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/L BSTRACT

This investigation is conducted to study the cracking behavior due to
the restrained drying shrinkage of the reinforced concrete slabs then
subjected to direct fire flame. These slabs were externally restrained by
different end restraints. Cracking was detected when these slabs were
subjected to fire flames and shrinkage after burning.

In this study reduced scale slab models (which are believed to
resemble as much as possible field conditions) were used. Slab movements,
crack spacing, crack width and crack lengths were measured before and
after exposure to fire flame.

The reinforced concrete slabs were exposed to drying shrinkage for a
period of two months. Then, they were exposed to direct fire fame
temperature of (%« +°C) for Y.© hour period of exposure at the same day,
without any imposed loads during burning. Then, the slabs were cooled to
the laboratory temperature before burning (YY¥°C) .A comparison of the
slabs behavior before and after exposure to fire flames was made.

From the results obtained before and after burning, it was observed
that there is a variation in the crack widths along the slab length. At edge
level there is a certain crack width, which increases towards the center of
the slab until the level of (Y+-2+7%) and () -YAZ), of crack length before and
after exposure to fire flame respectively where the maximum crack width
usually occurs. Beyond which the crack width decreases to zero at a certain
length depending on some factors including the position of the crack from
the centerline of the slab. This behavior implies the cracks that appeared
from the restrained ends of three and four end restrained slabs. Whereas,
the cracks which appeared form the free ends of two and three end
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restrained slabs possess maximum width at the edge level and decreases to
zero towards the center of the slab.

In the present investigation the behavior of cracks and deflection in
these slabs during and after burning was obtained.

Based on the results of this work, it can be noticed that the maximum
crack widths were (+.Y¢, +.Yee and +.YVYe) mm for two, three and four end
restrained slabs respectively at the age of 1+ days before burning. While
the maximum crack widths for free, two end, three end and four end
restrained slabs during burning and after burning at the age of 1+ days were
(+.Yo, + Yo w¥Yo and +.¥VY) mm and (+.*V, +.7Ve, « ¥V and +.Y®) mm
respectively. The deflection at mid span of the reinforced concrete slabs
was measured during and after exposure to fire flames. It was noticed that
the maximum deflection recorded was during burning (}.3A)mm for free
slab ,whereas, the minimum deflection during burning recorded was
(+.A°)mm for four end restrained slab. After a period of 1+ days from
burning the maximum and minimum deflections were (+.7¢ and +.7)mm
respectively. Therefore, it is obvious from the test results that the mid-span
deflection of free end slab was greater by VY7 than that of the four end
restrained slab.

The results of the finite element analysis and field measurements
were found to confirm the results obtained from the experimental tests.
Hence, the finite element method was found to give a reasonable
description of the observed cracking behavior.

Simplified formulas were modified and suggested for calculating the
minimum and maximum crack spacing and maximum crack width at any
position along the slab length.
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C INIRODOCTION

Il General

Concrete is universally used as a construction material because it can
be molded into any shape man desires and it provides at reasonable cost a
material that can be designed to ensure high compressive strength.

Cracking of concrete is perhaps its major disadvantage which results
mainly from its low tensile strength and low tensile strain capacity, where
concrete is considered as a brittle material and lacks ductility.

In general, concrete cracks when there are tensile stresses exceeding
in magnitude its tensile strength.

Concrete would change volume without inducing stresses if it is free
to move. This case rarely occurs in practice, since concrete is always
restrained to some degree. Thus, cracking will take place due to the
combination of the tendency of concrete to contract and the restraint which
prevents it from doing so.

The tendency of concrete toward cracking will depend on the
magnitude of volume change movement, restraint and the properties of the
concrete itself, i.e., strength, extensibility and creep (relaxation).

The concrete building construction could be exposed to the effect of
fire. Human safety is one of the considerations in the design of residential,

public and industrial buildings.
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The effect of fire on structural members depends on different factors
such as: the amount, nature, and distribution of fire loading, ventilation and
compartment size.

One of these structural members is a reinforced concrete slab. This
type of structural member may be subjected to high temperatures during
fire, which will cause change in properties of its constituents namely
concrete and steel, therefore, in reinforced concrete structural design of
buildings it may be necessary to design not only for the dead and live loads,
but also for fire resistance [V].

Fire could bring a chemical reaction, essentially decomposition of
Ca(OH)y will cause a decrease in concrete compressive strength, which
follows the development of heat. Most huge fires start from small ones, and
during their development the rate at which heat is produced exceeds the
rate at which it is dissipated.

The fire resistance of reinforced concrete slabs is expressed in terms
of fire endurance as determined by standard fire tests. The fire endurance of
the slab is then expressed as the time duration necessary to induce failure.
ASTM E-)) 4 standard method for floor slab fire tests specifies that a fire
test will be considered as successful if:

The slab does not allow the passage of flames or gases hot enough to
ignite oven-dried cotton, and

The rise in temperature of the unexposed surface is less than YY+ °C
(Yo« °F). For steel reinforcement, these standards specify that steel
temperature should not exceed ¢¢+ °C () +++ °F) within the rated fire
endurance.

In the structural design of buildings, in addition to the normal gravity
and lateral loads, it is in many cases necessary to design the structure to
safely resist exposure to fire. However, it is usually necessary to guard

against structural collapse for a given period of time [Y].
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Bl Objective of This Work v)

“<

Many authors studied restrained shrinkage. They used several types ||
of molds and ways for restraining. However, very little work was done on
shrinkage cracking of reinforced concrete slabs with different cases of
restraint that are exposed to fire flame.

In order to simulate this problem to practical site conditions, reduced
scale slab models were cast and they were as close as possible to practical
under laboratory circumstances.

The main goals of this study are;

The main parameter studied was the effect of different restrained
cases of reinforced concrete slabs on the cracking behavior (crack
width, crack spacing and crack length) of these models. A comparison
was made between the experimentally obtained data with the theoretical
results of the finite element approach for each case of restraint.

Studying the fire effect on cracking tendency and pattern in
reinforced concrete slabs with different restrained cases before and after
exposure to fire flame.

Investigating the fire endurance of reinforced concrete slabs
subjected to different end restraint conditions.

Studying the fire flame effect on the deflection of the reinforced

concrete slabs.

@ Research Layout

The research work presented in this thesis is given through seven
chapters:

Chapter One provides a general introduction.
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Chapter Two, “Review of Literature”, introduces a definition of the
shrinkage and types of shrinkage, and the main factors influencing it. Also,
the forms of restraint and their effects on cracking were reviewed. As well
as reviews literature including the effect of fire endurance on the behavior
of reinforced concrete slabs.

Chapter Three, “Experimental work™, a description of the
experimental slab models which were made to observe cracking is being
presented. Materials, mixing and casting procedures, and procedure of
measurements carried out in this study are discussed.

Chapter Four, includes theoretical analysis using “Finite Element
Modeling of Reinforced Concrete Structures”.

Chapter Five includes “Experimental Results and Analysis”, based
on the results obtained, a formula for the relationship between maximum
crack width to be expected in the slabs and maximum crack spacing, free
shrinkage strain, creep strain and elastic tensile strain capacity of concrete
Is presented in Chapter Five. The validity if this formula and formulas of
previous researchers are examined with reference to the results of the tests
performed on the slab models in the above-mentioned experimental
research, and on actual slabs. It is found that there is a good agreement
between the present formulas results and both experimental and actual slab
models measurements.

In Chapter Six, “Analysis Results and Discussion”, A comparison
between of the experimental and theoretical results are presented in this
chapter.

Finally, Chapter Seven is devoted to the general conclusions and

suggestions for further research.
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BBl Shrinkage of Concrete

Shrinkage is a time dependent phenomenon. It is mainly due to the

drying out of cement gel. The process of drying depends on the rate of
diffusion of moisture to the surface of the concrete where it evaporates.
Therefore, shrinkage develops with time at high rate initially and slows

down with concrete again.
BB Types of Concrete Shrinkage

There are different types of concrete shrinkage, which can be

summarized as below.

v.v.1 Plastic Shrinkage
Plastic shrinkage is a reduction of volume in fresh concrete when
placed in forms due to settlement of solids and bleeding of clear water at

the top surface which is followed by its evaporation [¥].

The magnitude of plastic shrinkage is affected by the amount of
water lost from surface of concrete, which is influenced by many factors
related to the concrete properties or the ambient conditions like: concrete
temperature, ambient temperature, relative humidity, and wind velocity.
The properties of the material in contact with concrete surface also affect
the amount of water loss from concrete.

<
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According to ACI Committee Y-°[£], if evaporation is more than

\ kg/m'/hr plastic shrinkage cracks may occur.

v.x.¥ Carbonation Shrinkage
The presence of carbon dioxide (COs) and moisture in air can
produce carbonic acid which reacts with hydrated lime in cement to

produce CaCO:y.

Ca(OH), +CO, >CaCO, +H,0 (Y-))

The actual rate of carbonation depends on the permeability of
concrete, moisture and the COy content and relative humidity of the
ambient medium. Therefore concrete with high w/c ratio and inadequately

cured will be more prone to carbonation.

v.x.* Drying shrinkage

This type of shrinkage is the most important type of concrete
shrinkage with respect to cracking of hardened concrete. It is defined as the
volumetric contraction, which is attributed to the withdrawal of water from
concrete stored in unsaturated air. Thus when concrete is exposed to dry
condition, moisture slowly diffuses from the interior mass to the surface

where it is lost by evaporation.

According to Power and Brownyard [°] there are three types of

water occurring in cement paste which are:

Non-evaporable water [fixed water].
Gel water.
Capillary water. | Free water

The non-evaporable water is very difficult to evaporate under the

normal conditions.

Gel water is difficult to evaporate, its evaporation may take Y+ years,

and this is the principal cause of drying shrinkage.
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Capillary water is easy to evaporate but its effect on shrinkage is

limited by the paste structure.

According to Hobbs [1], due to progressive loss of water from
cement paste, capillary tension that develops in the residual water induces

compressive stresses in concrete resulting in concrete shrinkage.

v.v.¢ Autogenous Shrinkage

The autogenous shrinkage of concrete is a result of chemical reaction
of Portland cement and water, since the sum of dry cement and mixing
water is greater than that of hydrated products plus the remaining free
water. This type is considered small for the usual concrete mixes. For
practical purposes, the typical value is normally taken equal to ¢-

microstrains [V].

Autogenous shrinkage tends to increase at higher temperatures, with
a higher cement content, and possibly with finer cements, and with cements
which have a higher C+A and C:AF content [A].

Bl Factors Affecting Shrinkage of Concrete

There are many factors influencing shrinkage of concrete but the

main factors are summarized as follows:

v.*.1 Influence of Aggregate
The aggregate appears clearly to have a great influence on shrinkage
of concrete. It occupies about (7°-Y°)% of total concrete volume and

restrain the shrinkage of cement paste.

Carlson et. al. [?] reported that the aggregates dilute and reinforce
the cement paste against contraction, thus reduce its magnitude to
(/¢ to /1) its original value depending on the type and amount of

aggregate used.
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ACI Committee YY¢ [ ] explained that the ability of aggregate to
restrain shrinkage of cement paste depends on compressibility and
shrinkage of aggregate, extensibility of cement paste and bond between ‘

cement paste and aggregate.

r.r.x Cement Type and Fineness
In general the increase of cement content increases the shrinkage and
therefore the cracking tendency, but at the same time the increase in cement

content increases the strength of concrete and the tensile strain capacity.

Torrent [ ] and Troxell et. al. [ Y] concluded that shrinkage of low
heat cement (type 1V) is greater than that of (type I). This is believed to be
due to high C:S content in (type IV) cement, which exhibits high

shrinkage.

Carlson [YY] pointed out that fineness of cement has probably two
opposing influences on shrinkage of concrete. Finer cement hydrates more
extensively and thus produces a denser gel, which has a lesser shrinkage.
While the gel of the finer cement is stronger and therefore it has a higher

effect against restraint of aggregate and this increases shrinkage.

v.».» Water to Cement Ratio
One of the most important factors in shrinkage is w/c ratio of the mix
because its increase tends to increase shrinkage and, at the same time, to

reduce the strength of the concrete.

Brooks [ ¢] demonstrated that shrinkage of hydrated cement paste is

directly proportional to wi/c ratio.

Carlson [4] reported that a decrease of water content of concrete by
Yo percent causes a decrease in shrinkage of about Y+ percent, as similar
trend was given by the AClI Committee YY¢ [Y+] for Y+ percent reduction

of water content, the one year drying shrinkage decreased by ) ° percent.
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v.».¢ Effect of Curing, Exposure Conditions and Size of Member
Duration of moist curing of concrete does not seem to have much

effect on drying shrinkage, especially for curing times of less than a month

[Ye]. Neville [Y1] reported that the effect of curing on magnitude of

shrinkage is small and that well cured concrete shrinks more rapidly.

When concrete is exposed to a hot and dry climate as much as half
the total shrinkage may occur in the first month after casting ['V]. Troxell
et al. [ Y] reported that drying shrinkage of concrete in an atmosphere of
Y+ percents relative humidity is about one-third lower than if the concrete
was exposed to ©+ percent relative humidity.

The rate and magnitude of shrinkage of small laboratory specimens
is believed to be much greater than that of field concrete members (slabs,
walls ... etc). Hansen and Mattock [YA] concluded through extensive tests,
that the volume/surface area ratio of the concrete member is a suitable
parameter when estimating its shrinkage and creep deformations.
Increasing the volume / surface area decreases the shrinkage.

v.*.c Relative Humidity
The standard condition assumes that the ambient relative humidity

during drying is ¢+ percent. If the ambient relative humidity is greater than
¢+ percent, the ultimate shrinkage is reduced.

According to Troxell et. al. [Y] the drying shrinkage of concrete in
atmosphere of v+ percent R.H. is about one-third lower than in @+ percent
R.H.

v.».x Temperature
It is well known that increasing concrete temperature after casting

increases the evaporation of the water therefore shrinkage increases.

IBE shrinkage Induced Cracking
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Shrinkage may cause cracking of concrete. If the shrinkage takes
place without any restraint, the concrete would not crack. However, in \.\
practice the concrete is always under some degree of restraint either ||
externally or internally. The combination of shrinkage and restraint
develops tensile stresses. When the induced strain exceeds the tensile strain
capacity of the concrete, cracking takes place. Alternatively, when the
developed stress exceeds the tensile strength of concrete, cracking occurs

as shown in Figure (Y-)).

The magnitude of tensile stress developed during drying of the

concrete is influenced by a combination of factors such as:

the amount of shrinkage,

the degree of restraint,

the modulus of elasticity of the concrete, and
the creep or relaxation of the concrete.

Tensile strength
— + — - — Tensile stress
------------------- Tensile stress less creep or relaxation

—
A

Stress

Cracking

v

T Age

Commencement of drying time

Figure (Y-1): Sketch of Crack Development (Stress Wise) [YY].
Thus, the amount of shrinkage is only one factor governing cracking.

For prevention of shrinkage cracking, low modulus of elasticity and high
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creep characteristics of the concrete are desirable since they reduce the

magnitude of tensile stresses [ +].

The need to control crack spacing and width in reinforced concrete
structures arises from aesthetic reasons, water tightness requirements,
concrete durability, structural safety, and preservation of steel

reinforcement considerations [ 4].

v.t.\ Plastic Shrinkage Cracking

Plastic shrinkage cracks are the most dangerous cracks. They occur
when concrete is still in the plastic state and subjected to fast loss of large
amount of water per unit area. The width of plastic shrinkage cracks may

reach 1 mm, therefore, can result in serious problems.

According to ACI Y:°oR-3) [Y:] the risk of plastic shrinkage
cracking is identical for the following combinations of temperature and
relative humidity: ¢Y°C and 4+ percent, ¥°°C and V- percent, Y¢°C and
Y+ percent. Typical plastic shrinkage cracks are parallel to one another,

spaced +.Y-).+ m apart, and have considerable depth.

Plastic shrinkage cracking is some times confused with another type
of cracking called plastic settlement cracking. The plastic settlement
cracking occurs on the surface of fresh concrete and caused by differential
settlement of fresh concrete due to some obstruction to settlement, such as

large particles of aggregate or reinforcing bars.

Plastic shrinkage cracking can develop also when a large horizontal
area of concrete makes contraction in the horizontal direction more difficult
than vertically, deep cracks of an irregular pattern are then formed [Y)].
Such cracks can properly be called pre-setting cracks.

v.t.v Restrained Shrinkage Cracking
The term “restraint” is defined by ACI Committee Y+V [YY], as “to

hold back from action; check; suppress; curb; to limit; restrict”. Restraint
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acts to limit the change in dimensions and produces strain, with
corresponding stress in concrete member. Numerically, the strain is equal
to the product of the degree of restraint existing at the point in question and
the change in unit length which could occur if the concrete was not

restrained.

The degree of restraint depends largely on relative dimensions,
strength, creep or relaxation, modulus of elasticity of concrete and the
restraining object. In practice, the degree of restraint of any concrete
section within the member depends largely on its location and the type of

restraint [Y ¢].

The possible restraints of concrete members are internal restraint,
external end-restraint, and base-restraint. In practice, concrete is usually

under some type of restraint, internally or externally.

The source of internal restraint is steel reinforcement, aggregate, and
exists in members with nonuniform volume change in a cross section. This
occurs for example, with slabs, walls, or masses with interior temperatures

greater than surface temperatures.

In addition to internal restraints caused by aggregate and
reinforcement, some restraint arises also from non-uniform shrinkage
within the concrete member itself. Moisture loss takes place at the surface
so that a moisture gradient is established in the concrete section, which is
subjected to differential shrinkage. This shrinkage is compensated by strain
due to internal stresses, tensile near the surface and compressive in the

core [Y°].

The external restraint occurs from the ends or the base of concrete or
stem from other parts of the structure. Most researchers did not take into
consideration difference between end restraint or base restraint. Test

methods commonly used for measuring shrinkage cracking of concrete are:
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bar test, plate test, and the ring type specimens for restraint shrinkage ‘
cracking test. All of these methods have several drawbacks, in particular, w\
the difficulty of providing a constant restraint. Al-Rawi [Y1] used I-shaped ||
molds having a channel section to study shrinkage crack spacing and crack
width.

Figure (Y-Y) shows distribution of restrained movement expressed as
degree of restraint (R) at the center — lines of concrete walls restrained

completely at the base with different values of L/H ratios.

I T /A T 1A
e T T T
s S T T
:/w/// [/ T
g.‘m
= O §

1)

0' it ‘ ‘ ; : :

10 Q9 O8 a7 Q8 43 o4 O3 02 0.1 LA RS B

ke

Figure (¥-Y): Degree of tensile restraint at center section [Y ©].

A- End-Restrained Shrinkage Cracking

Since the restraining edges exist only at the member ends, the
restraint in such members will be uniform; accordingly, a uniform state of

tensile strain will develop in the member as it shrinks or contracts.
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Cracking of the member will therefore begin to propagate at the weakest

section existing at any position within the member length [ ]. \ ¢ |

“<

In fact crack location depends mainly on the position of the weakest ||
concrete section. As discussed previously, for a fully developed crack
pattern, the spacing between cracks must be between S, (bond slip
distance) and Sy (twice the bond slip distance). As can be seen from
Figure (Y-V).

(D =)Spin <S <Spe (=2Dy)
where (Dy) is the bond slip distance.
Evans and Hughes [YA] derived the equation

_1dfy

S =
min 4pfb

(Forrounded bars) ... (Y-Y)

where;

d : bar diameter,

p : steel ratio,

fi, : tensile strength of concrete, and

f, : average bond strength between steel and concrete.

Evans and Hughes assumed that fy, /f, ratio can be taken as +.1V, +.A

and V.- for ribbed, indented and plain round bars respectively.

vt crack ¥ crack v crack

A | ./

ynd

crack can form anywhere

|
i

f | So within this region _—
t '
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Figure (Y-¥): Concrete stress conditions during the development of cracking [YV].

Al-Rawi [Y1] presented the following formula for the minimum crack
spacing based on experimentally measured bond slip distance, using a new
model which was believed to resemble field conditions:

_osskd (Y-

p
where (K) is a constant depending on the type of reinforcement
0.8 for indented deformed bars
0.67 forribbed deformed bars

S

min

(d) is the bar diameter and p is steel ratio. And S, was taken as twice the

above value for Syn.

The initial crack width formed can be calculated by the simple law of
triangle area

W = Smax‘eult (Y-i)

: 5 e
where;
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w; : initial crack width, and
eu . elastic tensile strain capacity of concrete.

The width of fully developed crack due to drying shrinkage and heat
of hydration in restrained slabs and walls may be obtained [Y4].

