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Abstract

This study has been motivated by the premature and accelerated corrosion of bridge decks in the
Eastern Province region of Saudi Arabia, where chloride profiles have indicated severe gradients of
chloride ions. What has been perplexing is the rapid breakdown of the concrete structure, leading to very
high levels of chloride ingress. One of the main causes leading to this rapid breakdown of concrete
resistance to chloride ingress is due to the Thermal Incompatibility of Concrete Constituents (TICC)
phenomenon. In this effect, diurnal and seasonal temperature changes lead to internal stresses and
subsequent microcraking in the concrete expansion of aggregate and paste.

The influence of TICC on concrete deterioration was obtained by studying variation in fracture
toughness, permeability, and flexural strength of thermally cycled specimens. Also flexural strength tests
and coefficients of thermal expansion of Riyadh aggregate and its concrete were determined. The cycling
itself consisted of heating specimens to 80 C for six hours, followed by cooling to room temperature for
another six hours. Several variables were considered, including influence of aggregate type, mix design,
specimen prestress, alternate wetting and drying, and admixtures such as latex and superplasticezers. In
addition, permeability characteristics of naturally cycled concrete were also studied.

Results show that although strength is insensitive to TICC cracking at first, there is an immediate
loss of resistance to permeability and fracture toughness, indicating the greater relevance of the latter
parameters of TICC characterization of concrete rather than strength. Other interesting results include
severe detrimental effect of TICC on initially stressed specimens and the beneficial influence of
admixtures in reducing the adverse TICC effect.
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INTRODUCTION

1.1 General

Recently the issue of concrete durability in the Middle~
East has rapidly popularized due to the fact that numerous
structures of various types have . witnessed positive signs of
failure before reaching their expected service 1life
(maintenance-free life). The deterioration mechanism of
such structures is very complicated and complex in nature.
Various unfavourable conditions occur simultaneously and act
together to highly accelerate the deterioration process.
Such unfavourable conditions may be divided into three

different categories according to their source {1-3}.
1. Low quality workmanship practices :

The vast majority of decayed structures were completed
twenty to forty years ago. At that time concrete practices
were new in the Arabian peninsula and just starting.
Accordingly novice unexperienced workmanship produced poor
quality concretes. Mainly careless mixing, placing, and
vibration of concrete was the cause. This unfavourable
condition as of now is playing a significantly reduced role.
Gain in workmanship experience through new concrete

technology provided day after day has rendered this effect

to a minimum.




2. Poor local concrete materials :

Local concrete materials available in the Middle-East are
of extremely poor quality. Generally strength, thermal,
elastic and surface properties of local aggregates along
with durability resistance are below standards.

Coarse aggregates are basically limestone in origin and
geologically young in nature, and hence characterised by
having low strength, high permeability and high impurity
content of deleterious substances. Fine aggregates in the
form of dune sands are uniformly graded and also show high
impurity content of deleterious matter. The mixing water
itself contains an increased amount of salt concentration

which is harmful to concrete.
3. Severe environmental and climatic conditions

The surrounding environment generally affects the
substructures, whereas superstructures are mostly affected
by climate. The Middle-East's environment is of maximum
severity for high chloride and there is also high sulphate
salt concentration within foundation soils. Salty water
table level becomes another factor near coastal regions.
The climate of the area is extremely dry and arid in
character. Large daily and seasonal temperature variations
occur frequently. Humidity in coastal vicinities elevates

to saturation levels quite often in summer.
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The later conditions combine to form a so called thermal
degradation of concrete which is considered to be the main
driving force of the damaging process within the structure.
Recorded observations revealed most deteriorated structures
to be those under sevére exposure to direct sun-light such

as bridge decks, airport runways, roadway pavements, etc.

The climate in the peninsula is so severe that ambient
temperature changes of 20-25 degree Celsius and seasonal
changes of 40-50 degree Celsius are normally exhibited.
However for concrete exposed to direct sun-light, daily
temperature changes may elevate up to 50 degree Celsius and

seasonal changes up to 70 degree Celsius.

As mentioned previously, the geological configuration of
local aggregate rocks is limestone predominant, calcareous
in nature containing a considerable amount of calcite.
Calcite has a very low coefficient of thermal expansion
(CTE) as compared to that of hardened cement paste present

in the concrete matrix. Coefficient of thermal expansion of

limestone aggregates range from 0.9x10°° to 12.2x10°° per

degree Celsius while that of hardened cement paste is much

higher, ranging from 11.0x10"° +to 20.0x10° ¢ per degree
Celsius {4-6}. Often, the CTE of hardened cement paste is

10 to 20 times that of some limestone aggregates.
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Large differences in coefficient of thermal expansion
along with high temperature variations cause high internal
stresses to build up at the aggregate~cement interface. In
most cases it is enough to break the adhesion bond between
aggregate and hardened paste. In addition, cracks are also

initiated in the hardened mortar within the matrix.

On thermal cycling, micro cracking spreads throughout the
material, decreasing its overall soundness. The material
exhibits decrease in strength and increase in permeability,
thereby increasing the risk and wvulnerability to faster
rates of degradation. Chloride and sulphate ingress
increases, leading to corrosion and rusting of steel that
expands in volume and subsequently leads to debonding of
concrete reinforcement. Bigger and wider <cracks are

produced and finally reach the external concrete surface.

Due to such collective unfavourable conditions, there has
been a great need to define new strict concrete code
practices that accomodate for the regional situation rather
than utilising foreign codes that were not designed with the
needs of the local region in mind. Special provisions should
be followed and kept in mind during material selection,
concrete mixing, placing, vibrating, and curing, taking into
consideration the importance and function of the structure
and its location with regard to the surrounding environment

and the prevailing climatic conditions.




1.2 Literature Review

The concept of thermal incompatibility of concrete
components (TICC) has been looked into over the past twenty
years by many researchers {7-10}. Most researchers believe
that TICC is the major initiating cause of rapid
deterioration {11-16}. TICC led researchers to investigate
the problem from various points of view. Some concentrated
their efforts in determination of CTE of different minerals,
aggregates, hardened cement mortars, and concretes {17-24}.
Others tried to simulate the problem by casting concrete
using various types of aggregates, cycling the concrete
thermally and then subjecting it to strength and durability
tests {25-29}.

The concrete durability problem - in the Middle~East
triggered researchers to direct their interests and efforts
towards determination of the various reasons behind the
rapid structural deterioration in the area. Extensive
information was collected about the peninsulas' environment
and climate {30-34}. Protective measures were suggested
such as using sweet water in concrete mixing, high sulphate
resistant cement (type V) for concretes in contact with
foundation soil, coating reinforcment bars to prevent
corrosion, air entraining the concrete and adherence to
special hot weather concrete regulations {35~36}. The use of

admixtures such as superplasticisers and latex helps in
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decreasing the water cement ratio, hence increasing the
strength and enhancing the workability. Such corrective
provisions presented only a marginal improvement. The
overall problem is of a more involved nature and related to

thermal incompatability of concrete components.

