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Abstract

Offshore structures are exposed to harsh environmental conditions, including the
structure’s existence in the splash zone as well as exposure to seawater and sea
spray. The design of offshore structures 1s controlled by mandatory design codes to
ensure structural safety and integrity. The main objective of this study is to
investigate the cracking criteria for offshore structures and develop a rational
numerical model in order to predict crack width and spacing of high strength
concrete under flexural sustained service loads.

An experimental investigation is designed to study the cracking behaviour
of high strength concrete plates. Eight two-way reinforced concrete specimens with
different thick concrete cover and bar spacing were tested in the structural
laboratory at Memorial University of Newfoundland under flexural loading. The
tests specimens are divided into three groups. The first two groups are heavily
reinforced and designed to fail under punching shear mode. The first group (Series
1) is designed to investigate the effect of concrete cover on the crack width and
crack spacing. The second group (Series II) 1s designed to investigate the effect of
bar spacing on the crack width and crack spacing. The third group (Series IH) 1s

designed to investigate the effect of different modes of failure on the crack width
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and crack spacing for two-way reinforced concrete slabs. The structural behaviour
of the test slabs with regards to deformations, strains, crack patterns, crack width
and mode of failure was examined.

It has been found that the effect of increasing concrete cover from 30 mm to
60 mm of (Series I) increases the crack spacing by 38%. The crack spacing of
(Series II) was increased by 28%, when the bar spacing increased from 150 to 250
mm. The test results revealed that the relation of the crack width versus steel strain
can be represented by a straight line up to a limiting steel strain of 0.001 to 0.0015
for most of the test slabs. This strain value corresponds to a reinforcement stress
equal to 200 MPa to 250 MPa (0.50-0.63f,).

The theoretical investigation includes two phases. The first phase is
evaluating the suitability of the existing crack width and crack spacing expressions
for structures with large concrete covers. The experimental test results of all test
slabs confirmed the recommendation of an existing equation. The second phase
includes the development of a numerical crack analysis model based on tension chord
method. The developed proposed expression to calculate the crack width 1s based on
the modified assumption of the tension chord method. A second model was
recommended based on the fracture energy principles to estimate the crack width.

The modified assumptions deal with estimating the tensile strength, bond strength

i1



and the active tension concrete area. The newly developed expressions provided
good results for high strength thick concrete cross sections with large concrete

cover.
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Chapter 1

Introduction

1.1 General

Plate elements such as a two-way slab system, is a unique and efficient structural
system. It is economical, and widely used in different structural applications, such
as floors and roofs of buildings, walls of tanks, and offshore structures. Plate
element system such as two-way s]ab system is used to build offshore concrete
platforms successfully. Offshore concrete structures proved to present a competitive

alternative for substructures in the North Sea and in other places where large



offshore structures are required for production of oil and gas. Furthermore, offshore
concrete structures have proved to be highly durable and to have good resistance
against corrosion. The low tensile strength of concrete directly contributes to
cracking of concrete in offshore structure. While the specific causes of cracking are
numerous, cracks are normally caused by stresses that develop in concrete due to
restraint of volumetric change or due to external loads applied to the structure.

Cracks in structural concrete, in most cases, are not structurally significant
but it can be beneficial when serving as an indicator for those cases where there
may be more serious structural performance problems. However, nominal cracking
that accompanies flexural behavior can affect the appearance of monolithic
construction and raise concerns about resistance and durability

The issue of corrosion control and structural durability is generally believed to

be the real basis for the crack control provisions in offshore structural design codes.
It seems entirely intuitive that limiting crack widths limits the possibility for the
entry of moisture and salts to the surface of the reinforcing steel that, together with
oxygen, can set the stage for corrosion.

Cracking usuvally starts as microcracks in the cement paste. Microcracks
extend and join into visible cracks whose widths are measurable. Where

reinforcement is used to control cracking, the gradual development of shrinkage



strains with time increases the extent and width of cracks, regardless of whether the
initial cause was extreme loads or restrained deformation. Crack width depends on
the quantities, orientation, and distribution of reinforcing steel across the crack and
on the characteristics of the bond between the concrete and reinforcement bars in
and near the crack. The maximum crack width considered acceptable depends on
the type of structure, the location within the structure, the environment, and the
consequences of excessive cracking.

Offshore structures are exposed to harsh environmental conditions, including
exposure to seawater and sea spray or the structure’s existence in the splash zone. The
design of offshore structures is controlled by mandatory design codes to ensure
structural safety and integrity. Most of the available expressions for crack width were
developed for building structures using normal strength concrete and relatively small
concrete cover. However, offshore structures are built using thick high strength
concrete cross sections with thick concrete cover.