Woge = Spuoe[os + 8¢ ~(100x20°)] (V-9)

where;

Wmax . Maximum crack width,
Smax . Mmaximum crack spacing,
&s - shrinkage strain, and
& . total thermal contraction after peak temperature due to heat of
hydration.
The value of wy,a can be calculated as suggested by [Y4] (taking into
consideration cooling to ambient from the peak hydration and the seasonal
variations):

Wo = Soa2-(T+T,) (*-)

max — “max "

N R

where;

T, : fall in temperature between hydration peak and ambient, and
Ty . fall in temperature due to seasonal variations.

Evans and Hughes [YA] expressed the maximum crack width as the
product of maximum crack spacing by the average free shrinkage strain
minus the average residual surface strain between cracks (taken as half the
elastic tensile strain capacity of concrete):

e
Wmax = Smax (esh - %Itj ........... (Y-V)

Al-Rawi [Y1] obtained the following equation to estimate the
maximum final crack width in end restrained concrete members,
Figure (Y-£).
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. cree
W =S .| € —(creep, +loss of restraint )—(eu,t + szﬂ ....... (Y-A)

where; ‘ |
creep,: creep prior to cracking, and
creepr: creep after cracking.

Longitudinal Steel
Reinforcement

A\

Transverse Crack

| |
< ] (@ o
= \ =t
| (a) Longitudinal Concrete Section |
Tension
Compression
Bond Slip Distance
S min
(b) Steel Stress and Distribution
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taking the effect of varlatlon |n restraint in the wall before cracking only

into consideration:
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W, =158, (R . T.-f,/E.) -9 1l
where; ) /{
Sae . average crack spacing. ||
o . coefficient of thermal expansion of concrete.

Te  :effective temperature change including an equivalent temperature
change to compensate for drying shrinkage.

F«  :tensile strength of concrete.
E. : modulus of elasticity of concrete.

The committee suggested that the lower half of the wall, (near the
base) requires maximum reinforcement and the upper half of the wall,
requires minimum reinforcement. Again, this idea conflicts with facts that
can be seen in practice. Figure (Y-°) represents the cracking sequence that
Is proposed by the committee.

) @
CRACKS =
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Figure (Y-¢): Sequence of crack propagation.[Y ¥]

B- Base Restrained Shrinkage Cracking

A concrete wall cast on a continuous concrete base is a typical
example for base restrained concrete members. The restraint in the walls is
not uniform throughout the wall height, but varies from point to point
within the wall. The magnitude of restraint depends on: length/height ratio

of the wall, wall and base dimensions, degree of fixity between the wall
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and the base, position of the point, and amount and distribution of

reinforcement.

Al-Rawi [ 4] investigated the combining effects of the base restraint
and the reinforcing steel in distributing volume change cracking. He
suggested the following equations for prediction of minimum crack spacing

(Smin) and maximum crack width (wna) In base — restrained concrete

members:
K,dH
Spin =———— . (Y-V+)
pH+K,d
where;
K, : factor equals +.eV for deformed bars, +.7A for indented bars, and
+.Ae for plain bars,
d : bar diameter,
p  :steel reinforcement ratio, and
H - wall height.
Winax = Smax [K (Rb —-0.8R, )esh — Cuit /2] --------- (Y-1)
K=Y-¢’
where;

Ra  :degree of restraint after cracking,

Ry  :degree of restraint before cracking,

Smax . Maximum crack spacing,

esn . free shrinkage, and

ear . elastic tensile strain capacity of concrete.

Assuming the sum of the creep strain before cracking C, and the
average value of the creep strain after cracking C, to be ¢’ (constant) of the
total net shrinkage, where ¢’ equals +.¢ for reinforced concrete walls and

+.Yo for plain concrete walls.
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The B.S. oYYV [Y4] gives the following equation for the prediction of

maximum crack width:

Wmax

:Smax [eth/2+esh _eultlz] ....... (V-\Y) ||

Using the equation above, results in a uniform predicted crack width
along the wall height. Harrison [ +] modified this equation by introducing
the effect of the degree of restraint before cracking at the wall center line.

Thus, Equation (Y-)Y) will become:

Winax :Smax [05Rb (eth +esh)_eult/2] ------ (Y-Y%)

where Ry is the degree of restraint before cracking.

Since Ry, is maximum at the wall base, and decreases toward the wall
top, therefore according to Harrisons formula the crack width will be the
maximum at the base and minimum at the wall top. Harrison considered the
creep to be about ¢+ 7 of the total volume change (ex+€n).

BBl Factors which Affect Cracking Resistance

v.2.7 Creep or Relaxation of Concrete

Creep is generally defined as the continued deformation of concrete
under sustained stress [ +]. According to Neville [Y1], if the restraints are
such that a stressed concrete specimen is subjected to a constant strain,
creep will be expressed as a progressive decrease in stress with time known
as (relaxation).

The basic effect of creep on cracking tendency of concrete is to delay
or prevent the cracking of concrete through delaying the shrinkage strain
propagation and preventing the stage at which tensile strain capacity is
exceeded.

Many factors which affect creep such as; relative humidity, w/c ratio,
mix proportion, age of concrete, ambient temperature, influence shrinkage
in a similar manner. Hence, their influence on cracking tendency is very
little.
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v.o.v Tensile Strain Capacity of Concrete )
Control of shrinkage cracking of concrete depends partly upon the Al \~
maximum strain which the concrete can sustain in tension before cracking ||
occurs (strain capacity). The tensile strain capacity includes both the elastic
strain capacity and the creep strain, which, develops during tensile strain

build up by restrained shrinkage, which is time dependent.

Mann [Y)] reported a value for ultimate strain capacity is
approximately Y.+ microstrain at a variety of ages and strength. Other
researchers quoted experimental values of strain capacity ranging between
(Y ++-Y++) microstrain, however higher values can be used safely before
cracking and this was confirmed by Al-Rawi [YY]. Hughes and Ghunaim
[Y'Y] reported that tensile that tensile strain capacity increases with increase
of concrete age. Hoobs [YY] concluded that the strain capacity will be
improved with age and strength of concrete. An increase in strain capacity
from (A+-Y++) microstrain to (YYe-)1+) microstrain was obtained with

increase in age from v to YA+ days.

The values presented in previous literature are about ()++-Y:+)
microstrain [YV]. Higher values, however, have been reported more

recently by Al-Rawi [YY].

AN Cracking Age

It is the time required for the shrinkage induced strains to build up
and exceed the tensile strain capacity of concrete. The age of first crack and
the cracking sequence is dependent on the same factors that influence the
cracking tendency of concrete (i.e. degree of restraint, shrinkage, creep,
tensile strain capacity ... etc). Thus, cracking age, as stated by Al-Rawi
[YY] could be used as an index to assess the possibility of cracking of

various mixes.
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Al-Rawi [YY] reported that the cracking time depends on both
shrinkage and tensile strain capacity. It increases with decrease in wi/c ratio
(mix preparations being unchanged), with increase in normal curing time

and amount of crushed coarse aggregate.

IRAEfect of Fire

v.v.y Introduction

Behavior of reinforced concrete under fire has been studied by many
investigators. The effect of temperature on the reinforced concrete
properties and the calculation of the resulting stress, deformations and
strains has been subjected to considerable research in recent years. A
number of research dealt with the effect of fire on reinforced concrete
members. It is clearly stated that both concrete and steel are affected by

exposure to fire.

This review is concerned with the properties of concrete and
reinforcing steel at temperatures higher than the normal range, which may

occur through accidents by fire in conventional buildings.

v.v.» The effect of Fire on the Concrete

Harada et al. [Y¢] showed that the strength of concrete generally
decreases with the increase in temperature, although below )::°C
exceptions to this rule have been found. Also, they found experimentally
that the residual bond strength of concrete with steel reinforcement was
¢¢7. of reference strength at a temperature range of Y+«+ to ¥+ :°C but
dropped rapidly to Y+ 7 at ¢2+°C. This effect was more remarkable than the
effect of temperature on the compressive strength where the residual

strength was 1+ 7 at ¢¢+°C.

High temperature [Y°] induces a loss of strength, both in

(compression and tension) and in concrete stiffness (Young’s modulus),
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and an increase in the elastic deformability, creep and shrinkage by altering
the chemical — physical composition of the cement paste transmigration
and vaporization of the free water, loss of the combined and adsorbed
water, dissociation of the calcium hydroxide at about ¢+ °C, shift from
a-quartz to B-quartz in the crystalline silicon dioxide at ©Y°°C. These
processes occur not only at the micro-structural level [within the hydrated
binder, i.e. within the cement paste], but also at the mesolevel for instance,
in the medium and large aggregate particles, which may exhibit a sever

splitting because of the loss of zeolitically — bonded water [T7, YV].

In the temperature range ¥+ +°C to ¢+ +°C, the total porosity of
the cement paste increased rapidly due to formation of microcracks [YA].
This behavior is attributed to the dehydration of some cement paste
compounds. Additional significant increase in porosity beyond © - +°C was
stated to be caused by two chemical processes [YA]: liberation of water
from the dissociation of Ca(OH)y in the range ¢°+°C-2¢+°C and liberation

of COv as a result of CaCOr decomposition above 1+ +°C.

Umran [Y4] investigated the fire flame exposure effect on some
mechanical properties of concrete. The specimens were subjected to fire
flame ranging between (Y-« +°C). Three temperature levels of (¢++, o+«
and v+ °C) were chosen with four different exposure duration of .o, Y,
V.2 and Y hours without any imposed loads during heating. The specimens
were heated and cooled under the same regime and tested after exposure to
fire flame at ages (¥+, 1+ and 4+ days). Compressive strength of Yo+ mm
cubes and flexural strength of (Y« +xY++x¢++ mm) prisms were measured.
Ultrasonic pulse velocity (U.P.V) and dynamic modulus of elasticity (Ed)
were tested also. He found that the residual compressive strength ranged
between (V+-AcZ) at ¢+ °C, (°4-YAZ) at ©++ °C and (¢Y-1YZ) at v+« °C.
The flexural strength was found to be more sensitive to fire flame exposure

than the compressive strength. The residual flexural strength was in the
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range of (\V-YAZ) at ¢+« °C, (¢+-1V/) at e+« °Cand (Y+-¢oZ)at v+« °C. ||
He also found that ultrasonic pulse velocity (U.P.V) and dynamic modulus ( y g~~
of elasticity (Ed) were more sensitive to fire flame than compressive ||

strength. He also noticed that exposure time after one hour has a significant

effect on residual compressive strength of concrete.

v.v.x The Effect of Fire on Reinforcing Steel

Edwared, and Gamble [£¢:] investigated behavior of grade 1
reinforcing bars of diameter (1 Y.Y mm) after exposure to fire. The bars
were heated to temperatures of (¢« +-A+« °C), the furnace was held at peak
temperature for about one hour and then slowly cooled simulating one
possible condition in a severe fire. The bars were tested in tension after
they had been cooled. The yield stresses were reduced to a minimum of
vY7. of the original strength and the ultimate strength was reduced to a
minimum of AY7 of the as rolled strength. The heating and cooling of the
steel did not change the nature of the stress-strain curves. The modulus of

elasticity remains constant at room and elevated temperatures.

M. Holemes and R.D, Anchor [¢)] studied the effect of elevated
temperatures on the strength and stiffness properties of four reinforcing
steels of varying size. The test program was designed to provide data on
three major parameters (yield stress, ultimate strength, and elastic
modulus). They found that the normalized results for the yield stress,

ultimate strength and elastic modulus for all sizes are as follows:

A-  There was no significant change in the normalized values below
Y‘ .0 OC.

B- A © 7. reduction in both the yield stress and ultimate strength was
obtained between oY« °C and A+ °C and between ¢+ °C and v+ + °C for

the elastic modulus.
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v.v.r The Effect of Fire on Reinforced Concrete Slabs

J. Hannant and P.S. Pell [¢Y] investigated the thermal stresses in
reinforced concrete slabs. An experimental and theoretical investigation
into the stresses induced in steel and concrete in reinforced concrete slabs
subjected to high temperatures and thermal gradient. They found that the
observed stresses in the steel are dependent on time and previous
temperature cycling of the slab. Initially, the stresses in the steel were in
close agreement with the values derived from the elastic analysis, but as
shrinkage and creep increased, with time and temperatures, large losses of
tensile stress were measured until, in several cases, the steel developed
compression even while the thermal gradients were considerable. The main
cause of the loss of tensile stress in the steel was attributed to the increased
rate of concrete shrinkage at temperatures near or above )+ °C, with

secondary effects due to creep and reduction in the expansion coefficient.

Salse and Lin [£Y] carried out a theoretical study on the influence
of high temperature on concrete structures. It included a theoretical part for
the structural design for reinforced concrete members subjected to fire. To
determine the properties of concrete and steel reinforcement during fire
exposure, the thermal distribution through the member section should be

known, therefore, they used a thermal analysis by finite difference method.
They reached the following conclusions:

The resistance of a structural member to fire increases as the

restraining force increases.

Simple mathematical relationship may be used to find the resistance

of sections at the negative and positive moment areas.

The effects of restraining force were used to calculate the strength of

the section in the ultimate moment areas only.

N

Yo
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Shirly et al. [££], carried out a study dealing with high strength ‘
reinforced concrete slabs and their resistance to fire. The study includes Y'L\
five specimens having dimensions of 4+ +x%++x)+Y mm reinforced with 14 ||
mm diameter steel bars. Four high strength mixes were used along with one
mix with normal strength for comparison. The specimens were subjected to
a standard fire, and failure was determined when the average unexposed

surface temperature reached YY\°C.

The results showed that the behavior of the five slab specimens was
the same, the fire endurance of the specimens were close, and there was no
spalling or falling of the concrete surface due to high temperature exposure.
Some cracks formed over embedded reinforcing bars during the fire tests.
However, these cracks appeared in both the high and normal strength

concrete specimens.

Gustaferro and Carlson [£°], interpretated the effect of end restraint
on the fire resistance of prestressed concrete members based on data

obtained in some of the fire tests as shown in Figure (Y-1).

Heat transmission end point

Fire resistance-time

Percent of (P) Yoo

Figure (¥-1): Effect of end restraint on fire resistance on prestressed concrete.

The value of ()7 restraint) represents the fixed end condition

while the (7 restraint) represents a simply supported condition with no
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resistance to thermal expansion. Other percentages represents intermediate
degree of restraint. Each point on this curve represents the fire resistance
for a certain degree of restraint. It is evident that some restraints improve
the fire resistance, however, complete or nearly complete restraint can
result in a reduction in the fire resistance. One of the end points of fire test
listed under ASTM standard EY )4 [£7] is the “heat transmission” end point
which is reached when the average temperature of the unexposed surface of
a slab rises more than YY) °C. The relative position of the dashed line is
principally a function of the slab thickness and the type of aggregate. The
portion of the curve above the dashed line is principally of academic
interest since the fire resistance would be determined by the elapsed time to
the first end point. The portion of the curve to the left of the zone
representing an end point by heat transmission indicates the structural end
point, while the portion to the right indicates the end point by compression

spalling or by compression failure.

Lie and Leir [£VY], investigated the effect of different parameters on
the temperature distributions on reinforced concrete slabs under fire
exposure, using A+ +x3++mm specimens with different thickness 1+, Y+
and Y+ mm. Moreover, a computer program was used depending on the
finite difference method to calculate the temperature distribution in the fire
exposed slabs taking into account the effect of time of exposure to the
elevated temperatures and concrete thermal properties. The authors
concluded that there is good agreement between the experimentally and
theoretically calculated temperature distribution for all the specimens. They
also found that an increase of moisture in concrete leads to disagreement
between the experimental results and those calculated using the computer
program. Furthermore, they observed that the slab thickness affects the

temperature distribution significantly.
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Hidayat [¢A], carried out an experimental and theoretical

investigation concerning the behavior of reinforced concrete slabs | yA

subjected to high temperatures. The experimental part included fabricating ||

and testing YA reinforced concrete slab specimens having dimensions of
TeoxVeaxé o mm, with different steel ratios. The specimens were heated

and cooled, then tested to failure under uniformly distributed load.

The analytical investigation included thermal analysis using the
computer program fires — Ty to predict the thermal distribution through the
slab section, and a structural analysis of the slab specimens subjected to

high temperatures.
He reached the following main conclusions:

All the heated slabs were found to be capable of resisting the

service loads.

The ultimate flexural strength of the slab specimens decreased

with the increase of temperature.

Good agreement between the thermal analysis and the
experimental results were obtained, which confirms the validity of

the method and the mathematical models used.

B Temperatures Associated with Fires

The values of temperature associated with fires are according to the
ASTM-EY 4 standard curve which can be described approximately by the

following expression [£1]:
Ift<VYY.. sec.

1
T, = T°+R [+€¢ + tanh (+.++*YYE)Y 1) — £3AY tanh

(h.hth\/hiit)
FAYATtanh (s e YEVO ] L (Y-¢)
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Ift> VY.« sec.

T,z AYY 4+« ) Vovert (Y-1e) L Y9

where; ||

f . for the fire,

t : time in seconds,

T : the fire temperature at time t (°C), and
To : initial temperature (°C).

The curve representing this function; known as the “standard time-

temperature curve”, Figure (Y-VY).

Lie and Irwin [£%] proposed a model to simulate the temperature —
time curve for the standard ASTM-E) 4 fire test

T=20+750—exp(-3.79553/t )| +17041t ... (Y-\1)

where t is the time in hours.
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Figure (Y-V): Standard time-temperature relationship of furnace atmosphere
(ASTM EN Y 9).
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Concrete made with siliceous or limestone aggregate shows a change
in colour with temperature, as this is dependant on the presence of certain
compounds of iron, there is some difference in the response of different
concrete. The change in colour is permanent, so that the maximum
temperature during a fire can be estimated a posterior; the colour sequence
is approximately as follows, pink or red between ¥+« and 1+ +°C, then grey
up to about 4+« °C, and buff above 4+ °C. Thus the residual strength can

be approximately judged [ 7, Y°].

BB Thermal Properties at Elevated Temperatures

A- Thermal Expansion of Concrete

Thermal expansion is a very important free strain associated with
fire. It changes rapidly with temperature. An envelope model [¢+] and a

typical model for thermal expansion of concrete are shown in Figure (Y-A).

A coefficient of thermal expansion of concrete is obtained from the

slopes of Figure (Y-A) as follows:
0<T<500°C ¢,(T)=108x10"°/°C ... (Y-1Y)
T>500°C «.(T)=162x10"° /°C ... (Y-1A)
The free thermal strain in concrete for time step (i) is calculated as:
Agg.cli)=o. ()T -Ty) (Y-)9)
where;

T . i . T.+T
T, —average temperatu re during time step i=——'=
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Figure ( 7-4): Thermal expansion of concrete as a function of temperature.

Figure (Y-%) shows data on linear thermal expansion of concrete
made with siliceous aggregate. The data were obtained by Cruz [®)] using
a dilatometric method but the results have not yet published. Harmathy and
Allen [¢Y] studied the thermal expansion of Y7 different concretes, used in
masonry units. Among these, pumice concrete was found to exhibit
considerable shrinkage at temperatures above ¥ e°C. Dettling [°¥] pointed
out that thermal expansion of concrete is influenced by aggregate type,

cement content, water content, and age.
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Figure ( '- 4): Thermal expansion of concrete at high temperature.

The aggregates, depending on the type of their rock origins, have
different expansion behaviors during heating. The coefficient of thermal
expansion of various rocks usually ranges from less than ¥.1x) " /°C to
more than ) Yx)+"'/°C at normal temperature [°¢]. Testes by Harda et al.
[Y'¢] revealed that thermal expansion of concrete was very close to that of
aggregate used in it. This is attributed to the high content of aggregates as
compared with the cement paste. So, in spite of the high contraction of the
cement paste, expansion of concrete is predominant. Zoldner [°¢] stated
that the quartz content in aggregate is the main factor influencing thermal
expansion of aggregate. A higher quartz content to cause larger expansion
due to heating.

During first heating, the cement paste is subjected to two opposite
effects. An ordinary thermal expansion based on kinetic molecular

movements, and a hygrothermal volume change associated with the

Yy
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movement of internal moisture [© ¢, ©¢]. Up to a temperature of Y+« °C, the
cement paste expands; then it will contract at higher temperatures [°°]. ryf

This contraction continues as temperature rises as shown in Figure (Y-) +). ||
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.§ 0 - - I ' |
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Figure (-1 ¢): Free thermal strain of cement pate and gravel. (After Khoury et al.,
149 >e].

B- Thermal Expansion of Steel

In order to study the behavior of reinforced concrete structures up to
failure, the mechanical properties of steel should be specified. These
properties such as modulus of elasticity, Es, yield strength, f, and stress

strain relation are temperature dependent.