The failure mechanism described by. Venecanin {37}
indicates that both rise and drop in temperature of concrete
add to the damage induced by TICC phenomenon. During heating
of concrete, the hardened cement paste expands more than the
aggregate, leading to tensile stresses at the aggregate
surface exceeding the bond strength which in turn causes
bond failure of the aggregate particle. During cooling, the
hardened cement paste contracts more than the aggregate,
leading to tensile stresses in the hardened paste and
compressive stresses in the aggregate ahd causing mico crack

initiation in the hardened paste (Plate 1.1).

Few researchers claim that factors such as hot climate,
cement hydration, drying shrinkage, presence of salts,
moisture movements, severe eXposures and aggregate cement
reaction are of greater sigﬁifigance than TICC {38-39}.
They state that most of the Middle-East limestones are
geologically young and coarsely crystaline with low elastic
modulii thus they can resist higher stresses and bond

failures are rare. Also most of the cracking is attributed

to reinforcement rusting.




Plate 1.1 : Thermal Incompatibility f ncrete
Components (TICC).
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It is also believed that micro cracks have a tendency to

be healed by calcium hydroxide. Definitely all these facfors
contribute one way or another and affect the durability of
the material, but Venecanin {40-41} has presented a
theoretical model to show that TICC is the main driving
force of damage, especially when the degree of TICC is of a

high order.
1.3 Scope and Scheme of Work

This thesis tends to evaluate various concretes exposed
to simulated <thermal cycling by measuring fracture
parameters and permeability values. A total of eight
different concrete groups were investigated taking into
consideration the variables shown in the chart (Fig. 1.1).
The only criterion used was to achieve good quality concrete

that maintained a slump of three inches.

A reference concrete group was fabricated using Abu-
Hadriyah aggregate, having a coarse/fine aggregate ratio of
1.5, no admixture, no support restraint and no wet/dry
cycle. Local aggregates used in the mix were varied and two
more groups were made wusing Riyadh and Jabal Dhahran
aggregate. Another two groups were made using two types of
admixtures, superplasticizer and latex. The coarse/fine
aggregate mix proportion was decreased to 0.5 producing a

sixth group.




Variables :

Reference Concrete

(GREFC)

Variables Considercd

(1) Agrregate Type (Abu-Hadriyah, Riyadh, and Jahal Dhahran).

(2) Mix Design

(C.Agp/F. Agge=1.5

and C.Agg/F.Agy=0.5).

(3) Souking (without and With Wet/Ury Cycles).

(4) Restraint (Without and With Supports Gripped).

(5) Adnixture (Without, Super Plasticizer, and Latex).
Fig. 1.1 :

* Aggrepate : Abu-Hadriyah
® Mix Design : C.Agg/F.Agg=1.5
* Admixture : None
% Restraint : None
* Soaking ¢ None
Riyadh Concrete Soaked Concrete Super Plasticizer Concrete
("RYDC) (GSHIX) (GSPLC)
Varisble: Variables Variables
- * Aggregate : Riyadh * Soaking: Wet/Dry Cycles * Admixture: S. Plasticizer
% Others : As (GREFC) * Others : As (GREFC) * Others : As (GREFC)
Sandy Mix Concrete Supports Restrained Concrete
(GS4XC) (GSRTC)
Variables Variables
* Mix Design: C.Agg/F.Agg=0.5 ®* Rostraint : At Supports
* Others : As (GREFC) ® Others : As (GREFC)
Jabal Dhahran Concrete Latex Modified Concrete
(GJLKC) {GLTXC)
Variables Variables
* Aggregate : Jabal Dhahran * Admixture : Latex
% Others : As (GREFC) ® Others : As (GREFC)
1) 2) (3) O] (5)

and variables considered

Chart showing different concrete groups
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Groups seven and eight were the same as the reference
concrete but one was subjected to support restraint during
thermal cycling while the other received a single wet/dry

cycle within every thermal cycle.

The study consisted mainly of two phases. The first phase
delt with the determination of fracture paraineters such as

the rate of energy release GC {42-44}. It is well defined

and known that fracture parameters such as critical stress

intensity factor KIC and critical rate of energy release
GIC are material properties. Fracture parameters are

sensitive to pre-existing flaws and micro-cracks. Any change
in the microstructure integrity or soundness may be detected

through the variation of the rate of energy release Cc

value. Fracture specimens were specially designed to be
slender beams with a mid span notch immersed half way
through the beam depth to assure an opening mode type I
fracture failure. Cylinders were cast for compressive
strength determination. All beam groups received thermal

cycling and were tested for fracture toughness Gc. Some

beams were tested after no cycling, while others received
45,90, and 120 cycles. Cycling was extended in three groups
up to 180 cycles and in one case to 210 cycles. Modulii of

rupture of all specimens were determined.
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The second phase took into consideration the permeability
values of the same concrete groups cast. Due to thermal
cycling, micro cracking may spread thr%?gh out the material.
In early stages of thermal cycling, the material might not
lose a considerable amount of strength but it may becomes
vulnerable to other forms of degradation attack. With micro
cracking leading to increased permeability, chloride and
sulphate ingress would increase, speeding up the corrossion
process. Subsequently, the bars undergo volumetric
expansion due to the formation of ferrous and ferric oxides
that accumulate on the bars surroundings. Ccnsequently, the
concrete matrix is over stressed and cracking occurs in the
concrete at the bar surface, decreasing the bond strength of
the reinforcement. These volume changes reach high levels
where cracking reaches the concrete external surfaces,

exposing the reinforcement to direct environmental attack.

Measuring permeability would also present a fairly good
idea about the level of micro cracking occuring within the
material. Cubes along with cylinders were cast for the
previosly mentioned groups. Some cubes would be tested for
permeability directly after they have achieved their full
strength (ie. after 28 days of water tank lab curing). Other
cube specimens would undergo thermal cycling and would be
tested for permeability after 45,90, and 120 heat/cool

cycles. All cylinders would be tested for compression.




12

Some cores would be drilled from reinforced concrete

panels exposed to natural thermal cycling for a duration of

two and a half years and tested for permeability and

compared to referenced non cycled concrete for sake of

comparison. Also, the coefficient of thermal expansion CTE

of local aggregates such as Riyadh, Abu-Hadriyah, and Jabal

Dahran would be determined if not readily available in

literature {45}.

1.4 Objectives

1.

Examine the fracture characteristics of various thermally
degraded concretes.

Investigate the change of permeability in the same group
of thermally degraded concretes as in item 1, togéther
with concrete exposed to natural cycling.