The current Canadian Offshore Code, CSA Standard S474-04, indirectly
specifies a crack width limit of 0.25mm in the splash zone and 0.5mm in other
zones. A lack of available research data on the prediction of crack properties results

in unnecessary overdesign of stee] reinforcement to satisfy conservative offshore



crack code requirements. The engineer must be aware that also controlling crack

width is directly related to the public perception of engineering competence.
1.2 Objective

The main objective of this study is to investigate the cracking criteria for offshore
structures. The specific objectives can be summarized as follows:

¢ To establish experimental data for the cracking behaviour of high strength
concrete sections up to 200 mm thick with 30mm to 60 mm concrete cover
under tensile and flexure loading.

® To develop a rational numerical model suitable for predicting the cracking
criteria of high strength concrete that affect crack width and spacing of
flexural cracks under sustained service loads.

e To investigate the suitability of the current crack width control equation
recommended by the CSA Standard S474-04 against other existing crack
models.

e To check the validity of the developed cracking criteria against
experimental data.

Assessment of the proposed model will be achieved through comparing the

prediction of maximum crack width given by each model against collected test



results. Eight two-way reinforcing concrete specimens with different thick concrete

cover and bar spacing will be tested under flexural loading.
1.3 Scope

There is a lack of available research data on the prediction of crack properties. Most
of the published research related to crack width predictions is addressed for one-
way slabs and beams. However, offshore structures are built using two-way slabs
made of high strength concrete with thick concrete cover.

The current research is focused on enriching the literature with a
comprehensive study on crack properties prediction of two-way slabs. The scope of
this work includes investigating experimentally and numerically the effectiveness of
concrete cover and bar spacing.

The proposed experimental research program is designed to investigate the
behavior of high strength thick concrete panels reinforced up to 200 mm thick with
a 30mm to 60mm concrete cover. The experimental investigation shall be
conducted on the two-way slab test set up at the Structural Lab of Memorial
University. The existing test setup was modified to handle thicker specimens under
higher flexural loads. Based on the results of this investigation, the parameters for the
developed cracking model will be calibrated and verified. The main test variables

will include the concrete compressive strength, bar spacing and bar diameter.



The proposed theoretical investigation includes the development of a
numerical crack analysis model that will be based on the tension chord method
(Marti et al, 1998), equilibrium and compatibility equations. The second model 1s
based on equilibrium and fracture energy principles. Fracture energy is a material
property, and by definition it is the energy needed to create a crack of unit length and
unit width. Tension softening of plain concrete is defined by Hillerborg et al. (1976)
as the integration of the tensile stress-displacement relation as the "fracture energy".
The contribution of reinforcement through bond is known as tension stiffening.
Tension stiffening affects the total energy release of the reinforced concrete
member in the post cracking range. The tension stiffening contribution also
enhances the serviceability requirements, and it plays a major role in the non-linear
analysis of reinforced concrete. The idealization of the post cracking range was
developed using several approaches. Among these approaches is the use of fracture
energy principles. This idealization was adapted earlier by many researchers to
overcome the size effects on the response of reinforced concrete members
(Gustafsson and Hillerborg 1998; Marzouk and Chen 1995). The second proposed

model will utilize the fracture energy principal for the calculation of crack width.



1.4  Thesis Format

This thesis consists of six chapters. Chapter 1, contains a brief introduction on crack
phenomena in two-way reinforced concrete slab followed by the scope of the
current research as well as the significant of the research study. Chapter 2, contains
a literature review of research that has led to some of the existing equations in
European and North American codes such as ACI 318, Canadian offshore code,
Norwegian Code, CEB-FIP and Euro code EC2. The chapter also provides the
background for present day studies related to predicting cracking behavior in
reinforced concrete. Chapter 3, describes the experimental investigation, test
program, test set up, instrumentation and preparation of high strength concrete
specimens. The cracking behavior of high reinforced concrete two-way slab is
examined experimentally, with emphasis on the effect of concrete cover, bar
spacing and slab thickness. Chapter 4, reports the observed test results in terms of
load-deflection relationship, the strains in the concrete and the steel bars, the crack
width, and the crack patterns. Chapter 5, evaluates the cracking criteria and some
proposed empirical expressions using current experimental results. The effect of
different variables on crack properties of high reinforced concrete two-way slabs

are also examined. A novel empirical analysis for design purpose is proposed. The



conclusions of this study along with recommendations for further research are

presented in Chapter 6.



Chapter 2

Literature Review

2.1 General

Reinforced concrete two-way slab is a popular structural system. This system has
contributed to the development of reinforced concrete as a construction material
since the construction of the first two-way slab in 1906 in the USA by Turner, as
reported by Sozen and Seiss (1963). In the same year, Maillart of Switzerland built

a two-way slab system in Europe. A considerable amount of research has been



conducted to investigate the behavior of reinforced concrete two-way slabs since
that time.

Cracking problem in reinforced concrete members has been investigated by
many researchers since at least the turn of the 20" century. Many theoretical models
have been proposed by several researches to predict cracking in both radial and
tangential directions.

In this chapter, a short review is presented for the most relevant literature on
cracking and bond effect of reinforced concrete flexural members. It starts with an
introduction that gives an idea about the crack phenomena and the main reasons for
it followed by an explanation of the behavior of plain concrete under direct tension
at different stages of loading. Current methods used for controlling the crack width
are detailed and the crack spacing in reinforced concrete structures are examined.
Moreover, this chapter presents the different European and North American
approaches that deal with the prediction of cracking properties.