It was stated earlier [¢+] that up to V:+°C thermal expansion
coefficient of steel increases with rise in temperature. Thereafter, steel
undergoes transformations in its composition (i.e. crystalline
transformations) resulting in an appreciable discontinuity in the expansion
curve (Malhotra) [¢7]. However, the model suggested by Nizamuddin [¢ +]

iIs shown in Figure (Y-))) in addition to the test result published by
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Takeuchi et al. [¢V]. This model for calculation of the coefficient of

thermal expansion, as, is shown by the formula:

o, :(L+1o.8jx10—6 ,°C for0°C<T <650°C ...
100
and
a,=173x10°,°C  for650°C<T ...
08 18 —_
S 16 -
N ]
= 14 -
S 1
e 12
(v}
< ]
s 10
© 1 0 a
= g
2 . ] 0  Takeuchietal. (1993)
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e 4] ———  Eq.(2.20)
RS ]
(&)
R 2 -
3 J
U 0 T I T I T I T I T I T I T 1 I
0 100 200 300 400 500 600 700

Temperature (°C)

Figure (Y- V): Coefficient of thermal expansion of steel at different temperatures.

BBl Deformation Properties at elevated Temperatures

A — Creep of Concrete at Elevated Temperatures

Creep is one of the time dependent free strains associated with fire

that it increases rapidly with increasing temperature. Many investigators

[°A, ©4] tried to study this strain by loading concrete after heating and

different models were presented. However, this was discouraged when it

became clear that transient thermal strain was significantly greater than the
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basic creep and the elastic strain [¢°,°7]. Moreover, heating of concrete
before loading seems to occur rarely from structural point of view, and the r;

structural element is heated mostly after loading. ||
The creep strain may be divided to the following components [ +]:

I- creep strain before heating which may be calculated using any

creep law at ambient temperature,

Ii- creep strain during heating which was considered as a part of

load induced thermal strain (e ;1s),

iii- creep strain at constant temperature exposure which was seen
by Khoury Y44Y) [1V], and

Iv- creep strain during and after cooling which was not considered

in the published studies as far as known.

B- Shrinkage of Concrete After Heating

The time-dependent behavior of concrete increases in importance
when concrete structures are exposed to elevated temperatures. This is
especially so in the case of prestressed concrete structures, such as storage
and containment vessels, which could lose their prestress due to excessive

creep and shrinkage experienced at high temperatures [YV].

J. Hannant and P.S. Pell [¢Y] investigated the thermal stress in
reinforced concrete slabs. An increase in temperature, particularly near
Y+ +°C, was found to accelerate shrinkage, creep and change in expansion

coefficient, all of which were related to loss of water.

Habeeb [Y] investigated the effect of high temperature on the
mechanical properties of high strength concrete (HSC). The specimens
were subjected to elevated temperature ranging between (Y +-A++ °C).
Five temperature levels of (Y++, Y++, o+« v and A+ °C) were chosen

with three different exposure duration of Y,Y and ¢ hours without any



-"Ehapter Two : Literature Review

imposed loads during heating. The specimens were heated and cooled

under the same regime and tested either one day to one month after heating. | v+ |

For shrinkage of concrete before and after heating of [Y+ +x)++x®++ mm]
prisms were measured in this work. He observed that (HSC) was more
sensitive to high temperature exposure than normal strength concrete
(NSC). He found from the test results, that the additional shrinkage values
due to the heating are between (£¢:+-A++) microstrains, and there is no
significant increase in shrinkage values due to the increase of exposure
time from ) hour to ¢ hours. Shrinkage values were not more than \ + 7% of

that at Yhour exposure.

BN Structural Behavior

The overall effect of non-linear temperature distribution through the

depth of reinforced concrete slabs may be considered of three parts:

Owing to the main temperature induced in the cross-section, there
will be an axial strain resulting in overall axial deformation if the slab is
axially unrestrained and free to deform, such temperature strains are

induced without stress.

Owing to the main temperature gradient there will be a strain
gradient causing an overall curvature of the section (remaining plane); if
the slab is free to rotate, such temperature strains do not produce

stresses.

Owing to mechanical characteristics of the materials (steel and
concrete) under the elevated temperatures, mainly the reduction in

compressive strength concrete f., and yield stress of reinforcing steel f,.
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¥.11.y Structural Behavior of Simply Supported (Unrestrained Slabs)

For a simply supported reinforced concrete slab, the rocker and roller W
supports indicate that the ends of the slab are free to rotate and expansion ||
can occur without resistance. Therefore, no thermal stresses produce, and
the reduction in nominal moment strength will affected only by the
reduction produced in strength of structural materials due to exposure to
high temperature. If the underside of the slab is exposed to fire, the bottom
of the slab will expand more than the top, resulting in a deflection of the

slab [Y].

v.1v.v Structural Behavior of Continuous Slabs

Structures that are continuous or otherwise statically indeterminate,
undergo changes in stresses when subjected to fire [ ¢, 12]. Such changes
in stress results for temperature gradients within structural members, or
changes in strength of structural materials at high temperatures, or both. In
this investigation there is no account of thermal stresses was considered
due to temperature gradient by assuming that the heated portion of a slab
can expand and push against the surrounding part of the slab, if a fire
occurs beneath a small interior portion of large reinforced concrete slab.
Concerned the effect of fire on the changes in strength of structural

materials at high temperatures.



C EXPERIIENTAL WORKS

E&N ntroduction

This chapter describes the materials used in the production of the

specimens, mix proportions and the methods of testing.

Considerable experimental work has been carried out to study the
shrinkage cracking behavior of reinforced concrete members restrained
from movement at their ends for different restrained cases. But, limited
experimental work was carried out to study the effect of fire on some
properties of reinforced concrete slabs. This research was designed to study
the effect of fire on different cases of restrained reinforced concrete slabs
after restrained shrinkage cracking had taken place. Hence, the first main
aim of this research is to study the behavior of drying shrinkage cracks in
reinforced concrete slabs for different restrained cases (crack width, crack
length, crack spacing, cracking tendency and position of maximum crack
width). The second main aim is to study the effect of fire on the behavior of
these slabs after drying shrinkage had taken place for a period of Y months

in the laboratory.

Because the experiments of this study were made using reduced-
scale slab models, measurements for crack spacing, crack width and crack
length were made also for actual (full scale) slabs, to link the results of this

study with actual site observations.

YA



-‘r Chapter Three : Experimental Work

BB Program of the Work

¥4
During this research, the study of cracking characteristics of slabs .

was based on four reduced scale reinforced concrete slabs cast in |
laboratory. The chosen dimensions were fixed for the four slabs as
(YYes*YYo.*) .. mm) (length * width * thickness respectively). The slabs
were all cast in the same period to prevent or minimize the variations in the
exposure conditions. Ratio of steel reinforcement (p) was kept at (+.£Y7%)
for the four slabs. Restraint cases were varied as (free slab, two end
restrained, three end restrained and four end restrained) to investigate their
effect on shrinkage and thermal cracking of the slabs when exposed to

drying and fires.

The end restraint was provided by reinforced concrete rigid beams.
Thus, the model used can be considered to represent a practical restrained

slab situation.

The experimental work was carried out to decide upon the
temperature range and duration of burning. It was decided to limit the
maximum exposure to fire flame to about 7:+°C, with a duration of
exposure to fire flame of Y.© hour which cover the range of situation in the

majority of elevated temperature tests.

The specimens were cast, moist cured for v days, air dried in the

laboratory until age of 1+ days, then subjected to fire flame.

Finally, crack spacing, crack length and crack width measurements
were carried out for each slab for a period of 1+ days before burning and

other 1+ days after burning.
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B3 Experimental Work

"
r.*.y Restraining Reinforced Concrete Rigid Beams

In order to provide different restrained cases from the ends to the ||
slab models, square reinforced concrete rigid beams were cast with
dimensions (YYe «*Yve*Yve mm) (length * width * height respectively) for
all beams as shown in Figure (¥-)). A period of ¥ months was allowed
between the casting of the rigid beams and the casting of the slabs to permit

a considerable amount of shrinkage to take place before casting the slabs.

== *
- -
= '

\

o)+ @Y @ (stirrups)

Note: All dimensions are in mm

Figure (- 1): Details of the restraining reinforced concrete rigid beams.

The mix proportions of the concrete used in casting of the rigid
beams were (£Yo: oYe: YYYe) kg/m' (cement: sand: gravel respectively),
with a water to cement ratio of +.£° and a slump of 1+ mm. The rigid
beams were cured as for the slab models. This mix was designed according
to British mix design method BS °YYA: Part Y: Y44) [17] specifications to
give a YA-day cube compressive strength of YA.e MPa.

The reinforced concrete rigid beams were used as end restraint.
These beams were cleaned and greased from the upper surface to minimize
the friction between the reinforced concrete slab and beams. In addition to
the rigid beams, the edge surround beams and slab were cast at the same
time. The edge surround beams provide the required end restraint. Figure
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(¥-Y) shows the slab with the surround edge beams. The edges of the beams

offer different end restraints to the slabs (two end, three end and four end ( \\"
restrained). These beams offer a better end restraint and at the same time
allow shrinkage stress development very similar to that under field ||

conditions.
Plates (¥-)) show the mixes of these beams were casted into the

plywood formwork.
| Yie. mm |
| |

=

=

A A
Plan
) The edge
Restrained slab surround beam

™~ Rigid beam

m

¢Yemm
v

\Ve
Yve

cemnt  YYemm Ve vmm Yvemm (Y mm

Section A-A

Figure (- ): Schematic diagram of the slab restraint.
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r.r.v Slabs :

Four slab models were cast on the above mentioned square rigid \iY‘
beams. These slabs were cast with different restrained cases (two end, three ||
end and four end restrained), and another slab was cast without any

restraint (free slab).

The chosen dimensions for the slabs were (YYe:*YYo.*Y..mm)
(length * width * thickness) respectively. The edge beams which attain the
action of restraint are of cross-section Y+ +*Y+«+« mm and c/c span of Y¢o.

mm. Plate (¥-Y) shows these slabs.

The mix proportions were (°¢°:1ve:1140) kg/m" (cement: sand:
gravel) respectively with an effective w/c ratio of +.¢A and a slump of

YA« mm.

The Y and YA days compressive strength of this mix were YY.A and
YY.e MPa respectively, whereas the Y and YA days flexural strength were

¢.+2and 1.+ MPa respectively.

The reinforcement used is of deformed steel bars grade ¢Y° MPa
with Y+ mm-diameter for longitudinal bars (main reinforcement), and the
steel ratio adopted in this work is (+.¢YZ) which is the minimum ratio

allowed for shrinkage according to ACI Code YA [1V].

In order to get a constant cover, small pieces of steel as chairs of
Y.e cm height were placed under the slab reinforcement and also under the
beams reinforcement. Figure (Y-Y) shows the details of reinforcement for

slabs and edge beams.
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Yo mm ) @Y°+ (bent&straight) T
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T‘ @0 \_¢\ ‘@2 (bent) ||
I YYe. mm
a- Free slab
Yoo mm
[ ARNGALK (bent&stralght)
U f
\l [ ] [ ] [ ] [ ]
N peee \—¢~ :@2++ (bent) £
L 3~
26V-@%erclc ]
h__d e mm o
Y+ e mm 200 5 /
Yie«mm

b- Restrained slab

Note: All dimensions in mm

Fig.( ") Details of the slabs a- without edge beams , b-with edge beams

r.r.» Materials and Mixes
r-r-r-» Cement

Ordinary Portland cement manufactured by the new cement plant of
Kufa was used for concrete mixes throughout the present work. The cement
was properly stored in the laboratory. This cement complied with the Iraqi
specification No.°/Y3A¢ [1A]. The physical properties and chemical

composition of the cement are given in Tables (A-Y) and (A-Y).
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r-r-r-v Fine Aggregate ‘
Al-Akhaidhur well-graded natural sand was used. The physical and | ¢ {
chemical properties of the sand are listed in Table (A-Y). Its grading ||

conformed to the Iraqgi specification No.£e/Y A€ [13], Zone(Y).

r-r-r-r Coarse Aggregate

The gravel used was brought from Al-Nibaii area with a maximum
size of Y4 mm. The gravel was washed, then stored in air to dry. The gravel
used conforms to the Iraqi specification No.£2/Y4A¢, The grading and other
properties of this type of aggregate were tested and shown in Table (A-£).

r-r-r-« Water
Tap water was used throughout this work for both mixing and curing

of concrete.

r-r-r-s Reinforcement

Deformed steel bars of Y+ mm diameter were used. The average
yield strength of three samples is ¢Y°© MPa. The stress-strain curve for the
reinforcing steel used is shown in Figure (¥-¢).

700

600 —

500 —

400 -

300 —

Strss (MPa)

200 —

100 —

0 50 100 150 200 250 300

- -
Strain *Y*" mm/mm

Figure (¥.¢): Stress strain curve for ) mm diameter mild bar used.
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r-r-r-1 Mix Design and Proportions
The concrete mix was designed according to British mix design g;

method BS ©YYA: Part ¥: Y443) [11]. This mix was design to give the target ||

design strength of ¢+ MPa and a slump of (" + mm).

The proportions of the concrete mix are summarized in Table (¥-)).

Table (- 1): Mix Proportions

Weight proportion Mix proportion kg/m"
Slump W/? Cement : Sand : Gravel Water |Cement|Sand |Gravel
mm ratio
” T v 0 Yoo VY - YV | YVae ¢¥o | oYe | \Yyo

r-r-¢ Testing Fresh and Hardened Concrete
r-v-¢-» Slump Test

The workability of the fresh concrete mixes was measured by the
slump test before casting these mixes in their molds. This test was
conducted according to ASTM C)Y £Y-Ada[V+].

r-r-t-y Compressive Strength Test

For the hardened concrete, the compressive strength test was carried
out according to BS. YAAY: part V)YT:VAAY [VY], using a digital testing
machine of Y+++ kN maximum capacity. Three cubes (Y©+ mm) were
tested for each mix at each age for the determination of compressive
strength. The cubes as tested were at right angles to the position as cast.
The load was applied approximately at a constant rate and failure load is

recorded to the nearest ' kN.



-‘r Chapter Three : Experimental Work

r-r-¢=r Flexural Strength Test _~

Three points flexure tests were performed on three (Y« XV« x&+» R
mm) prisms with a span of Y:+ mm using the machine meeting the ||
requirement of ASTM CYAaY-Va:YAA4 [VY].

r-r-s Casting Procedure of the Slabs
r-r-e=y Mixing and Casting of Slabs

The concrete was mixed using an electrical drum type mixer with a
maximum capacity of Y.+ kg/batch. The interior surface of the mixer was

cleaned and moisted before placing the materials.

Materials were put in the pan of the mixer, firstly coarse and fine
aggregates were mixed together with small amount of mixing water.
Cement and mixing water were added as mixing proceeded. By naked eye a
homogeneous mix was observed. The total mixing time from the time of

adding water was about © min.

Then the concrete mixes were caste into the plywood formwork of
the slab as can be seen in Plate (Y-Y). The concrete mixes were cast in two
layers, compaction was achieved using a portable electrical vibrator, then

traweled to maintain an even surface.

r-r-s-v Curing and Exposure

To prevent plastic shrinkage cracking due to rapid evaporation from
the upper surface of the slab. Wetted hessian sheets and polythene sheets
were used to cover the upper surface of the slabs after ¥+-¢+ minutes from

the casting as can be seen in Plate (¥-¢).

The formwork was strike after v days from casting and the slabs
were covered with wetted hessian and polythene sheets during the v days as
can be seen in Plate (Y-¢). The hessain sheets were wetted two times a day

during this period.
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The same curing procedure was adopted to the beams. The casting
and exposure of the slabs were carried out during the period from first of
October to the first of December (Y months period) before exposure to fire
flame and from first of December to the first of February (Y months period)
after exposure to fire flame.

v-r-1 Strain and Crack Width Measurements

Surface strain measurements were carried out by using stainless
steel demec points inserted in Y rows on the slabs. The rows were at Yo,
Yo+ and Y Ye mm distance from all the edges. The spacing between demec
points in the same row was Y.+ mm apart. The demec points were
positioned in the prisms and slabs (°-Y¢) minutes after casting.

An extensometer, Whittemore type, with an accuracy of (+.+*Y
mm/division) was used to measure strain in the panels of the slab (the panel
is the distance between two consecutive demec points in the same row,
panel length = Y+« mm). The measurement devices are shown in Plate [Y-

o]_

The measurements were registered early in the morning (about A
AM) every Y days until occurrence of the first crack. Then, measurements
were taken at an average of )+ days for a total period of about 1+ days,
until no appreciable change in demec readings were obtained, and a stable
cracking pattern had been formed.

Crack widths were measured at 'V locations from the edges; these
locations were at +, YO, @+ VYee N0 Yuu (YO Yauw FVou fuv 00 Tuw
Voo  AveQev VYeew gnd VYYe mm distance from the edge. The
measurements were carried out before and after exposure to fire flame by
using a portable microscope with ¢+ X magnification and a measuring field
of Y. mm. A crack as can be seen under the portable microscope is shown

in Plate (¥-1). The crack pattern in the two and three end restrained of the
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reinforced concrete slabs before and after exposure to fire flame are shown

in Plates (Y-V and Y-A) respectively.

r-r-v Free Volume Change of the Slabs

In order to obtain an idea about the free volume change of the slabs,
reduced-scale slabs with dimensions of (Y +++x)+++xY++ mm) were cast,
and were exposed to the same conditions of restrained slabs. There was no
connection between the slab and the rigid beams. The friction, in the plane
of contact between the slab and the rigid beams was minimized by applying
two layers of greased polythene sheets, then this slab was approximately
free to shrinkage and move. The movements were measured by demec
points and an extensometer as described in sec.(Y-Y-1). Plate (¥-9) shows

the free movement slabs.

The first day movement of the slab was obtained by the use of Y.Y
meter ™ 3ashape steel mold as shown in Figure (¥-°) and plate (¥.) +), in
which an artificial crack (gap) was made in the mid-span of the web by
using a Y. mm steel diaphram. The beam was subjected to exposure
conditions similar to that of the slabs. The increase in gap width after one

day would represent the first day shrinkage [Y Y], see Plate (¥-))).

The first day thermal strain of the slab, due to loss of its heat of
hydration to the surrounding atmosphere from its peak temperature to the
temperature when the first strain reading of the slab was taken, was
measured by embedded thermometer in the concrete slab to determine the
temperature drop, then the thermal strain by adopting a coefficient of

thermal expansion of Y +x) '/ °C [¥¥] for concrete.

In order to measure subsequent free shrinkage movements after the
first day, two demecs which were inserted at the sides of the gap after ¢-)°

minutes from casting, see Plate (Y-1)).
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Fig.("-¢): Schematic diagram of ther— 1 -shaped mold dimensions.

r-r-A Tensile Strain Capacity Tests
The elastic strain capacity is the amount of strain that is instantly

relieved due to the elastic recovery of restrained concrete upon cracking. It
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is defined as the observed free contraction of concrete at the onset of

cracking [YV]. 5

Elastic tensile strain capacity of concrete was measured by using two ||

methods:

The first is a direct method using the same — ]-shaped
steel mold described in article (¥-Y-V). Plain beams were cast and
allowed to shrink. Soon after the first crack occurred, the amount of
strain which was relieved as a result of elastic recovery of restrained
concrete, was measured between plug fixed points together with
crack width measurement by a microscope. This crack opening was

assumed to represent elastic tensile strain capacity of concrete.

The second is an indirect method by dividing the flexural
strength of concrete by the modulus of elasticity of concrete.
According to ACI-Committee YY¢ [):]. This method produces
significantly inaccurate values of tensile strain capacity due to the
non-linearity of stress distribution across the beam, which causes the
modulus of rupture to be Y--¢+ percent higher than the true tensile

strength of concrete.

r-r-4 Burning and Cooling

The reinforced concrete slabs were burnt with direct fire flame from
a net work of methane burners inside the frame. The fire flame hits the
lower face of these slabs. The dimensions of this burner net are
(Ye++*Yo..mm) (length * width respectively) as shown in Plate (¥-)Y).
The bars of flame were intended to simulate the heating condition in an

actual fire.

When the target was reached, the temperature was continuously
measured by digital thermometers, one of them was positioned in the

bottom surface of the slab in contact with the flame, while the other was
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positioned at the unexposed upper surface of the slab, and by thermocouple
that was inserted in the center of each slab to measure the temperature at
the mid-depth (¢ mm from the exposed or unexposed surface). The
measurement devices are shown in Plate (Y-)Y¥). After burning, the
reinforced concrete slabs were allowed to cool in the laboratory to a room

temperature of about YY°C.

r-r-1. Duration and Range of Temperatures
The duration of fire depends on the speed with which it can be put
out. Total fire duration, including the time of the build-up of the fire, can

vary from about one hour to about one day [VY,V¢].

However, for this work, it was decided that exposure time of ).°
hour at the level of the maximum temperature would cover the range of

situations occurring in the majority of elevated temperatures during fires
[¥7,Yo va].