Determine the coefficient of thermal expansion of some
local aggregates such as Abu-Hadriyah, Jabal Dhahran, and
Riyadh aggregate (if not available in literature {451}).
Interpret findings in view of certain known case studies
involving bridge decks in the Eastern Province region,
and develop some recommendations for 1local concreting
practices to suit the regions' prevailing environmental

and climatic conditions.
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BASIC THEORY FOR FRACTURE MEASUREMENTS

2.1 General

Fracture mechanics has evolved recently over the past
sixty years. As a discipline, it is still new and fields of
research are very wide. The concept of fracture mechanics
has been developed lately, although numerous recorded

fracture failures have occured more than a century ago {46}.

2.1.1 Historical Background

In the Middle-Ages after metal working improvement, the
application of metals in structures multiplied profoundly.
Unexpected failures were exhibited and structures in some
cases were found performing unsatisfactorily under normal

prevailing conditions designed for.

In the nineteenth century, metals were widely used in the
fabrication of railway transporting means. At that time lots
of railway accidents resulted in high levels of casualties.
Most of the accidents were a result of derailing caused by
fracture of wheels, axles, or rails. Rarely were these
accidents due to poor design, but'gradually it was realised
that material deficiencies as pre-existing flaws could

initiate cracks and fractures that lead to failure.

The objective then was to produce better materials by

reducing pre-existing flaws through implementing better
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production methods, accordiﬁgly enhancing the metals'
structural performance. This would consequently lower the

risk of failure to more acceptable levels than before.

Another series of accidents occured after the
introduction of weld designs. Fracture failures struck many
ships, bridges, and other structures {47}. It was noticed
that the failures often occured under conditions of low
service stress which seemed to be unexplainable. Extensive
investigations revealed that flaws and stress concentrations
were the cause. Fracture of steel elements was brittle,

accompanied by little plastic deformation.
2.1.2 Fracture Mechanics Evolution

After the second World War high strength materials
invaded the markets and were widely uséd for weight savings.
Also stress analysis methods were developed to determine
local stresses. Accordingly design safety factors were
reduced, resulting in further weight saving but increasing
the vulnerability to fracture failures. Structures designed
in high strength materials have low margin of safety.
Service stresses along with an aggressive environment may
sometimes be high enough to induce cracks particularly if
pre-existing flaws and high stress concehtrations are

present.
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High strength materials have loy crack resistance
(fracture toughness) and the residual strength in presence
of cracks is low. When small cracks exist, high strength
material structures may fail at stresses below the service

stresses designed for.

The occurence of low stress fracture in such materials
induced the development of Fracture Mechanics. Conventional
design criteria are based on strength, stability, and
durability but do not take into consideration the presence
of cracks. Therefore for some cases the conventional design
methods are inadequate, insufficient, and do not serve their
cause. After two decades of development Fracture Mechanics
has become a very beneficiary tool for high strength

material design.




16
2.2 Fracture Within Structures

The concept of fracture in structures is a very serious
problem which conventional design criteria has failed to
solve. In the fracture mechanics philosophy structures are
considered safe if stress intensities at pre-existing
material defficiencies are well below critical fracture
levels when subjected to extreme service loads. Only by
satisfying the above condition, conventional design methods
become sound to implement and apply. Once this condition is
violated, the cracks begin to propagate and deterioration
picks up inertia until failure is reached. The main aim is
to assure low levels of internal stress intensities at
material pre-existing flaws to prevent the initial trigger

of deterioration.
2.2.1 Crack Propagation

Consider a structural element possessing a crack. Due to
repetitive 1loading along with aggressive environmental
attack, the crack will grow with time. The longer the crack
the higher the induced stress intensity, therefore the rate
of crack propagation increases with time and may be
represented by the ascending curve shown (Fig. 2.1). The
presence of the crack reduces the strength of the structure,
and as long as the crack grows the residual strength

simultaneously decreases (Fig. 2.2).
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Fig. 2.1 : Crack propagation with time and cycles
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Fig. 2.2 : Residual strength loss due to the crack
propagation r .
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2.2.2 Deterioration and Failure Phenomenum

As the decreasing residual strength phenomenon caused by
crack propagation proceeds, the margin of safety decreases
and the structure becomes highly liable to sudden fracture
failure. Actually the residual strength keeps decreasing
until the maximum ultimate load the cracked structure can
carry is reduced to the vicinity of the normal service
loads. Then fracture failure directly occurs once the new

ultimate strength is reached or exceeded (Fig. 2.2).
2.2.3 Importance of Fracture Mechanics

Many structures are designed to carry high service loads
that are enough to initiate cracks, especially when pre-
existing flaws and stress concentrations are present.
Consequently designs should antieipate any cracking
possibility. Designer  engineers should maintain the
probability of failure to low acceptable levels during the

structures' whole service life.

For safety ensurance, prediction of how fast the crack
grows and how quick the residual strength decreases are the
objectives of Fracture Mechanics. Literally it is essential
to define the residual strength as a function of crack size,
the critical crack size to be tolerated under expected
service loads, the time of crack growth from an initial size

to the critical size, the permissible size of pre-existing
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flaws, and how often should the structure be checked and

inspected for cracks.
2.2.4 Modes of Fracture

Any crack in a solid can be stressed in three different
modes (Fig. 2.3). Generally structures are stressed in all

three modes but usually a single mode type is dominant.

Mode | (Opening Mode)

Normal stresses result in an opening mode where the
displacement of the crack surfaces are perpendicular to the
crack plane (Fig. 2.3a). The fracture portion of this study

deals only with Mode Type I cracking.

Mode Il (Sliding Mode)
In-plane shear produces a sliding mode where the
displacement of the crack surfaces are in the crack plane

and perpendicular to the crack leading edge (Fig. 2.3b).

Mode [l (Tearing Mode)
Out-of-plane shear causes a sliding mode where the
displacement of the crack surfaces are in the crack plane

and parallel to the crack leading edge (Fig. 2.3c¢).
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Fig. 2.3a

Mode I :
Opening mode

Fig. 2.3b
Mode IT :
< e leading
Sliding mode L —
: L | edge of
p crack
P
Fig. 2.3c

Mode III : P\

Tearing mode

Fig. 2.3 : Modes of fracture
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2.3 Linear Elastic Fracture Mechanics (LEFM) Criteria

Since high strength materials have a low fracture
toughness, they may successfully be treated by .Linear
Elastic Fracture Mechanics (LEFM). The concept is based on
the elastic stress field equations in the vicinity of the

crack tip. Both the stress (KC) and energy (GC) criteria are

developed by 1linear elastic fractufe mechanics, where the
size of the crack tip plastic zone is small compared to the
crack size. Throughout the presented work, linear elastic
fracture mechanics approach will be used and in particular

the energy approach (Gurney Approach) {48}.

