2 loaded concrete
specimen is in hygral equilibrium with its environment. Drying creep (somctimes
called the Pickett effect) is the additional creep in excess of basic creep when the
same concrete undergoes moisture diffusion under sustained loading. In practice,
however, these distinctions are not always made. The total creep strain is generally

used in the creep compliance function!.

Generally, creep has little effect on the strength of a structure, but it causes
stress redistribution in reinforced concrete members under service loads and leads
to an increase in service load deflections, thereby possibly creating serviceability

problems. Stress redistribution is sometimes beneficial as it tends to reduce the

1Discussed in section 5.4.5
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maximum stresses produced. For example, stresses in concrete caused by differen-

tial settlement of structures are reduced by creep.

Creep has both recoverable and irrecoverable components. Figure 5.1 shows con-
crete deformation as a result of creep when concrete is subjected to a constant
axial compressive stress. The instantaneous elastic strain on the application of
stress is represented by &inse. If the stress is maintained at this level, creep pro-
ceeds at a decreasing rate with time. At any given time, the increase in strain
above the initial elastic strain is termed the creep strain, &.,. If the sustained load
is removed, an elastic strain is immediately recovered. The recovered elastic strain
is slightly less than the initial elastic strain because the elastic modulus increases
with time. After the instantaneous recovery, there is a gradual decrease in strain
which is termed creep recovery. The exact mechanism of creep is not understood.
Extensive research effort has been directed towards finding logical explanations
to the observed physical phenomena and to provide a2 mathematical basis for the

existing theories.

5.3.1 Mechanism and Influencing Factors

Several theories have been proposed in recent years to explain creep behaviour,
but no single theory has been able to account for all observed trends. Some of the

widely acknowledged theories are:

1. mechanical deformation theory - attributes concrete creep to internal stresses
set up as a result of the change in the form of the capillary structure of the

cement paste due to the application of load.



(&™)
H

viscous flow theory - postulates that creep is due to the sliding of the colloidal

sheets in cement gel between the lavers of the absorbed water.

3. seepage theory - attributes creep to the expulsion and decomposition of the

inter-layer water with the cement gel.

4, plastic theory - suggests that creep may be the result of crystalline fow (i.c

the slippage along planes within the crystal lattice).

The magnitude of creep and its rate of development are influenced by a large
number of factors, including: the compressive strength of the specimen at loading,
age of loading, type of aggregate, ambient relative humidity, temperature, member
size, concrete composition, duration of sustained loading, and stress intensity. Ex-
perimental test data often required for creep deformation analyses are not always
available. However, several empirical equations for predicting creep deformations -
exist. Some of these expressions are presented below but details of the assumptions

and methods used in their derivation are not discussed.

5.3.2 ACI Creep Expression [3]

Based on studies by Branson and Christianson [11], ACI Committee 209 proposed
the following expression for predicting creep deformation under constant stress:

(Chockd il (5.13)

C.=K,KyK,K, 0+~ .,.)o.so"’“

where,
K, = slump correction factor = 0.81 + 0.07s -
Ky = humidity correction factor= 1.27 - 0.0067TH

K, = minimum thickness correction factor = 1.0 — 0.0167(sz — 6.0)
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K, = correction factor for age at loading = 1.957-0118

s = slump ia inches.

H = humidity in %,

sz = minimum size of member,

T = age at loading,

t = observation time in days, and

C. = ultimate creep coefficient.

The ultimate creep coefficient is the ratio of creep strain at infinite time after
loading to the initial creep strain at time of loading, and is numerically equal to

2.35.

Standard conditions for which all correction factors are equal to 1.0 are

slump = 2.7 inches

ambient relative humidity = 40% or less

e minimum member size = 6 inches or less

age at loading = 7 days for moist cured concrete

5.3.3 CEB-FIP Creep Expression [13]

The CEB-FIP Model Code 1990, recommends that the creep strain coefficient
should be calculated using the expression:

.é(tv to) = ¢oﬁc(t - to) (5'14)

where,

¢, = nominal creep coefficient,
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3. = coefficient describing the development of creep with time after loading.

The nominal creep coefficient is calculated as:

6o = 0ru 3 fom )B(ts) (3.15)
with.

1— RH
opy =1+ —+ “‘“ (5.16)

0. OSho

21.8

om) = ————— 5.17
B(t.) = L 5.18
( ol — 0.1 +t2‘18 (O' )

where, RH is the relative humidity, f.n - the mean concrete strength and A,
effective thickness of specimen.

The creep time function is given by:

-1,

03 x4
—-—-—B Ti—1 ) (5.19)

Bt —1,)={
with,

By = 1.5[1 + 0.00012(—— RH )'8lho + 250 < 1500mm (5.20)

5.3.4 Gardner-Zhao Creep Model [24]

The age at which concrete is loaded is known to influence the magnitude of the
creep strains. Based on the analysis of the experimental results of L’Hermite
et al, and Bryant and Vadhanavikkit [13], Gardner and Zhao [24] developed an

expression in the form of Eq. (5.21), for predicting the creep strain coefficient.

86



-

This is adopted for the present study as it accounts for the effects of eaxly-age

loading, relative humidity and member size on creep.

_ 72T+ Ln(t —-1,) . 5.91
¢ = [ 17.18 ] (5.21)

__ ) L (2) T8 ()
5 2. - * *x — h » o
{1 57 +2.98 ( ém) ( — (1 ) t—t, +0.1x(V/S)"

C: = creep coefficient,

where,

fomas = 28-day mean concrete strength in (MPa),

fomto = mean concrete strength at the age of loading in (MPa),
t = age of concrete in days,

t, = age of concrete at loading,

h = humidity expressed as a decimal, and

7‘:: = volume/surface ratio (mm}.

The data used by Gardner and Zhao to calculate the creep strain coefficient was
the total load induced strains less the calculated elastic strain. It should be noted
that, unlike the ACI and CEB creep equations, the Gardner-Zhao expression does

not assume an ultimate creep strain.

Creep strains calculated using Eq. (5.21), and the creep equations of ACI 209-
82. and CEB MC 1990 were compared with measured creep strains at an applied
stress to developed strength ratio of 0.30. Both the Gardner-Zhao and the CEB
Model Code expressions showed reasonable agreement with the measured values.

The ACI 209-82 equation underestimated creep [24].



5.4 Mathematical Modelling of Creep Strains

The formulation of an analytical model for creep should account for any inherent
accuracy limitations. For constant hygro-thermal conditions and concrete stress-
" strength ratios less than 45%, creep deformation is reasonably well predicted by
the linear viscoelastic theory. There are two basic formulation procedures for this

theory, differential and integral

5.4.1 Differential Formulation

The differential formulation of the linear viscoelastic theory is based on a general
differential equation:
o E o

g TP ot (e =la(t)gg + o raltlle (5:22)

where p,(f) and g.{¢) are time variable properties of concrete. Difficulties as-
sociated with the determination of coefficients and its application to numerical

problems have restricted the use of this method.

5.4.2 Integral Formulation

The integral formulation of the linear viscoelastic theory developed by Voleterra,
[55] has received wide acceptability and is used in this study. For a linear viscoelas-
tic ageing material under uniaxial stress, the constitutive relationship is expressed

as an integral in the form

g(t) = .[_; C(r,t - f)?dr

—~—
S.'J !
]

e d
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where, £.(t) = creep strain, -
C(r,t — 7) = specific compliance function, and

7 = time of initial application of load (days), and ¢t = age of concrete.

The solution to Eq. (5.23) depends on the form of the Kernel function,
C(r,t — 1), generally referred to as the specific compliance function and

mathematicaily expressed as:

= 1

C(rit—1)= m-i-C(T,t—T)
where,
iy = instantaneous compliance function, and

C(r,t — 7) = creep compliance function.

The creep strain can therefore be written as:

g(t) = ./: C(rt—1) &;:)dr

(5.24)

(5.25)

An efficient solution to Eq.(5.25) will depend on the choice of a suitable creep

compliance function. The criteria for the selection of such a function should be

based on the following:

1. the function should accurately fit the experimental compliance data, taking

into account such factors as: age at loading, size of member, curing regime,

relative humidity, and temperature variations,

2. unknown coefficients of the function should be easy to evaluate, and

3. numerical evaluation of the function should require minimum computational

effort.

A number of different compliance functions have been proposed by various re-

searchers. A few are discussed below but detailed documentation and analysis of
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compliance functions can be found in Ref. {6]. A compliance function in the form

C(r.t=7)={(a+ E) Z Fre™onle=") (3.26)
T k=0

was suggested by Arutyunyan. where

a, b, B, 9, and m are constants to be determined from experiments

Ez-r) = instantaneous complance function. and

C(r,t — 7) = creep compliance function.

A comparatively advanced compliance function which takes into account age, and
temperature effects was proposed by Mukaddam and Bresler [41].

Cirt—nT) =3 aeht=m1emim) (5.27)

i=1
where, q;, and ); are constants,

é(T) = temperature shift function,

#(7) = age shift function,

T= temperature at loading, and

T = age of loading,.

5.4.3 Creep Under Biaxial Stress

Concrete under sustained uniaxial stress induces lateral strains in the directions
orthogonal to the applied stress direction. The ratio of the laterally induced creep
strain to the normal creep strain is called creep Poisson’s ratio and ranges between
0.16 and 0.25. If concrete is subjected to sustained biaxial stress, creep strains
would be produced in the two orthogonal stress directions. The magnitude of the
strain in 2 particular direction would be the sum of the strain in that direction due
to the applied stress in that direction, and the laterally induced strain resulting
from the applied stress in the other orthogonal direction.
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Gopalakrishnan et al. [2§] indicated that, the creep Poisson’s ratio under multi-
axial stress depends on the relative magnitude of the applied stress and is slightl;v:
less than the uniaxial value. For simplicity and considering the inherent uncer-
tainties involved in experimental creep strain measurements, the creep Poisson’s
ratio for the biaxial stress state is assumed to be equal to the elastic Poisson’s
ratio. Based on the above assumption, the incremental stress-strain relationship

for creep can be written as:

Aez(t) 1 - 0 Ao (t)
Agy(t) =] —ve 1 0 C(r,t=7,T){ Acy(t) (5.28)
Ay, (2) 0 0 2(1+v) AT, (t)

The total creep strain vector from the initial age of loading ¢; to the final obser-

vation time 2, will be:

Agi(tn) . Ac(t:)
Aci(tn) ¢ =D7' Y Cltuta =8, T) | Aoy(t) (5-29)
A% (t) = Arey(t)
where,
1 —-u, 0
Di'=| -y, 1 0 (5.30)

0 0 2(1+wv)
There are experimental indications that the creep stress-strain relationship is non-
linear beyond 0.35f!. To account for this behaviour, Becker and Bresler [7] pro-

posed the use of an effective stress concept based on the following empirical equa-

tions:

Oeff =0 (5.31)
for,

Z <035

r
c
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and.

Ceff = 2330 - 0.465f; ( .o

3.32)
for,
c
0.35< = <£1.0
e

5.4.4 Formulation of a Creep Model

The creep model used herein is based on an incremental step-by-step solution
procedure in the time domain. The following are the assumptions made in the

formulation process:

Assumptions

1. total strain in any direction is the algebraic sum of several strains caused by

different phenomena

o

strains caused by different effects are independent and additive

3. the time-dependent structural response is the same in tension and compres-

sion for an uncracked concrete

Studies by Becker and Bresler [12], Zienkiewicz and Watson [58] indicate that
certain types of mathematical approximations for the creep compliance function,
C(r,t — 7, T), while representing the experimental data accurately, overcome the
necessity of storing 2ll the stress increments of the previous time step. One such

function in the form of Dirichlets series was successfully used by Kabir [35] and is
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adopted for this analysis. The function is in the form:
Clrt—7T) =Y ai)[l —exp™ o DE=7)] (5.33)
=1
where,
a;(t) = scale factor dependent on age at loading 7,
A; = exponential constants determining the shape of the logarithmically decaying
creep curve, and

#(T) = temperature shift function.