Although the maximum temperatures reached during fires of
buildings are of the order of Y«++« to YY«+« °C [¥1,YVY] such high
temperatures occur only at the surface of the exposed members.
Considering the relatively small size modeling of the specimens to be
tested, it was decided to limit the maximum fire flame exposure
temperature to 1+« °C.

r-r-11 Shrinkage of Reinforcement Concrete Slabs After Exposure
to Fire Flame

Shrinkage of slabs was monitored during and after exposure to fire
flame and cooling in the laboratory to room temperature was about YY°C.
Shrinkage was measured after the slabs were cooled to room temperature,
at ages of (V, ¥, vV, Yo, ¥+, £2 and 1+ days) after burning. Shrinkage strain
of these slabs was measured during fire, the procedure of the measurement

as shown in Plate (V- €).

e\
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r-r-1v Deflection of Reinforced Concrete Slabs During and After

Exposure to Fire Flame : *.,

When the slabs were subjected to fire flame, the cracks which were ||
developed from previous drying shrinkage propagated and widened. The
thermal cracks appeared in a honeycomb fashion all over the lower surface
of these slabs. The deflection of the slabs was due to fire only and without
applying any superimposed load. The deflections were recorded by a dial
gauge with an accuracy of (+.+ Ymm/division) positioned at the center of
these slabs. The deflection recording was at times (¢, Yo, Y+, €0 7. Vo
and 4+ minutes) during exposure to fire flame. Plate (¥-)¢) shows the
procedure of deflection measurements mentioned above. Also, deflection
after burning of these slabs was measured using the same procedure

conducted during burning.

&l site Observations

In addition to the four reduced-scale experimental slabs investigated,
measurements were made on actual size slabs in a newly constructed
building in Hilla city. The measurements covered; length, width and
thickness of the slabs, amount and distribution of reinforcement, crack
spacing, crack length and crack width for each crack at intervals of Ye.
mm from the edge of the slab. Some of these parameters were measured
directly on the slabs by a portable measuring tape and a microscope.
Whereas, the amount and distribution of reinforcement and thickness of the
slab were taken from their design engineering drawings. The procedure of

cracking measurements as shown in Plate (Y-)°).



BN introduction

In this chapter, a brief review of some previous studies on the
application of the finite element method to reinforced concrete structures
will be presented. A review of the mathematical models for predicting
long-term effects on concrete, such as creep and shrinkage, are described.
In addition, a brief description of the convergence criteria used in the

computer program is also described in this chapter.

A computer program was taken from reference [VA], and had been
modified to represent the problem of shrinkage cracking in different
restrained cases for reinforced concrete slabs. This program was written in

Q-Basic Language.

In this chapter, the relationships and solution algorithm which were

used in the steps of program are discussed.

BBl Finite Element Modeling of Reinforced Concrete Structures

During recent years and because of the development of relatively
powerful analysis techniques implemented in electronic digital computers,
interest in nonlinear analysis of concrete as a structural material was greatly

increased. The most important analysis procedure that is already in wide

1y
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use for both linear and nonlinear analysis of structures is the finite element

method.

The first published paper in finite element analysis of reinforced
concrete structures to include the effect of cracking was by Ngo and
Scordelis [Y4], Y41V, who carried out a linear elastic analysis of beams
with predefined crack patterns. The purpose of the study was to determine
bond stresses and stresses in the concrete and steel for a particular crack

configuration. By the separation of nodal points, the cracks were modeled.

Non-linearity was first introduced by Nilson [A+], Y37A, by treating
the concrete material as an orthotropic material. Discrete cracking was
introduced by stopping the solution when the average value of the principal
tensile stress in two adjacent elements exceeded the tensile strength, then
changing the topology of the structure by disconnecting the elements at

their common corners.

Scanlon[AY] in YaV¢ presented a finite element model which is
capable of simulating the behavior of reinforced concrete slabs at working
loads, including the effect of nonuniform reinforcing and tensile cracking.
This study concentrates on technique for including the effect of creep and

shrinkage.

Meyer and Bathe [AY], Y4AY, studied the nonlinear analysis of
reinforced concrete structures as one, two and three-dimensional elements,
and the applicability of using nonlinear static and dynamic analysis in

engineering practice.

In Y44+ [AY], Hu and Schnobrich developed a nonlinear model for
cracked reinforced concrete subjected to inplane shear and normal stresses.
In this model, a set of constitutive equations suitable for incremental F.E.

analysis was derived.
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Bl Finite Element Method and Time Dependent Effects

The work of Selona (Y471%) [A¢] was to develop a mathematical ,”
model which predicted the time-dependent behavior of planar reinforced ||
concrete frame structures subjected to service loads. The material behavior
laws were developed for uniaxial creep, shrinkage and tensile cracking in
the concrete and for instantaneous elastic-plastic strains in the reinforcing

steel.

A finite element model which was capable of simulating the
behavior of reinforced concrete slabs at working loads, including the
effects of non-uniform reinforcing, tensile cracking, shrinkage and creep,
was studied by Scanlon (Y3V¢) [AY]. The inelastic strains resulting from
creep and shrinkage behavior were treated by the initial strain method [A®°].
The CEB expressions based on available experimental data were used for

the evaluation of creep and shrinkage strains.

Aldsted and Bergan (Y VA) [A1] presented finite element models that
were capable of predicting the long-term behavior of plane, slender
reinforced concrete frames and which were subjected to loads up to their
ultimate carrying capacities. Two models were adopted (distributed and

discrete cracking).

Kang and Scordelis (Y3A+) [AV] developed a numerical procedure
based on the finite element method for the material and geometric
nonlinear analysis of planar reinforced and prestressed concrete frames
including the time-dependent effects due to load history, temperature

history, creep, shrinkage and aging of concrete and relaxation of prestress.

Chow (Y3A¢£) [AA] also developed a finite element analysis for the
effects of creep and shrinkage in reinforced concrete beams. The ACI

method was used to model the time dependent effects in the concrete.
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It can be stated the present study is one of the first attempts which
tries to analyze the problem of time dependent shrinkage cracks for x-{
different restrained cases of reinforced concrete slabs by using the finite ||

element method.

X} shrinkage Expressions
Three expressions to compute shrinkage strain can be estimated:

Y- Schorer Expression

For the reason of the importance of ambient humidity on shrinkage,

Schorer’s equation has been used since (Y4 £Y) [A4]; which is:
(e4), =125x10°(90-H,) (£-1)

where H is the ambient humidity.

Y- Hyperbolic Expression

One of the most widely used methods for modeling shrinkage versus
time is the hyperbolic equation in the same form of Ross creep equation,
which is;

t

Egn) :ﬁ(ssh ), for moist cured concrete ... (¢-Y)

t

Esn(t) = ﬁ(esh ), for steamcured concrete ... (¢-¥)

Y- Exponential Expression

An exponential form of equation is proposed by Lyse, Wallo and

Kesler (Y 41A):

(eq ), = (e ), Ll— e’J ........... (¢-)

where V/S is the volume-surface ratio in inches.
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BBl General Mathematical Modeling of Shrinkage

Y
For the prediction of constitutive properties of shrinkage, a ™.

mathematical modeling needs to be used as the input for the finite element
computer program [3+]. The selection of functions should satisfy the

following points:

The function represents the available experimental data of concrete,
such as age, environmental humidity and its variation, temperature and
its variation, size and shape of cross section, curing conditions and their

duration.

The undetermined coefficients of the functions should be relatively

easy to evaluate from the available experimental data.

The function should be sufficiently simple to conduct the numerical

evaluation in the finite element program.

Several practical models for predicting shrinkage at any time were

proposed:
V- The model of ACI Committee ¥4 [V]

The ACI procedure for the evaluation of drying shrinkage strain at

any time is based on the studies of Branson et al. [YdVe]:

_ (t_to) % -0
gh(t)_35+(t—to) Enl (2 )

where t is the time in days since the concrete casting, t, is the curing time

and (e, u) is the ultimate shrinkage strain. Its average value is given by the

following relation:
£4,U=800x10°xCF* . (£-1)
Where CF® is the shrinkage correction factor given as:

CF=F)xF xFSxFgxFExF, ... (£-Y)
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where Fj, ', F, F;, F¢ and F,; are the shrinkage correction

factors for humidity, minimum member thickness, slump, cement content, \"”‘
percent fines and air content respectively. All these factors assume the ||
value of unity for the following standard conditions [Y]. For conditions
other than the standard ones, the correction factors are calculate in
Appendix (B-Y).

Y- Euo-international committee of concrete model

The procedure recommended by CEB for drying shrinkage

prediction is based on the following:

(gsh)t:a(ssh _)st (tl) ----------- (£-A)

inwhich a=a, xa,,xagy e (£¢-9)

O, Oy, Og = factors to account for the size, relative humidity, and slump
respectively.

ey, — = Shrinkage strain at (t) = oo.

Bs(t\) = factor to account for the rate at which shrinkage develops.

t=t-t, [A)]

The ACI model is adopted in the present study.

Il Mathematical Formulation of Creep

In the absence of experimental data, the following empirical
expression for the prediction of creep deformation is recommended by ACI

Committee [V], which is:

_ =T
10+(t-T)° °

t
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where C, is the creep coefficient defined as the ratio of creep strain at t days
after loading to the initial instantaneous strain at loading. T is the age in
days of concrete at load application. C, is the ultimate creep coefficient to
be determined from experimental data defined as creep strain at in finite
time after loading to the initial strain at time of loading. The ultimate creep

coefficient is calculated as follows;
C,=235xF'xFS xR xFS xFExFy L. (£-1Y)

where F°, FS, FS, FS, Ff and Fj are correction factors for age at
loading, humidity, minimum member thickness, slump, percent fines and
air content. All the above correction factors assume the value of unity for
the standard conditions. The correction factors are calculated in
Appendix (B-Y).

Creep deformation may be obtained by the superposition method

which was stated by D. Macttenry as follows: [ Y]

“The strains produced in concrete at any time (t,) by a stress
increment applied at any time, t;, are independent of the effects of any

stress applied either earlier or later than t;”. The principle of superposition

is reasonably valid for stresses below approximately0.4fc., and for

constant environment conditions.

Based on the above principle, for initial loading o, applied at time

t,, the total deformation g; at time t,, is

€e =6, +6.C,,. L. (£-VY)

where g, :%, E, is the elastic modulus of concrete at time t, and, Cy, IS
(]
the creep coefficient for a time interval (t,-t,), for any stress increment

(Ao;) applied at time (tj) the strain increment in the time interval (t,-t;) is

Ao ..
Ag; =% and the total deformation is
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Ag =Ag; +Ag;xC, L (¢-Y7)

where, E; is the elastic modulus at time (t;), Cy is the creep coefficient of \

L]

concrete loaded at time (t;) for an interval (t,-t;). The total deformation (&) ||

at time (t,) after number of stress changes is:

gm=6—+— Z{AJ (AEGJC”} _________ (£-1¢)

Eo Eo i i

In simple cases such as shown in Fig.(¢-Y), the stress history may be
represented as a series of step. Knowing variation of (E) and (C,) with time
of initiation and duration of loading, the components of strain can be

determined and the resultant strain can be obtained by superposition.
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Figure [ £.1] Determination of creep strain by superposition method. [4 ¥].
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However, using Eq.(¢-):) with the superposition formulation

requires the storage of the complete creep history in order to calculate a vf

new creep value which requires a lot of computational effort and memory

storage.

Bl Modeling of Concrete

Concrete is a heterogeneous nonlinear material and has completely
different properties in tension as compared to compression. It is well
known that the nonlinear response of concrete is caused by two major
material properties, cracking in tension and plasticity in compression due to
bond failure between aggregate and mortar and cracking of mortar itself.
Time dependent effects such as creep, shrinkage and temperature volume
change also contribute to the nonlinear response. These time dependent
effects are considered in this research. There are several approaches for
defining stress-strain relationship of concrete under various states. In
general, they can be divided into four main groups:

Elasticity theory.
Plasticity theory.
Viscoplasticity theory.
Endochronic theory.

Excellent reviews and extensive references on modeling the concrete

material are given in Reference [VA], [V4] and [3Y].

I Modeling of Steel Reinforcement

Steel is a homogenous material and usually has the same yield
strength in both tension an compression. A typical stress-strain curve for
steel is illustrated in Figure (£-Y). Four regions can be distinct from this
curve; initial linear elastic, yielding, strain hardening, and descending

stage.
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In the present investigation, the steel reinforcement is smeared into

equivalent steel layers with uniaxial properties.

(o

<

Stress

Strain
gSU

Figure ( ¢- ¥) Typical stress-strain curve for reinforcing steel.

ISl Modeling of Cracked Concrete

Probably the main feature of plain concrete material behavior is its
low tensile strength, which results in tensile cracking at a very low stress

compared to the failure stress in compression.

In the finite element method, two main mathematical models are
used for crack representations; discrete crack model and smeared crack

model.

(a) Discrete Crack Model

This model represents the individual cracks as actual discontinuities
in the finite element mesh. This model was firstly used by Ngo and
Scordelis [4¢] to analyze simply supported reinforced concrete beams.
Cracking initiated when failure criterion at a certain node is achieved and
crack discontinuity is represented by physically splitting that node. An
obvious restriction of such a model is that the cracks must be formed along
the element boundaries. This makes crack patterns mostly dependent on the

local mesh refinement. Furthermore, when a crack forms the topology of
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the mesh varies, and the updating procedures are time-consuming. These
difficulties have resulted in a very limited acceptance of this model in

general structural applications.

b- Smeared Crack Model

This model does not account for real discontinuities in the mesh. It
was firstly introduced by Reshid (Y 271A) [42]. Cracking concrete is assumed
to remain a continuum and material properties are modified to account for
the damage due to cracking. Concrete is initially isotropic, but cracking
induces anisotropy. After cracking, concrete is assumed to become
orthotropic, with the principal material axes oriented along the directions of
cracking. Material properties are varied depending on the state of strain and
stress. The Young’s modulus is reduced in the direction perpendicular to
the crack plane, and Poisson’s effect is usually neglected due to the lack of
continuity of the material. The shear modulus parallel to the crack plane is
also reduced. Lin and Scordelis (Y4Y®e) [47] introduced the retained shear

modulus BG, term, where G, is the shear modulus of uncracked concrete

and B is a reducing factor in the range of zero to one.

The smeared crack approach is used for most structural engineering

applications, since it offers:

Unchanging of topology of the mesh throughout the analysis,
and only the stress-strain relationship need to be updated when

cracking occurs.
Complete generality in possible crack direction.
Computational efficiency.

In the present study the smeared crack model has been adopted.

\AJ
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IEBBl Concrete Representation

) ) ) &
For different restrained cases, reinforced concrete slabs can be .

represented by ¢-node rectangular elements using polynomial function for |

the assumed displacement field:
U=o,+a,X+agy+o,xy ... (£-10)
V=as+asX+a;,y+agxy L. (£-)7)

The derivation of the strain displacement and stiffness matrices of

the element can be found else where [1V].

Prior to cracking, the concrete is assumed to be isotropic,
homogenous, and linearly elastic, thus, the stress-strain relationship for

plane stress problem can be expressed as follows:

Gy E (1) 1 v 0 €y

oyr=—>v 1 0 |xqg, ¢ . (¢-YV)
1-v 1-v

Ty 00— Uy

where;

E.(t) = modulus of elasticity of concrete at time (t).

v = Poisson’s ratio of concrete.

The aim of this study is to describe the time dependent shrinkage
effect on concrete, as, the properties of concrete are time dependent, the
ACI-Committee Y+ [V] proposes the following form of strength-time

relationship of concrete:

ft)=—"f'28) (£ A)

:a+bt

where f°¢(t) and f°(YA) are the concrete compressive strength at any time t

and at YA days after casting, respectively, and the constants a and b depend
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on cement type and curing method. For (V) days moist cured concrete, type

I-cement, a=¢, b=+ .Ao, Vo

“<

The ACI Committee Y -1, also proposes the following equations to ||

calculate the direct tensile strength 7°.(t) and the modulus of elasticity E.(t):

f/(t)=0.007 Jw.f/(t) ,MPa . (£-19)

E (t)=0.043w" /f/(t) ,MP2 .. (£-Y+)

where w, is the concrete unit weight in kg/m" and f7«(t) is in MPa.

A crack is assumed to initiate in the planes perpendicular to the
maximum principal tensile stress if the stress criteria controls or
perpendicular to the maximum principal tensile strain direction if the strain

criteria controls [Y].

Smeared crack representation treats concrete as an orthotropic
material with principal axes normal and parallel to the crack direction as in
Figure (¢-Y).

Figure (- ) Crack coordinates. [A Y]

The incremental stress-strain relationship associated with the crack
coordinates [Eq.¢.) Y] becomes.

Ao, 0 0 O Ag,
Aoy, =10 B 0 [xqAg, ¢ (¢-Y))
Az, 0 0 uG| |Ayy
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In equation (¢-YV) the modulus of elasticity of the concrete is
reduced to zero in the direction normal to the crack. E; is the tangent elastic
modulus of concrete parallel to the crack direction. The Poisson’s ratio is

taken as zero due to the lack of interaction between the two orthogonal of
N : : : E. .
directions. p is the shear retention factor with O<u<1, G :7" is the

shear modulus of cracked concrete.

At the instant of crack initiation only the stress perpendicular to the
cracked plane and the shear stress parallel to the cracked direction are
released; other stresses are assumed to remain unchanged. It follows that
the stress state of the cracked material is reduced to the uniaxial stress state
parallel to the cracked direction for plane stress problems [3¥] as in
Figure [£-£].

% 9 @/ 9

Oy

(@) (b)

Figure (- ¢) Stress distribution (a) just before crack and (b) just after a crack is
formed. [4¥]

The residual stress is computed as the difference between the stresses
existing prior to cracking and the stresses which the material can sustain at
the same strain level after cracking. A load vector equivalent to this

residual stress is then computed for each cracked element according to:

Pi=[ [BI {o}dvol L (£-7Y)
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where {c} is the residual stress vector, [B] is the conventional nodal
displacement strain matrix. Then, the application of the residual load vector
to the structure causes stress redistribution due to cracking and results in
additional deformation.

¢-1 +-) Tension Stiffening

The use of the orthotropic constitutive Eq.(¢-Y V) to represent cracked
concrete may not be realistic enough because the cracked concrete of the
reinforced concrete element can still carry some tensile stress in the
direction normal to the crack. This phenomenon is termed tension
stiffening. In this study a general tension stiffening relationship suggested
by Bhide [AY] is adopted. This relationship can be expressed as follows:

— ft'
~ 1+1000¢, (¢/90)"*

t

where;

fi . the average tensile stress normal to the crack direction.
& . the average tensile strain normal to the crack direction.

¢ : measured in degrees counter clockwise from the steel direction to the
crack direction.

1.0

0.8

0.6

FT/IFT

0.4

0.2

00 T I T I T T T T

Strain *1000

Figure (£.°): Tension stiffening curves by Bhide for @=9 0, [AY]

Vv
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£-1..Y Concrete Strength Parallel to the Crack Direction

VA

After cracking has taken place, the concrete parallel to crack is still

capable of resisting either tensile or compressive stresses. When it is
subjected to tension, a pure linear elastic behavior is assumed as in
Figure (£-1) and E; is taken as E((t) in Equation (£-Y)). On the other side,
when it is subjected to compression, experimental results show that the
tensile cracks have caused a degrading effect not only on the compressive
strength parallel to the crack but also on the compressive stiffness. This

relationship is shown in Figure (£-V) and expressed by Eq.(£-Y ¢) below:

Fon . Y g0 (£-Y 1)
R 08+034°%
e

0

It is used in this study to determine the degraded maximum
compressive strength (f.,), for concrete parallel to the crack direction,
where, &, IS the strain corresponding to the maximum concrete
compressive strength f°.. After the peak strength (f.y,) is the determined the

stress strain curve suggested by Saenz [Y?] is used to calculate f-..