In cases where the crack tip plastic zone is of an
appreciable size, corrections need to be made using either
small scale yielding models e.g. Dugdale-Barenblatt {49} or
general yielding models {50} of Elasto-Plastic Fracture
Mechanics.(EPFM). For low strength materials that have high
fracture toughnesses, a large crack tip plastic zone
compared to the crack size exists. Wells {51-52} developed
a new criterion for such cases of low strength materials
based on a crack opening displacement (COD) concept.
Basically it states that crack propagates when a maximum
permissible plastic strain at the crack tip is reached
(which translates into a critical COD). This criterion was

found to be equivalent to both the stress and enerqgy
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criteria in case when LEFM applies. Another very popular
criterion for crack growth in EPFM is the J~-integral

approach {53}.

2.3.1 Stress Criterion (KC)

This criterion deals mainly with the elastic stress
distribution field determined in the vicinity of the crack
tip. The stress criterion aims to calculate the critical

stress intensity factor KIC for mode I fracture which is a

material parameter.
2.3.1.1 Stresses in Crack Vicinity

Consider an infinite plate subjected to a tensile stress
with a crack of length 2¢ in an opening mode (Fig. 2.4). In
the vicinity of the crack tip there exists an elastic stress
field (Fig. 2.5). Stresses in the rectangular coordinate
system in the vicinity of the crack tip are given by the

following equations (1-4).

= oV Tcosli-sinlsin3®
o, =0 Ecosz{l 81n251n2} (1)
J a 0 ... 0 _. 30
= — ~—{1+ _— iy
cy c 2rcosz {1 sin sin 3 . (2)
- oV Lsindcosloosd®
Txy = © 2"sn.nzcoszcos 2 (3)
c,=0 (Condition of Plane Stress)

r 4

(4)
o, = v(ox-l-oy) (Condition of Plane Strain)>—
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Fig. 2.5 : Elastic stress distribution in the
crack tip vicinity
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From these equations étresses may be easily computed at
any position located a distance r from the crack tip with
an angle 0 measured counterclockwise from the x-axis. Note
that the above stress equations possess the variable r in
their denominator, hence a singularity exists as r
approaches zero (at the crack tip, theoretical stresses tend
to infinity). Also as r tends to infinity, the theoretical
stresses approach to zero instead of o (the stress at the
boundary). These elastic stress equations are therefore
valid only for a limited area around the crack tip (Fig. 2.6

& 2.7).

2.3.1.2 Critical Stress Intensity Factor KIC

The stress formulas presented previously may be written
in a more generalized form as shown below.

K

=

where K | = ovna

The factor K, is called the stress intensity factor where

I indicates the mode I type of cracking. The entire stress
field around the crack tip is defined by just knowing the

stress intensity factor K,. Cases having equal stress
/ qu

intensity factors possess similar stress fields.
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Crack extension and propagation occur only when the

stresses and strains reach their critical wvalue.

Consider a failure stress . calculated from a fracture

load. The critical stress intensity factor denoted by K)C

may be expressed as shown below.

KIC = GCJFE (6)

The critical stress intensity factor is a material
parameter and through testing other specimens of the same
material with variable crack lengths, the same value should

be obtained i.e. KIC should be invariant.
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2.3.1.3 Plastic Zone Effect

From the elastic solution, stresses become infinite at
the crack tip which can not possibly occur, therefore
plastic deformation takes place keeping the stress value

finite and not exceeding the yield stress °ys (plane

stress). The stress state through out the plastic zone is
assumed to be yielding, hence the plastic zone range may be

determined considering the plane =0 (Fig. 2.7).

Ky
O'y = o = Gys (7)
P
K2 2
ro = '2 = "2 (8)
2noy$ Zoys

Beyond this pastic zone of range rp the stress field is

elastic and given by LEFM expressions described by the

presented equations (8).

A concept of notional crack may be introduced in order to
simulate small scale yielding {54}, where the notional crack
length is assumed greater than actual crack length to

account for limited plasticity in vicinity of crack tip.
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2.3.2 Energy Criterion (GI)

The energy criterion developed by Griffith 1921 {55}
states that any structural element posseAssing a crack when
subjected to loads sufficient to initiate crack propagation,
release energy along with crack extension. Therefore, its
elastic energy content consequentl_'} decreases, provided no

work is done by external forces at the boundary.

Crack propagation occurs if the energy released upon
crack growth is enough to provide all the energy that is
required for crack growth. Therefore the condition for crack

growth is as follows :

du _ dw
da " da (9)

where U is the elastic energy,

and W is the energy comsumed by crack growth

Usually elastic energy dU/da is replaced by GI which is

called the rate of elastic energy release and the energy
consumed in crack propagation dW/da is replaced by R and
is called the crack resistance. The energy condition states

that GI must be equal to R in order to allow crack

propagation.
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Inglis and Griffith calculated the G, value for the

stress field of an elliptical flaw {56-57}

no-a
G, = 3

(Plane Stress) (10)

where E Is Elastic Modulus

and o Is the stress subjected the plate
and a is the crack length

If R is constant, then Gl must exceed a certain critical
value GIC at which crack extension occurs.

2
no_a

Cic = —F (11)

where G IC Is the critical elastic energy release rate

The equivalence between both the stress and energy

criteria is obvious, after further equation manipulations.

2 2
Ky Kic
- = GI - = GIC (Plane Stress) (12)
K2 K2
—r ¢, _lc__ Gc (Plane Strain) (13)
(1-v®)E (1-v3)E

2.3.2.1 Gurneys' Approach

This energy approach will entirely be used through out
this study, hence special case illustrations are discussed,
regarding compliance and fracture toughness measurements

using the Gurney approach {58-59}.
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It is considered mathematically direct and the physical
explanation involved is much simpler than the stress
intensity factor concept. It is a one-sided crack area

approach where only one side of the crack surface is

considered.

Consider a plate of constant thickness ¢t possessing a
crack of length a. On subjecting the plate to a load P it
exhibits a displacement v. The P-u plot of the loaded body
shows a straight line (for a linear elastic body) . The
compliance (C=u/P) of the body is simply the inverse of the
stiffness (K=P/u). At any instant, the strain energy stored
in the body is directly equivalent to the area under the
loading line. When a certain critical value of load is

reached the crack length a extends an amount Ag.

On considering the behavior of P, v, and a after the

critical loading is reached, the fracture toughness GIC may
be determined. The fracture toughness GIC is defined to be

the energy or work required to produce a unit change in
crack area (also called the rate of energy release) so it

F-L o E
L2

has units of "
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2.3.2.2 Energy Equilibrium Equation

The mathematical formulation of the equilibrium equation
during crack extension under quasistatic loading is

presented by :
dF = dA + dwW (14)
"~ or
AF = AA + AW

dF is work done by external boundary forces
dA is the change in strain energy due fracture loading
dW Is the energy or work done create the fracture surface

Consider the following special cases where both loading

and unloading are totally linear.