2.2 Introduction

Flexural members such as beams and slabs represent the majority of structural
elements. In general, concrete can handle compressive forces very effectively.
However, concrete cracks under tension forces can cause several problems. Cracks

play an important role in concrete’s response to load in both compression and

10



tension. Moreover, there are extra internal forces and stresses that develop due to
temperature and long term effects. If such cracks are too wide. it will destroy the
aesthetics of the structure and will cause a significant reduction in flexure stiffness
of the structure member.

Cracks may expose bars to the environment causing corrosion of steel. In
order to protect the structure members from theses effects, cracks should be
minimized to acceptable limits under normal service loads. With adequate design
and good reinforcement details, cracks can be limited to a small value in width,
such that the appearance or performance of the structure is not harmed. Many
methods have been suggested to control cracking; however, most of such methods
are merely empirical rules resulting from observations or testing. Furthermore, there
is no agreement on what crack width should be permitted for different types of
structures. Besides, the accurate prediction of crack width is not possible yet.

2.3 Fracture Energy and Tension Stiffening

The cracking process starts at a low tensile stress level. This cracking phenomenon
is governed by concrete tensile properties which is an important feature of concrete
and has a significant effect on the behavior of concrete structural member. The
stress-strain response of concrete is closely associated with formation of micro

cracks at the coarse-aggregate boundaries and propagates through the surrounding
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mortar. The nonlinearity of concrete behaviour is highly dependent upon the
response of these two materials, namely; the cement paste and the aggregate.
Cracking is less dependent upon bond and mortar micro cracking. A fracture
mechanics model called the fictitious crack model was developed by Hillerborg,
(1976) and Crisfield. (1986) to explain the plain concrete behavior, as shown in
Figure 2.1.a, b and c. This model is a method for description of stress versus
deformation properties of material section. Before peak stress, the deformation of
the specimen under uniform tension is assumed to be uniform along the length of
the specimen. At peak stress, a localized fracture zone, or a concentrated damage
zone is assumed to develop. As the total elongation of the specimen increases
further, the stress within the specimen decreases gradually and the strain outside the
coneentrated fracture zone decreases (unloading) while additional deformation or
elongation w within the fracture zone increases (softening). The properties of the
material are described in Figure 2.1.c, by a stress-strain (6 —¢€) diagram, valid for
the additional deformation of the material within the fracture. Both (o—¢) and
(6 —w ) are simplified to straight lines as shown in Figure 2.1.c. Also the straight
lines in (6 —¢) diagram corresponds to purely elastic conditions that indicates that
the cracks developed at this stage can be closed when the load is released. For

defined or assumed linear or nonlinear normalized shapes of (G—¢€) and (6—w)
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curves, there are three parametersf, tensile strength, E modulus of elasticity and

G, fracture energy.G.is defined as the arca under the entire softening stress

elongation curve G —w , which is given by

G, = jc(w)dw 2.3.1)
(4}

where:
G = The area under the entire softening stress elongation curve,
o (w) = Softening stress separation curve,
w_= The critical crack separation displacement.
In another way G, which can also be defined as the energy absorbed per
unit area of crack, is regarded as the fracture parameter. In order to relate f, to G,

a characteristic length 1s introduced that represents the ratio between the two

straight lines curves (G—€,06—-w)

(2.3.2)

where:

1., = Characteristic length,
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For different mixes of concrete, 1, values are in the range of 180mm to

1300 mm (Gustafsson and Hillerborg, 1988) and (Phillips and Binsheng, 1993).
Marzouk and Chen (1995) reported that characteristic length strongly decreases as
concrete strength increases, and high strength concrete characteristic length is about

2-3 times smaller than normal-strength concrete prepared with the same aggregate
2.4 Crack Control in Reinforced Concrete Members

The control of cracking in reinforced concrete structures is usually achieved
by himiting the stress increments in the bonded steel bars to an appropriate low
value and ensuring that the bonded reinforcement is suitably distributed. The width
of crack also depends on the quantity, orientation and distribution of reinforcing
steel crossing the crack. It also depends on the deformation characteristic of the
concrete and the bond between the concrete and the reinforcement bars. The bonded
reinforcement in every reinforced concrete structures provides restraint to
shrinkage. As concrete shrinks under compressive force, the steel reinforcement
imposes an equal and opposite tensile force on the concrete at the level of the
bonded steel. These internal restraining forces are often significant enough to cause

time-dependent cracking.
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2.5 Tension Cracking Model Chord

There are two analytical models that have been developed to predict the
crack width based on equilibrium and the tension chord assumptions as summarized
by Gilbert (2005). The first model 1s to explain flexure cracking and the second

model to explain direct tension model.
2.5.1 Flexural Cracking Chord Model

Consider a segment of a reinforced concrete rectangular section, as shown in Figure

2.2, subjected to a service bending moment M_which is greater thanM_ . The

spacing between concrete cracks isS . Away from the crack the area of concrete in

tension is assumed to carry a uniform tensile stress ¢, which will develop due to
the bond stress T, that exists between the tensile steel and the surrounding concrete.