- Sl - (£-70)
A+ Bg+C{g} + D{g}
80 80 80
where A=), B=(R+R.-Y): C=YR-Y:: D=R ... (¢-Y7)
zw_i ; RE:E _________ (£-YV)
(Rs _1)2 Re Eo
Ro = oo (£-YA)
1:cf
i
Rg:— ......... (Z'Yq)
80
fcm
EO = e (i'\‘.)
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In the present study it is assumed that Ro=¢f and Re =¢, the tangent  J{
modulus (E;) used in Eqg.(¢-Y)) can then be calculated by differentiating v(
Eq.(¢-Y°) as follows: ||

_df E{“(ZR_DET‘ZREH
de {1+(R+ Re —2){;}—(%—1){:)}2 ) R{:OHZ

E,

Figure (£.7): Stress — strain curve for concrete parallel to the
crack direction. [AY]

1.2

FCM 1
FC~ 08+034%*¢ /¢

1.0

0

0.8

FCM/FC

/€0

Figure (¢.V): Degraded maximum compressive strength for concrete. [A¥]
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¢.) «.¥ Shear Retention Factor

In plain concrete, the main shear transfer mechanism is the aggregate A »
interlock and the main variables involved are the aggregate size and ||
grading. In reinforced concrete dowel action will play a significant role, the
main variables being the reinforcement ratio, the size of the bars and the
angle between crack and bars, the shear transfer capacity being reduced as
the width increases. A reduced shear modulus, pG, is retained with
(0<p<1) in the constitutive Eq.(¢-Y)) instead of dropping that capacity to
zero. Using a reduced shear modulus not only improves the realism of the
cracking representation during the finite element analysis but also removes
most of numerical difficulties caused by the singularity of the composite
material constitutive matrix.

Various forms of the shear retention factor have been proposed,

however a constant value of u = +.Y2 is used in the present study.

BBl Reinforcing Steel Representation

The material stiffness of the composite element is obtained by
superposition of the material stiffness of the individual material
components, concrete and reinforcement. An element of reinforced
concrete subjected to plane stress is shown in Figure [£-A].

A stress-strain relation for the element can be written in the
following form [2Y].

o} =0,y L. (£-YY)
Y Gy
. Ty

A LB LV N o3

PR BTG R

poa KT Se 20

BRI Bk Oy

PRg BTy B

% - Reinforcement /25

AT TSN s FRCNGY N X

Figure ( £¢-/) Total stress reinforced concrete element. [4 Y]
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where the total stress vector {c,} and the total strain vector {g,} can be

defined as follows:

GX SX
{Gt}: Gy , {St}: €y
Tyy Y xy

[D] is the composite material stiffness matrix. The strains are similar for
the two components steel and concrete, while the total stress vector is the

sum of the component stress vectors,
N
{of=1o} + ;{a}i ......... (£-¥Y)
1=

where {c}, is the concrete stress vector and {c}, is the reinforcement

stress vector for the reinforcement in the (i)y, direction.

Stress {c,}, {c.}, and {o;} act on unit area of he composite cross
section. It can be noted that the total stresses {c,} don’t represent real

stresses but internal forces acting on a composite element. These stresses

can be found from the strain as follows:
lc.}=[DL4e} L. (£-7¢)
o}=Di}e,y L (£-Y0)

in which [D]. and [D;] are the concrete and reinforcement material stiffness
matrices respectively, by substituting Egs.(¢-V¢), (£¢-Y°) into Eq.(¢-YY),
then comparing Eq.(¢-YY) with Eqg.(¢-YY). The composite material stiffness

matrices can be calculated as follows:
N
[p]=[D).+>D, L (£-71)
i=1

where, N is the number of reinforcing directions. The horizontal and

vertical reinforcing steel is treated as an equivalent uniaxial layer material.
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The stress-strain curve of reinforcing steel is modeled by an ‘
idealized bilinear curve identical in tension and compression. The M~~
incremental constitutive matrix for the (i)th steel layer [D;] can be written ||
as [AY]:

pE, 0 O

[D]]J=| 0 0 0

0O 0O
where p and E; are the steel ratio and the modulus of elasticity of

reinforcement in the (i)th layer.

Stress

=

Strain

Figure ( £- 9) |dealized stress-strain curve for steel.[AY]

BBl Non-linear Solution Procedures

The solution of linear elastic analysis for structural problems can be
obtained directly from solving a set of algebraic equations in the following

forms [YA]:

where;

{F} is the nodal force vector,

[Kg] is a function of material properties and structural displacements, and
{d} is the unknown nodal displacement vector.
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The solution of non-linear problems is usually attempted by either
step by step method, constant stiffness method, or a combination of the
two. In the latter procedure, the load is applied incrementally and with each
increment successive iterations are performed to get more accurate results.
Depending on the sequence of stiffness matrix computation combined
method can be classified into two forms. Full Newton form is the first in
which stiffness matrix is continually updated during each iteration. The
second form is the modified Newton Raphson in which stiffness matrix is
computed at beginning of each load step and remains constant during

iterations until reaching convergence.

The most commonly used method in non-linear analysis of
reinforced concrete structure is the modified Newton Raphson method,

hence, it is adopted in this study.

Convergence Criteria

A termination criterion for the iterative process should be used to

stop iteration when a sufficient accuracy is achieved.

The convergence criterion for non-linear structural problems can

usually be classified as:

Displacement convergence.
Forces convergence.

The convergence criterion used in the present study is based on the
forces, and is called the forces convergence criterion. The violation of
equilibrium is estimated by the magnitude of the residual unbalanced nodal

forces, which are calculated during each iteration as follows:
Wr={F -0 (£-79)

where {F} is the applied load vector and {1}, is the internal force vector

which depends on the nodal deformations {d} [A1].

AY
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The convergence can be considered when

Ms force tolerance [99]
FNORMA
where
NEQ 1/2
o)
FNORM = L=
NEQ
NEQ 1/2
ey
FNORMA = L=
NEQ

-
: Finite Element Analysis

A tolerance force of (¥.°%) is taken throughout this study for the

checking of solution convergence.

A
Load Load

® Update stiffness

e No iterations

Displacement

./ e Update stiffness at beginning
of load increment

Displacement

v

a) Step by step

»

Load 4 Load 4

® |nitial stresses used throughout

Displacement

v

c¢) Modified N.R.

"1/ e Update stiffness during each

iteration

Displacement

v

b) constant stiffness

»
»

d) Full N.R.

Figure (¢-) +): Non linear solution.[4 A]
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IEREN Computer Program __
Ao
The steps of the computer program are
V- Input data ||
a- Control data such as number of element (NEL), number

of node (NON), number of element in one row (RE), number of
node in one row (RN) and in one column (CON), Length (L), and
width (w) of the slab.

b- Reinforcement data such as giving number of layers,

ratio, local coordinates, and modulus elasticity of steel.

c- Concrete properties such as compressive strength at

(YA) days age, thickness of slab and Poisson’s ratio.

d- Nodal number which gives the details of boundary

condition.
Y- Automatic mesh generation

This step includes the estimation of node number and nodal

connecting I, I+, I+, 1: for each element.
Y- Xand Y coordinates for each node are calculated automatically.

¢~ Depending on the state of stress in each element and whether this

element is close to be cracked, choose step of time (ATT) in days.

©-  Calculating concrete properties at a time equal to (TIC) which
include duration of curing (Ydays) by using equations (£.)A, €19,
€.Y+). To represent shrinkage strain and creep strain, the ACI model
Eq.(£.Y) is used to calculate equivalent nodal force {EIF} in duration
(ATT).

1- Calculating total material stiffness from Eq.(£.Y7).
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Finding element stiffness matrix [Kele]. These stiffness matrices are ‘
assembled to form to global stiffness matrix. As a result of the M~~
symmetry of the global stiffness matrix, the coefficient is stored in ||
rectangular matrix with dimension. (No. of equation, half band width),

[K], at the same time, form external nodal force {AGf}, by assembling

equivalent nodal forces for each element {EIf} during {ATT}.

Solving [K].{ Ad}={AGf} for displacement increments {Ad} and
adding it to pervious accumulative displacement vector {d} to get the

total displacement.

The incremental strains are evaluated using the following

relationship:
{Ae }=[B}AQ}, (£.£7)

Incremental strains are calculated at each mid point of element and

added to the previous accumulative strain {g; ,} to get the total strain {g, }

as the follows:

e=et v ae (¢-£%)

V.- From {Ae}, {Ac} is found using the following relation:

{Aci}=[Okfaey (£-£°)

where [D] is either (elastic) material stiffness or cracked material stiffness.
Then, add {Ac} to the previous stress to obtain total stresses. Stresses in
steel are also calculated. Using concrete and steel stress to find element
internal force, which represents the lack of equilibrium between external
forces and equivalent internal forces which depend on nodal deformation.

The steps (- +) are repeated until convergence is reached.

VY- The change in elastic restrained strain is found for each uncracked

element which is used to calculate free creep strain by superposition
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method. Change in elastic strain is calculated during (ATT) from the

following relationship: Av~~
e )=lo)-li)-bi el (5-£7) ||

where, & is the total strain at time (t=n.), ¢} free shrinkage strain at (t=n.),

¢ free creep strain at (t=n\-ATT), &, the total elastic strain until

(t=n,-ATT). This value of change in elastic strain in stored a matrix for
obtaining the change in free creep strain at time (t=n,) by subtracting free
creep strain at (t=n,-ATT) from free creep strain at (t=n,). This strain is
converted to equivalent nodal force which is reapplied on the member, and
steps (1-)+) are repeated until convergence occurs, then computation will

follow step (1 Y).

VY- The change in restrained strain which occurs during (ATT) is found

from the following equation:

e }=la -l |- et

} n—-ATT

Slasy (£-£Y)

i=1

with the notice that free creep strain is calculated at time (t=n,). This strain
is added to previous value to find the total restrained strain. The same

procedure is followed for stress to find total restraining stress.

VY- Principal strains and stresses are then calculated.

Y¢-  Check cracking, if cracking happens in any element, the restrained

stress normal to crack is released and return to step (°).
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Il Free Volume Change of Slabs

Using the model described in Chapter Three, Article (¥.Y.V), the free
shrinkage strain of concrete slabs was measured under the same indoor
exposure conditions of the restrained slabs. Figure (°-)) shows the free
shrinkage strain development in the slabs with drying period.

In the first day after casting, there was a contraction in the slabs due
to the drop of the concrete slab temperature from its peak temperature (due
to heat of hydration) to its temperature when the first demec reading was
taken, which was carried out early in the morning. The temperature drop
observed was about to Y¢°C in the slab temperature. Thus the amount of

free thermal contraction will be

&y =CexT (°-))

Ct : linear coefficient of thermal expansion of concrete which is taken

as VoxVTPC Y, ) 0]

Therefore a total contraction strain of Y¢+x)+™", due to the effect of
temperature drop was recorded.

Free shrinkage strains of the slabs as illustrated in Figure (°-)) were
not uniform with distance from the edge to the center of the slabs. In
general, the shrinkage strain at Y. cm from the edge was greater than the
shrinkage strain at the center of these slabs because the surface area at Y.

Y
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cm from the edge includes (edge and surface area) which was subjected to  J|
drying shrinkage more than that at the center which includes the surface n?

area of slab only. ||
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/
——
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! |
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Figure (°-1): Free shrinkage development with age for plain concrete free slab.
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The measurement of movements of the slabs was carried out to

investigate the effect of different restraint cases of the slabs on the cracking *

behavior (cracking age, cracking sequence, crack spacing, crack width,
crack length and location of maximum crack width). These measurements
were conducted for a drying shrinkage period of Y months and then
behavior of cracking during ().© hr) under fire, then after exposure to fire
flame for a period of Y months.

Figures (°-Y) and (°-Y) show the internal restrained shrinkage strain
development with age before and after exposure to fire flame of the
reinforced concrete free slab respectively, at three rows (Y.2, Yo cm a part
from the edge and at the center) of the slab.

Since the restraining effect of the ends decreases towards the center
of the slab, therefore the movement of the slab will vary with the distance
from the restraining ends. As described in Article [Y¥.Y.7] the movement of
the slab was obtained at three different levels [Y., Yo and Y)Y.® cm]
distance from the edges by using a demec gauge (extensometer).

Figures (°-¢ to ©-A) show the measured movement of most of the
slabs studied. From this figure it can be observed that movements of the
slab increase towards the centerline of the slab from the restrained edges. A
gradual reduction in the readings of measured shrinkage strain at any panel
would indicate a crack occurrence at that panel. An abrupt positive change
would indicate that cracking had taken place at that panel which was
denoted by zero strain in these figures.

In addition to the measurement of slab movement, the movement of
the rigid beams was also recorded during the same period. The contraction
of the rigid beams during the exposure period of the slabs was called “Loss
of restraint — L.O.R.”. The average value of loss of restraint for each slab is
illustrated in Table (°-V).
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Figure (°-£): Strain development history for reinforced concrete free slab at ¥.©
cm from the edge.
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Figure (°-1): Strain development history for three end restrained of reinforced
concrete slab at Y.© cm from the restrained edge.
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Figure (°-V): Strain development history for three end restrained of reinforced
concrete slab at Y.© cm from the free edge.
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Figure (°-A): Strain development history for four end restrained of reinforced
concrete slab at Y.© cm from the restrained edge. =
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IRl Elastic Tensile Strain Capacity Tests

i i i . i i \K
Elastic tensile strain capacity of concrete was obtained directly by

measuring the immediate movement after cracking of plain concrete of
channel ™1 - shaped beams. It was also measured indirectly by
determination of tensile strength and dynamic modulus of elasticity. The
elastic tensile strain capacity is taken as the tensile strength divided by the
dynamic modulus of elasticity. The results of these tests are illustrated in
Table (°-)).

It was worth noting from the experimental results that the elastic
tensile strain capacity of concrete measured by the direct method was
greater than that of the indirect method and Al-Rawi also found [Y Y] such
result.

As can be seen from the results of the present work that the tensile
strain capacity of concrete is much higher than that reported in some of the
literatures [V, ¥V, Y+«V]. Al-Rawi [YY] also reported that tensile strain
capacity values of concrete are much higher than those reported in previous

literature. The results of the present work are in line with Al-Rawi’s results.

Table (¢-1): Direct and indirect results of elastic tensile strain capacity.

Loss of restraint Indirect method Direct
LORY +- V days YAdays |method

Mix Prop.
ST Beam | Slabs | Ed | Ru euIt1 Ed | Ru eult1 eult1
GPa | MPa | *)+- | GPa |MPa [*)+- | *) .-
y - - Y 1.
¢o
CEA £y [ €0 99 | €1 ] 1 [ V¥ | Vgo

Ed = Dynamic modulus of elasticity.
Ru = Tensile strength of concrete.
eult = Elastic tensile strain capacity.
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: L . N
In Table (°-Y) the cracking characteristics are summarized for slabs

investigated at age of (7 + days) before exposure to fire flames. Table (°-Y)

presents the site observations and cracking data for drying shrinkage only

of actual size slabs are summarized for a newly constructed building in

Hilla city.

The experimental and site observation results clearly indicated that

there is no difference in the characteristics of shrinkage cracking.

Table (¢-Y): Cracking data of the slabs before exposure to fire flame.

Number of | Maximum | 2-%¥max Observed spacing of | paximum
Slabs p% from edge | _Cracks at edge (mm) | ¢rack width
cracks | Lc(cm) ;
(cm) Min. Max. (mm)
Two end restrained | +.¢Y A YA . ¥Y. 9. AR
From e ¢ | vyo . YA | oA LY
Three end 9 Y
restrained From |+.%
restrained Al Y'Y VY € AARY « Yoo
edge
Four end restrained | +.¢Y| V) vy VY0 YAo Yequ < Yvo

Lc = Length of crack.
D-wmax = Position of maximum crack width.

Table (¢-¥): Cracking data of the observation slabs.

) D-wmax | Observed spacing of | Maximum
Slabs pt | Numper of Mf:'(':‘r:‘];“ from edge | €racks at edge (mm) | ¢rack width
(cm) Min. Max. (mm)
From free ¢ \ .o . - VYo, ¥
Three end|—S998 |+ ¥'Y
restrained From Y
restrained q Yy O Yoo YYo.u « Yo
edge
i Yy
Four end restrained v 'Y yev.oo Yo Vo. YAVo R

Lc = Length of crack.
D-wmax = Position of maximum crack width.
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¢.¢.) Cracking Age and Sequence

The cracking age can be used as an index for the vulnerability to
cracking [YA].

Table (°-¢) shows the effect of restraint on the cracking age. From
this table, it is obvious that the slabs which cracked first are the four, three
and two end restrained respectively, which means that the cracking age

decreases if restraint increases (as shown in the table below).

Table (°-¢): Effect of different restraint cases on the cracking age of reinforced
concrete slabs before exposure to fire flame.

Types of restraint Cracking age (days)
Two end restrained Yi-go
Three end restrained YA-€)

Four end restrained ARTEA

The schematic pattern of crack development when stress is relieved
by creep is shown in Figure [Y-]. Cracking could occur only when the
stress induced by restrained shrinkage strain, reduced by creep, reaches the
tensile strength of the concrete. Since the restraint is highest at the center
line of the slab for four end restrained and three end restrained from the
restrained edge [YY, Y:], the first crack must occur at this position
assuming that concrete is homogeneous and other characteristics are
uniform. This is confirmed by the experimental results for three and four
end restrained reinforced concrete slabs. While, the first crack in the two
end restrained slab generally occurs at the weakest section of the slab, as
the force induced due to restrained shrinkage exceeds that provided by the
concrete section. This section is either weaker in tension than the rest of the
slab (due to non-homogeneity of concrete), or it is under higher restraint

which tends to increase the cracking force imposed at section.
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Figures (A-) to A-Y) show the development of crack pattern of slabs
during two months period of observation before exposure to fire flame.
Only one side of four end restrained slab, as indicated in Figure(A-Y),
deviated from this trend. This may be attributed to the existence of non-
homogeneity in the rigid beams or in the slab.

Generally, cracking sequence became slower with age as shrinkage
became more exhausted with time.

After the formation of first crack, the formation of further cracks
became rather more difficult. This is because the tensile strength of
concrete slabs increases with increasing age and the remaining amount of
restrained volume change decreases with age. The positions of further
cracks depend on the new arrangement of degree of restraint along the slab.

From Figures (A-) to A-Y) it can be concluded that the first crack
always occurs within the middle third of the restrained edge slab length.
The cracks at and near the center line of slab propagated towards the point
of intersection of centerlines of these slabs, whereas, the cracks near edge
of slabs extended in a direction inclined to the other restrained edge (at the
corner). The same trend was also observed in full size slabs, as can be seen
from Figure (A-¢). The propagation of cracks depends on the direction of
tensile stresses.

Table (e-2) gives the cracking sequence of crack formation in slabs
during exposure to fire flame for the slabs studied in this work. Similar
trend have been observed by Nizomuddin et al. [+ Y].

The crack propagation continued although the rate of free volume
change was decreasing. This may be due to the facts that cracks propagate
at a decreasing stress field once they have initiated [YY], and the crack

propagation is much easier than crack initiation.
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Table (¢-¢): Observed sequence of crack formation in slabs during exposure to fire

flame.

Time of
observation (min)

Observations

Cracks were formed on top surface of these slabs due
to drying shrinkage propagation and extended in width
and length. Radial cracks were observed on bottom
surface of slabs at and near centerlines.

Radials cracking on bottom of slab were continuing to
initiate and propagate with some cracks now
extending toward the edge of slab.

More cracks were visible on edge of slab at top
surface. Some of these cracks extended perpendicular
toward the slab center.

)

One crack near the centerline of four end restrained
reinforced concrete slab was visible on top surface of
slab and extended to approx. Y.© cm toward center of
slab.

Cracking at top surface continued. The crack noticed
at £ min now extended to approx. Y+ cm. Some of
cracks, especially the cracks formed at the middle of
the edge of slab noted increasing in depth from top to
bottom of slab.

\/._‘\.

Some top surface cracks particularly near middle of
slab extended to ©+-Ye cm, and propagated to full
depth of these slabs.

q0

Some cracks were noticed on top and bottom surfaces
and extended from the free edge to the restrained edge
for two and three end restrained slabs.

Radial cracks were formed at the lower surface of
these slabs and were visible at the middle of slab and
extended perpendicular towards the edges of slab.
These cracks stopped at a distance of () +-Y+) cm from
the edges of the slab. Also, it was noticed that cracks
appeared in a honeycomb fashion in the lower surface
for all the slabs investigated.
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¢.£.Y Crack Spacing

As stated in the literature review, it was reported by Hughes [)+¥v] )"

that the minimum crack spacing, Smin, 1S equal to the bond slip distance, in
end restrained members. Al-Rawi [)+¢] proved experimentally the
soundness of this statement.

By adopting the same procedure, described in Sec.(Y.V.1), from
strain measurement, Al-Rawi determined the distance over which the bond

slip occurs.

In the present work, the data obtained from the demec gauge
readings were misleading in determining the bond slip distance. Thus,
the consideration of minimum and maximum crack spacing was based on
the observation of crack locations.

Table (°-Y) shows the information obtained with respect to the
minimum and maximum observed crack spacing.

Figures (A-° to A-Y) and (A-¢) show the final crack pattern in the
experimentally investigated slabs before and after exposure to fire flame
and in some of actual size observed slabs without burning, respectively.
From these figures, it appears that the cracks are generally more numerous
in the proximity of the edge than at some distance from it. It can be stated
that the maximum crack spacing in the slabs increases with increasing
distance from the edge. Also, the observed crack spacing was largely
affected by the different restrained cases investigated, which play an active
part in distribution of cracks before and after exposure to fire flame.