Case |: Constant Displacement (Fixed Grip Test)

Linear Elastic Material (Fig. 2.8 )
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(No Plastic Deformation i.e. on unloading one arrives back

at point 0).

The Energy Balance Equation is given by :
dF = dA + dW or AF = AA + AW
where

AF = PAu = 0 (u,=u Au=0)

1 ’

AA

area OBC - area OAC
AA

‘/szu - %P, u = '/z(P?_-Pt)u
AW = GIC AA = GIC tAa (where t is the thickness)

Substituting equations (16,17 & 18) into equation (15)
0 = V‘(Pz_P1)u + GIC tAa

(P,~Pyu P u—P.u

Ci1c = ~otaa T "2t ra
Note that
u = PIC1 = chz and AC = Cz—C1

Substituting into equations (21) into equation (20)
PP C -PIPZCI _ PIP,_ (Cz—Ci)

G - 1 272 -

IC 2t Aa 2t Aa
G... = PiPa ac - PP dc

o 2t Aa 2t da

Equation (23) is valid for a linear elastic material.

(15)

(16)

(17)

(18)

(19)

(20)

(21)

(22)

(23)




LOAD (P)

u1=u2=u

DISPLACEMENT (u)

Fig. 2.8 : Case of constant displacement with no
’ plastic_deformation (Fixed Grip Test)
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Case |ll: Constant Load

Linear Elastic Material (Fig. 2.9)
(No Plastic Deformation i.e. on unloading one arrives back
at point 0).

The Energy Balance Equation is given by :

dF = dA + dW or AF = AN + AW (24)
where

AF = PAu = P(uz—ul) . (25)
AA = area OBC - area OAD

AN = '/zPuz - '/zPu1 = %PUQ‘WQ) (26)
AW = GIC AA = GIC tAa (where t is the thickness) (27)

Substituting equations (25,36 & 27) into equation (24)

P(uz—ui) = V’P(uz""ﬂ) + GIC tAa (28)
Plu,—u)) Pu_—Pu :
G - 2 1 = 2 1 (29)
IC 2t Aa 2t Aa
Note that
u, = PC1 and u, = PCz (30)

Substituting equations (30) into equation (29)

2 2 2
. P*c,-P*Cc,  P*C,-C))

Ic ~ 2t Aa N 2t Aa (31)
_ P® AC _ P? dcC
Gic = 2t Aa 2t da (32)

Equation (32) is wvalid for a linear elastic material.
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P1=P2=P

&
g
——
DISPLACEMENT (u)
Fig. 2.9 : Case of constant load with no plastic

deformation




Case lll: Variable Displacement and Load
A More General Case

Linear Elastic Material (Fig. 2.10)
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(No Plastic Deformation i.e. on unloading one arrives back

at point 0).

The Energy Balance Equation is once again given by :

dF = dA + dW or AF = AN + AW
where

AF

PAu = (P, +P2)(uz—u1)

AF = “(P u,+P,u,~P u —-P,u)

AA = area OBC - area OAD

AA = ‘/szuz - %P u = “(P,u,-P,u,)

AW = GIC AA = G jc tAa (where t Is the thickness)

(33)

(34)

(35)

(36)

Substituting equations (34,35 & 36) into equation (33)

‘/z(P1u2+Pauz—P1u1—P2u1) = l/z(P?_uz—Piul) + GIC tAa

- (Piuz—qui)

Cic 2t Aa

Note that

u, = P1C1 and u, = cha and AC = C?_—C1

Substituting equations (39) into equation (38)

G... = P,P,C,-P,P,C, - P,P,(C,—C))
IC 2t Aa 2t Aa

G - P1Pz AC _ P1Pz dC
Ic 2t Aa 2t da

Again, this equation (41) is for a linear elastic

(37)

(38)

(39)

(40)

(41)

material.
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DISPLACEMENT (u)

Fig. 2.10 : Case of variable load and displacement
with no plastic deformation
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Case 1V: Variable Displacement and Load
The Most General Case
Partially Plastic Material (Fig. 2.11)
(Plastic Deformation is allowed i.e on unloading one does
not arrive at point 0).
The Energy Balance Equation is also given by :
dF = dA + dWw or AF = AN + AW (42)
where

AF = PAu = ‘/z(P1+Pa)(u2—u1)

AF = vuPluz+P2u2—P1u1—Pau1) (43)
AA = area EBC - area OAD

AA = '/sz(uz—Aap) - '/zPlu1 = %(Pa“a_P1"1)~ (44)
AW = GIC AA = CIC tAa (where t Is the thickness) (45)

Substituting equations (43,44 & 45) into equation (42)

AP U, +Pu,~Pu —Pu ) = APU,~Pu —P,AS ) + G, tha (46)

P)
(Pluz-—qu1 —P2A5p)

GIC = 2t Aa (47)
Note that
u, = P,C, and wu, = PZC2+A5p and AC = C,-C, (48)

Substituting equations (48) into equation (47)
_ P1P2C2+P1A5p—P1P2C1 +P2A8p ] PlPa(Cz—C1)+(P1 +P2)A8p
IC 2t Aa 2t Aa

(49)

6. = FiPa ac P.*Py 83, PP, dc , (Pi*Py) d5,

Ic 2t Aad 2t Aa 2t da 2t da (50)
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LOAD (P)

DISPLACEMENT (u)

Fig. 2.11 : Case of variable load and dlsplacement
with plastic deformation
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Equation (50) shows the critical rate of elastic energy
release possessing both elastic and plastic contributions

and as given by Wecharatana and Shah {60-61}.
2.3.2.3 Suitability For Concrete

The application of Linear Elastic Fracture Mechanics LEFM
criteria and in particular the Gurney energy approach to
concrete was found to be satisfactory considering the
following assumptions. |
l. Concrete is considered to be an inelastic material and

therfore equation (50) as given by Wacharatana and Shah

{60~61}, was thought to be appropriate for measurements

of critical energy release rate.