The creep strain increment for the time interval At, = th4 — 2 is given by
Agl = €5, — € (5.34)

or,

ADgef = Doely — Deogl, (5.35)

Substituting the values of C(7,t—7,T) from Eq. (3.33) into (5.29) and simplifying

gives.
ADyes = 3 A [1 = e~homa] (5.36)
where. -
A = A emNenmiBtnm L A g; (5.37)
and,
A = Aoya;, (5.38)

Thus, Egs. (5.36), (5.37), and (5.38) are the necessary expressions for calculating
the creep strain increment for any time step n, defined by the time interval At, =
tnt1—tn. With this formulation, knowledge of the previous stress histories for strain
increment calculations is not required. The stress history is implicitly incorporated

in the vector 4;_, called the hidden state variables. The value of 4;, is calculated
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as a progressive sum by the use of Eq.(5.38) knowing the stress change Ao, at the

current time, Z,.

This approach is time efficient and considerably reduces storage capacity thereby

making time-dependent analysis of reasonably large structural problems possible.

5.4.5 Creep Compliance Coefficients

The assumption of a suitable compliance function is the most important step in
the formulation of a creep strain computation algorithm. Evaluation of the creep
compliance coefficients is based on the assumed function:
m
Clrt=7.T) =3 a1 — exp~ M=) (5.39)
i=1
The input data required for the compliance function are vaiues of total creep
strain, C(r,t,T) for a set of loading ages, 7 and the observation times ¢. These
may be obtained by performing an experimental creep data analysis, or adopting
an empirical creep equation. In order to make the best fit approximation of the

creep strain data with the assumed compliance function, the following procedure
is followed:

—

. Choose the parameters m and JA;, for i = 1,m on a trial basts.

()

. Select a particular age at loading, 7, and concrete temperature T,.

3. Various times t;,j = 1,2,...,n are chosen such that ¢; > 7,, where ¢; is the time

in days when concrete was cast.

4. Calculate the values of C(7,,t; — 75, Tp) at the points 7 = 1,2,...,n.



3. Set up the following simultaneous equations

..... 1—emt=m) 1 { aim) ] | Clrats =70 To) ]
02(70) C(rm ta — Tos To)

i i-— c,\lﬂl -Ta) 1-—- e—‘?“l“"n)

| 1 —ehiltnmme) ] glalinmre) 1w eMmltn=m) | | ap(7,) | | C(Tortn — T0r To) |
(5.40)
or,
Anxm@mx1 = Baxi n>m (5.41)

The least square method is applied to solve the over-determinate systems of Eq.

(5.41) for values of a
Aln Anxm Gmx1 = AmynBaxt
(AT A)mxm Emx1 = (AT Bz
Gma = (AT A)mkm (AT B)maa

6. Choose a different m and A; and repeat steps 2 to 3.

7. Optimize the m’s and A’s according to the following criteria:
e minimization of square errors, |
e all computed a;(7) values should satisfy Eq.(5.41) for the period of analysis with

a deviation of 5% or less.

8. Choose a different age at loading, 7; and repeat steps 3-to 5 to determine a
new set of @(m;). The process is continued to give sets of a;(7) for different ages.

Values for in-between ages are determined by linear interpolation.
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Chapter 6

PRESENTATION AND
DISCUSSION OF RESULTS

6.1 Verification of TIDARCS

Prior to producing results it was necessary to verify the adequacy of the computer
program used. This was done by a comparative assessment of computed deflections

using TIDARCS and experimentally measured results reported in literature.

Three experimental slabs and a reinforced concrete beam were analyzed;

o to check the validity of the material models and to test their ability to reflect

reality with reasonable accuracy,

o to check how well the finite element used in the study predicts experimental

behaviour,
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e to test the creep and shrinkage models used in the study. and

e to demonstrate the applicability of the analytical procedure to a variety of

structures subjected to different load histories.

The first example considered was a rectangular square slab tested by McNeice
[33]. The slab was analyzed for an instantaneous and a step-like load history. The
second example involved a flat plate model tested by Fu [19] at the University
of Ottawa. The slab was analyzed for both instantaneous and sustained load
deflections. In the third example, a reinforced concrete flat plate model tested by
Shao [49] was analyzed for instantaneous deflections. The fourth example involved

a reinforced concrete beam tested by Branson [10].

6.1.1 McNeice Slab [33]

The McNeice slab was 0.91 m square, simply supported at the four corners, and
isotropically reinforced. It had a thickness of 44.45 mm and wes subjected to a
concentrated load at mid-span. The finite element mesh and the material proper-
ties used are shown in Fig. 6.1. Due to the symmetrical nature of the slab, only
quarter portion was modelled for the analysis. The concentrated load was applied
in four equal load increments of 4.45 kN. A displacement tolerance of 0.025 mm

was set for convergence and the stiffness matrix was reformed after each iteration.

The two tension stiffness models discussed under section 4.2.4 were separately in-
troduced in the analysis. This allowed the models to be compared as to which
best represented the experimental behaviour. The load deflection curve of the
slab is presented in Fig. 6.2 together with the experimental results of McNe-

ice. The model with increased steel modulus showed a better agreement with the
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The model with increased steel modulus showed a better agreement with the ex-

penimental curve.

6.1.2 Fu’s Flat Plate Model 3 [19]

An analytical investigation was carried into one of three reinforced concrete flat
plate models constructed and tested by Fu [19]. The 63.5 mm thick slab had a
square profile with a clear span of 1.96 m and was supported by four 203 mm
square columns. The slab was designed in accordance with the empirical method

of the ACI code.

The aim was to investigate experimentally the effects of early-age construction
loads, and the time-dependent effects of creep and shrinkage on slab deflection.
The slab was cured for 10 days before the formwork was stripped allowing the slab
to deflect under its own weight. A superimposed dead load was applied to the slab

at 28 days giving it a total sustained load of 1.5 times the design dead load.

The material properties of the slab were as follows:
» 28-day compressive strength = 34.1 MPa

e Steel yield stx"ength = 417 MPa

o Modulus of elasticity of steel = 200 GPa

e Diameter of reinforcing steel = 5 mm

The response of the test structure to load was evaluated through short and longterm
deflection measurements as summarized in Table 6.1. The two sets of results show

that the experimental and analytical deflections compared favourably.
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6.1.3 Shao’s Flat Plate [49]

An experimental flat plate model tested by Shao [49] at the University of Ottawa
was analyzed for instantaneous deflections. The 140 mm thick slab was designed
in accordance with the provisions of the ACI 318-39 Building Code {1}. The slab
spanned two bays in both directions of the x - ¥ coordinate system with a center

to center span of 2.74 m.

The slab had a 28-day compressive strength of 19.5 MPa and an average elastic
modulus of 20.9 GPa. Deformed #10 bars with yield strength of 400 MPa were
used to reinforce the slab. The amount of reinforcement was calculated and dis-
tributed in such a way that the slab had enough strength to ensure punching shear
failure. A uniformly distributed load of 12.4 kN/m* not including the self-weight

of the slab was applied to the structure.

Immediate deflections, measured at the center points of the slab panels were com-
pared with calculated values from TIDARCS. An average instantancous deflection
of 2.04 mm was experimentally observed for values ranging from 1.66 mm to 2.39

mm while a calculated average of 1.70 mm was realized using TIDARCS.

6.1.4 Branson’s Continuous Beam LB-3

Branson reported the results of a study conducted for the Alabama Highway De-
partmen:t into the time-dependent deflections of a series of reinforced concrete
beams. The purpose of the study was to consolidate information on deflections
and to study the complex deformational behaviour of reinforced concrete beams

as influenced by the interrelated effects of cracking, shrinkage, and creep.
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The experiment measured the instantaneous and time-dependent deflections for
a continuous reinforced concrete beam. The 217 mm thick beam had two spans.
each 2.74 m long. It had a 28-day compressive strength of 35.4 MPa, modulus of
elasticity of 30338 MPa, and a steel yield strength of 358.5 MPa. The beam was
loaded 28 days after casting with the beam dead load and 2 uniformly distributed
superimposed load. The ratio of the superimposed load to the slab dead load
was 5.50. The specimen had an average ambient relative humidity of 59% and a

temperature of 29°C.

A comprehensive schedule of deflection and strain measurements were maintained
throughout the test period. An observed instantaneous deflection of 1.42 mm
and a longterm (SO days) deflection of 2.95 mm were reported. The analytical
investigation using TIDARCS produced an instantaneous deflection of 1.27 mm

and 80 days longterm deflection was 2.77 mm.

6.2 Computer Simulation

6.2.1 General Remarks

In general, deflection serviceability requirements are satisfied by ensuring that
the thickness of the slab is such that it satisfies a specified span/thicknes ratio.
However, there is no guarantee that the ACI-CSA requirements are appropriate
for modern construction methods which impose high early age construction loads
on the slabs. The availability of complicated sophisticated finite element analysis

programs do not meet the needs of designers.

The objective of this thesis is to derive an easy to use method to determine the
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necessary minimum thickness for flat slabs. constructed with various construction
cveles. 1o satisfyv the appropriate deflection limit. The approach used was to choose
a construction load. in terms of slab self weight. to be applied at a given age, and

calculate the long term deflections for an assumed slab thickness.

The serviceability limit chosen was an exterior panel interior column line detlec-
tion of span/240. If the calculated column line deflection did not equal span/240
the slab thickness was changed and the calculations repeated until the calculated
deflection matched the target deflection. '

6.2.2 Loading History

In the shore-reshore construction process, the greater the number of forms used.
the greater the construction loads applied to the slabs [21]. The use of one level of
forms and multiple levels of reshores is considered the most efficient. To determine
the construction loads imposed on the formwork and on the individual slabs, one
level of forms and three levels of reshores (1+3) were used. Five different con-
struction cycles were considered for the simulation process. Slabs were loaded 3,

4, 7, 14, and 28 days after casting.

The distribution of loads between the various slabs in the system was determined
using the procedure suggested by Grundy and Kabaila [30], and later extended by
Agarwal and Gardner [3]. A significant assumption made in the application of the
Grundy-Kabaila method is that all slabs have equal stiffnesses.

Using Agarwal and Gardner the construction load is 1.25D, assuming the formwork
weighs 0.1D and no construction live load, the total unfactored construction load
is 1.35D.
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Assuming the slab is put to service at 28 days. it is subjected to its own self weight

plus some fraction of the live load. For a slab designed for a live-load to dead-load.
ratio of 0.5 the sustained load was chosen to be self weight plus 50% of the live

load plus, superimposed dead load of 0.1D to total 1.35D. In determining the load

history, slabs were assumed to support construction loads, dead load and service

live loads (occupancy loads). The live load component was expressed as a ratio of
the slab dead load. Because of computational problems in unloading the slabs the

simplified load history was used (see Fig. 6.3).

For a given slab thickness, an increase in design live load would be expected to
produce an increase in live load deflection and an increase in incremental deflection.
Instead, slabs with the lowest ratio produced larger incremental deflections. This
was verified from preliminary investigations conducted into the effect of Liwve-load
to dead-load ratios on slab deflections (see Table 6.2). The explanation is that any
increase in live load was offset by the corresponding increase in steei reinforcement

thereby restraining further increases in incremental deflections.

6.2.3 Permissible Deflection Limit

ACI 318-89 and CSA A23.3-84M specify maximum deflections permitted under
various circumstances as fractions of span length. Specified limits are provided
for live-load deflections and incremental deflections occuring after installation of
nonstructural partitions. Neither code, however, contains specified limits on total

deflection.

Total deflections can be reduced by introducing camber in the slabs during con-
struction. Camber will not reduce the incremental deflection, but will reduce visual

and alignment problems. A further complication is that exterjor panels experience
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larger deflections than interior panels and hence all ser\'liceabilit_v criteria, incre-
mental deflection and camber, are determined by the exterior panel. Camber was
assumed to be equal to the instantaneous deflection of the exterior mid-panel. In
this study, serviceability was defined as an exterior panel, column line incremental
deflection equal to or greater than clear span/240. This is intended to represent
the deflection which can be tolerated by nonstructural installations: partitions.

doors. etc.