Al-Rawi [Y1] presented the following equation, for the prediction of

minimum crack spacing, Syin, in members subjected to end restraint:

_osskd (e-Y)

o,

S

min
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In the present work the following equation is suggested for two and
three end restrained slabs and for cracks in free edge.

o o_ossk—4 (e-¥) ||

> (p+pr)

pr . this factor was estimated by STATISTICA program version ©.-
from experimental data with coefficient of correlation r=+.9A, as

follows
| 0.6
PR =0.9—1.1(—) ......... (e-¢)
L
where;
k . a constant depending on the type of reinforcement which can be

taken as +.A for indented deformed bars and -.1Y for ribbed
deformed bars.

d : bar diameter.

p : reinforcement steel ratio.

pr . effect of end restraint as a ratio.

L : slab length or width.

I . distance from the to the position of calculated crack width.

From the above equation it can be noticed that the effect of end
restraint can be expressed in terms of additional steel ratio (pg). Thus, in
reinforced end restrained slabs, the total steel ratio is equal to the
summation of the actual steel ratio and the calculated ratio (pr). Also, this
equation is applicable from the edge to the center of slab.

The equations which can be used for calculating minimum crack
spacing for cracks which appear from restrained edge for three and four
end restrained reinforced concrete slabs can be written as follows:

. —085K—9 (e-2)

(p+ KRl)

For three end restrained from
restrained edge.

Kgry : this factor was estimated by STATISTICA program version ©.:
from experimental data with coefficient of correlation r=+.9A .
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I 0.4
K :1-1.1(-}
L

For four end restrained slab.

d
S . =0.85K N (o-1)
( )

p+0.8K R,
Kg, Is taken from Figure (°-%).

Based on the information in Figure (Y-Y) of ACI committee Y« V[YY]
which was used to find the degree of restraint at center section of base
restrained walls, a new relationship demonstrated in Figure (°-%) is
suggested. This suggested relationship could be used to estimate the degree
of restraint at center sections of restrained slabs.

(A

FETEFTFFD
1

A

i h
FELFTFIFT T Y
Two end restrained slab

1.0

0.9
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/

0.6

" oy %

%io
/ ~

~ 3
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0.5

0.4

0.3

0.2

Proportional distance from restrained edge

0.1

0.0
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KR

Figure (°-4): Degree of tensile restraint at center section.

The experimental results clearly indicate that the maximum crack
width occurred at a level of about (+.¥ and +.Y?) times the crack length for
cracks which appear from the restrained edge before and after exposure to
fire flame respectively. To minimize the crack spacing at that level, the
upper surface of the rigid beams was finished with high roughness. The
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maximum crack width is associated with maximum crack spacing [¥+, )+ ¥,
IEEREE]}

¢.¢.¥ Crack Length and Crack Location
The experimental and site observation results clearly indicate that the
maximum crack width increases with increasing maximum crack length as

can be seen in Figures (°-Y+ and ©-1Y) as follows:

Whax = .o A Lg + 2000 for experimental slabs before
burning.
Winax = *.++ Y Lg+ +.YVE for experimental slabs after burning.

Winax = .+ + Y10 L+« « YT for actual size slabs without burning.

From these figures, it is obvious that if the prediction of maximum
crack length is satisfactory, an assumption of maximum crack width can be
made. Hence, the reduction of the width of cracks which is developed in
reinforced concrete slabs is associated with the reduction in maximum
crack length before and after exposure to fire flame.

Regarding the model used during the present study, it can be seen
(from cracking history figures) that early cracks initiated mainly within the
middle third of the slab rather than at its ends. Also that end portions
showed that the strain values are higher than the internal portions. This
means that the restrained shrinkage strain is higher at the middle of the slab
than at its ends. This leads to suggest that stress concentration in these
regions is higher.

Al-Rawi [Y1] attributed this behavior to the generation of a strain
gradient at the end parts which increases the loss of restraint and reduces
the possibility of cracking. While at interior zones, higher restraint would
be developed due to the build up of friction forces and the absence of strain
gradient, hence, cracks would be expected to appear at the interior zones

and away from the ends.
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Figure (®-)+): Relation between maximum crack width and maximum crack
length for experimental slabs investigated before exposure to fire

B

Q Q Q Q Q @

Vg

Q

3

DO & H X IO KO K O X 20 20

Naanonaak<ibBdgiam

Figure (®-1Y): Relation between maximum crack width and maximum crack
lenath for experimental slabs investiaated after exposure to fire
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The level of maximum crack width in a slab was designated as
(D-Wnay). It was observed that D-w,,y for cracks which appeared from the
restrained edge for the experimental and site observed slabs (three and four
end restrained) was related to its maximum crack length (L.). For
experimental slabs, D-wp.x Was found to be equal to (+.Y¥° L+Y.)) and
+ V& L +YY.A) before and after exposure to fire flame respectively, and
(+.YAY L AYY) for site observed slabs without exposure to fire flame as
shown in Figures (¢-Y4 to ©-Y)Y).

§ § § s s s -wmax)
r : : : : i i \r end

= 1L 0] - ) a7 he 3] = a4

end

L B B H H H
D (<) 8 xm o XD <Y
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There is a further aspect to be considered in the investigated slabs
(three and four end restrained), which is occurring the maximum crack
width at a certain level from the restrained edge (:.Y-+.© and +.'° —
+ .YA)L, before and after exposure to fire flame respectively. Moreover, the
maximum crack width also occurs at a certain level from the restrained
edge in site observed slabs (+.YY-+.2°)L.. In the investigated slabs, the
crack width decreases, from the level of maximum crack width (D-Wp.y), to
zero at the end of the crack, and to a certain value at the beginning of the
crack.

By using the strain distribution in the concrete and steel adjacent to a
crack, as suggested by Al-Rawi [Y1], the maximum crack width that may
occur in the slab at the three different levels has been calculated. The
equation used to calculate crack width developed by Al-Rawi [Y1] was
adopted by considering the strain distribution in Figure (°-YY) and using
non-linear estimation analysis (STATISTICA program version ©.+). Hence,
the equation used to calculate crack width for two and three end restrained
for cracks which appear from the free edge at any level of the slab, is as

follows:

Wcmax = Smax |:axeshn —bx Cf —Cx eLZIt:| ......... (°-V)

Where:
a,b,c : constants (estimated statistically using STATISTICA program)

a=-Y.1
b =-v1.ax
C=o.YY

Coefficient of correlation (r=-.444).
The notations of the model referred to are as follows:

- Smax - Maximum crack spacing, (mm), Eq.(e-v).

“<

'Y
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-esn - Shrinkage strain plus strain due to decrease in temperature.
- L.O.R. : Loss of restraint due to ends contraction before cracking.
- eyt - Elastic tensile strain capacity.

- esnn - Net shrinkage stain, (espn=esn-L.O.R).

- C¢ : Final creep strain, (C; = K* egp).

It was assumed that the value of final creep strain to be constant (K)
of the net shrinkage strain, where K equals to -.7 and -.7e for reinforced and
plain concrete walls respectively [)4].

The equation which is used to calculated crack width for three and
four end restrained slabs for cracks which appear from the restrained edge
at any level of the slab by considering the strain distribution in Figure (e-

vy) and using STATISTICA program can be written as follows:

Wcmax = Smax|:a(Rb —-0.7 Ra)eshn —bXCf -C XeLzlt:| ---------- (o-4)
Where:
a,b,c = constants (estimated statistically using STATISTICA program
version ¢.)
a = ~.M‘
b=-ras
C=1Yr.en

Coefficient of correlation (r=:.442)
- Smax - Maximum calculated crack spacing, (mm), Eq.(s-e and e-1) for
three and four end restrained from the restrained edge respectively).

-Ry,  : Degree of restraint before cracking (at slab center)

0.4
R, :1—1.1(3 For three end restrained.



-"‘—Chapter Five : Experimental Results and Analysis

And R, = from Figure (-4) for four end restrained.

- Ra : Degree of restraint after cracking,

=1- Csr (Assumed)

sf

R

a

s : restrained strain in the slab.

ess . free strain in the slab, (est = esnn ('-Rp)).

Loss of restraint (L.O.R)

Free strain e

T

Final creep strain (cy)

[
Elastic tensile strain
capacity (euy)

—~
=
]
D
~
§=
©
S
fras}
[%2)
(5]
(=)
(¢l
X
i
S
<
w
(8]
(&)
S
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y

Net shrinkage strain (esnn)

Observed strain
LU

— Smax —_—P>

Figure (e-v¥): Sketch of strain distribution in the concrete adjacent to a crack.

It was assumed a reduction factor of v.7 of the restraint of the slab
after cracking, due to the slippage between the slab and the restrained rigid
beams.

From the Equations (e-v and e-A), it can be seen that there is an
internal  contradiction. This contradiction appears when using
STATISTICA program. This program can not be performed and utilized
without internal contradictions. Nevertheless, a function is acceptable if it
iIs capable of reproducing the predicted data close enough to the
comparable observed data provided by the prototype within reasonable

limits [+ 1].
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Using the above Equations (e-v and e-A), with the experimentally J|
measured values for eg, eqn, €yt and L.O.R, the crack width for n‘\
experimental slabs at three different levels are calculated.
Tables (e-v to e-1) summarize the required parameters to calculate |
maximum crack widths by using Egs.(s-v and =-A) for two end , three end
restrained from the free edge and three end, four end restrained from the
restrained edge respectively.

The maximum crack widths calculated (w.) at the three levels using
Eq.(e-v and °-A) are summarized in the mentioned tables together with the
maximum crack widths that are measured experimentally (w,) before
exposure to fire flame.

Based on the experimental results, an equation to estimate crack
width in mid span of these slabs after burning was suggested as follows:

W, =(Ty =Ty)ac, LK (=-9)

Where;

Ty, Ty : temperature of the unexposed surface before and during burning
respectively, (°C).

a, - Coefficient of thermal expansion of concrete, (¢, =17 *-7) [].

L - half-length of slab, (mm).
K - reduction factor depends on restraint.

(K= +.t0, v ¢ «¢ve and -.¢o) for (free, two, three and four end
restrained slabs respectively). These values for K obtained by
STATISTICA program.

To ensure the validity of the present method for the experimental
reduced scale slabs and actual size slabs, Equation (e-v and =-A) have been
used to calculate the maximum crack width for actual size slabs (three end
restrained from the free edge and four end restrained from the restrained

edge respectively) (a newly constructed building in Hilla city). The
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characteristics and measured cracking data for these slabs are illustrated in
Table (=-v).

To be able to calculate maximum crack widths for these slabs, some |
assumptions must be made. These assumptions are:
- Elastic tensile strain capacity, (ey; = V¢*) 7).
- Strain due to temperature change, (g =Y+ +*V:7).
- Loss of restraint due to ends contraction, (L.O.R =3.*).™),

For calculating maximum crack width, value of free shrinkage strain
namely eg, = e+ +*)." was adopted. The value is approximately equal to the
measured value for concrete with thick section exposed to Iraq
environmental conditions [):v]. The maximum crack width at the levels of
s+, Y+«» mm from the restrained edge of four end restrained slab and at the
level of maximum observed crack width of these slabs were calculated
using the present method. Table (e-):) summarizes the observed and
calculated maximum crack widths (using Eq.(s-A)) with the measured and
assumed parameters mentioned above. An example of the calculation of
maximum crack width for different restrained cases of reinforced concrete
slab is given in Appendix D.

The calculated crack width mentioned above, and the actual crack
width (which is measured by the microscope and using demec point
readings) are compared in Figures (A-): to A-)Y).

Tables (e-)) to =-'¥) give a comparison between values of crack

width at different levels of slabs, using different procedures reviewed in the
literature with both calculated and observed crack width.

Also, Table (e-¢) summarizes the observed and calculated
maximum crack widths (using Eq.(e-4)) at center of each slab with the
measured parameters mentioned above.

Finally, the results of calculated maximum crack widths, using the
methods proposed by various researchers and bodies [)4, ¥v, Y1, YA, va, ¥.],
together with the observed maximum crack widths for both experimental
and site observed slabs were compared with the present theoretically
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predicted values. This comparison is shown in Figures (e-¥v to o-v1). It is

clear that there is a very close agreement between the observed maximum ‘.\"
crack widths and the calculated maximum crack widths using the present ™

methods for both experimental and actual size slabs before exposure to fire
flame. Also, from Table (e-¢), it can be concluded that the calculated
maximum crack width for investigated slabs by using Eq.(s-4) which gives
a good agreement with the experimental results after exposure to fire flame.

Table (¢-v): Maximum crack width calculations for two end restrained slab.

Level Smax €sh L.O.R. €shn Cf Cult W Wo
(em) [ (mm) | () ()] ) L) ) | (mm) | (mm)
Yo ). VY. T Ve o Yoo < YYA o Y¢
\e 9. Vo 1. g YAo Vo vaed |
Yo Y AO Tve 1. e YV. Vo N

Table (¢-A): Maximum crack width calculations for three end restrained slab from
the restrained edge.

Level Smax €sh L.O.R. €shn Cf €ult R R Wc Wo
(em) | (mm) | (1) [ () | () o) ) T ] (mm) | (mm)
Y‘O v . VY. T VY. e Vé¢o ~‘/\Y ~"\° ~'\~/\ ~'\~~
\) Yeuo N T ¢ YAo Vé¢o ~"\/\ -.../\ gYYq ~'Y50
Yo | VyAe | ave 1. e YV, Vee vt | o] 11| vave

Table (-4): Maximum crack width calculations for the four end restrained slab from
the restrained edge.

Level Smax €sh L.O.R. €shn Cf €ult R R Wc Wo
(em) | (mm) | (1) [ () | ) [ [ ) [T ] (mm) | (mm)
V‘O Yol VY. T V. e Vé¢o ~‘/\/\ ~‘V° g\\o n\“
A \REX) Yoo T ¢ YAo V¢o ~‘\/V -+ 20 ~'YV n‘“\
Yo | yyi. | ave 1. e YV, T VR T ERRVA B E O B

Table (e-':): Maximum crack width calculations in site observation four end
restrained slab.

Level Smax €sh L.O.R. €shn Cf Cult R R W. W,
(cm) (mm) (*\ ._‘\) (*\ ._'\) (*\ ._'\) (*\ ._‘\) (*\ ._'\) b a (mm) (mm)
o [ra. Voo T i YAo Ve VAY] oY ] e [
Yo | voo Vs T ¢ YAo Ve O |Liuo| ¥AA | g
Yoo | YoV Yoo T TEn YAo Yéo Ny A1 A
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. 2Y

Notes: W, for free shrinkage =-.. *1.~,

e =Y. ¥,

- * -
Cunt= V¢ [

Loss of restraint=x. * 1.,

Table (e-V1): Comparison between values of calculated maximum crack width
using different methods for two end restrained of experimental
reinforced concrete slab from the free edge.

Calculated crack width in mm.
Distance from the . Evans and
BS: evvy Al-Rawi W W,
edge (cm) Hughes
Yo R s « OYA . YYo CY¢
Vo ..o\/t“ .j‘\/c - .‘\c‘l A1
Yo « 00 + YYo v EA «9q )
Notes:

- BS: orry, (Ref.vq)
- Al-Rawi, (Ref.vv)

- Evans and Hughes, (Ref.v4)

- W, : calculated crack width as obtained from Eq.(s-v).

- W, : Observed crack width.

Table (e-'¥): Comparison between values of calculated maximum crack width
using different methods for different restrained cases of reinforced
concrete slabs.

Calculated crack width in mm.
Distance from the Al-Rawi ACI-Committee Harrison W, Wo
edge (cm) (V)
Yo O AY CAYTY VY C YA N
Ve '« ¥ Yo L Y4 . YY4 ‘. Yso
Yo VY Y v WAO L Yo

edge.

Calculated crack width in mm.

A- Three end restrained of the reinforced concrete slab from the restrained

Distance from the . | ACI-Committee .
edge (cm) Al-Rawi (Y. Harrison W. Wo
V‘O ~.~'U\ ~‘~Y° ~‘\‘\2 g\\c ‘\Y~
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Yo CYVY Y BEED VYV P
Yo < YYVY DRARY DR ~_~°1°1 X s
. . . \ Y
B- Four end restrained of the reinforced concrete slab from the restrained '\
edge. ||

Notes

- Al-Rawi, (Ref.»9).

- ACI Committee v-v, (Ref.xr).

- Harrison, (Ref.x-).

- W, : Calculate crack width as obtained from Eq.(s-2).
- W, : Observed crack width.

Table (e-'*): Comparison between values of calculated maximum crack width
using different methods in site observed four end restrained slab.

Calculated crack width in mm.
Distance from the . | ACI-Committee .
Al-Rawi Harrison W, Wo
edge (cm) (Y+V)
o ...ﬁo .‘.V‘\ .‘YM‘ v 2o o)
vo CAYY CY T CYYY C FAA  $
Yoo « Yoo ¥ Y 1 <A
Notes

- Al-Rawi, (Ref.»9).

- ACI Committee v.v, (Ref.xr).

- Harrison, (Ref.x-).

- W, : Calculate crack width as obtained from Eq.(s-4).
- W, : Observed crack width.

Table (¢-1 ¢): Maximum crack width calculations at mid span for different restrained
cases of reinforced concrete slabs after exposure to fire flame.

Slabs TooC | Tq°C K ocV - | L(mm) | We(mm) | W, (mm)
Free end Yy Véo R VY YyYo Y XY
TWO?”d Yy yeo Ny VY VyYo T Cago
restrained
Three end Yr ygo | . gvo )Y 1Yo 144 Lave
restrained
Fourgnd Yy Veo ‘g0 VY ViYo Vv .y
restrained

50

45 —aj=— BS: 5337 (29)
—
& —&— AL-Rawi (26)
L 40
cu —A— Evans and Hughes (28)
o)
—— Lo ]y L I
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Figure (°-Y ¢): Comparison of the observed and calculated maximum crack width
at different levels for three end restrained slab.
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Figure (°-Y¢): Comparison of the observed and calculated maximum crack
width at different levels for the four end restrained slab.
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Figure (¢-Y1): Comparison of the observed and calculated maximum crack width
at different levels in site observed four end restrained slab.

IBX shrinkage Before, During and After Burning

The values of restrained shrinkage of the reinforced concrete free
slab before, during and after exposure of fire flame are shown in Table
[°.Y2], and plotted in Figure (°-YV) against age. Figure (°-YA) shows the
restrained shrinkage strain of this slab during burning at temperature 1+ +°C
for period of exposure of (V.° hour), at three rows (Y.2, Yo and YYY.®) cm
from the edge of the slab.

From Figure (°-YV), it can be seen that the test results for shrinkage
increasing before burning, decreasing during exposure to fire flame and
then increasing after burning until constant at the later ages (after ¥+ days).

The values of drying shrinkage at age of 1+ days before burning
were added to each corresponding shrinkage value after burning to plot the
Figure (°-Y4).

Figures (°-Y+ and ©-Y)), it is obvious that the comparison between

shrinkage development of the slab before and after exposure to fire flame
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with age. From these figures it can be concluded that the shrinkage strain at | s"~~
1+ days age before burning was higher than that the shrinkage strain at 1 ||
days age after burning. It can also be seen from the above figures that the
rate of shrinkage strain after burning is greater compared to that before
burning during the early ages. A similar trend has been observed by many

researchers [YV, 1Y].
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600 — ‘\\\{\\‘\Q’ i Shrinkage after burning
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Figure (°-YV): Relation between strain before, during and after burning of the
reinforced concrete free slab.
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Figure (°-YA): Measured strain of the reinforced concrete free slab width time
during exposure to fire flame.
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Figure (°.Y4): Relation between additional shrinkage before and after burning with
age of reinforced concrete slab.
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Figure (°-Y +): Relation between shrinkage and age at Y.°cm from the edge of
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Figure (°-YV): Relation between shrinkage and age at the center of the

reinforced concrete free slab before and after exposure to fire flame.

B8l Surface Conditions and Fire Endurance of Tested Slab
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The aim of design for fire safety should be to limit damage due to

fire. The unexposed surface of each tested slab was observed throughout *

V.o hr fire test. In the four tested slabs more cracks developed from the
edge of these slabs towards the center during exposure to fire flame.

At the exposed surface, as exposure to fire flames continued more
cracks appeared and propagated towards the edge of the slab and stopped at
about Y+-Y+ cm distance from these edges. The main drying shrinkage
cracks which appeared before burning proceeded and widened due to
burning as well as initiating new cracks which appeared due to burning at
upper and lower surface of the slab. These crack developments were
noticed accompanied with deflection development. Cracking through the
depth was observed at approx. (V+, YA and Ae min) for (two, three and four
end restrained) of reinforced concrete slabs respectively.