2. Concrete is assumed to behave linearly during an

incremental loading and unloading cycle.
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PERMEABILITY AS A DURABILITY MEASURE

3.1 General

Durable concrete is that which withstands conditions
designed for, with a tolerable 1level of deterioration,
throughout its service life. Deterioration of concrete is
due to both external and internal causes. External causes
may be due to physical, chemical, and mechanical aggencies.
Internal causes may be due to aggregate-alkali reaction,
volume changes due to thermal incompatability of concrete

components, and the permeability of concrete {36}.
3.2 Definition of Permeability

Permeability of concrete is defined to be the acceptance
of concrete to fluid penetration. Impermeable concretes have
a tendency to resist fluid ingress while permeable concretes

have less resistance {36}.
" 3.3 Importance of Permeability to Durability

Permeability of concrete is of great importance since it
determines the vulnerability of concrete to external
agencies. Therefore durable concretes must be relatively
impervious in character, especially in areas of severe and
aggressive environmental and climatic conditions, namely the

Arabian peninsula.
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As previously mentioned, the environment of the soil
surrounding substructures possesses high sulphate and
chloride salt concentrations, that are highly soluble in the
presence of water. These soluble salts can form a component

of an aggressive external attack.

Immediately after the salt penetration of concrete,
reinforcement corrosion starts and subsequently volumetric
changes occur due to both steel rusting and successive salt
crystallization. The concrete hardened paste within the
matrix becomes over stressed, hence producing more micro

cracks.

Accordingly, the permeability increases, causing the

concrete to become more vulnerable to external damaging
agencies. Climatic conditions are also such that high daily
and seasonal temperature variations are often exhibited. The
concept of TICC comes into view where it also affects the
durability. Relatively impermeable concretes may become
highly permeable due to thermal incompatability of concrete

constituents TICC over a period of time.

Due to high temperature variations, any concrete that
possesses thermally incompatible components becomes over
stressed and micro cracking increases throughout the
material, causing the permeability to increase to higher

levels.



43

Consequently previously impermeable concretes become
permeable and their wulnerability to attack by external
agencies increases profoundly. Therefore their durability is

considerably lowered.

Measuring the permeability of thermally cycled concrete
in this study would present a fair idea about the amount of

damage caused due to increased cracking within the concrete.

3.4 Pores in the Hydrated Cement

The pores in the micro structure of the hydrated cement
paste determine its permeability. Fresh cement paste
consists of a plastic network of cement particles in water

that solidify, preventing any further volume changes.

The hardened cement paste consists of hydrates of various
compounds that are refered to collectively as gel of calcium
hydroxide crystals, some minor components, unhydrated
cement, and the residue of water filled spaces in the fresh
paste that form voids when dried out. The voids are called
capillary pores, but within the gel itself there exists
interstitial voids called gel pores. The permeability of
concrete depends on the intensity, size, distribution, and

continuity of such pores which express the porosity of the

material {36}.
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Mainly, capillary pores are of dgreater influence to
permeability than gel pores. Capillary pores are much larger

in size than gel pores, having an estimated size in the
order of 1.3 p (1.3x10'6 m) , while the size of gel pores is

estimated to be in the order of 20 A (20x10'” m) which is

only one order greater than a single water molecule {36}.

3.4.1 Capillary Pores

At any stage of hydration, the capillary pores represent
the portion of the gross volume that has not been filled by
the products of hydration. With the progress of hydration,
the capillary pores are reduced by getting filled in by the
gel matter. Hydration increases the solid content of the
paste and in mature and dense pastes, capillaries may become
blocked by gel and segmented so that they turn into

discontinuous capillary pores interconnected only by gel

pores {62}.

The volume of gel is not sufficient to fill all the
capillary voids even after complete hydration has occured.
Therefore capillaries must be present in any concrete, but
it varies in intensity, size, distribution, and continuity,
depending on the methods of concrete production followed.
The capillary porosity depends generally on the w/c ratio
and the degree of hydration {36}.
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3.4.2 Gel Pores

Gel pores are interconnected interstitial spaces between
gel particles. The gel is considered porous due to the
capacity of the gel pores in retaining large amounts of
evaporable water. These gel pores are much smaller than
capillary pores and their size is only one order dgreater
than the size of a single water molecule. Therefore the
movement of water through the gel material is very difficult
to an extent that the gel pores barely contribute to the

permeability of the concrete.

Capillary pores present the major contribution to
permeability due to their special capillarity
characteristic. Gel pores occupy 28 per cent of the total
volume of gel material after solidifying {63}. As hydration
proceeds the volume of gel material increases and the
associated gel pores consequently ' increase. Consequently,
the capillary pores get partially filled with the surplus
gel material, decreasing the number, size, and continuity,
of the capillary pores therefore enhancing the permeability

to a lower value {36}.
3.5 Fabricating Impermeable Concretes

From the discussion of both types of pores along with the
filling gel material, there is one approach to take in order

to produce relatively impermeable concrete. This may be
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acheived by using a low w/c ratio in the mix, that produces
‘the largest amount of gel material to fill the vast majority
of capillary pores, hence arresting the permeability to very
low levels. Also assuring complete hydration is of equal
importance, which is achieved by using improved curing
methods such as steam curing. This is due to the fact that
the gel matter increases in volume with the progress of

hydration {36}.
3.6 Factors Affecting Permeability

Permeability of concrete is affected by various factors.
Since permeability depends mostly on the intensity, size,
distribution, and continuity of capillary pores rather than
gel pores, it is highly affected by the degree of hydration
or age of concrete. This is due to the formation of more gel
material that clogs the capillary pores and hence decreases
their intensity, size, distribution, and continuity,
resulting in a consequent rapid decrease in permeability.
Using steam curing lowers the permeability of the‘produced
concrete, where a higher degree of hydration is achieved at

earlier ages {36}.

Permeability is also greatly affected by the cement
content where the lower the w/c ratio, the 1lower the
permeability coefficient. The cement property is another

important factor, so fine cements used in the mix produce
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less porous cement pastes while coarse cements produce
highly porous pastes, but in general high strength concretes

possess lower permeability coefficients.

Aggregates too, have a role in concrete permeability
where highly permeable aggregates used within the mix may
" increase the overall permeability coefficient. On the other
hand, aggregates of very low porosity may arrest the overall

permeability to lower levels.
3.7 Permeability as Compared to Absorption

It was decided to measure the permeability of concrete
using the German Standard Code.. Specification (DIN) {64}
since the American Standards for Testing Materials (ASTM)
lacks such a test for concrete. Measuring the absorption by
ASTM was not used due to the reason fhat widely different
results are obﬁained when measuring the absorption of
concrete and hence the test results are considered

inconsistent.

The method of measuring absorption according to the
American Standards of Testing Materials (ASTM) {65} is
dictated by drying the specimen to a dry constant weight,
then immersing it in water till complete saturation is
achieved after which its increase in weight is calculated.
The absorption is the increase in weight as a percentage of

the specimen's dry weight.
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The reason the absorption is not consistent when
successively measured is that drying of the specimens at
ordinary temperatures does not remove all the contained
water, whilst on the other hand drying the specimens at high
temperatures may remove some of the combined water.

Absorption therefore is not used as a measure of concrete

quality.