6.2.4 Slab Details

Because of the large number of possible parameters and the objective of deriving an
easy to use equation the present investigation was conducted within the scope of a
parametric study. A total of 169 analyses were carried out for various combinations
of slab dimensions, material properties, and construction schedules. The study was
restricted to reinforced concrete flat plates and ﬁa.tlslabs with drop panels. The
slabs were designed in accordance with the Direct Design Method of the ACI
Building Code [1}- '

The slab layout spanned three bays in both directions of the cartesian coordinate
system as illustrated in Fig. 6.4. Due to symmetry, only a quarter of the slab
system was modelled for the analysis. One mesh layout was used throughout the
study. The mesh was selected based on a preliminary mesh refinement analysis for
a converged solution. The layout has the general configuration of the mesh shown
in Fig. 6.5 with given dimensions adjusted to suit the column and middle strips
for each slab.

Catastrophic failure of flat slabs is usually caused by punching shear. The punching

shear capacity available is dependent upon the shear perimeter, developed concrete
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strength, reinforcerhent ratio and the assumed relationship between shear strength
and concrete strength. To avoid possible punching failure, larger column sizes were

used for slabs with longer spans. and without drop panels.

For each slab layout a 10% increase in thickness was applied for exterior panels
as required by the code. For slabs with drop panels, the codes specified minimum

drop panel thickness of 1.25 times the slab thickness was used.

All the slabs were reinforced with steel of yield strength 60,000 psi (417 MPa),
but required steel areas were not matched with available sizes of reinforcing bars.
Instead, the computed areas per unit width were specified as input for the com-
puter analyses. Nine reinforcing steel layer systems (see Fig. 6.6) were used.
Reinforcement details for some selected slabs are given in Appendix B and the
reinforcements for slabs SS-A26 and SS-B22 are given in Table 6.3. In calculat-
ing the effective depths, a clear concrete cover of 20 mm (0.8 in) was assumed.
The analyses were carried out for a duration of 5000 days, a period for which the
solution converged within the time domain. A characteristic concrete strength of
3000 pst (20 MPa) was specified for most slabs. Two series of slabs were analyzed
with compressive strengths of 24.0 MPa (3500 psi) and 27.5 MPa (4000 psi) to

investigate the effect of concrete strength on slab deflection.

Details of the slabs analvzed are presented in Appendix A.

6.3 Presentation of Results

Before the revised concrete parameters of Gardner and Zhao were incorporated

in the computer program, a preliminary investigation was carried out to deter-
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mine the effect of live-load to dead-load ratio on calculated deflections using the
shrinkage and creep equations of ACI-209. Table 6.2 shows the results of the pre-
liminary investigation and the quantity of information available. As stated, the
control criterion was chosen to be the incremental column line deflection of the
exterior panel {Node 17). It can be seen that the assumption by Boussouf [9] that
deflections are inversely proportional to h* is questionable. Secondly, it is easily
observed that the slabs designed for live load to dead load ratio of 0.5 have greater

instantaneous, incremental and total deflections than slabs designed for load ratios

of 1.0 and 1.5.

Table 6.4 illustrates the re-iterative procedure used to determine the required slab
thickness to satisfy the exterior panel column line criteria. A complete set of the

re-iterative results for all slabs is given in Appendix E.

To check if the pattern of result conform to those expected, Table 6.5 shows that
the long-term to short-term deflection ratios range from a high of 7.02 to a low of
2.61. These ratios are similar to field measured values reported by Scanlon [47]
and Sbarounis [46].

Tables 6.5 to 6.10 summarize the deflection results taken from the tables in Ap-
pendix E.

The following definitions pertain to all the tables of results.

1. The incremental deflection A;nr is the difference between the total deflection,

Ay 2nd the instantaneous deflection 4;y,,,.

9. Deflection at Node 7 (refer to Fig. 6.5) is the mid-panel deflection of the

interior panel.
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3. Deflection at Node 31 is the mid-panel deflection of the exterior panel.

4. Deflections at Nodes 17 and 45 are the deflections along the column lines of

the exterior panel in the E-W direction.

5. Deflection at Node 33 is the deflection of the longer span along the column

line of the exterior panel.

6. In applying the deflection limit /240, the span [ was taken as the distance
between the column faces when considerng mid-span deflections along the

column centerlines.

6.4 Discussion of Results

Figure 6.7 shows the thicknesses required to satisfy a serviceability limit of /240
on the interior column line of the exterior panel for square slabs. It can be observed
that the age of loading (construction cycle) and the span have significant effects
on the required slab thickness. The current ACI 318-89 and CSA A23.3-M84

requirements do not give consistent serviceability.

As the required slab thickness is highly dependent upon construction load a review
of the form of the span-thickness equation is warranted. The general deflection
equation is

wlt

§= ——

where A is a constant.

For the given permissible deflection limit used,



and

I=hr%12
Therefore.
o wi?
240 < TER
But
w(load) = D(14 + 1.7L/D)
where
D = ph
Thus,
ph(1.4 + 1.7L/DY*
1/2
/240 < =g

If all the constants age put together the expression becomes
Const < PP[h?
Assuming h = k[, where k is a constant,
Const < IB/(kl)?

This implies that
Const < [®

For a given thickness which is itself a constant, we can write
Const = kh < I

which implies
Const < I'*/h

Thus the minimum thickness is proportional to the span to the 3/2 power.
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Using the above logic as a base and the results of the computer analysis the

following best fit expression was derived.

11.42

2
hopin 2 Na *;3(% —0.2) #7020 30

fck'i‘s

(6.1)

where,
h = the minimum thickness required for an exterior panel (m},
8 = ratio of the longer span to the shorter span,

= age of concrete at the time of loading in days,
fek = characteristic strength of concrete (MPa),
[ = clear span between column faces for column strip defiections. Using the square
panels experimental results the constant It was determined to be 41.77 with a
coefficient of variation of 4.4%. Figure 6.8 shows the fit of the equation with the
data from Table 6.5.

The variation of the constant with specified concrete strength is shown in Fig.
6.9 for all square slabs loaded at 3 days. The table shows that the required
slab thickness reduces with increased concrete mean strength. Using a strength
correction factor of the inverse of the concrete mean strength is easy and the

agreement is shown in Fig. 6.9.

Rectangular panels are not as sensitive to deflection problems as square slabs. A
linear reduction factor, originally proposed by Scanlon, was used to modify the
equation. Comparison of the constant of the equation with the rectangular slab
data is shown in Fig. 6.8. The agreement becomes more conservative with panel

aspect ratios other than unity. It can be noted that the data for different ages of

loading is taken into account.

As stated previously camber equal to the 28-day deflection should be provided.

The calculated instantaneous deflections for the square slabs are shown in Table
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6.11 and illustrated in Fig. 6.13. It is not surprising that larger span slabs have
larger deflections than shorter span slabs: but it is surprising that slabs loaded
at early ages have smaller deflections. This is because slabs loaded at carly ages

require larger thicknesses to satisfv the serviceability requirement.

The simplest camber requirement would be a simple fraction of span, perhaps,
1/500. A more exact expression would include span and age of loading. An appro-

priate equation would be
camber = 0.35 1 9 (mm) (6.2)

An alternative formulation for exterior panel camber is

2,75
camber = ==— (mm) (6.3)

S0 A
where,

camber = the 28-day mid-panel deflection of the exterior slab,

[ = the clear span of the diagonals between opposite column corners (mm),
t, = the age of concrete at the time of loading (days), and

h = slab thickness

The column line camber should be the mid-panel camber multiplied by the cosine
of the angle between the diagonal and the column line.

For a square slab,

column line camber = mid — panel camber x cos45’

= 0.71 x mid — panel camber (6.4)

The various camber requirements are compared in Fig. 6.14.

Table 6.8 shows the effect of drop panels on slab deflections. The use of code rec-

ommended minimum drop panel thickness of 1.25 times the slab thickness reduces
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the thickness required to satisfv the serviceability criterion by approximazely 10%.

6.4.1 Summary

For design purposes it would be preferable to ensure that the minimum thickness
equation should be conservative. Consequently it is recommended that, for design,

equation 6.1 should be changed to

2 1.1 30
- J— —_— ). -020  __“-
Romin 0 * B( 5 0.1) >t *ka 3

For interior panels the thickness given by Eq. (6.1} can be reduced by 15%.

(6.5)

For slab with drop panels, the minimum thickness can be reduced by 10% as in

the present code.

Camber should be provided and a reasonable mid-panel camber would be longer-
span/300. The column line camber would be the mid-panel camber multiplied by

the cosine of the angle between the diagonal and the column line.
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Table 6.1: Observed and Computed Deflections for Fu's Slab 3

——

Observed | Calculated

Deflections | Deflections

(0.01 mm) | (0.01 mm)
At 28 days (due to loading) 212 213
Total defl. at 28 days 345 377
Total defl. at 60 days 460 504
Total defl. at 120 days 600 595
Total defl. at 240days 760 673
Total defl. at 483days 848 759
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Table 6.3: Reinforcement Detail (Square Slabs)

Steel

Reinforcement Areas (in*/in)
Slab ID | System Top Top Bottom Bottom .
Number | X-Direction | Y-Direction | X-Direction | X-Direction |

1 0.02420 0.02;20 0.01360 0.01360 B
2 0.01360 0.01360 0.02904 0.01360
3 0.04887 0.02420 0.01360 0.01360
4 0.01360 0.01360 0.01360 0.02904

SS-A26 5 - - 0.01936 0.01936
6 0.01629 0.01360 0.01360 0.02904
7 0.02420 0.04887 0.01360 0.01360
8 0.01360 0.01629 0.02904 0.01360
9 0.04887 0.04887 0.01360 0.01360
1 0.03874 0.03874 0.02560 0.02560
2 0.02560 0.02560 0.04648 0.02560
3 0.07822 0.0387¢4¢ - 0.02560 0.02560
4 0.02560 0.02560 0.02560 0.04648

SS-B22 9 - - 0.03099 0.03099
6 0.02607 0.02560 0.02560 0.04648
7 0.03874 0.07822 0.02560 0.02560
8 0.02560 0.02607 0.04648 0.02560
9 0.07822 0.07822 0.02560 0.02560
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Table 6.5: Computed Deflection Ratios for Node 17

Clear | Age at Computed Deflections Long-term to
Slab | Span | Loading {ins) Short-term
_ID Lins) (Days) | Total | Immediate | Long-term Defl. Ratio
§S-a5 | 210 3 1.027 | 0.128 0.599 T.02 |
$S-Al0| 210 4 1.036 0.159 0.877 3.52
SS-Al4 | 210 T 1.053 0.203 0.850 4.19
SS-AlT | 210 14 1.103 0.225 0.878 347
SS-A20 ) 210 28 1.084 0.233 0.851 3.65
S5-B3 | 314 3 0.739 0.220 1.300 3.91
SS-B7 1 314 4 0.762 0.248 1.286 5.19
SS-Bl1 | 314 T 0.949 0.310 1.310 4.23
S$S-B15 | 314 14 0.967 0.355 1.322 3.72
$S-B18| 314 | 28 |1.066| 0.392 1.282 3.27
$5-C4 | 432 3 0.911 0.417 1.803 4.32
SS-C9 | 432 4 1.012 0.440 1.770 4.02
§S-C13 | 432 T 1.089 0.307 1.818 3.59
SS-C17 | 432 14 1.084 0.321 1.787 3.42
SS-C20 | 432 38 ET‘L 0.681 1.779 2.61

————— e  ——  — — —————



Table 6.6: Summary of Incremental Deflections

| Clea.r- Age at Incremental Deflections (ins) Span
Slab | Span | Loading | Thickness (28 - 5000 days) Thickness
ID (ins) | (Days) | Required | Node 7 | Node 17 Nide K3 Et_;io
SS-A5 | 210 3 8.50 0.590 _0.899 T-M.?. ;Tl
SS-Al10 | 210 4 7.70 0.669 0.877 1.430 27.27
§S-Al4 | 210 7 6.80 0.681 | 0.830 | 1.364 30.88
SS-A17 | 210 14 3.90 0.710 | - 0.878 1.413 35.39
SS-A20 ¢ 210 28 53.50 0.759 0.851 1.392 38.18
SS-B3 | 314 3 16.00 0.759 1.300 2,237 19.63
SS-BT | 314 4 14.80 0.762 1.286 2.210 21.22
SS-B11 | 314 T 12.90 0.949 1.310 2.270 24.34
SS-B15 | 314 14 11.30 0.967 1.322 2.263 27.30 k
SS-B1§ | 314 28 10.30 1.066 1.282 2.248 30.89 |
SS-C4 | 432 3 22.7 0.911 1.803 2.973 19.03
SS-CO | 432 4 21.3 1.012 1.770 2.884 20.28
SS-C13 | 432 T 18.7 1.089 1.818 3.011 23.10
SS-C17 1 432 14 17.2 1.084 1.787 2.950 25.12
SS-C20 | 432 28 15.0 1.274 1.779 2.052 28.80

e ———— ——————————————————— —
e e ———
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Table 6.7: Effects of Panel Aspect Ratio on Defections