Figure (°-YY) shows the temperature-time curves for the exposed,
mid-depth and unexposed surface for slab. At the beginning the slabs are at
room temperature, measured to be YY¥°C. The experimental results clearly
indicate that the temperature near the surface to fire is higher and decreases
towards the top of the slab thickness similar behavior was observed by
other investigators [£VY, €A, YA

Fire endurance periods are determined normally by physical tests
conducted according to the provisions of ASTM EYY4-AA [€1]. Under this
standard, the fire endurance of a member or assembly is determined by the
time required to reach any of the following three end points: [£7]

Y- The passage or propagation of flame to the unexposed surface of the
test assembly;

Y- Atemperature rise of Y1Y°C at a single point or YY)°C as an average
on the unexposed surface of the test assembly; and

Y- Failure to carry the applied design load or structural collapse.
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Based on the results of this work, it was noticed that the test results
agreed with (ASTM EY)1) [£1]. While, these slabs were subjected under
fire exposure to fire flame temperature of (1++°C) at ).e hr, the fire
endurance of all the slabs investigated was reached when the average
temperature rise of the unexposed surface exceeded the allowable (Y 1°C),
then these slabs were considered failed according to ASTM EYY4 [£7].
Similar results of the endurance for slab thickness ()  cm) were obtained by
others [£€,)+14].

Also, based on the results obtained, it was found that the fire
endurance of reinforced concrete slabs increases as the restraining force
increases (*.AY.Ve V.Y and Y.¢) hr for (free, two, three and four end
restrained) respectively. This conclusion is in a good agreement with that
obtained by Salse and Lin [£Y].

Finally, results indicate that the fire endurance is imposed by

increasing the restraint on these slabs.
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Figure (©-Y'Y): Slab temperature as a function of time at various depths (Slab
thickness: Y *cm) .
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IS Deflection Behavior of Reinforced Concrete Slabs

The mid span deflection of these slabs was measured throughout W

each test. Because of the differences in restrained cases for these slabs,
differences in mid span deflection of these slabs were expected. Deflection
of these slabs which occurs immediately when were subjected to fire flame
temperature of (1++°C) for (9+ min) period of exposure was measured.
This deflection is called immediate deflection or short-term deflection or
instantaneous deflection. The principal factors that influence this type of
deflection are the span length, conditions of end restraint, magnitude and
distribution of the load, section properties including steel percentage and
material properties [Y)+]. In the present work, deflection due to the
influence of fire only without any applied load was measured.

The test results for mid span deflection during and after exposure to
fire flame are summarized in Table (°-1), and the relation between the
deflection during burning and time is illustrated in Figure (°-YY), the
temperature at the lower surface is about 1+ +°C. From this figure it can be
noticed that the rate of deflection increases rapidly during the early minutes
of fire test, then remains nearly constant for the latter period of exposure to
fire flame, this phenomena was observed only for free and two end
restrained slabs. While, the rate of deflection of three and four end
restrained increases slowly during the early minutes period of exposure,
then increases rapidly for the latter period of exposure to fire flame. This
can be attributed to the early cracking and lower modulus of elasticity for
each slab tested, on the other hand to the number restraint beams. This note
agrees with the conclusions of other researchers [¥4 , £A].

Figure (°-Y¢) shows the mid span deflection with age for all the
slabs after exposure to fire flame. From this figure, it is obvious that the
deflection of free end restrained slab during (Y ¢ hr) after burning decreases

more rapidly if compared with four end restrained, whereas, two and three
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end restrained slabs behave in between. Based on the results obtained, it

can be concluded that the deflection of slabs is highly sensitive to the nf

“<

restraint under and after exposure to fire flame. ||
3.0 5
- —@— Freeend
25 - | —=— Twoend restrained
1 | —©— Three end restrained
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E ]
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Figure (°-Y'¥): Relation between mid-span deflection of reinforced concrete slabs
with time during exposure to fire flame.
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Figure (°-¥ £): Relation between mid-span deflection of reinforced concrete slabs
with age after exposure to fire flame.
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Table (°-Y1): Measured deflection at mid-span of the reinforced concrete slabs
during and after burning.

A-During exposure to fire flame.
Time Deflection (mm) ||
(min) Two end Three end Four end

Free slab - . )
restrained restrained restrained
° LYo R E LYo v.aVo
\o + Yo « 00 ._Yo Vo
¥ Yy Yo A ‘Lt Y
o 7 Y Y 1 . Yo
e Y .4 R Y- .0
vo Y41 ) Y Yo .V
. Y.9A 1R ) Yo v Ao
B-After exposure to fire flame
Age Deflection (mm)
(days) Two end Three end Four end
Free slab - . )
restrained restrained restrained
1) Yy Yo y.Yo ) Y
Yo « Ao \ « 9 « o
9. ~.\/ ~./\\/° ~_/\i ~_'1Y°
V.0 ~_TV° ~./\° ~./\\° ~_'l\°
YY. ~_1° ~./\° ~./\ ~_'1

I The Effect of Fire Flame on the Reinforcing Steel Bars

The effect of fire flame on the properties of reinforcing steel bars is
summarized in Table (°-)Y). At 1+:°C, both burning and subsequent
cooling was observed to have little effect on mechanical properties of the
reinforcing steel bars. The residuals in the yield stress and in the ultimate
stress were (9+.% and 4).A%) respectively for the bar Y+ mm diameter.
The modulus of elasticity was not affected by burning and cooling at this
temperature. Similar behavior was observed by others [Y¢, Y3, ¢A Y)Y ].

Table (¢-1 V): The effect of fire flame on properties of steel bars.

Bar Exposure |Yield stress| Residual | Ultimate | Residual |Modulus of | Residual
diameter | temp. (°C) N /mm' stress % stress stress % | elasticity %
(mm) N/mm. Es(GPa)
* % * [ kk | ok [ kok | ok [ kk | k| kk [ ok | kk | k| kk | %
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| 1¢14 Yo
YY | Yo [¢YO[8E0 Y uenr|Yun R TVYY Y e [ Y e [ YY [ YY oY e
' )¢
A 1. oqAITYY |4 q N
U '1~~Y‘22~\/ | AQ . \'Y\~ Y\~\~~\ )

At o o | Ay . |
**x Present study. +«Hidayat, (Ref. ¢ A).
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I8N introduction

The present chapter deals with theoretical representation of the
problem. The finite element method is applied to represent shrinkage
cracking for some different restrained cases of reinforced concrete slabs.
The results obtained experimentally were compared with the results
obtained by finite element analysis. Table (7-V) gives the details of the

material properties that are used in the analysis.

The required data for applying the ACI-Committee Y+ 4 equations [Y]
[Appendix (B)] to predict shrinkage and creep values in the slabs
investigated are used as follows:

t,=Yday; S=VA+ mm; f=:.YVe; A=t/; B=cte kg/m'; Hu=¢+7. The
thickness of the slabs and duration of drying are equal to (+.) m) and (1)

days respectively.

During analysis if the tensile strain in the element reaches (Y £¢o*)+ ™)

cracking is assumed to initiate.

Onset of crack, tensile stress in reinforced concrete element will drop

to direct tensile strength estimated from Eq.(£-)9).

)¢
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B

A tolerance of Y.oZ has been used to monitor the convergence of the

finite element solutions. Number of elements and nodes which are used to

solve these cases are (Y V1, Y+ £) respectively.

Table (1-1): Material properties of the reinforced concrete slabs investigated.

Material Properties Value

Concrete Young’s modulus, Ec, GPa Yo ¢
Compressive strength, f., MPa YY.e

Tensile strength, f,, MPa V.EY

Poisson’s ratio, v LY

Steel Young’s modulus, Es, GPa Yy
Yield strength, fy, MPa tyo

Diameter of all bars (mm) Ve

Reinforcement ratio, px,% 8V

Reinforcement ratio, py,% Y

IRl sequence of Cracking

Theoretically the first crack usually occurs at the mid of the

restrained edge slab length, since the restraint is highest at this position of

three and four edge restrained slab. Also, the first crack usually occurs at

the weakest section in the free edges in two end restrained slab. As each

new crack forms at approximately the mid point of the uncrack portions of

the slab, the previously formed cracks will propagate vertically [VA].

Hence, the first crack propagates and new cracks initiate at approximately

mid length of the uncracked portions of the slab. This sequence of cracking

is shown in Figures (-)) and (7-Y).
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Figure (1-1): Theoretical sequence of crack propagation for two end restrained
reinforced concrete slab.

Table (1-Y): Theoretical crack data for two end restrained of reinforced concrete

slab.

Date of

Strain in

Element No. cracking concrete Spacing (mm) Craz:rl':r\:lv)idth
(days) 'y
) Y. Yo TAE AN TERE VY
Y Y1 AoV oyq 04y YoV a1y AR
¥ YA OEA Yav Ay Yivo . Y
¢ ¥y oTvY 000 AA YT AYO CAITY

® At (% +) days after curing duration.
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Figure (1-Y): Theoretical sequence of crack propagation for three end restrained
reinforced concrete slab.
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Table (7-¥): Theoretical crack data for three end restrained of reinforced concrete

slab.
Date of _ : .
Element . Strain in concrete ® | Spacing Crack width
cracking R
No. Voo (mm) (mm)
(days)
) VY VYo ¥Yi qA0 TEE . Yor
Y Y)Y ALY 1y vy £49.Y, Y
¥ YY Yoo YaY.Mye Yov a1y «.+044
A YY Yoo Yvo a¢. V1Yo » 2 YAA
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fFChamerﬁx:AnmwmalR%uhsamjDBmmﬂon "

Y¢ 4. VYA YAA YYYo, . « YooY
° YY.¢ve oAd AT Yov. 41y YNV
o* YY.évo Y1) Yoo Y1 AYO «h08¢
1 ARIRR R ovy qoY Y1 AYe CYVAY
T Yyl €€ ¢ YYYo, . oy
v vy Yva €¢9 YYYo, . o ovY
v* vy YAY TEA YYYo, . YAt

® At (1+) days after curing duration.

Table (1-Y) and (1-Y) show the average distance between cracked
elements at the end of the drying duration studied. Figures (1-Y) and (1-¢)
give the minimum spacing between cracks at the end of drying duration for
two and three end restrained reinforced concrete slabs respectively. It is
obvious from these figures that the minimum spacing between cracks
increases with its distance from the edge. It can also be seen that the
minimum crack spacing using finite element analysis is greater than
calculated using Eq.(°-Y) and (°-°) and experimental work.

It can be seen from Figure (1-Y) that the theoretical results of
minimum crack spacing for two end restrained using Eq.(¢-Y) is closer to
the experimental results than theoretical using finite element analysis.
Whereas, in three end restrained Figure (7-¢), it can be seen that the
minimum crack spacing at the restrained edge using Eg.(¢-°) is closer to
the experimental results at the first stage of distance from the restrained
edge, while that of finite element analysis closes better to the experimental
results at the second stage.
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Figure (1-Y): Experimental ,theoretical and finite element analysis(F.E.A),(Smin)

with distance from free edge for two end restrained of reinforced

concrete slab.
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Figure (%-¢): Experimental theoretical and finite element analysis (F.EA),(Smin)
with distance from the restrained edge for three end restrained of
reinforced concrete slab.

A3 Crack Width

Tables (1-Y) and (1-Y) show the cracking data for two and three end
restrained of reinforced concrete slabs respectively. These tables show the
average distance between cracked elements at the end of the drying
duration studied. Also, the values of crack width given in these tables are
calculated by multiplying the element width by the strain which is

calculated in the center of the cracked element.
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The crack width at any level in the slab is simply a function of the ‘
amount of the tensile strain formerly carried by concrete and relieved by N {
the process of cracking. In other words, the crack width at any level of the ||
slab is proportional to the difference between the restrained shrinkage

strain and the tensile strain capacity of concrete.

Figure (1-°) shows the development of crack length with time. From
this figure, it is obvious that the (increasing the end restraint) increases the
propagation of any crack which permits other cracks to initiate on both
sides of that crack. It can be seen that the increase in restraint will cause to

increase the length of cracks at the end of the drying period.

Figure (7-1) shows the variation in the width of the middle crack
with its relative length and for different restrained cases. It can be seen
from this figure that there is a decrease in the middle crack width with

decreasing of the number of restrained edges.

Table (1-¢) gives the crack widths calculated according to the
present finite element procedure and the results obtained from the present
experimental work. From comparing the values of crack width at a certain
level from the edge, it can be seen that there is a reasonable agreement

between the experimental results and the theoretical results.
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-

Figure (1-°): Middle crack propagation for different restrained cases of
reinforced concrete slabs.
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Figure (1-1): Width of middle crack versus its relative level with different
restrained cases of reinforced concrete slabs.

Table (1-£): Calculated crack width at different level for different restrained cases
of reinforced concrete slabs.

Crack width (mm)
Slabs Level % Experimental | Theoretical
\~V\Y° \\V~ \\i~
Two end restrained
...‘IV\/D ~.~.l ~.~02\~
b = © = QJ‘GD"(;; -5 © 01 Q'QV\YO n.\Yh .-.VO'L
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&N introduction

Based on the test results and theoretical analysis of the present work,

the following conclusions can be drawn: -

Cracks in end restrained slabs have a certain width at the restrained
edge before and after burning. As the distance from the restrained edge
increases, the crack width increases up to (Y 7-o+%) and () ©%-YAZ) of
the crack length before and after exposure to fire flame respectively,
then the width decreases to zero at the tip of the crack. But, the cracks
which appeared from the free edge have a maximum crack width at the
edge and decreases to zero towards the center of the slab before and

after exposure to fire flame.

The crack width in end restrained members is variable with its length,
and its variation depends on the degree of restraint in the slab before

and after cracking.

)¢
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Experimental and theoretical results show that the shrinkage cracks in

end restrained slabs are numerous in the proximity of the edge and
decrease away from the edge. It appears that the minimum crack
spacing for shrinkage cracks decreases linearly with the distance (D)

from the edge.

Based on experimental results, an equation to estimate crack width in

slabs after burning was suggested as follows:
Wmax = (Td _Tb )ac LK

This equation gave a good agreement with the observed crack width in

the experimental work.

n The predicted values of maximum crack width using the present

method and those proposed by various previous researchers and bodies
were compared with experimental and site observed data on reinforced
concrete slabs. This comparison shows that the present method gives
the closest results to the observed crack widths in both experimental

and actual size slabs.

The cracking tendency of concrete was seen to be affected by the

restraint. Cracking time decreases with increased restraint, since
cracking time (A1, YY) days for four and two end restrained reinforced

concrete slabs respectively.

The limit of shrinkage crack width in reinforced concrete slabs is

associated with the reduction in maximum crack length (L.), and

delaying in cracking age.

“<

\e
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The unexposed surface temperature increases as the exposure time \
increases. The unexposed surface temperature reaches a limit of \a~
(Y YY°C) at which the slab is considered to have failed as specified in ||
ASTM-EY 4. It was noticed in the experimental work that this limit of

temperature could be raised to ) ¥Y°C.

The temperature distribution through the thickness of slab that was
found in this investigation is similar for all the slabs, which have the
same thickness and exposed period to fire flame. The results obtained

show a good agreement with ASTM-EY 4 specifications.

It was noticed that the fire endurance of the reinforced concrete slab

increases when the slab restraint is more.

Fire endurance of four end restrained slab is larger by (¢Y7) than that

of free end slab for the same temperature and slab thickness.

Based on the results obtained, it was found that the mid-span slab
deflection was highly sensitive to the restraint under exposure to fire
flame. The increase in restraint causes a decrease in deflection of
reinforced concrete slabs, where the deflection of free end slab was
larger by (°V7%) than that of four end restrained slab for the same
exposure conditions such as temperature (%« +°C) and duration ().®
hr).

The experimental results clearly indicate that the cracks are developed
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in reinforced concrete slabs during (1.° hr) period of exposure to fire J|
flame temperature (1 +°C), and these cracks remain open even after \a~
cooling, i.e. the contraction of concrete and steel are insufficient to ||
close the cracks. From observation of the experimental work, some
cracks may close due to contraction of concrete and steel this

phenomena occurs especially in the free slab.

The sequence of cracking, crack spacing and crack width show a
resonable agreement with the test results, finite element analysis and

theoretical results.
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BBlRecommendations and Further Works

To extend and complete the present investigation, the following

recommendations are made for further work:

=

IN

Research is required to studying the combination effect of the fire
flame and load on the behavior of reinforced concrete slabs with

different restrained cases.

Studying the effect of rainy-weather (wetting and drying) on the
cracks behavior of reinforced concrete slabs with different restrained

cases before and after exposure to fire flame.

Considering thermal strains in the analysis.

The two — dimensional finite element analysis can be developed to

three dimensional finite element analysis.

Using A-node element in the computer program.
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Table (A-Y) : Physical properties of the cement.

Physical properties

Test results

1.0.S. ¢ :V4A£(™): Limits

Fineness , Blain, cm'/gm Y., > YY o
Setting time, Vicat's method
Initial hrs : min. VoV > )
Final hrs : min. AR < Voeoa
Compressive strength of V+.V
mm cube, MPa
¥ days Y. >0
v days YV.0 > VY

Table (A-Y) : Chemical composition of the cement.

A-)




Oxide (%) .0.S. ©: Y3 A£(™) Limits
Ca0 1YY L
SiOy YA -
Fe O« AKX -
AlxOy Y
MgO €4 <o
SOr Y.YY <YA
Free lime A L
L.O. V.ve <€
l.R. <) <)o
Compound composition (%) .0.S.0: Y3A£(™) Limits
C:S YAVE L
C:S Y.ox _
C+A a.7Y .
C:AF a.vy .
L.S.F v AA VT Y

Table (A-Y): Properties of the sand
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A-Y



Sieve size Percent passing .0.S. £2: Y4 A£(") Limits
(mm) Zone ¥
q.0 Yoo Yoo
¢ Vo 91 40 s
AR Y AO-Y v
YA A Yooy
01 T.va
.Y YV VY-
« Yo . Y
Properties Test results 1.0.S.£2: Y4 A£("") Limits

Sulphate content,
SO
Specific gravity
Absorption (%)

L X1

Y.
R

<».°
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A-Y
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Table (A-£): Properties of the gravel A-¢

Sieve size Percent passing |1.0.S. £°: Y4A£(") Limits
(mm)
¥V.o Yoo Yoo
\ Yoo 40.) 4
9.0 ¥ ¥t
¢ vo ¥ )
Properties Test results 1.0.S.£2: Y4 A£("") Limits
Sulphate content, A <0
SO«
Specific gravity yay _
Absorption (%) v A _
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(A) Two end restrained

(B) Three end restrained
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Figure (A-Y+): Comparison between calculated (Wc), observed (Wo)
and measured (Wm) crack widths at different levels from
the free edge of two end restrained slab.
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Figure (A-Y): Comparison between calculated (Wc), observed (Wo) and
measured (Wm) crack widths at different levels from the
restrained edge of three end restrained slab.
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Figure (A-\ ¥): Comparison between calculated (Wc), observed (Wo) and
measured (Wm) crack widths at different levels from the
restrained edge of four end restrained slab.
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PPENDIX

.

The representation models of shrinkage and creep include correction factors
other than standard conditions.

(CORRECTION FACTORS FOR SHRINKAGE AND CHEEE

B-\V Correction factors of shrinkage are:

Y- Humidity
F; =14-0.01H E L <H< A
=3.0-0.03H M <HLS Y

Y- Minimum member thickness (T=mm)

F;=1.23-0.0015T for <\ year loading

=1.17-0.00114r for ultimate loading
Y- Slump
F.=0.89+0.00264S ; (S=mm)

¢- Number of ©+ kg sacks/Ym" concrete
F:=0.75+0.00061B
°- Fine aggregate

F$=03+0014F F<

=0.9+0.002F F> o/

1- Air content

B-)
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{ Appendix B: Correction factors for shrinkage and creep ﬁ\

F5=0.95+0.008 A B-Y

B-Y Correction factors of creep are: ‘

V- Loading age

FC=125x 7 0 for moist curing
=1.13x 7 9% for steam curing
Y- Humidity
Fi' =1.27-0.0067 H H>¢7

Y- Minimum member thickness (T=mm)

F;=1.14-0.00092T for <) year loading
=1.1-0.00067T for ultimate loading
¢- Slump
F.=0.82+0.00264S ; (S=mm)

- Percent fines
F‘; =0.88+0.0024 F
1- Air content
FL=1 for A<

=0.46+0.09A for A>17.