The measure of permeability is considered indeed more
consistent where specimens are dried at ‘ordinary
temperatures, then placed in the permeability test machine
where water is forced under pressure to penetrate the

specimen from bottom to top (Fig. 3.1).

The pressure is applied for a duration of four days where
the water pressure is held at 1 bar for the first two days,
then it is increased to 3 bars on the third day and finally
to 7 bars on the fourth day. After the four days, the test
specimen is directly split by applying compression to the
specimen while placed between two steel bars e.g. as in a
split tension test. The maximum depth of penetration of
water is taken to be the permeability wvalue of that

specimen.
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" (10) Pressure Dial Gage

(20) Compressor Pressure Dial Gagds

Fig. 3.1 :

Permeability machine diagram
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EXPERIMENTAL METHODOLOGY

4.1 General

The work presented tends to detect the deterioration of
various concretes, that possess a thermal incompatibility of
concreté constituents (TICC) problem. Local types of
aggregates used in the mixes such as Abu-Hadriyah, Jabal
Dhahran, and Riyadh aggregate have low coefficients of
thermal expansion as compared to that of the hardened cement
paste. All various concrete groups cast GREFC ,GRYDC ,GJDHC
,GSMXC ,GSWDC ,GSRTC ,GSPLC ,and GLTXC (Table 4.1) were
subjected to thermal cycling prior to being tested. Thermal
cycling was meant to simulate diurnal and seasonal
temperature changes and accelerate the concrete

deterioration process.

Some different concrete groups cast considered variables
6ther than the aggregate type, such as the coarse/fine
aggregate ratio of the mix, and the addition of admixtures
to the mix. Others considered identical concrete groups
subjected to different conditioning such as alternate

wetting and drying, and support restraint.

The entire study consisted mainly of two major phases.
The first phase dealt with the determination of the fracture
characteristics of the various thermally cycled concretes

cast.
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The second phase involved study of permeability values of
the same concrete groups referred to above in addition to
permeability of cores drilled from reinforced concrete
panels exposed to natural thermal cycling over two and a
half years plus their control groups GC, GS50, GS45, and
GS40 (Table 4.2). The coefficient of thermal expansion of
Riyadh aggregate was also found while the coefficient of
thermal expansions of other aggregates used were obtained

from reference {45}.

Explanation of the process of fabrication and production,
curing and cycling, and preparing and testing of both
fracture and permeability specimens along with the
coefficient of thermal expansion of Riyadh aggregate are
presented later on in this chapter. Both fracture and
permeability data would be utilised fér the interpretation
of the level of deterioration of the various thermally

degraded concretes.
4.2 standard Specifications Used

Standard specifications were followed throughout the
thesis. The ASTM Standards were used in (i) selection, and
preparation of concrete materials (cement, aggregates,
admixtures, etc) and (ii) in the process of fabrication,
production, conditioning, preparation and testing of

concrete specimens.




Table 4.2 : Details of cored concrete specimens
Group Curing Cores w/C Super Plasticizer
ID Method ID Ratio (L/50 Kg Cement)

GCl G
Good
GC2 G
GC 0.57 None
GCl1l B
Bad
GC2 B
Good GS50 G
GSS50 0.50 0.60
Bad GS50 B
Good Gs45 G
Gs45 0.45 0.75
Bad GS45 B
Good GS40 G
GS40 0.40 1.00
Bad GS40 B

Curing Method :
1. Good :

Covered with burlap and watered twice

daily for 7 days then left uncovered
for the remaining 21 days.

2. Bad : Covered with burlap and watered only
once on the first day then uncovered
and left for the remaining 27 days.

Super Plasticizer COMPLAST M1 was used.
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The German Standards (DIN) were used in conducting the
permeability test on the concrete specimens due to the lack
of such a test suitable for concrete in ASTM Standards. A
summary of the standard specifications along with a brief

one-line description is presented (Table 4.3).

4.3 Variables Considered

The variables considered in this study may either be
classified as being either favourable or unfavourable with
reference to durability of concrete. Favourable variables
are those that retard the rate of TICC deterioration to low
levels such as, the use of a superior type of aggregate
within the mix, the addition of admixtures to the mix, or a
well graded aggregate mix design. Unfavourable variables are
those which accelerate the rate of TICC deterioration to
high levels such as, the use of an inferior type of
aggregate within the mix, or a unifomly graded aggregate mix
design. The following section and its subsections discuss

each variable separately.
4.4 Details of the Different Groups Cast

The mix proportions of the two mixes used in the design
of groups GREFC, GRYDC, GJDHC, GSMXC, GSWDC, GSRTIC, GSPLC,
and GLTXC are presented (Tables 4.4 & 4.5). A summary of all
the above mentioned groups with specific features (rather

than the mix proportions) is also given (Table 4.6).
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Table 4.3 : Standard specification summary
Code Description
ASTM
Cement :
C 150-85 Specification for Portland Cement
C 183-83 Methods of Sampling Hydraulic Cement
C 219-84 Terminology Relating to Hydraulic Cement
Rel. Mat. Manual of Cement Testing
Aggregate :
C 33-85 Specification for Concrete Aggregates
Cc 75-82 Practice for Sampling Aggregates
C 125-82 Definition of Terms (Concrete & Aggregates)
C 136-84 Sieve Analysis of Fine & Coarse Aggregates
C 702-80 Reducing Field Samples of Agg. to Test Size
Rel. Mat. Manual of Aggregate and Concrete Testing
Concrete :
C 39-84 Compressive Strength of Cylindrical Specimens
C 42-84 Obtaining and Testing Drilled & Sawed Specime
C 78-84 Flex. Strength of Concrete (3-Point Loading)
C 143-78 Slump of Portland Cement Concrete
C 171-69 Specification of Sheet Materials for Curing
C 172-82 Sampling Freshly Mixed Concrete
C 192-81 Making & Curing Concrete Specimens in the Lab
C 293-79 Flex. Strength of Concrete (Mid-Point Loading)
C 341-84 Length Change of Drilled or Sawed Specimens
C 470-81 Specifications for Forming Concrete Cylinders
C 494-82 Specifications for Chemical Admixtures
C 617-85 Capping Cylindrical Concrete Specimens
C 873-85 Compressive Strength of Concrete Cylinders
Rel. Mat. Metric Practice Guide

DIN (FRG ST)

DIN 1048

Permebility of Concrete Cube Specimens




Table 4.4 : Proportions of Mix No.l (C/F Agg.=1.5)
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Components Percentage of Total Dry Weight
Cement 17.0
Aggregates
Coarse 3/4" - 1/2" 15.0
1/2" - 3/8" 15.0
3/8" - No.4 20.0
Fine Dune Sand 33.0
Water/Cement Variable
Admixture Variable
Remarks :

Cement Type (Portland Cement Type I)

Coarse Agg. (Abu-~Hadriyah, Riyadh, and Jabal Dhahran)

Fine Agg. (Dune Sand from Dhahran)

Admixtures (Super Plasticizer, and Latex)

Coarse/Fine Agg. ratio was 1.5
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Table 4.5 : Proportions of Mix No.2 (C/F Agg.=0.5)
Components Percentage of Total Dry Weight
Cement 17.0
Aggregates

Coarse 3/4" - 1/2" 8.3

1/72% - 3/8" 8.3

3/8" - No.4 11.1

Fine Dune Sand 55.3

Water/Cement 0.64

Admixture None
Remarks :

Cement Type
Coarse Agg.
Fine Agg.