S —
Clear Spans Slab | Age at | Required B Mid-panet - 1
Slab ins Aspect | Loading Slab Incremental Deflections (ins! |
ID_ l,,,_ l,n - | Ratio | (days) Thk_in_ess N_cie T Node 31
SS-a10 | 236.00 | 236.00 | 1.0 4 770 | 0.669 1.430
RS-A6 | 157.33 | 236.00 | 1.5 4 6.70 | 0.598 0.913 |
RS-421 | 118.00 | 236.00 | 2.0 4 6.20 0.690 0.582 i
SS-B7T | 354.00 | 354.00 | 1.0 4 1480 | 0.762 2.210 |
RS-B5 | 236.00 | 354.00 | 135 4 1320 | 0.57 1.280 |
RS-BI7 | 177.00 | 354.00 | 2.0 4 11.60 | 0.733 1.312 {
$S-C9 | 472.00 | 472.00 | 1.0 4 21.30 | 1.012 2,384 |
RS-C2 | 31467 | 472.00| 1.5 4 1830 | 0.820 1.904 \
RS-C13 | 236.00 | 472.00 | 2.0 4 | 1ms0 |oom | 1772 ’
SS-Ald | 236.00 | 236.00 | 1.0 7 6.80 0.681 1364 |
RS-A10 | 157.33 | 236.00 | 1.5 7 5.80 0.601 0.026 ;
RS-A24 | 118.00 | 236.00 | 2.0 7 540 | 0.681 0.554 |
SS-B1l | 354.00 | 354.00 | 1.0 T 12.90 | 0.949 2,270 |
RS-BO | 236.00 { 354.00 | 1.3 7 11.70 | 0.387 1.200 I
RS-B22 | 177.00 | 354.00 | 2.0 T 11.20 | 0.746 1.252 i
5S-C13 | 472.00 { 472.00| 1.0 T 18.70 | 1.089 3.011 i
RS-C6 | 314.67 | 472.00 | 1.5 T 16.40 | 0.889 1.881 |
| Rs-C13 | 236.00 | 472.00 | 2.0 7 1650 | 1057 | 1786 |
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Table 6.8: Effects of Panel Aspect Ratio on Defections (cont’d)

Clear Spans Slab | Ape at | Required Mid-panel
Slab ins Aspect | Loading Slab Incremental Deflections (ins)
ID [*"L__ lyn Ratio | (days) | Thickness | Node 7 Node 31
$S-A17 | 236.00 | 236.00] 1.0 | 14 590 | 0.710 1.413
RS-A13 | 157.33 | 236.00 1.5 14 5.20 0.610 0.882
RS-A26 | 118.00 | 236.00 2.0 14 4.70 0.710 0.891
$S-B15 | 354.00 | 354.00 1.0 14 11.50 0.967 2.263
RS-B12 { 236.00 { 354.00 | 1.5 14 10.30 0.656 1.357
RS-B25 | 177.00 | 354.00 2.0 14 9.90 0.721 1.266
SS-C17 | 472.00 | 472.00 1.0 14 17.20 1.084 2.950
RS-C8 | 314.67 | 472.00 1.5 - 14 14.80 0.971 1.901
RS-C21 236.00_4_72.2.00 2.0 14 14.20 1.072 1.783
SS-A%0 | 236.00 | 236.00] 1.0 | 28 | 550 | 0.759 | 1.392
RS-A17 | 157.33 | 236.00 | 1.3 28 480 | 0.649 0.922
RS-A30 | 115.00 | 236.00 | 2.0 28 450 | 0.705 0.846
SS-B18 | 354.00 | 354.00 1.0 28 10.30 1.066 2.248
RS-B14 | 236.00 | 354.00 | 1.5 28 9.60 0.682 1.384
RS-B27 | 177.00 | 354.00 2.0 28 9.20 0.735 1.290
§S-C20 | 472.00 | 472.00 1.0 38 15.00 1.274 2.952
RS-C11 | 314.67 | 472.00 1.5 28 13.70 1.098 1.918
RS-C25 | 236.00 | 472.00 2.0 28 13.10 1.139 1.804




Table 6.9: Effect of Compressive Strength on Required Slab Thickaess

Clear Required Incremental Deflections
Slab | Span ? | Thickness (ins)
[ ID (ins) { (MPa) (ins) Node T | Node 17 | Node 31
[ss-a5 | 210 | 3000 | 850 | 0.5%0 | o899 | 1442 |
SS-A23 | 210 | 3500 7.60 0.586 | 0.843 1.308
SS-A27| 210 | 4000 7.00 0.570 | 0.825 1.279
SS-B3 | 314 3000 16.00 0.759 1.300 2.237
SS-B20 | 314 3500 13.80 0.873 1.315 2.147
SS-B22 | 314 | 4000 12.80 0.902 1.296 2.076
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Table 6.10: Effect of Drop Panels on Slab Deﬁectioﬁs

—_.———-————_'-—___-= e — —
1

Use of | Clear | Age at | Required Incremental Deflections

Slab | Drop | Span | Loading | Thickness (ins)
ID Panel | (ins) | (days) (ins) Node 7 | Node 17 | Node 31
e e e —— i —— T "
SS-Al4 No 210 7 6.80 0.681 0.850 1.364

DP-A4 | Yes 216 7 5.70 0.741 0.871 1.435
§S-Bll1| No 314 7 12.90 0.949 1.310 2270
DP-B4 | Yes 324 7 10.90 0.947 1.262 2.214
7
7

SS-C13| No 432 18.70 1.089 1.818 3.011

DP-C4 | Yes 442 15.70 1.303 1.810 3.105

_____________—____———___—_—__———-——————'_—_——-———;————:—_—‘—_



Table 6.11: Deflections of Node 31

[ Clear | Age at T Computed I;cﬁcccious Span
Slab | Span | Loading | Thickness (ins) Thickness
| ID (ins) { (Days) | Required | Total | Camber | Incremental Rar.':?
__SS-A5 210 3 3.50 1.643 | 0.202 1.442 2471
S$S-A10 | 210 4 7.70 1.679 | 0.249 1.430 27.27
S§S-A14 | 210 T 6.80 1.677 | 0.313 1.364 30.88
SS-A1T | 210 14 5.90 1.685 1 0.310 1.375 35.39
SS-A20 | 210 28 3.50 1.699 | 0.307 1.392 38.18
SS-B3 | 314 3 16.00 2583 | 0.346 2.23% 19.63
SS-B7 ¢ 314 4 14.80 2599 ] 0.389 2.210 21.22
SS-B11 | 314 7 12.90 2.757 | 0.487 2.270 24.34
SS-B15 | 314 14 11.50 2814 | 0.551 2.263 27.30
SS-B18 | 314 28 10.30 2.809 ; 0.561 2.248 30.89
$5-C4 | 432 3 22.7 3.596 | 0.623 2.973 19.03
SS-C9 | 432 4 21.3 3.041 | 0.657 2.384 20.28
8S-C13 | 432 T 18.7 3.773 | 0.762 3.011 23.10
SS-C17 | 432 14 17.2 3.716 | 0.766 2.950 25.12
SS-C20 | 432 28 15.0 3.802 | 0.940 2.952 28.80
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Figure 6.13: Recommended Camber for Slabs Meeting Serviceability Requirements
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Chapter 7

CONCLUSIONS AND
RECOMMENDATIONS

7.1 General Remarks

Most cases of deflection damage occur as a result of exceeding the permissible
deflection of slabs supporting non-structural elements. This creates serviceability
problems such as cracking of partitions, jamming of doors and window.s, and an
uneven placement of furniture. In some cases, the visual impact of cracks and
sagging floors may cause concern for the safety of the structure even though the

structure may have adequate strength.

Serviceability problems in smaller span slabs may be noticeable earlier than in
larger span slabs. This may be because the absolute magnitude of deflection is of

lesser concern than the magnitude relative to the span of the slab.
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The ACI Building Code [1] and the Canadian Standard [15]. give the maximum
deflections permitted under various circumstances as fractions of span length. The
maximum permissible deflections are. however, based on live-load deflections and
deflections occuring after the installation of non-structural partitions. Regrettably.

there is no limit placed on total deflection.

The present study presents an altem#tix‘e span-thickness criterion for the control
of excessive slab deflections based on formwork precambering. Undesirable slab
deflections can be significantly reduced by an appropriately chosen camber in the
formwork. The idea is to use a prescribed camber to offset the immediate deflec-
tions. An equation is recommended for the estimation of the amount of camber
needed for any given span. The equation was developed using the immediate

deflections generated from the computer simulations.

7.2 Conclusions

The following are the conclusions drawn from the study based on the results of

the computer experiments:

1. The age at which load is applied to a slab has a significant effect on the
overall performance of the structure. Slabs loaded at early ages produced

high longterm deflections.

2. The tensile strength of concrete is an important factor in the service load
behaviour of concrete slabs. Slab deflections increase as the tensile strength

of concrete decreases.
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10.

11.

Construction loads are of great importance in the longterm behaviour of
reinforced concrete slabs. Construction overloads produce extensive cracking

and higher immediate and longterm deflectiows.

The time-dependent effects of creep and shrinkage are interactive in nature

and contribute significantly to the longterm deflection of slabs.

Mid-panel deflections are greater for corner slabs than the interior or the

column line mid-span deflections.

The total longterm deflections ranged from 2.6 to 7.0 times the immediate

deflections.

Deflection multipliers are dependent on the age at loading of concrete. The
deflection multipliers recommended by the current ACI the Canadian codes

do not consider age of loading in predicting longterm deflections.

The characteristic strength of the concrete affects both the immediate and
longterm deflections of slabs. Use of higher strength concrete leads to reduc-

tion in slab deflections.

Use of drop panels contributes to reducing net total deflections and helps

prevent the likelihood of early-age punching shear failures.

Sensitivity of slab deflections to live-load to dead-load raios (L/D) is not
significant. However, slabs designed using high L/D ratios resulted in slightly
lower longterm deflections as the increase in reinforcement tends to offset

further deflection increases.

Rectangular slabs with larger panel aspect ratios are less likely to have de-
flection problems than those with lower aspect ratios. Square slabs are the

most critical group.
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12,

13.

Exterior panel deflections were approximately 2 to 3 times the interior panel
deflection. The present codes requirement of increasing the minimum thick-
ness for exterior panels by 10% should be revised. A 15 % increase would be

appropriate.

A realistic minimum thickness criterion should reflect factors influencing
slab deflections such as, age at loading, characteristic concrete strength,
panel aspect ratio, construction rate and the time-dependent behaviour of
concrete. The current ACI and CSA equations lack the necessary correction

factors and should be revised.

7.3 Recommendations

1. Based on the results of an extensive computer-based computations the follow-

&

ing limitation is proposed as an alternative to the code’s minimum thickness

criterion for flat plates and flat slabs with an a.ppropria.tely chosen camber

1.42
! *g(ﬂ-ol) t‘°‘° 30

hmzn 2 < &
40 .f ckas -+ 8

(7.1)

where,

h = the mxmmum thickness required for an exterior panel slab (m},
I = clear span of the longer side of the panel (m),

B = ratio of the longer span to the shorter span,

t = age of concrete at the time of loading in days, and

ferzs = characteristic strength of concrete at 28 days (MPa).

Use of Eq. (7.1) is subject to the use of an appropriately chosen camber.
The amount of mid-panel camber required should be estimated using one of

the following equations.
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e The simplest camber requirement should be

camber = [/500 (7.