PPENDIX

C Saenz Formulkion

Y41¢, Saenz proposed a mathematical model for the uniaxial

compression stress — strain relation for concrete. This formula is easy to apply and
it shows good fit with experimental results for both ascending and descending parts

of the o, & curve because it incorporates several parameters, namely, E, f¢, strain
at f ¢ (¢, ),the ultimate stress (o, ), and the ultimate crushing strain &, , Saenz
equation has the form

E.-¢

= . C-)
A+B+Cg¢ +Dg3

o

where A, B, C, D are coefficient. The conditions to be fulfilled are:

A
Stress

E.
Fe
Eo :
o,

= Strain
Ft g, £

Figure(C-V): Typical (a — 5) curve for concrete under uniaxial compression.
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{ Appendix C: Saenz Formulation ﬁ\

‘-@ =0 = Z—G =E, ( value of young modulus ) C-¥
&
Y-@ g=g,>0=1 ( point of maximum stress ) ‘
oo :
Y-@ ¢=g, === 0 ( maximum of the curve )
&

@ g=g;=>0 =0, (pointof maximum strain )

Fulfilling these conditions, the following coefficients are easily obtained

a, p-RetRO2E o -(R-Y) ,_ RE, C.(¥-
Re f' Re f. Eo Re fclé‘o
°)
Where:
R= w _ 1 (Ratio relation) -------------- C-
(Rg _1) Rg
E. :
Re = E (Modulus ratio) -----=--------- C-v
f ' '
R, =—% (Stress ratio)  -------------- C-A
GU
€5 L
R, =— (Strain ratio) ~ -=----mmmmmmm- C-4
80
f.
E,=—"% (Secantmodulus at f.)  ----e-eeeeeme- C-)»



PPENDIX

A

C BRAMIPILIBS

Calculation of maximum crack width at Y.cm from the free edge of
experimental two end restrained reinforced concrete slab: -

By using the information given in the experimental work, these parameters
can be written

— S - Maximum crack spacing, Sy, = 2% Sy, =2x0.85x K x d
(P + Pr )
| 0.6
Where:  pg =0.9 _1'1[Ej
0.6
=0.9 —1.1(£) =0.73%
225
10
5| Spax =2%0.85x0.67 x =990mm
(0.42 +0.73)%
—ey,: Shrinkage strain, ey, =700x107°( Figure ©-1).
—LO.R: Loss of restraint due to ends contraction before cracking.
LO.R=60x10"° (Table -)
—e,. . Elastic tensile strain capacitye,,, =140x107°  (Table ©-\).

The calculated parameters are :
—€4pn . Net shrinkage strain,

€ =€ — LO.R=700x10"° —60x10° =640x10°°

D-)



Va -

—C; Final creep strain,

c; =0.6xey, =0.6x640x10°=385x10"°

Therefore, the calculated maximum crack width using equation (°-V) is:
Wce = Smaxla'xeshn _bXCf _CX%Xeult

Where:
a=-10.06
b=-26.92
¢ =50.22

We = 990/-10.06x 640x 10°° + 26,92 385x10° ~50.22x 1/ x150x10~° |

Wc =0.159mm

Whereas the maximum observed crack width, Wois «.) imm.

Example -¥-

Calculation of maximum crack width at Yocm from the restrained edge for site
observed four end restrained reinforced concrete slab: -

The calculated parameters are:

. . d
— S -Maximum crack spacing, S, =2x S,;, =2x0.85x K x (pTSKR)
12
Siax = 2%0.85x0.67 x =1550mm
(0.323% +0.8x0.7)

—Rb: Degree of restraint before cracking at center line of slab

(lL = ] at alevel of (lL =0.7% L) from the restrained edge,

Rb=0.7 (Figure ¢-4)

The other parameters can be assumed as flows:
—e,. . Elastic tensile strain capacity =) ¢ « x =

—ey, . Shrinkage strain plus strain due to loss of heat of hydration,

| Appendix D: Examples :I\

D-Y
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i Appendix D: Examples :I\

ey, =500x107° +200x107° =700x107° D-¥

—LO.R: Loss of restraint, LO.R=60x107° ‘

—e,, .  Netshrinkage strain = esn-L.O.R=1£+x) +-

—c,:  Final creep strain, (c; =0.6x ey, = 0.6 x 640 x10™° = 385x107°)
Therefore, the calculated maximum crack width using equation (°-A ) is:

We=S,,.,[ax(Rb—0.7Ra)ey, ~bxc, —cx ¥ xe,,

Where:
a=0.83
b=3.9
¢ =23.46
W =15500.83(0.7 +0.7x0.05)540x10°° +39x385x10°® 2346 1, x140x10°*

Wc=0.387mm
Whereas the maximum observed crack width, Wo is +.¢mm

Example -v-

Calculation of maximum crack width at Yecm from the free edge for site
observed three end restrained reinforced concrete slab.
The calculated parameter is:
d

— Spax - Maximum crack spacing, S, =2x% S, =2%x0.85x K x —F——
(p+0.8p5)

| \06 o5 08
=09-1.14—| , =09-1.1] — =0.717
PR J{Lj PR 1(500)

S, =2x0.85x0.67x 12
(0.323+0.717%

The other parameters can be assumed as flows:
-e,.: Elastic tensile strain capacity =) ¢ox) +-’
Shrinkage strain plus strain due to loss of heat of hydration,

'esh
ey, =500x107° +200x10° =700x107°
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{ Appendix D: Examples ﬁ\

-LO.R: Loss of restraint, LO.R =1+x) +- x;
. Net shrinkage strain, (eshn =ey, — LO.R=640x 10—6)_ ‘

AT
—c,  Final creep strain, ¢; =0.6x ey,, =0.6x 640 x107° =385 x10°°

Therefore, the calculated maximum crack width using equation (°-Y ) is:
Wc = Smaxlax ey —DxCf —Cx % X eu,tJ
Where:
a=-10.06
b=-26.92
c=50.22
We =1318-10.06x 640x10°® + 26,92 385x10°° ~50.22x 1/ x145x10°|

Wc=0.375mm
Whereas the maximum observed crack width,Wis +.¥Yemm
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{ Chapter Four

ON I

!

( START ’

Y
Automatic mesh generation

Y
Generate steel stiffness for each
element in both direction Dx; Dy

Y
KON=MAS=Y, DREM="
Limiting duration analysis (T)

@

NG
>
\

y

If KON=) and

: Finite Element Analysis

NO

DREM="

| Select time step |

Y
Calculate concrete properties

f’CH EC,! ft

Y

A

y
——< FuloNEL

\ 4
Evaluate concrete material
stiffness

YES

Find free shrinkage strain
Ae=g-&¢.y
And change in creep strain
Ae=(gci-€cn)*DREM and find {Acf)

Y

NO

Evaluate the equivalent nodal force

{EIF } =[BT x{Aof |

Y

)

Figure (£-1Y): Flow chart of the computer program.



LOOPON I

“4—

LOOP

!

{ Chapter Four :

concrete

and steel

Calculate total material stiffness by
summation material stiffness of

Y

Calculate element stiffness and
assemble it in band width form

Y

A

Find external force vector during ATT
{GF}i:{GF}i_w'F{ELF}

Finite Element Analysis

YES

{TF}={T

Find total external force

F}+{GF}

NO

A

y

Put boundary conditions

A

y

Solve
{GF}=[K]{D}
> < e >

A

y

Find (Ag, ) and total (&,)

Y

Find change in concrete stress,
Eq.(£.Y¢) and total stress

Y

y

\
Find change
Eq.(£.Y°) and total stress

in steel stress

A

y

A

y

Summation
concrete

the stress of
and steel

A

y

Find interna
IFX,

| nodal force
IFY

A

Figure (£-11): Continue.
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!

Find unbalanced force, (I= to NON),
DA(Y*I-V)=TF(Y*1-)-IFX(I)
DA(Y*D)=TF(**N)-IFY(I)

\ 4
S\=Si=+, (I=) to NON), find norm of
unbalance force
S\=(DA(Y*1-Y)) +(DA(Y*1))+S,
S=(TF(Y*1-))) +(TF(Y*1))"+S.

Y
Find factor of convergence

CONV.=,/S, /S,

NO If DREM=) and YES

A

{ Chapter Four : Finite Element Analysis

If
CONvV<=Y.°

0/~

YES

GF(Y*1-1)=DA(Y*1-))
GE(Y*\=DA(Y*])

A
I=) to NON |<

A

Y

&
<

Y Y
KON=MAS=) KON=MAS=)"
DREM=) DREM="

Figure (£-1Y): Continue.



Loop ON I

A

“4—

=)
p < For I=) to NEL >

Y

een=egci(l): eci(1)=0

!

Find elastic strain from
eq_(i_i‘\)

Y

<

For K=\ to NO. of
application load

v

Find Ct(K)

Y

Find creep strain
ecre=Ct(k)* er(k)
eci)=¢ci(l)+ ecre

{ Chapter Four : Finite Element Analysis

©

Find restraint strain from
Eq.(£.£V) and degree of

restraint DR= ﬁ

Ef

v

Find principle stress and
strain

v

Check for cracking

Loop ON K T
Y N

A

NO

If element

_ : YES
is cracking

Y

Evaluate the residual

stress for reinforced
concrete slab

. 7

If Tl =end

®

of duration
analysis

Figure (£-11): Continue.
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NTATIONS

Most commonly used symbols are listed below, these and others are
defined where they appear in the research.

Symbol Description

A, B, C, D Coefficients of Saenz equation.

a, b Constant depends on cement type and curing method.
Bs(t)) Factors to account for the rate at which shrinkage develops.
[B]" Conventional nodal displacement strain matrix.

C Constant of total net shrinkage.

Ca Creep strain after cracking.

Cp Creep strain before cracking.

Cq Creep coefficient at time (t).

Cov Convergence factor.

Cu Ultimate creep coefficient.

CON Number of node in one column.

d Bar diameter.

[D] Total stiffness material for reinforce concrete .

[D]. Material stiffness for concrete element.

[Di] Material stiffness for (i)th steel layer.

DR, KR Degree of restraint.

{DA} Vector of residual unbalanced nodal force.

{d} Vector of displacement.

E. Modulus of elasticity of concrete.

Es Modulus of elasticity of steel.

= Secant modulus of elasticity at fc' for concrete.

Et Tangent modulus of elasticity of concrete parallel to the crack

direction.
{EIf} Vector of change in equivalent external force during (ATT) for
element.

Esh Free shrinkage strain.

Eshn Net shrinkage strain.

€th Thermal strain.

Eult Elastic tensile strain capacity of concrete.

{F} Vector of external force.

fb Average bon strength between concrete and steel.
fc'(t) Compressive strength at time (t) (MPa).

fc' Maximum compressive strength of concrete.

Ft Average tensile stress normal to the crack direction.
Fcm Degraded maximum compressive strength.




[ Notations
Symbol Description
fef, Oy Stress corresponding to (&f) on the uniaxial stress strain curve.
fiu Tensile strength of concrete.
G,G, Shear modulus of cracked and uncracked concrete respectively.
{Gf} Vector of total external equivalent force during (ATT) for all
elements.
H Height of wall.
Iy, Iy, Is, 1 Nodes related to each element.
{1} Nodal internal force vector.
{If}, {ly} Vectors of internal nodal force in the (x) and (y) direction
respectively.
K Constant.
[K] Band width matrix of total elements.
[Kc] Stiffness matrix.
[Keie] Element stiffness matrix.
n Number of equivalent load application.
NEQ Number of equation.
NEL Number of element in mesh.
NON Number of node in mesh.
{P} Vector of residual stress after cracking.
r Correlation coefficient.
R Ratio relation.
Ra Degree of restraint after cracking.
Rp Degree of restraint before cracking.
RE Number of element in one row.
RN Number of node in one row.
Re Modulur ratio.
Rs Stress ratio.
Re Strain ratio.
S,, Sy Norm of internal and external nodal force respectively.
Stax Maximum crack spacing.
Shin Minimum crack spacing.
T Temperature.
To Initial temperature.
Ts Fire temperature.
TIC Age of concrete including duration of curing.
Tl Analysis duration.
{TF} Vector of total external equivalent force.
t Time.
to Curing duration.
U Displacement in (x) direction.
\ Displacement in (y) direction.
VIS Volume / surface ratio.
Wi Initial crack width.
Winax Maximum crack width.

We

Calculated maximum crack width.




|

[ Notations
Symbol Description
W, Observed crack width (by microscope).
X, Y Node coordinates.
Ol¢ Coefficient of expansion of concrete.
Ols Coefficient of expansion of steel.

g, 0,...,007,00A

Coefficient of displacement field.

B, 1 Reducing and shear retention factor respectively.

(esh)u Ultimate shrinkage strain.

&t Average tensile strain normal to the crack direction after
cracking or tensile strain in concrte.

€o Strain corresponding to the maximum concrete compressive
strength (fc").

& Maximum compressive strain on the uniaxial stress-strain curve.

Eci Free creep strain at time t=n,.

€cn Free creep strain at time t=n,-ATT

Ecre Free creep strain for changes in elastic strain.

€t Total strain including creep stain at (t).

€nc Total strain including creep strain at (tn).

Vector of free shrinkage strain.

Vector of free creep strain.

{gr } Vector of total restraint strain.

v Poission’s ratio.

p Steel ratio.

Oy, €x Stress and strain in x-direction respectively.

Gy, &y Stress and strain y-direction respectively.

{c} Vector of residual stress.

{c.}, {} Vectors of total stress and strain respectively.

{c:} Vector of stress in concrete.

GoY, €0 Initial stress and strain respectively.

Ao , A¢g Increased stress and strain change respectively.

Ty Yy Shear stress and strain respectively.

o The angle between steel direction and crack direction counter
clockwise in degree.

{Ae} Vector of change in restrained strain during (ATT).

ATT Time step.

AGy Stress change in (x) direction.

Acy Stress change in (y) direction.

ATyy Shear stress change.

{A&}, {Ac} Vectors of change in strain and stress due to equivalent external
force during (ATT).

{AG+} Vector of change in total external equivalent force during (ATT).

{Af}

Vector of residual unbalanced nodal force.




Notations

Symbol

Description

{Ad}

Vector of change in displacement.

\
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Table (¢-) ¢): Strain before, during and after exposure to fire flame of reinforced
concrete free slab.

Strain in (millionths) at
Temperature | Y. cmfrom | YY.® cm from The
Age 0
the edge the edge center
L[] G) L] L] L]
\ g Yoo yYo AR
\ S YA« You Y.0
n o)
Q| v o v Y. Ydo
A | Ve S £)0 £ rve
Y. 3 $90 £V §¢.
$0 — oV. 00. ov.

) -l
T ~ -L\D e o«

1

N 1Yo T o«

(@)]

Yo = oyo 0.0 $V e
3| v 22 YAo YV, ¥io
g ¢o ’,\é V4. YA \lo
§ T 1:8 Ae) Ve “1.

Yo - Ao Ao AV

>

9. ~ Vo v O

1

T Yo W) O

) 2 YV, Yyo Yyo

Ty g ¥Ao V. Yo.
Q |y o £V ¢o0 §Yo
8 | ve ke oY, ¢90 £vo

q. /‘i 000 0%, oyo

Ye.0 ,’: ofo 00 oY.

VY. ~ o1 o 00. oYo




Table (°-%): Maximum crack widths measured for cracks in each slab before,

during and after burning.

Maximum crack width in (mm)
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f‘éhapter Five : Experimental Results and Analysis

Wmax=*.++ Y18
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Figure (°-\ Y): Relation between maximum crack width and maximum crack length
for site observation of three and four end restrained slabs.

o.t.¢ Crack Width

Crack widths were measured to the slabs investigated at regular
intervals. The crack width was measured at levels spaced (+, Yo, ©+, Y+,
YOu Yuu YOu Yuu YOu fav Oun Ter Yeu Ave dus Ve gnd VYO
mm) from the edge. The crack width was obtained by two different ways.
The first way is by the use of a portable micrometer-microscope with an
accuracy of (Y°© micro-m), and ¢+ x magnification as illustrated in Article
(¥-v-1). The second way is from the demec readings across the crack. A
comparison between the final crack width after a period of Y months of
drying shrinkage before and after exposure to fire flame of these slabs as
obtained by the two different ways as can be seen in Appendix (A-A and A-
1) for different restrained cases of reinforced concrete slabs. For the site
observed slabs the measurement levels were spaced Yo+ mm along the slab
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dimensions, and the crack width was obtained by a portable microscope
only.

Figure (°-YY) shows the development of maximum crack width with ™
different ages for the slabs investigated. These cracks widened progressively ||
until a certain nearly constant width in about 1+ days occurred. The first
crack in each slab was observed at an age which is indicated by the first
point in the corresponding curve. There are many factors affecting cracking
age, i.e.; the high roughness of the rigid beams surface (interaction between
the rigid beams and edge beams for slabs) may be the most important factor
governing earlier cracking age. Whereas, the low early rate of shrinkage and
low temperature variation for reinforced concrete slabs are the most
Important factors which lead to delay cracking age. For the investigated
slabs, the maximum crack width in each slab was that of the earliest crack.

o
~

—&A— Four end restrained
—4@— Three end restrained
—=f=— Two end restrained

o
w

Crack width (mm)
o o
[ N
1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1

o
o

0 10 20 30 40 50 60 70
Age (days)
Figure (°-Y¥): Development of maximum crack width with age of reinforced
concrete slabs for different restrained cases before exposure to fire
flame.
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Figures (°-)¢ and ©-)°) show the development of maximum crack
width with age during and after exposure to fire flame. The crack width
increases during burning for ().© hour) at a temperature of (+:°C). The
maximum crack width reached was (+.Ye, «.Ye, « YYe and .Y mm) for |
(free, two, three and four end restrained slabs respectively). After one day
from exposure date the maximum crack width became (+.Ye, +.©, +.© and
«.eYe mm). Then these cracks developed with age for a period of Y months
from exposure date to fire flame to become (+.+Vve, +.AVe + Y and +.Y°o mm)
for (free, two, three and four end restrained respectively).

1.0

Free end

0.9

Two end restrained

Three end restrained

tet

Four end restrained

Crack width (mm)

0.0 L] I L] I L] I L] I L] I L] I L] I L] I L] I L]

0 10 20 30 40 50 60 70 80 90 100
Time (min)

Figure (®-) £): Development of maximum crack width with time of reinforced
concrete slabs for different restrained cases during exposure to fire
flame.
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Figure (°-Y¢): Development of maximum crack width with age of reinforced
concrete slabs for different restrained cases after exposure to fire
flame.

From the above figures, it can be concluded that the rate of crack
widening, however, tended to decrease with age for all slabs investigated
before and after exposure to fire flame. This notice is expected as a higher
percentage of shrinkage would be consumed for the later age cracks, and
consequently less crack widening would be experienced in this case.

According to the experimental results, it was found that the range of
crack widths measured in the present study varies between (+.+¢-+.YVe and
.+ Y-+.Yo mm) for slabs before and after exposure to fire flame respectively.

Table (°-1) summarizes the final crack widths measured for cracks in

each slab before, during and after burning.
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The cracks which have been observed for the crack widths
measurement were selected and plotted in Figures (°-)1 to ©-YA). From
these figures it is clearly seen that the crack width initiated at a certain value
at the restrained edge and , therefore, increased towards the center of the slab
up to a certain level beyond which it decreased to zero at the tip of the crack,
while at the free edge the crack width was the maximum and gradually
decreases towards the center of the slab, and diminishes at the end of the
crack. Also, it was obvious from Figures (°-)V and ©-)A) that the same trend
was also observed in walls for the variation of maximum crack width with
wall height by Al-Rawi [ 4], ACI-Committee [YY] and Al-Mashhedi [Y°].

From Figures (°-)Y and ©-YA), it can be seen that the variation of
crack width with its length for cracks which appeared from the restrained
edge could be explained according to the theory of change of restraint,
where in edge restrained members there will be a residual restraint after
cracking. Due to the effect of the edge beam, the variation of the crack width
will depend on the (length/width) ratios of the newly formed slabs after
cracking. Thus, the crack width will depend on the difference between the
restrained movement before and after cracking or in other words it will be a
function of change in restraint along the member length. This trend was
found by Al-Rawi [Y4], ACI-Committee — ¥+ Y [YY] and Al-Mashhedi [Y°] in

walls.
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Figure (°-Y 1): Variation of final crack width with distance from the free edge
for two end restrained reinforced concrete slab.
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Figure (®-VV): Variation of final crack width with distance from the restrained edge
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of four end restrained reinforced concrete slab.
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B
Al

Figure (°-Y A): Variation of crack width with distance from the restrained edge for
selected cracks in site observed four end restrained slab.

/Z_*’W?/ /?// /?// /A1 /

1 AR

Yo : VY

ve : X

Yy : ¥
1

SNANNANNNNNNRNN

\‘i\‘(ﬂ%‘&\\&‘&x

___________________________________________________

Y4 } YA

YA YV | YU [ Yo [ YE [ YY | YY [ YY [ Y. ]9

mmw&mmm\

N

SIS SIS S