As the distance x from the crack increases, the stress in steel reduces due to the

bond stress T, between the steel and the surrounding tensile concrete as shown in
Figure 2.2. For reinforced concrete under service loads, where o, is less than the
yield stress fsy, Martie, Alvarez, Kaufmann and Sigrist, (1998) assumed a rigid

plastic bond stress slip relationship at all values of ship which 1s about twice the

direct tensile strength of concretef, . In reality 1, 1s affected by steel stress,

concrete cover, bar spacing, stirrups, lateral pressure, degree of compaction, and
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size of bar deformations and it is likely to be reduced by shrinkage. Experimental
observation indicates that T, reduces as the stress in the reinforcement increase
(Gilbert, 2005).

T, =001, (2.5.1.1)

where:

o, = Depends on the steel stress at crack,
, = For short or long term calculations,
f., = Direct tensile strength of concrete.

Under sustained load, additional cracks occur between widely spaced cracks
due to the combined effect of tensile creep rupture and shrinkage. The final crack
width can be defined as the difference between the elongation of the steel over the

distance between cracks and the extension of the concrete caused by o, plus the

shortening of the concrete between cracks due to long term deformation.

STt 1S
W o=
E A, ¢

(l+np)—£shE5:| (2.5.1.2)
where:

w = Final crack width,
S’ = Final crack spacing,

E = Steel modulus of elasticity,
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T = Axial tensile force,

¢ = Bar diameter,
A = Area of tensile reinforcement,
T, = Bond stress (between existing steel and surrounding concrete)

n = Modular ratio of the section,

p = Reinforcement ratio (A_ /A ).

b | b |
| | 2 =
< > Ms A -:l:; ; | | f\')
l e o o ¢ o1 | o o @ @ o—l—T
Ast b ——— - Agl
(b) Uncrcaked section (¢) Craked section
\ b
—¢ = l
i <
— Ts+Tc l
Ast
Cracked tension chord (d) Idealized compression and tension chord model Act

T
/

}_‘:

1
/Y=g |

(e) Elevation of tensile
Crack chor between cracks

O

(f) Concrete stress

(e ll\gf”//] G

(g) Steel stress
Figure 2.2: Cracked reinforced concrete slab tension chord model (Gilbert, 2005).
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2.5.2  Direct Tension Cracking Chord Model

When the first crack occurs as shown in Figure 2.3, the restraining forces reduce to
N_ and the concrete stress away from the crack is less than the tensile strength of
the concretef . At the crack, the steel carries the entire force N and the stress in
the concrete is zero. At some distance s_ on each side of the crack, the concrete and

steel stresses are no longer influenced by the presence of the crack (See Figure 2.3).
S, = —— (2.5.2.1)

where:

s, = The distance over which stresses vary on each side of the crack,
¢ =Bar diameter,

p = Reinforcement ratio.

The following expression was earlier used by Faver, 1983 for members containing
deformed bars or welded wire mesh.

s =k J (25.2.2)
4p

where:
S,, = Represents the distance between the first crack and the cross-section at which

concrete stress reachesf_ ,
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k,= A dimensionless coefficient depending upon bond properties of the reinforcing

bars,

d, = The bar diameter.

The final crack width can be calculated as the shortening of the concrete
between the cracks due to shrinkage minus the elongation of the concrete due to
tensile stress between the cracks plus the final elongation of the member over the

distance between cracks due to support movement

w :E—i{g]:}gi—fbsq;ﬂ—esh]is} (2.5.2.3)
where:
Au = Supports movement,
L = member length,
€., = Shrinkage strain.
S =05S,,, (2.5.2.4)

2.6 Statistical Models for Crack Predictions

Many theoretical models have been proposed to predict cracking in either
direct or flexural tension. The earliest approach, which is still being applied in
present day research, may be termed the semi-empirical approach (statistical

approach) whereby experimental data are analyzed and a predictive equation for
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crack width is developed which minimizes the variation between model and

experiment. A German paper published in 1904, as referenced by Nawy (1968), is

the earliest

As= area of reinforcing steel

T

¢= area of concrete

N(t) - -—4{ —— N{)=Acft

L
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Figure 2.3: First cracking in a restrained tension member (Gilbert, 2005)
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record of research found relating to the cracking behavior of reinforced concrete.
Since that time, extensive research studies have resulted in a number of predictive
equations which, typically, predict the probable maximum crack width.
Investigations prior to 1940 concerning cracks in symmetrically reinforced
concrete members were summarized by Watstein and Parsons (1943). The
researchers concluded that for a given type of steel at a constant stress level, the

most prominent factor affecting crack width and spacing was the ratioD/p, where
D is the diameter of the reinforcing bar (in) and p is the reinforcement ratio of

longitudinal reinforcement. In addition, crack width was almost completely
independent of the concrete strength.