=1
b2
—

e A more exact expression would be

camber = 0.35 ' %% (mm) (7.3)
or,
' 127
camber = R (mm) (7.4)
where,

camber = the 28-day mid-panel deflection of the exterior slab,

I = the clear span of the diagonals between opposite column corners (mm),
t, = the age of concrete at the time of loading (days), and

h = slab thickness (mm)

The column line camber should be the mid-panel camber multiplied by the

cosine of the angle between the diagonal and the column line.

In the absence a camber the minimum thickness of Eq. (7.1) should be

increased by 10%.

The minimum thickness required by the Eq. (7.1) can be reduced by 15%

for interior panel slabs.

. For flat slabs with drop panels, Eq. (7.1) can be decreased by 10% if the

thickness of the drop panel is greater than or equal to 1.25 times the slab
thickness.

A limit of {/200 should be imposed on net total deflection.

Further studies may be carried out into other types of slabs for a unified

format to be established in sizing members.
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SLAB DETAILS
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Table A.1: Slab Details (Square Panels)

Span Lengths Slab
Slab (ins) Thickness
ID I I, (ins)
SS-A1 | 236.0 | 236.0 7.0
SS-A2 | 236.0 | 236.0 8.4
SS-A3 | 236.0 | 236.0 8.6
S$S-A4 | 236.0 | 236.0 8.2
SS-A5 | 236.0 | 236.0 8.5
SS-A6 | 236.0 | 236.0 7.0
SS-AT | 236.0 | 236.0 8.0
SS-A8 | 236.0 | 236.0 7.6
SS-A9 | 236.0 | 236.0 7.8
SS-Al0 | 236.0 ; 236.0 7.7
$S-A11 | 236.0 | 236.0 6.0
SS-Al12 | 236.0 | 236.0 6.6
§S-A13 } 236.0 ! 236.0 7.0
SS-Al4 | 236.0 | 236.0 6.8
SS-A15 | 236.0 | 236.0 6.0
SS-A16 | 236.0 | 236.0 5.8
SS-A17 | 236.0 | 236.0 5.9
SS-A1S8 | 236.0 | 236.0 5.4

Age of
Loading

(days)

3

L S - T S R S - B T B - B

-~ =1 =]

-]

14
14
14
28
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28-Day Drop
Compressive Panel
Strength (psi) | Included _
3000 No
3000 No
3000 No
3000 No
3000 No
3000 No
3000 No
3000 No
3000 No
3000 No
3000 No
3000 No
3000 - No
3000 No
3000 No
3000 No
3000 No
3000 No




Table A.2: Slab Details (Square Panels)

28-Day

Compressive

Strength (psi)

3000
3000
3500
3500
3500
4000
4000
4000
4000
3000
3000
3000
3000
3000
3000
3000
3000
3000

Span Lengths Slab Age of
" Slab {(ins) Thickness | Loading
D I L, N _(ms) (da}'s_)_
S5-A19 | 236.0 2365 _5.6 ) 28 ]
SS-A20 | 236.0 | 236.0 5.5 28
SS-421 | 236.0 | 236.0 7.8 3
SS-A22 | 236.0 | 236.0 T4 3
S5S-A23 | 236.0 | 236.0 7.6 2
SS-A24 | 236.0 | 236.0 7.5 3
SS-A25 | 236.0 | 236.0 6.6 3
SS-A26 | 236.0 | 236.0 6.8 3
SS-A27 | 236.0 | 236.0 7.0 3
SS-B1 | 354.0 | 354.0 13.4 3
SS-B2 | 354.0 | 354.0 15.8 3
SS-B3 | 354.0 | 354.0 16.0 3
SS-B4 | 354.0 | 354.0 13.0 4
SS-B3 | 354.0 | 354.0 14.6 4
SS-B6 | 354.0 | 354.0 14.7 4
SS-BT | 354.0 | 354.0 14.8 4
SS-B8 | 354.0 | 354.0 9.0 7
SS-B9 | 354.0 | 354.0 10.0 7

Drop
_Panel

Included
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Table A.3: Slab Details (Square Panels)

Span Lengths

161

Slab Age of 28-Day Drop
Slab (ins) Thickness | Loading | Compressive Panel
_ID I L, (ins) (days) | Strength (psi) | Included |
?S-BIO 354.0 | 354.0 12.0 B 7 3000 No
SS-Bil | 354.0 | 354.0 12,9 7 3000 No
SS-B12 | 354.0 | 354.0 12.0 14 3000 No
5S-B13 | 354.0 | 354.0 11.6 14 3000 No
$S-B14 | 354.0 | 354.0 11.4 14 3000 No
SS-B15 | 354.0 | 354.0 11.5 14 3000 No
SS-B16 | 354.0 | 354.0 10.0 28 4000 No
SS-B17 | 354.0 | 354.0 10.4 23 4000 No
SS-B18 | 354.0 | 354.0 10.3 28 4000 No
SS-B19 | 354.0 | 354.0 14.4 3 3500 No
SS-B20 | 354.0 | 354.0 13.8 3 3500 No
SS-B21 | 354.0 | 3540 | 140 3 4000 No
S5-B22 | 354.0 { 354.0 12.8 3 4000 No
SS-C1 | 472.0| 472.0 21.6 3 3000 No
SS-C2 | 472.0 | 472.0 22.3 3 3000 No
SS-C3 | 472.0 | 472.0 22.5 3 3000 No
SS-C4 | 472.0 | 472.0 22.7 3 3000 No




Slab
1D
SS-C5
SS-C6
§S-C7
SS-Cs
SS-C9
SS-C10
§S-C11
$S-C12
SS-C13
SS-Ci4
§S-C15
SS-C16
SS-C17
$S-C18
SS-C19
SS-C20

Table A.4: Slab Details (Square Panels)

| Span Lengths Slab
(ins) Thickness

I Ly (ins)
472.0 | 472.0 19.0
472.0 | 472.0 21.0
472.0 | 472.0 21.8
472.0 | 472.0 21.2
472.0 | 472.0 21.3
472.0 | 472.0 16.0
472.0 | 472.0 17.8
472.0 | 472.0 18.5
472.0 | 4720 18.7
472.0 | 4720 18.0
472.0 | 4720 17.4
4720 | 472.0 17.1
472.0 | 472.0 17.2
472.0 | 472.0 15.7
47201 472.0 15.5
472.0 | 472.0 15.0

Age of
Loading

(days)
4

N Y X

~] =} =]

14
14
14
14
28
28
28
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28-Day
Compressive

Strength (psi)

Drop
Panel

Included

3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000

No




Table A.5: Slab Details (Square Panels)

Span Lengths Slab Age of
élab (ins) Thickness | Loading
ID In lyn —(ins) (daws)
DP-A1 | 236.0 | 236.0 _-_6.4 T
DP-A2 | 236.0 | 236.0 5.6 T
DP-A3 | 236.0 | 236.0 5.8 7
DP-A4 | 236.0 | 236.0 5.7 7
DP-B1 | 354.0 } 354.0 12,6 T
DP-B2 | 354.0 | 354.0 10.7 7
DP-B3 | 354.0 | 354.0 10.8 7
DP-B4 | 354.0 | 354.0 10.9 7
| DP-C1 | 472.0 | 472.0 18.0 7
DP-C2 | 472.0 | 472.0 16.8 T
DP-C3 | 472.0 | 472.0 15.6 T
DP-C4 | 472.0 | 472.0 13.7 T
ACI-S1 | 236.0 | 236.0 17.2 T
ACI-S2 | 236.0 | 236.0 15.7 T
ACI-S3 | 236.0 | 236.0 15.5 T
ACI-S4 | 354.0 | 354.0 15.0 7
ACI-S5 | 354.0 | 354.0 153.5 7
_ACI-SG 354.0 | 354.0 15.0 7
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28-Day

Compressive

Strength (psi)

3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000

Drop
Papel
Included
No
No
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes




Table A.G: Slab Details (Rectangular Panels)

Span Lengths Slab ] Age of 28-Day Panel

Slab (ins) - Thickness | Loadirg | Compressive | Aspect

ID I I, (ins) (days) | Strength (psi) | Ratio
RS-A1 | 157.3 | 236.0 6.2 4 3000 1.5
RS-A2 | 157.3 | 236.0 6.4 4 3000 1.5
RS-A3 | 157.3 | 236.0 6.6 4 3000 1.5
RS-A4 | 157.3 | 236.0 7.0 4 3000 1.5
RS-A5 | 157.3 | 236.0 6.8 4 3000 1.5
RS-A6 | 157.3 | 236.0 6.7 4 3000 1.5
RS-AT | 157.3 | 236.0 7.0 T 3000 1.5
RS-A8 | 157.3 | 236.0 6.4 7 3000 1.5
RS-A9 | 157.3 | 236.0 6.0 7 3000 1.5
RS-A10 | 157.3 | 236.0 3.8 7 3000 1.5
RS-Al11 | 157.3 | 236.0 5.4 14 3000 1.5
RS-A12 | 157.3 | 236.0 5.0 14 3000 . 1.5
RS-A13 | 157.3 | 236.0 5.2 14 3000 1.5
RS-Al14 | 157.3 | 236.0 5.4 28 3000 1.5
RS-A15 | 157.3 | 236.0 4.7 28 3000 1.5
RS-A16 | 157.3 _236.0 4.8 28 | 3000 1.5
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Table A.7: Slab Details (Rectangular Panels)

1

Slab _

ID

(ins)

Span Lengths

L L,

RS-A1T
RS-A18
RS-A19
RS-A20
RS-A21
RS-A22
RS-A23
RS-A24
RS-A25
RS-A26
RS-A27
RS-A28
RS-A29
RS-A30
RS-B1
RS-B2

118.0 } 236.0
118.0 | 236.0
118.0 | 236.0
118.0} 236.0
118.0 | 236.0
118.0 | 236.0
118.0 | 236.0
118.0 | 236.0
118.0 | 236.0
118.0 | 236.0
118.0 | 236.0
118.0 | 236.0
118.0 | 236.0
118.0 | 236.0
157.3 | 236.0
157.3 | 236.0

Slab
Thickness
(ins)
6.0
6.6
6.4
6.2
7.0
5.6
5.4
5.0
4.8
4.7
5.2
4.6
4.4
4.5
12.0
12.6

Age of
Loading
(days)
4

-1 B sk

-]

-]

14
14
14

28
28
28

28-Day

Compressive

Strength (pst)

3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000

Panel
Aspect
Ratio

2.0
2.0
2.0
20
2.0
2.0
2.0
20
20
20
2.0
2.0
20
2.0
1.5

1.5




Table A.S: Slab Details (Rectangular Panels)

[ Span Lengths Slab Age of
Slab (ins) Thickness | Loading
D I . ly (ins) (da_vi
RS-B3 236.5— 354.0 128 4 ]
RS-B4 | 236.0 | 354.0 13.0 4
RS-B5 | 236.0 | 354.0 13.2 4
RS-B6 | 236.0 | 354.0 10.0 7
RS-B7 | 236.0 | 354.0 11.0 T
RS-B8 | 236.0 | 354.0 11.6 7
RS-B9 | 236.0 | 354.0 11.7 7
RS-B10 | 236.0 | 354.0 10.7 14
RS-B11 | 236.0 | 354.0 10.2 14
RS-B12 | 236.0 | 354.0 10.3 14
RS-B13 | 236.0 | 354.0 9.0 28
RS-Bl4 | 236.0 | 3540 | 9.6 23
RS-B15 | 177.0 | 354.0 12.0 4
RS- B16 | 177.0 | 354.0 11.5 4
RS-B17 | 177.0 | 354.0 11.6 4
RS-B18 | 177.0 | 354.0 10.0 7

166

28-Day Panel
Compressive | Aspect

Strength (psi) | Ratio
3000 1.5
3000 1.5
3000 1.5
3000 1.5
3000 1.5
3000 1.5
3000 1.5
3000 1.5
3000 1.5
3000 1.5
3000 15
3000 1.5
300G 2.0
3000 2.0
3000 2.0
3000 2.0




Table A.9: Slab Details (Rectangular Panels)