In 1956, Clark modified the Watstein and Parsons, (1943) equation that was
originally derived for symmetrically reinforced and axially loaded cylindrical
specimens, to apply to reinforced concrete flexural members. The modification was
based on data gathered in the first large-scale test program to investigate the
influence of various beam parameters on crack widths on the flexural tension face
of beams. A total of 70 beams with different widths, depths, spans, bar sizes and
reinforcement ratios were tested which led to the addition of the term (h-d)/d into

the crack width equation and the observation causing initial cracking.
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Wavg = Cl E {fs "_Cz{] + n):|(h;d) (261)
) p

W, =164 W, (2.6.2)

max
where:

W, = Average crack width,

W.__ = Maximum crack width,

C,=0.0227,
C,=0.0566,
h = The beam height in (in),
d = The effective depth of longitudinal reinforcement.

Chi and Kirstein (1958) continued Clark’s research of by testing an
additional 16 beams from which a new expression was developed assuming the
bond stress between concrete and steel varies linearly from zero at a crack face to

maximum midway between cracks.

(2.6.3)
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where:
w_ .= The average crack width in (in),
0 = A semi-empirical dimensionless parameter depending on the general
arrangement and diameter of reinforcement,

E, = Modulus of elasticity of steel (ksi).

At about the same time in 1963, Broms working with reinforced concrete
tensile and flexural specimens introduced the concept of primary cracks, secondary
crack and the zero axial stress circles as shown in Figure 2.4.

] Zero Axial
1 Stress Circle H

Primary Tensile Crack — Secondary Tensile Crack Secondary Tensile Crack
(First Order) (Second Order)

Figure 2.4:Broms’mechanism of tension cracking with a single reinforcing bar
(Brom, 1963)
In flexural specimens, primary cracks develop across a cross-section when

the axial load exceeds concrete tensile strength while secondary cracks develop
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midway between primary cracks at higher steel stresses. The length of the
secondary cracks is approximately equal to the distance between two adjacent primary
cracks, making them equal in length to the diameter of the zero stress circle. Using this
model, the minimum theoretical primary crack spacing, for cracks to be observable on
the surface of the specimen, is equivalent to the thickness of the concrete cover, where
cover thickness is measured from the centre of the reinforcing bar as shown in Figure.
2.5. However, the theoretical primary crack spacing will vary between a value equal to
the thickness of the concrete cover and just less than twice the thickness of cover. An
average crack spacing of 1.5 times the thickness of cover is then expected. This

expected spacing is reduced as the ability of the reinforcement to develop high bond

h 4 h 4

stress increases

Secondary Tensile Primary Tensile
Crack (First Order) Crack
i !

]
Secondary Tensile Crack
(Second Order)

Figure 2.5:Broms’mechanism of tension cracking (flexural members)

In 1965, Broms tesied a total of 37 tension members and 10 flexural members

reinforced with a single high strength bar. Using the test data, it was concluded that
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measured average crack spacing was closer to twice the cover thickness rather than the
theoretical value of 1.5 times cover thickness. The average crack width was then
calculated assuming the elongation of the concrete between cracks is small as compared
to the elongation of the reinforcement and can be neglected. Later Broms and Lutz
(1965) extended the Hongestad and Kaar-Mattock (1965) equation to include
members with multiple bars.

S e =2t (2.6.4)
W, =S,.,€ (2.6.5)

where:

S,.. = Average crack spacing,

t = The distance from the center of the reinforcing bar to the nearest surface,

€, = The average steel strain.

Gergely and Lutz (1968) performed a statistical evaluation of experimental
cracking data vsing a multiple regression analysis computer program resulted in the
well known equation for the calculation of crack widths. The data used in the study
included test results from Hongestad (1962), Kaar and Mattock (1963), Kaar and
Hongestad (1965) and Clark (1956). Crack widths were recorded at two primary
locations; the bottom tension surface as shown in Figure 2.6 and the side face at the

level of the reinforcement and the crack width was measured at certain stress levels
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which were considered statistically as an observation. The following general
conclusions were reached:
® The reinforcing steel stress is the most important variable;
® The thickness of the concrete cover is an important variable since the
concrete strain is proportional to 1t;
® The area of concrete surrounding each reinforcing bar is also an important
geometric variable;
¢ The ratio of crack width at the surface to that at the reinforcement level is
proportional to the ratio of the nominal strain at the surface and the
reinforcement strain.
The equation that was considered to best predict the maximum bottom and side

crack widths are

w, =0.0913/t, AB(f, —5)x10°° (2.6.6)
0.0913/t, A
w, o= —— Y (f —5)x107° (2.6.7)

s t.
1+A1
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where:

w = Maximum (measured or calculated) side crack width at level of steel in

constant moment region,

w, = Maximum (measured or calculated) bottom crack width at level of stee}

in constant moment region,

t, = Bottom cover measured from the center of the lowest bar,

t. = Side cover measured from the center of outer bar,

f. = Steel stress calculated by elastic cracked section theory,

A = A, /m= average effective concrete area around a reinforcing bar,

m = Number of tensile reinforcing bar,
h, = Distance from the neutral axis to the center of the reinforcing bar,

B = Ratio of distances to neutral axis from extreme tension fiber to center of

reinforcement.