_gm Lengths—Slab Age of 28-Day Pagel

Slab (ins) Thickness | Loading | Compressive | Aspect

ID . I, (ins) (days) | Strength (psi) | Ratio
RS-B19 | 177.0 | 354.0 10.6 ] 7 3000 2.0
RS-B20 [ 177.0 } 354.0 11.0 7 3000 20
RS-B21 | 177.0 | 354.0 11.1 T 3000 20
RS-B22 [ 177.0 | 354.0 11.2 T 3000 2.0
RS-B23 { 177.0 | 354.0 10.2 14 3000 2.0
RS-B24 | 177.0 | 354.0 9.6 14 3000 2.0
RS-B25 | 177.0 | 354.0 9.9 14 3000 2.0
RS-B26 | 177.0 | 354.0 9.0 28 3000 20
RS-B27 | 177.0 | 354.0 9.2 28 3000 2.0
RS-C1 | 314.7 | 472.0 18.0 4 3000 1.5
RS-C2 | 314.7 | 472.0 18.3 4 3000 1.5
RS-C3 | 314.7 | 472.0 15.0 T 3000 1.5
RS-C4 {3147 | 4720 | 162 7 3000 15
RS-C5 | 314.7 | 472.0 16.3 7 3000 3
RS-C6 | 314.7 | 472.0 16.4 7 3000 1.5
RS-C7T | 314.7 | 472.0 15.2 14 3000 1.5
RS-C8 | 314.7 | 472.0 14.8 14 3000 1.5
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Table A.10: Slab Details (Rectangular Panels)

Span Lengths Slab Age of
Slab (ins) Thickness | Loading
. D _ I L, i (ins} (days)
| RS.Co |3147| 4720 | 13.0 25
RS-C10 | 314.7 | 472.0 13.6 28
RS-C11 | 314.7 | 472.0 13.7 a8
RS-C12 | 236.0 | 472 17.6 4
RS-C13 | 236.0 | 472.0 17.5 4
RS-C14 | 236.0 | 472.0 15.0 7
RS-C15 | 236.0 | 472.0 15.4 T
RS-C16 | 236.0 | 472.0 16.2 7
RS-C17 | 236.0 | 472.0 16.3 T
RS-C13 | 236.0 | 472.0 16.5 7
RS-C19 | 236.0 | 472.0 14.8 14
RS-C20 | 236.0 | 472.0 14.0 14
RS-C21 | 236.0 { 472.0 14.2 14
RS-C22 | 236.0 | 472.0 14.0 28
RS-C23 | 236.0 | 472.0 13.2 28
RS-C24 | 236.0 | 472.0 13.0 28
RS-C25 | 236.0 | 472.0 13.1 28
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2S-Day P:mel_"

Compressive | Aspect

Strength (psi) | Ratio
3000 1.5
3000 1.5
3000 1.5
3000 2.0
3000 2.0
3000 2.0
3000 2.0
3000 2.0
3000 2.0
3000 2.0
3000 2.0

3000 20"
3000 2.0
3000 2.0
3000 2.0
3000 2.0
3000 2.0




Appendix B
REINFORCEMENT DETAILS
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Table B.1: Reinforcement Detail (Square Slabs)

— —
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Steel Reinforcement Areas (:n°/in)

Slab ID | System Top Top Bottom Bottom
- Number | X-Direction | Y-Direction “:\_'-Direction Y-Direction
BB 1 0.02420 0.02420 B 0.013G0 0.01360

2 0.01360 0.01350 0.02904 0.01360
3 0.04887 0.02420 0.01360 0.01360
4 0.01360 0.01360 0.01360 0.02904
SS-A26 5 - - 0.01936 0.01936
6 0.01629 0.01360 0.01360 0.02904
7 0.02420 0.043887 0.01360 0.01360
8 0.01360 0.01€29 0.02904 0.013G0
9 0.04887 0.04887 0.01360 0.01360
1 0.03874 0.03874 0.02560 0.02360
2 0.02560 0.02560 0.04648 0.02560
3 0.07822 0.03874 0.02560 0.025G0
4 0.02560 0.02560 0.02560 0.04648
SS-B22 5 - - 0.03099 0.03099
6 0.02607 | 0.02560 | 002560 | 0.04648
T 0.03874 0.07822 0.02560 0.02569
8 0.02560 | 0.02607 0.04648 0.02560
9 0.07822 0.07822 0.02560 0.02560




Table B.2: Reinforcement Detail ( Rectangular Slabs)

Eel -_Reinforceme;t_.%reas (in® /z_rT

Slab ID | System Top Top Bottom Bottom
Number | X-Direction | Y-Direction | X-Direction | Y-Direction

“ 1 0.01951 0.03326 £.00960 0.00960

2 0.00960 0.00960 0.02341 0.00960

3 0.03940 0.03326 0.00960 0.00960

4 0.00960 0.00960 0.009G0 0.03991

RS-A1T 5 - - 0.00960 0.01330

6 0.00960 0.00960 0.00960 0.03991

7 0.01951 0.06716 0.009G0 0.00960

8 0.06960 0.01119 0.02341 0.00960

9 0.03940 0.06716 0.00960 0.00960

1 0.02569 0.04396 0.01920 0.01920

2 0.01920 0.01920 0.03083 0.01920

3 0.05188 0.04396 0.01920 0.01920

4 0.01920 0.01920 0.01920 0.05275

RS-B14 ) - - 0.01920 0.01920

6 0.01920 0.01920 0.01920 0.05275

7 0.02569 0.08877 0.01920 0.01920

8 0.01920 0.01920 0.03083 0.01920

s 9 0.05188 0.08877 0.01920 0.(_)12)
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Table B.3: Reinforcement Detail (Slabs with Drop Panel)

Steel Reinforcement Areas (in?/in)

Slab ID | System Top Top Bottom Bottom
Numbir_ K-Directi_on E-Direction X-Direction | Y-Direction

| 001617 | 001617 | 001140 | 0.01140

2 0.01140 0.01140 0.03335 0.01140

3 0.03265 0.01617 0.01140 0.01140

4 0.01140 0.01140 0.01140 0.03335

DP-A4 3 - - 0.02336 _ 0.02356

-6 0.01983 0.01140 0.01140 0.035335

T 0.01617 0.03265 0.01140 0.01140

S 0.01140 0.01933 0.03535 0.01140

9 0.03265 0.03265 0.01140 0.01140

1 0.02521 0.02521 0.02180 0.02180

2 0.02180 0.02180 0.05065 0.02180

3 0.05065 0.02521 0.02180 0.02180

4 0.02180 0.02180 0.02180 0.03065

DP-B4 d - - 0.03377 0.03377

6 0.02841 0.02180 0.02180 0.05065

T 0.02521 0.05091 0.02180 0.02180

3 0.02180 0.02841 0.05065 0.02180

9 0.05091 0.05091 0.02180 0.02180




Appendix C
SAMPLE INPUT FILE
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— Dota file for zlch SS5S-A27 ioaded gt I doys =————————re—

49 2 3 H 1 1 1

2

1. 10. .003 .Q03

1900. 10000. .5 -1

3. 28. 5000.

1 1 1 1

2 ) 1 1 59.0

3 1 1 1 118.0

4 1 1 1 177.0

5 1 1 1 236.0

6 1 1 1 295.0

7 1 1 1 1 1 354.0

8 1 0.0 39.0
9 1 59.0 59.0
10 1 118.0 39.0
1 1 177.0 39.0
12 1 236.0 39.0
13 1 295.0 $59.0
14 1 1 1 354.0 59.0
15 1 1 0.0 118.0
16 1 58.0 118.0
1?7 1 118.0 118.0
18 1 177.0 118.0
19 1 1 236.0 118.0
20 1 295.0 118.0
21 1 1 1 354.0 118.¢
22 1 Q.0 177.0
23 1 59.0 177.0
24 1 118.0 177.0
25 1 177.0 177.0
26 1 236.0 177.0
27 1 295.0 177.0
28 1 1 1 354.0 177.0
29 1 0.0 236.0
30 1 $9.0 236.0
3 1 118.0 236.0
32 1 177.0 236.0
33 1 236.0 236.0
34 1 285.0 236.0
35 1 1 1 354.0 236.0
36 1 0.0 295.0
37 1 $9.0 29%5.0
38 ] 118.0 285.0
39 1 177.0 255.0
40 1 236.0 295.0
41 1 295.0 295.0
42 1 1 1 354.0 295.0
43 1 1 0.0 354.0
44 1 59.0 354.0
45 1 118.0 354.0
45 1 177.0 354.0
47 1 1 236.0 354.0
48 1 295.0 354.0

174



]

A P

.

&UN-ND-FUN-—'O)&HN-"JFUN-—'O"N-‘U‘#blN-‘&&UN-‘U-&-UN-‘N#UN-‘-‘S%N;%-—‘

.

2 4000.
7.0
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.01400
.01589
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Appendix D
EXTRACTS OF SAMPLE
OUTPUT FILE |
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———— EXTRACTS OF SAMPLE QUTPUT

NUMBER OF NODAL POINTS
NUMBER OF ELEMENT TYPES
NUMBER OF TIME STEPS

ITERATION TYPE CODE
=1 = INITIAL STIFFNESS ONLY
O = CONSTANT STIFFNESS IN LOAD STEPS
N = REFORM STIFFNESS EACH N ITERATIONS

CODE FOR NONLINEAR GEOMETRY
GEOMETRIC STIFFNESS COOE

0 = NOT CONSIDERED

1 = INCLUDED

CREEP ANALYSIS CODE

SHRINKAGE ANALYSIS COOE
0 = ANALTSIS NOT REQUIRED
1 = ANALYSIS REQUIRED

CONVERGENCE NORM CODE
0 = FORCE NORM USED
1 = DISPLACEMENT NORM USED
2 = BOTH FORCE AND DISPL NORMS

CONVERGENGE TOLERANCE TYPE CODE
0 = ABSQOLUTE VALUES
1 = FRACTIONS

PRINCIPAL AXES OIRECTION COOE
0 = CALCULATED IN PROGRAM
1 = COINCIDE WITH ELEMENT LOCAL AXES

QUTPUT CONTROL CODES
0= NO
1 = YES

DISPL UNBAL FORCES + STRESSES FOR EACH ITER
2 = ONLY AT END OF TIME STEPS

NODAL DISPL IN LOCAL COORD SYSTEM

STRESS RESULTANTS

STRAINS

DISPL AND UNBAL FORCES FOR EACH ITERATION

TOLERANCES TO GET CONVERGENCE
FORCES 1.00000
MOMENTS 10.00000
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TRANSLATIONS 0.00300
ROTATIONS 0.0030C

UPPER LIMITS ON UNBALANCE

FORCES 1000.00
MOMENTS 10000.00
TRANSLATIONS 0.50
ROTATIONS 0.50

"ANALYSIS REQD. AT FOLLOWING DAYS AFTER CASTING
. B .