Simplification of bottom crack width equation yielded the following equation
w, =0.0760f 3/d A (2.6.8)

where:

d_ = bottom cover measured from center of lowest bar.
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Another equation developed by Kaar and Mattock (1963) using a curve fit

of limited data primarily from Hongestad and Kaar-Mattock (1965) is:

w, =0.115pf 4/A (2.6.9)
b
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Figure 2.6: Dimensional notation

Other researchers like Goto (1971) found that the initial internal cracks
occur behind the ribs of the deformed steel bars. After initial cracking, the axial
tensile forces will be carried by the concrete surrounding the steel bar. The
contribution of the bond slip to the crack width was illustrated by Leonhardt (1977)
whose investigation proved that a sudden jump in steel stress is a result of the
concrete cracking and that a combination of bond slippage and internal cracking
determine the crack width size. Finally, the average crack spacing equation was

modified by Rizkalla et al. (1983) as follows:
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S, =5(d+7.2)+1.33c+0.08d/p (2.6.10)
where:
S, =average crack spacing (mm),

d =diameter of reinforcing bar (imm),
¢ =concrete cover to the surface of bar (mm),

p =steel ratio.

The final cited research which used the semi-empirical approach to study the
cracking behavior of concrete was done by Oh and Kang (1987). The background
of their study was based on fracture mechanics principles. However, the proposed
equations for predicting crack width and spacing in flexural members were derived
using the data of past researchers Clark (1956), Chi and Kirstein (1958), Watstein
and Mathey (1959), Hognestad (1962), and Kaar and Mattock (1963). Both
Equations 2.6.8 and 2.6.9 gave reasonable results for crack width up to 2.5 in
(63.5mm) and since the test data for thicker covers are not available; it is not
possible to determine which, if either, equation is correct. Therefore, an alternative
approach for the calculation of crack widths is proposed for thicker concrete cover

(d, =22.5in) by Frosch (1999). In his approach, a flexural cracking model is

considered and the crack width is assumed as a function of the bar spacing and the

distance between the reinforcing steel. Therefore, crack control can be achieved by

30



limiting the spacing of the reinforcing steel. The equation for the maximum crack

width of uncoated reinforcement is

w_=2-=2f d§+()g (2.6.11)

where:

w_= Limiting crack width,

s= Maximum permissible bar spacing,

d. = Bottom cover measured from the center of the bar,
f,=0.61,

B=1.0+0.084d..

Since the width of the crack at the surface of the tension side concrete is
going to be wider than the width of the crack at the center of reinforcement level,
1s used as an amplification factor to account for the change of the strain over the
beam section. Makhlouf and Malhas (1996) evaluated the effect of concrete cover
on crack width equation used by the American and British design code provisions

and recommended that additional research be directed toward modifying the effect

of concrete cover on the computed value of maximum crack width.

(2.6.12)
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where;

€, = Strain at the level of steel reinforcement,
,= Strain at the tension surface of the concrete section,

¢ = Compression depth,
d = Effective depth,
h = Section height,

d. =bottom cover measured from the center of the lowest bar.

Nawy and Blair (1971) found that crack-control equations for beams
underestimate the crack widths developed in two-way slabs and do not indicate the
optimum spacing of reinforcement. The crack width in two-way plate is controlled
primarily by the steel stress level and the spacing of the reinforcement in the two
perpendicular directions. In addition, the clear concrete cover in two-way slabs and
plates is nearly constant (20 mm for most interior structural slabs), whereas it is a
major variable in the crack-control equations for beams.

Analysis of data on cracking in two-way slabs and plates conducted by
Nawy and Blair (1971) has provided the following equation for predicting the

maximum crack width
w =kpBf, /1 (2.6.13)

Where the terms inside the radical are collectively termed the grid index:
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= dus {—ms'szdc % (2.6.14)
prl dbl T

where;

k = Fracture coefficient with a value k = 2.8x107 for uniformly loaded restrained
two-way action square slabs and plates. For concentrated loads or reactions or

when the ratio of short to long span is less than 0.75 but larger than 0.5, a value
of k=2.1x10" is applicable. For span aspect ratios less than
0.5, k=1.6x107";

B=1.25 (chosen to simplify calculations, although it varies between 1.20 and
1.35);

f.= Actual average service-load stress level or 40% of the specified yield
strengthf ;

d,, = Diameter of the reinforcement in Direction 1 closest to the concrete outer

fibers;
s, = Spacing of the reinforcement in direction 1;
s,= Spacing of the reinforcement in perpendicular direction 2;

p,, = Active steel ratio, that is, the area of steel A_per ft width/[12d,, + 2¢,],

where c, is clear concrete cover measured from the tensile face of concrete to
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the nearest edge of the reinforcing bar in direction 1, and
w = Crack width at face of concrete caused by flexure,
Direction 1 refers to the direction of reinforcement closest to the outer concrete

fibers; this 1s the direction for which crack-control check should be made.

2.7 ACI Approach (ACI 318-05)

Flexural crack control in beams and one way slabs (span-depth ration in the range
of 15 to 20) are based on the statistical analysis (Geregely and Lutz, 1968) of
maximum crack width data from a number of sources. Equations that ACI

considered best to predict the maximum bottom and side crack width are

w, =0.0913/t, AB(f, —5)10”° (2.7.1)
0.0913/1,A
w, = o2 NGB 5y 2.7.2)
I+ tﬂ/
/h

where:

w, , W = Most probable crack widths at the bottom of the beam and at level of

reinforcement respectively,

f. = Reinforcing steel stress,

A= Area of concrete symmetric with reinforcing steel divided by number of bars,

t, = The bottom cover to the center of bars,
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t, = The side cover to the center of bars,

B = Ratio of distance between neutral axis and tension face to distance between
neutral axis and reinforcing steel,

h,= Distance from neutral axis to the reinforcing steel.

As mentioned earlier a study made by (Frosch, 1999) showed that these
equations are valid for a relatively narrow range of covers (up to 63 mm). Frosch
proposed a new equation based on the physical phenomenon for determination of
the flexural crack widths of reinforcing concrete members. ACI 318 (2005) Section-
10.6 does not make any distinction between the exterior and interior exposure. It is
required for crack control in beams and one way slabs, however, the spacing of

reinforcement shall not be exceeded.

s(mm) = [(95000/540f )—2.5C_| (2.7.3)
Shall not exceed 300 (25% ) mm (2.7.4)

where:

f. = Reinforcing steel stress at service load,
C_ = Clear cover at tension side,

S= Center to center spacing of flexural tension reinforcement.
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The maximum crack width that may be considered not to impair the
appearance of a structure and will not endanger the corrosion of steel reinforcement
i1s as presented in Table 2.1 ACI 224R (2001). These values depend on the
environment surrounding the structure and depend on various factors such as the
position, length and the surface texture of the crack as well as the illumination in
the surrounding area.

Table 2.1: Guide to reasonable crack widths in reinforced concrete
under service load

Exposure condition w

Dry air or protective membrane 0.41
Humid, moist air or soil 0.30
De-icing chemicals 0.18
Seawater and seawater spray; wetting and drying | 0.15
Water-retaining structures 0.10

w = Maximum allowable crack width in (imm)

2.8  Canadian Offshore Code
CSA S474, (2004) provides the following expression for calculating the crack

spacing:
S, =2.0(c+0.18)+kk,d h b/A, (2.8.1)
where:
S, = The average crack spacing (mm),
¢ = Concrete cover (imm) ,

S = Bar spacing of outer layer (mm),
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k, = Coefficient that characterizes bond properties of bars,

k,= Coefficient to account for strain gradient,

d,.= Bar diameter of outer layer( mm ),

h,, = Effective embedment thickness as the greater of (c+d,,)+7.5d,, not greater
than the tension zone or half slab thickness (mm) ,

b = Width of the section (mm) ,

A = Area of reinforcement within the effective embedment thickness (mm’),

€ =¢, and €,=¢, are the largest and the smallest tensile strains in the effective

embedment zones.
The crack spacing provided in Equation 2.8.1 can be divided into two terms.

Term A is a function of concrete cover and bar spacing [A=2.0(c +0.1S)]. Term B
relates to the type of bar, the diameter and type of stress [B=k k,d, .h b/A_]. The

CSA code recommends that the average crack width may be calculated as the
average crack spacing Equation 2.8.1 times the product of the total average tensile
concrete strain after considering the contribution of the tension stiffening. The
tension stiffening effect calculated according to Equation 2.8.2 is going to reduce

the crack width.

f =f_/(1+./500¢,) (2.8.2)
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f, =0.330f] (2.8.3)

where:

f. = The average tensile stress (MPa),
f. = Cracking strength of concrete (MPa),
¢, = Principal concrete strain; tensile strain measured with respect to base lengths

long enough.
The maximum crack width according to CSA is in the range of 0.25mm in the
splash zone and up to 0.5 mmelsewhere.
2.9 Norwegian Code
Both the Norwegian code (NS 3473E, 1992) and the CSA code provide similar
expressions for calculating crack spacing given by Equation 2.8.1. NS provide the

following equations for calculating the crack width.

w, =1.7w (2.9.1)

w, =1€8S (2.9.2)

r:]—L(G_ /o, ) =04 (2.9.3)
2.5k,

where:

w, = Characteristic maximum crack width (mm),

38



w = Average crack width(mm),

€, = The principal tensile strain at level of tensile reinforcement,
g=¢=0/E_,

o, = Stress in the reinforcement in the crack (MPa),

o, = Stress in the reinforcement at calculated crack (MPa),

E, = Characteristics modulus of elasticity of steel (MPa),

k, = Coefficient that characterizes bond properties of bars,

B = A coefficient account for type of action,

S_..= Mean crack spacing (mm) .