000
1COMPLETE NODAL POINT DATA

ONCDE  BOUNDARY CONDIT!ON CODES NODAL POINT COQRDINATES
NUMBER X Y 2 Yr 22 X Y

1 ¢ 1 0 1 o 1 0.000 0.000 0.000
2 Q 1 o 1 0 1 59.000 0.0C0 0.000

3 ¢ 1 0 1 0 1 118.000 0.000 0.000

4 o} 1 0 1 0 1 177.000 0.000 0.000

S 0 ] 0 1 0 1 236.000 0.000 0.000

- 0 1 0 1 Q 1 295.000 0.0Q0 0.000

7 1 1 0 1 1 1 354.000 0.00Q ©.000
8 Q 0 0 0 0 1 0.000 - 59.000 0.000
9 0 0 0 0 0 t 59.000 59.000 0.000
10 0 0 o] 0 0 1 118.000 59.000 0.000
1} o 0 [¢] 0 o 1 177.000 59.Q00 0.000
12 0 o] Q 0 0 t 236.000 %$9.0Q00 0.000
13 0 0 0 0 0 1 295.000 59.000 0.000
14 1 0 0 0 1 1 354.000 $8.000 0.000
15 0 0 1 0 0 1 0.000 118.000 0.000
18 0 0 0 0 0 1 59.000 118,000 0.000
17 o 0 0 0 0 1 118.000 118.000 0.000
18 0 0 0 0 0 1 177.000 118.000 0.000
19 0 0 1 0 0 ] 236.000 118.000 0.000
20 0 0 0 0 Q 1 295.000 118.000 0.000
21 1 0 0 0 1 1 354.000 118.000 0.000
22 0 o} 0 Q 0 1 0.000 177.000 0.000
23 0 0 0 o 0 1 59.000 177.000 0.000
24 o 0 0 0 0 1 118.000 177.000 0.000
25 0 0 0 0 0 1 177.000 177.000 0.000
26 0 0 0 0 0 1 236.000 177.000 0.000
27 o o] 0 0 Q 1 295.000 177.000 0.000
28 1 o 0 0 1 1 354.000 177.000 0.000
238 0 0 o 0 0 1 0.000 236.000 0.000
30 o 0 0 0 0 1 59.000 235.000 0.000
31 0 t] 0 o] 0 1 118.000 236.000 0.000
32 Q o o 0 0 1 177.000 236.000 0.000
33 o 0 0 o 0 1 238,000 236.000 0.000
34 0 0 o Q 0 1 295.000 236.Q00 0.000
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35 1 0 Q 0 ] 1 354,000 236.000
36 o] Q 0 o) 0 1 0.000 295.000
37 0 o 0 o ¢ 1 59.000 295.000
38 ] 0 o 0 0 1 118.000 295.000
39 0 0 o 0 0 t 177.000 285.000
40 0 o) 0 0 ¢ 1 236.000 295.000
0 ) 0 Q 0 1 295.000 295.000
42 1 0 0 0 1 1 354,000 295.000
43 0 0 1 0 0 1 0.000 354.000
44 0 o 0 0 0 1 59.000 3%54.000
45 o} o ¢ ¢ 0 1 118.000 3%54.000
46 0 0 o 0 o 1 177.000 334.000
47 0 0 1 0 o 1 236.000 334.000
48 0 0 o 0 0 1 295.000 354.000
45 1 o 0 0 1 1 354.000 354.000
1 MATERIAL PROPERTIES =~ CONCRETE AND REINFORCING STEEL
NUMBER OF CONCRETE TYPES 1
NUMBER OF RE STEEL TYPES 1
NUMBER OF CONCRETE LAYER SYSTEMS 2
NUMBER OF RE STEEL LAYER SYSTEMS 9
CONCRETE MATERIAL PROPERTIES
TYPE NO. 1
ELASTIC MATERIAL DATA INPUT [NDICATOR 2
JREEP DATA INPUT INDICATOR 2
SHRINKAGE DATA INPUT [NDICATOR 2
DATA INPUT INDICATORS - 1 = READ IN VALUES
2 = USE ACI DATA
COMPRESSIVE STRENGTH AT 28 DAYS 0.40000E+04
POISSONS RATIO 0. 15000E+GO
WEIGHT PER UNIT VOLUME 0.83000E-Q1
CRACKED SHEAR CONSTANT 0. 10000E+D1
DAYS AFTER CASTING 3.
COMPRESSIVE STRENGTH 0.26022E+04
TENSILE STRENGTH 0.30685E+03
MODULUS OF ELASTICITY 0.31074E407
STRAIN AT COMPRESSIVE STRENGTH 0.16748E-02
ULTIMATE STRAIN IN COMPRESSION 0.66993E-02
ULTIMATE STRAIN IN TENSION 0.00000E+Q0
TENSION STIFFENING MODEL - INCREASED STEEL MODULUS
ULTIMATE SHRINKAGE -0.80000E-03
SLUMP OF MIX 0.27000E+01
SI1ZE OF MEMBER 0.68000E+01
RELATIVE HUMIDITY 0.50000E+02
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0.000
0.000
¢.000
0.000
Q.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
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LAYER MATERIAL
1

AR -

1
1
1
TYPE NO.

NO. OF
ANGLE CODE

LATER MATERITAL
1 1

2 1
3 1
4 1

LATER MWATERIAL
1 1

AN

1
1
1
TYPE NO.

NO. OF
ANGLE CCQOE

LAYER MATERIAL
1

UM =

1
1
1
TYPE NO.

NO. OF
ANGLE CCDE

LAYER MATERIAL
1 ]

Z-COORD. SMEARED THK.

1.67500 0.04887
1.67500 0.02420
-1.67500 0.01360
-1.67500 0.01360

4

4

1

Z-COORD. SMEARED THK.

1.67500
1.87500 0.01360
-1,87500 0.01360
-1.67500 0.02904
S
2

Z~COORD. SMEARED THK.
-1.673500 0.01936
=-1.67500 0.01936

8
4
1

Z-COORD. SMEARED THK.

1.67500 0.01629
1.67500 0.01360
-1.87%00 0.01360
=1.67500 0.02904

7

4

1

2-COORD. SMEARED THK.

1.67500 0.02420
1.67500 0.04887
-1.87500 0.01360
-1.67500 0.01360

a

4

1

2~COORD. SMEARED THK.
1.67500 0.01380
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0.01360

ANGLE
0.00000
90.00000
0.00000
90.00000

ANGLE
0.00000
$0.00000
0.00000
$0.00000

ANGLE
0.00000
90.00000

ANGLE
0.00000
$0.00000
0.00000
$0.00000

ANGLE
0.00000
90.00000
0.00000
90.00000

ANGLE
0.00000



*UP
-

TYPE NO.
NO. OF
ANGLE COOE

LAYER MATERIAL
1 1

1.67300 0.01629
-1.87500 0.02904
-1.67300 0.01380

9
4

1

Z-COORD. SMEARED THK.

1.67500 0.04887
2 1 1.87%00 0.04887 _
3 1 -1.67500 0.01360
4 1 ~1.67500 0.01360
ITRIANGULAR SHELL ELEMENT DATA
NUMBER OF ELEMENTS 72
ELEMENT TYPE OPTION 0
0 = SHELL
1 = MEMBRANE (CST)
2 = PLATE BENDING (RAZZAQUE)
OPTION FOR ELEMENT NODAL LOADS 0

0 = CONSISTENT

1 « TRIBUTARY AREA

CRAVITY LQAD MULTIPLIERS
X

0.000

ELEMENT NODE I NCDE J NODE X CONCR CL S STL

[ R e ]

~ OOV NONPUN—SOODVNONNWN =
- -l ad od ob
QOUNOOINAAMURNOVNEUN -

-
Y

Y
0.000 0.000

4

-
]

T N S T I

B R I Y T R L g N R N S S R ]

184

90.00000
0.00000
$0.00000

ANGLE
0.00000
90.00000
0.00000
§0.00000

*a

QONOOORENARAURALARIUONR

8

0000000000000 00000000

ANLO PLAT

0.00-0.56700E+00
0.00—0.56700E+00
0.00-0.356700E+00
0.00-0.56700E+00
0.00-0.51700£+00
0.00-0.51700E+00
0.00-0.56700E+00
0.00-0.56700E+00
0.00-0.56700E+Q0
0.00-0.56700E+00
0.00-0.51700E+Q0
0.00-0.51700E+Q0
0.00-0.56700E+00
0.00-0.56700E+00
0.00—0.56700E+00
£.0C-C. 56700E+00
0.00-0.517C0E+Q0Q
0.00-0.5170CE+00
0.00—0.56/700E+C0
0.00=0.56700E+00
0.00=-0.56700E+00



72

39

41
37
38
39
40
41

42
BOUNDARY ELEMENTS

NOOE
N

19
20
21

18
17
18
19
20
21

23
24
2%
28
27
28
23
24
25
26
27
28
30
3

32
33
34
35
30
k3

32
33
34
k13
37
38
39
40
41

42
37
38
39
40
41

42
44
45
48
47
43
49

AL LLALEUS R RYETHRIERBYY

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
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

1
2
2
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
1
1
1
1
1
1
1
1
1
1
1

Nuunn—uuunn-uaouu0-uuanuu#uoauu&uaauu&moommqmoommqmmm

. .NODES DEFINING CONSTRAINT DIRECTION...
KD

NJ

N

185

NL

OOOOOOOOOOOOOOOOQOOOOOOOOOOODOOOOOOOOOOODOOOOQOOOOO

COOES
KR KN

.5670Q0E+Q0
.S1700E+Q0
.51700E+00
. S6700E+Q0
.56700E+00
.36700E+0Q
. S8700E+00Q
. 35700E+00
.S58700E+00
.56700E+00
. 56700E+00
-56700E+00
. 56700E+00
. S6700E+00
.S8700E+Q0
. 36700E+00
.56700E+00
.56700E+Q0
. 56700E+00
.S8700E+00
. 386700E+00
. 56700E+00
. S6700E+00
.56700E+00
-56700E+00
.56700E+00
.56700E+0C
. 56700E+00
. 56700E+00
.36700E+00
.36700€+00
-56700E+Q0
.S6700E+00
.S6700E+Q0
-56700E+00
.56700E+00
.S6700E+00
.S8700E+00
.58700E+00
. 56700E+00
.56700E+00
.56700E+00
.56700E4+00
.56700E+00
.56700E4+Q0Q
.S6700E+00
.58700E+00
. 586700E+00
.56700E+00
.56700E+00
.00~0.58700E+00

D)

$448see88a88;

. " )

AAAss 4088400884001

.

T

334414384

3382

DISPLACEMENT



15 8 o] a
15 16 0 0
19 12 o 0
19 20 o] ¢
43 35 +) o]
43 “ 0 o]
47 40 0 g
47 43 o 0
NUMBER oF EQUATIONS 213
BANDWIOTH 38
! CONTROL DaTA
NUMBER OF aap STEPS
NUMBER OF ITERATIONS PERMITTED
NUMBER OF Loapep JOINTS
FRACTION oF DEAD Loap
FRACTION of SURFACE LoaD
FRACTION oF SPRING LQAD
NUMBER OF Loap STEPS FOR TIME DEP. ANaL .
NUMBER oF ITERATIONS Fop TIME DEP. ANAL ,
ITERATION TYPE CopE
NUMBER oF ELEMENTS wITH TEMP CHANGE
TIME STEP NUMBER
LOAD STEP NUMBER
ITERATION NUMBER
WOINT DISPLACEMENTS
NODE DISPL-x DISPL-Y OI5PL~2
1 =0.19759e-02 0.00000E+00 =0.10393c+00
2 =0.16391F-02 0.00000E+00 —-0.203135+00
3 -0.70268c-03 0.00C00E+00 —0.24754E+00
4 -0.34910E~p3 0.00000E+00 ~0. 19800€+00
S =0.12292F—03 0.00000E+00 —0.13226E+00
-] 0.530225-04 0.00000E+00 =0.11772E+00
7 0.00000E+00 9.00000E+00 =0.13685E+00
8 0.26773E-02 ~0.40827E-03 ~0.544438.01
9 =0.200836-02 0.694045—04 —0. 17695400
10 —0.805195-03 0.30288E-—03 —0.23301E+00
6 0.59022E-04 0.000005+00 =0. 117728400
7 0.00000E+00 0.00000E+00 ~0.13683c400
8 —0.26773g~02 —0.40827¢-03 - E-~01
9 ~0.20083E-02 0.59404E-04 =0.17695c400
10 =0.80519e-03 0.30288e~03 =0.23301E4+00
11 —-0.331860E~03 0.74377e-0% 0. 16290E+00
12 0.21149e-04 =~0.22172c-03 ~0. 73665801
13 0.35426F-03 ~0.36427e-03 ~0.848352c.01
14 0.00000E+00 =0.59030E-04 —0.11772e400

186

OOOOOOOO
OOOOOOOO
—I-.-‘—A-..-.—l-—.

10
20

0.0009
1.3500
0.0000

Py
o-83

10
10

ROTAT-x

Q. 00000E+00
0.00000E+00
0.00000E+00
0. 00000E+00
Q.00000E+00
0.00000E+00
0.00000E+00
0. 14394g-02
0.54537E—03
0.377326-03
0.00000E+00
0.00000E+00
0.14394E-02
0.64587c.03
0.377926-03
0.10960E-02
0.18998€-02
0.73937E-03
0.333226-03

0 0.00C00E+00 0.00000E+00
9 0.0000CE+00 0.00000E+00
0 0.00000E+G0 0.00000E+00
0 0.00000+00 0.000C0E+00
0 0.000008+00 0.000C0E+a0
C  0.00000E+00 0.00000E+00
0 0.00000&+00 0.00000E+00
Q 0. 00000€+00 0. 00000E+00
ROTAT-r ROTAT-Z
0.16532E~02 Q. 00000E+00
0.1457¢502 Q.00000E+00
=0.30985c—03 0.00000E+00
=0.13270E-02 0. 00000E+00
—=0.86270E—03 C. 00000E+00
0.33322e—03 0.00000E+00
0.00000E+00 0.000008+00
0.21724E-02 0.00000E+00
0.18723%E-02 0.00000E+00
=0.42740E-03 0.00000E+00
0.333226-03 0.00000E+00
0. 00000400 0.00000c+00
0.217248-02 0.00000E +00
0.18735E~02 0.00000E+00
~0.42740E-03 0.00000E+00
=0.17874E-02 0.00000E+00
~0.94306F—03 0.00000E+00
0.73937e-03 0.00000E+00
0.00000E+00 0.00000E+00



41
42
43
44
45
45
47
48
43

TIME
LOAD

-0.31586E~02
=0.19283E-02
=0.95432E-03
-0.41818E-03

0.12394E-03

0.221726-03

0.00000E+Q0D
~0.29886E-02
=0.25841E-02
=0.11045E=-02
=0.11462E=-02
-0.21945E~-03

=0.74461E~QS .

0.00000E+00
-0.31221E-02
=0.31024E-02
=0.11445E~02
-0.75670E=03
~0.54043E-03
=0.30289£-03

0.00000E+Q0
~0.39091E-02
~0.33285E-02
=0.13148E-02
-0.10367E-02
—0.55026E=-03
-~0.69410E~04

0.00000E+00
=0.31376E-02
=0.16958E-02
=0.57820E-03
=0.10944E-02
=0.11172E=-02

0.40827E-03

0.00000E+CO

STEP NUMBER
STEP NUMBER

1TERATION NUMBER

1JOINT DISPLACEMENTS

NODE

DENOVNMHN--

DISPL-X

0.31408E4+00
0.26280E+00
0.21553E+00
Q.16410E+00
0.11262E+00
0.58541E-~01
0.00000E+00
0.31081E400
0.25998E+00
0.21422E4+00
0.16347E+00
0.11238E+00

0.11172E=-02
0.55026E-03
0.54042€-03
0.21943E-03
=0.12395E-03
~0.21169E-04
0.12291E-03
0.10944E-02
0.10367E-02
0.75668E-03
0.11482E-02
0.41816E-03
0.33158E-03
0.34507-03
0.57821E-03
0.13147E-02
0.11445E-02
0.11045€-02
0.59430E-03
0.80517E-03
0.70266E-03
0.16958E-02
0.3328%E-02
0.31023£-02
0.25841E-02
0.19282E-02
0.20083E-02
0.16391E-02
0.31376E-02
0.35091E=02
0.31221E-Q2
0.29886E-02
0.31586E-02
0.26772E-02
0.19759E~02

DISPL-Y

0.00000E+00
0.00000E400
0.00000E+00
0.00000E+Q0
0.00000E+00
0.00000E+00
0.0000GE+00Q
~0.59763E-01
—0.55362E-01
-0.53065E-0
~0.56518E-01
=0.54972E-01

0.00000E+QQ
=0.14601E+00
=0.22953E+00
=0.12635E+00

0.00Q00E+0Q
-0.75666e-01
=0.13226E+00
=0.59911E-01
-0.21410E+00
~0.27537E+00
=0, 19949E+Q00Q
-0.12635E+00
=0.16290E+00
=0. 19800E+00
=0.15464E+00
~0.28334E+00
-0.32926E+00
-0.27537E+00
-0, 22953E+00
=-0.23301E+00
=0.24764E+00
-0.96341E~-01
«0.24020E+00
=-0.28334E+00
~0.21410E+Q0
=0.14601E+00
=0.17695E+00
-0.20313E+00

0.00000E+00
—0.96341E-01
—0.15464E+00
~0.59311E-01

0.00000E+Q0
=0 .54443E-01
—0.10395E+00

pisPL-2Z

-0.43893E+00
=0.11875E+01
—0.15366E+01
=0. 11231E+01
-0.59366E+00
—0.55084E+00
-0.73736E+00
-0.27731E+00
-0.99863E+00
=0.13682E+01
—0.90399E+00
=0.33501E+00

187

=0.13887E~-04
=0.34825E-03
-0.34218E-03
=0.75427E-04
=0.35031E-04
~0.94906E-Q3
=Q.86270E-03
-0.21578E-02
=0. 16418€-02
-0.10987E-02
=0, 16314E-02
=0.30141E-02
=0.17874E-02
=0.13270£-02
—0.81055e—03
=0.66038E-03
=0,37297E-03
=0.33129E-03
=0.31059E-03
=0.42739E-03
=0.30984E~-03
0.25380E-~02
0.19223E-02
0.19161E-Q2
Q.23579E-02
0.3107BE-02
0.18739E-02
0.14574E-02
0.58116E-04
0.26794E-02
0.22820E-02
0.29074E-02
0.15060E-03
0.21724E-02
0.16532E-02

1
10
3

ROTAT-X

0.C0000E+Q0
0.CO000E+Q0
0.00000E+Q0
0.00000E+00
0.0000CE+0D
0.00000E+D0
0.00000E+00
0.58194E-02
0.43544E£-02
0.49847E=02
0.70743E—02
0.81524£-02

Q. 15060£-03
0.31078E-02
=0.31053E-03
=0.30141E-Q2
-0.39031E-04
0.18998E-02
0.00000E+00
0.29074£-02
0.23573E~02
=0.33129E-03
-0.16314E-02
=0.75422E-04
0.10950E-02
0.0C000E+ID
0.22820E-02
0.19161E-02
=0.37296E-03
=0.10987E~02
=0.34215E-03
0.37792E-03
0.00000E+Q
0.26794E-02
0.19223E-02
=0.66037E-03
=0.16419E-02
-0.34825E-03
0.54587E-03
0.00000E+00
0.58116E=-04
0.25380E-02
=0.810S3E-03
=0.21578E-02
—0.13887E-04
0. 14394E-02
0.00000E+00

ROTAT-Y

0. 13548E-01
0.12073-01
~0.28149E£-02
=0.11331£-01
-0.63533E-02
0.43857£-02
" 0.00000E+00
0.10891E-01
0. 12580E-01
-0.27919E-02
~0.12084E-01
-0.64523e-02

.QO000E+Q0
.QOO0QE+Q0
. 0Q000E+QQ
.00000E+00
.00000E+D0
.0C000E+00
.QCQO0E+00
.0C000E+00
.00C00E+Q0
. Q0CG0CE+00
.00000E+Q0Q
0.0000CE+00
0.00000E+Q0
0.00000E+00
0.0Q0000E+00Q
0.00000E+00
0.p0oQ0O0E+00
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00
0.0000QE+CO
0.CG0000E+0D
0.00000E+00Q
0.0Q000E+00
0.00000E+00
0.00000E+00
0. 00000E+00
0.0C000E+C0
0.00000E+Q0
0.00000E+Q0
Q.00000E+Q0
0.00000E+Q0
0.00000E+00
0.00000E+00

000000 GO0D00

ROTAT=2

0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+0Q0
0.00000E+00
0.00000E+0Q
0.00000E+00
0.00000E+00
0.00000€+00
0.00000E+00
0.00000E+00
0.00000E+00



13

49

0.6127s£-01
0.000QQE+Q0
0.31516E+00
0.26189E+00
0.21480E+00
0. 16453E+00
0.11107E+00
0.54973E=01
Q.Q0C00E+00
0.31099E+00
0.23867E+00
0.215258+00
0. 15837E+00
0. 11012E+00
C¢.56519E-01
0.0C000E+Q0
0.31104E400
0.234712E+00
0.21363E+00
0.16117E+00
0.10713E+00
0.53066E-01
0.00000E+00
0.30671E+Q0
0.25308E+Q0
0.21275E4+0Q
0.15787E+00
0.10665E+00
0.35363E~01
0.00000E+00
0.31497E+00
0.26377E+00
0.21809E+20
0. 15810E+00
0.99830E=-01
0.39764E-01
0.00000E+0Q

—0.61277E-01
-0.58541E-01
-0.99849E-01
-0. 10665E+00
-3.10713E+00
-0.11012E+00
-0.11107E+00
=0.11238E+00
—0.11262E+Q0
=0.13810E+00
=0.15787E+00
=0.16117E+Q0
~0.13837E+00
=0.16453E+00
~0. 16346E+00
—0.16410E+00
—0.2180Q9E+00
=0.21273E+00
=0.21365E+00
=0.21524E+00
=0.21480E+00
=0.21421E+00
=0.21553E+00
=0.26577E+00
=0.25307E+00
—0.235412E4+Q0
~0.25867E+00
=0.281898+0C
—0.2599B8E+00
—0.26280E+0C
—0.31497E+00
~0.30671E+00
=0.31104E+00
=0.31089E+00
=0.31316E+Q0
-0.31081E+00
=0.31408E+00

=Q.35535E+00
=0.55084E+00

0.000Q0E+00
=0.79038E+Q0
=0.12478E+01
=0.67143E+00

0.00000E+00
—0.33501E+00
—0.59366E+00
=0.33418E+00
=0. 12525E+01
—0.16028E+01
=0.10996E+M
~0.67143E+00
=0.90398E+00
-0.11231E+01
—0.91663E+00
—0.18019E+01
~0.20894E+01
=0.16028E+01
~0.12478E+01
=0.13682E+01
=0.15365E+01
=0.61145E+00
=0. 15344E+01
-0.1801SE+01
=0.123525E+01
=0.79038E+00
=0.99863E+00
=0.11875E+01

0.000QQE+00
=0.61143E+00
=0.91665E+Q0
=0, 33419E+00

0.00000E+00
=0.27731E+00
=0.43893E+00

188

0.45038E-02
0.43857E-02
-0.4495BE-04
-0.24832E-02
=0. 14796E-02
0.21737E-03
—0.93617E~Q4
-0.64523E~02
-0.63552E-02
-0.12799E-01
=0.11955E-01
-0.97296E-02
=0.10150E=-Q1
=0.15891E=01
=0.12084E-01
=-0. 11330801
=0.58937E-02
-0.60821E-02
-0.418338E-02
-0.29827E-02
-0.20515E-02
-0.27520E-02
-0.28149€-02
Q. 15962E-01
0. 13477601
0. 13734E-M
0.14904E-M
0.16957E-01
Q. 12S80E=01
0.12073E=01
0.33113E~=04
0.15289E-01
0.16112E-01
0.16084E-0N
0.19148E-03
0.10881E-01
0. 1354BE-Q1

0.46037E-02
0.00000E+00Q
0.19149E-03
0.16957E-01
-0.20515E-02
=0.15892E-01
—0.93621E-04
0.81524E-02
0.00000E+0
0.16084£-01
0. 14904E-01
=0.29826E~-02
=0.10150E-01
0.21736E-03
0.70742E-02
0.0000QE+Q0
0.16112E-01
0.13734E-01
—0.41838E~02
-0.97296E-02
=0. 14797E-02
0.439647E-02
0.00000E+0C
0.15289E-01
0.13477E-01
=0.60820E-02
=0.11955E-01
=0.24832E-02
0.45544E~-02
0.00000E+00
0.93114E-04
0.13962£-01
=0.58937E-Q2
=0.12799E~-01
=0.44357E-04
0.58194£-02
0.00000E+00

0.000Q0E+Q0
0.000QCE+Q0
0.000Q0E+Q0
0.00000E+Q0
0.00000E+Q0
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+0Q0
0.00000E+Q0
0.000C0E+QQ
0. 00000E+D0
0.00000E+QC
0.00000E+Q0
0.00C00E+QO
0.0Q000E+Q0
Q.QC000E+I0
0.00000E+00
0.00000E+00
0.00000E+QQ
0.000C0E+CO
0.00C00E+C0
0.0C000E+GO
0.00C00E+Q0Q
Q.00000E+00
Q. 00000E+Q0
0.0C0CE+HQ
0.00000E+Q0
0.00000E+Q0
0.00000E+Q0
0.00000E+00
0.00000E+Q0
0.00000E+Q0
0.00000E+00
0.00000E+Q0
0.00000E+HI0
0.00000E+00



Appendix E
RESULTS OF THE
COMPUTER ANALYSIS
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