Compared to the CSA code, the NS code calculates the crack width at the
level of steel reinforcement. Moreover, NS code provides more detailed regulations
for crack width limitation depending on the environmental conditions. Four
environment classes were identified in NS; namely, especially aggressive
environment, severely aggressive environment, moderately aggressive environment
and mildly aggressive environment. The Canadian offshore structures usually exist

in a severely aggressive environment that indicts that crack width limits should be

in the range of 0.20 mm and 0.10 mm.
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2.10  CEB-FIP (MC-90) Recommendation

The (CEB-FIP, 1990) gives the following equation for calculation of the design
crack width:
w, =1 _ (e, -€.-€,) (2.10.1)
And w, <w,
where:

w, = The characteristic crack width,

w . = The nominal limit value of crack width which is specified for cases of
expected functional consequences of cracking, or some particular cases
related to durability problems. In absence of specific requirements, it may
assume that for exposure cases (as specified in Section 1.5 of the CEB-FIP
1990), a (w,,_ ) value equal to 0.30 mm for reinforced concrete members
with respect to both appearance and durability,

I, ... = The length over which slip between steel and concrete occurs; steel and
concrete strains, which occur within this length, contribute to the width of
the crack,

€., = The average steel strain withinl

§,max

€..,= The average concrete strain withinl

s.max *
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€. = The strain of concrete due to shrinkage.

The crack spacing expression of the European CEB-FIP model code (MC
1990) is different when compared to other codes (CSA, NS, and EC2). The CEB-
FIP expression does not take into account the strain variation in concrete. In the
mean time, the bond effect of CEB-FIP 1s treated in a different manner. The stress
in the steel caused by steel strain will be reduced due to the bond stress between the
steel and surrounding tensile concrete. Therefore, instead of using a factor to
account for bond effect, the CEB-FIP model code uses the bond stress directly in

the expression.
2.11  Eurocode EC2 Provisions

The (EC2-91) lIimits the maximum crack width to 0.30 mm for sustained load under
normal environmental conditions which will not impair the proper functioning of
the structure. An expression similar to the CSA code for the average crack spacing
is recommended by the EC2 (Equation 2.10.2). However, the EC2 uses a constant
for Term A (equation 2.8.1) equal to 50 mm, indicating that the effect of concrete
cover and bar spacing is not variable in the first part of the crack spacing equation.
It seems that this expression is more suitable for building structures rather than

offshore thick concrete with large cover.
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Compared to the EC2-91 Equation 2.10.2, CSA and NS codes estimate
Term A of the crack spacing Equation 2.8.1 to be equal to 150mm for a typical
offshore concrete section (400-600 mm thickness and 50-60 mm concrete cover).
This 1s a very serious error resulting in a 100mm difference between the two
equations once analyzed for a thick concrete offshore structure with a large cover.
The crack width 1s estimated by the next expression.
w, =S, &e (2.10.1)
where:
w, = Design crack width;
S, = Average stabilized crack spacing;
£ = A dimensionless coefficient between 0 and 1, representing the effect of the
participation of concrete in the tension zone to stiffness the member.
€,,, = Mean strain under relevant combination of loads and allowing for the effect
of shrinkage;
B = Coefficient relating the average crack width to the design value and equals to
1.7 and 1.3, respectively, for section whose minimum dimension exceed
800mm or is smaller than 300mm.

dbAcef
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S =50+kk, (2.10.2)
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where:

S, = The average crack spacing( mm ),

k, = Coefficient that characterizes bond properties of bars,
k,= Coefficient to account for strain gradient,

d, = Bar diameter of outer layer (mm) ,

A = Area of reinforcement within the effective embedment thickness( mm’ ),

A, = The effective tension area( mm” ) as shown in Figure 2.7.
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c=depth of compression zone
db= Bar diameter
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Figure 2.7: Effective embedment thickness of concrete
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Chapter 3

Experimental Investigation

3.1 General

This chapter gives a detailed description of the experimental program that was
carried out to investigate the cracking behavior of two-way slabs reinforced with
steel rebars. It includes sections describing the preparation of the form work, the
steel reinforcement and mixing of concrete. The test program consisted of testing
and evaluation of the structural performance of five high-strength concrete and

three normal-strength concrete slabs. Test setup and different instrumentations are
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used to measure the deformations and strains throughout the test program are
described in this chapter. The test set-up includes the loading test frame and the
hydraulic jack that has been used to apply the loads. In addition, a description of the

data acquisition system is also provided in this chapter.

3.2 Properties of Material
3.2.1 Concrete

3.2.1.1 Normal Strength Concrete Mixture

The normal strength concrete (NSC) used in casting the test slab was supplied from
a local batch plant. The concrete had a 28 day nominal compressive str