Coarse/Fine

(Portland Cement Type I)
(Abu~Hadriyah)
(Dune Sand from Dhahran)

Agg. ratio was 0.5
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The mix design of the cored specimens and the referenced
concrete groups GC, GS50, GS45, and GS40 is presented (Table
4.7). This mix design was used after being obtained from
reference {66}. A summary of the four concrete groups
mentioned above is presented along with the associated w/c

ratio and amount of added super plasticizer (Table 4.8).
4.4.1 Aggregate Type

Three types of local aggregates available in the eastern
province of Saudi Arabia were used in groups GREFC, GRYDC,
and GJDHC, namely (i) Abu-Hadriyah (ii) Jabal Dhahran and
(iii) Riyadh aggregate. These groups of identical nmix
designs were cast each, containing one of the above
mentioned aggregate types (Tables 4.1). Due to the
difference in water absorption of the three aggregates,
variations in the water/cement ratios of the mixes were
required in order to maintain a three inch slump value.
Abu-Hadriyah aggregate was the reference type of aggregéte
used when considering variables other than aggregate type.
The three concrete groups were subjected to thermal cycling
in order to accelerate the damage caused by TICC.
Subsequently the specimens of the groups would be tested
both for fracture and permeability characteristics.
Comparison of the resulting data would allow the

determination of the superior performing aggregate type.




Table 4.7 : Proportions of Mix No.3

(Mix Design of Cores)
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Components Percentage of Total Dry Weight
Cement 21.0
Aggregates
Coarse 3/4" - 1/2" 41.0
/2" - 3/8" 8.0
3/8" - No.4 6.0
Fine Dune Sand 24.0
Water/Cement Variable
Admixture Variable
Remarks

Cement Type (Portland Cement Type I)

Coarse Agg. (

Abu~Hadriyah)

Fine Agg. (Dune Sand from Dhahran)

Admixture (Super Plasticizer COMPLAST M1l)
Table 4.8 : Special features for the cored groups
Group ID W/C Ratio Super Plasticizer

(1/50Kg Cement)

GC 0.57 ————

GS50 0.50 0.60

Gs45 0.45 0.75

Gs40 0.40 1.00
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4.4.2 Mix Design

Two mix designs were used for groups GREFC, and GSMXC,
where the type of aggregate used was Abu-Hadriyah aggregate
(Table 4.1). The reference Abu-Hadriyah aggregate mix
(GREFC) possessed a coarse/fine aggregate ratio of 1.5 while
the second mix (GSMXC) was more or 1less sandy in nature
possessing a coarse/fine aggregate ratio of 0.5.
Accordingly, the water/cement ratio of the second mix was
greatly increased to obtain an initial slump of three
inches. This increase in the water/cement ratio was due to
the vast increase in the specific surface area of the mix
due to the presence of more fine particles. The reference
mix of a coarse/fine aggregate ratio of 1.5 was used when
considering other wvariables.

4.4.3 Admixtures

Two chemical admixtures locally available in the ma;:ket,
latex and super plasticizer, were used in making sample
groups GLTXC, and GSPLC respectively (Table 4.1). Addition
of admixtures to the mix enhanced the concrete strength
property. By increasing the workability of the mix, the
water/cement ratio required to achieve a three inch initial
slump was subsequently decreased. Also latex and super
plasticizer concretes had the tendency to pick up strength

at early ages faster than ordinary concrete.
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4.4.4 Wetting and Drying

Another group (GSWDC) identical to the reference Abu-
Hadriyah aggregate group (GREFC) having a coarse/fine
aggregate ratio of 1.5 was cast (Table 4.1). During the
regular thermal cycling of the fracture beam specimens, a
single wet/dry cycle per each heat/cool cycle was carried
out. Specimens were to be heated for six hours then cooled
for another six hours, after which they would be immersed in
water for the remaining twelve hours of the day. From
comparison of the data of both unsoaked and soaked groups,
the influence of presence of moisture during thermal cycling

on the durability of concrete may be obtained.

4.4.5 Support Restraint

A third group (GSRTC) identical to ‘the reference concrete
group (GREFC) of Abu-~Hadriyah aggregate with a coarse/fine
aggregate ratio of 1.5 was cast (Table 4.1). In this group
the fracture beam specimens were subjected to thermal
cycling while gripped at the supports by being placed in a
bolted steel frame (Fig. 4.1). Strains at the notch tip
were monitored by means of a portable data logger and an
initial strain of 40 y mm/mm was to be maintained on both
sides of the beam (Plate 4.1). The influence of restraint
in the form of a "prestress" on the durability of concrete

specimens was detected by comparing both groups.
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4.5 Fracture Phase

This phase deals with the determination of the fracture
characteristics of the various concretes discussed earlier
in this chapter. Fracture toughness parameter in the form of

critical elastic energy relaese rate GIC of the cast

concrete specimens is obtained. The next subsections
explain and illustrate the processes of fabrication,
casting, curing, cycling, preparation, and testing of the

concrete specimens. The modulus of rupture MR of each

specimen is also determined.

4.5.1 Fabrication

Two types of specimens were made, beams and cylinders.
The beam specimens were 2"x5"x45" especially dimensioned to
be slender to assure sufficient flexibility of specimen in
order to facilitate in measurement of compliance and ensure
stable fracture. It would have been preferable to have used
larger sized beams in order to render fracture parameters
size independent, but +the constraint of oven dimensions

limited the beam size.

The specimens were configured so as to have a notch
located at the mid span (Plate 4.2). The notch was immersed
half way through the beam depth a distance of 2.5 inches at

a ninety degree angle, from the top surface of the beam

(Fig. 4.2).
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Dimensions and details of beam specimens
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The purpose of the notch was to simulate an initial pre-~
existing crack and to force the beam to fail at that
location during the three point loading test. Cylinder
specimens were dimensioned 3"x6" for compressive strength

determination.

4.5.2 Casting

Plywood beam molds were fabricated by the mechanical
workshop and steel cylinder molds were used. Both beam and
cylinder molds were well oiled and notches were greased
prior to casting in order to ease demolding. All beam and
cylinder specimens of each concrete group were cast in
duplicate. Beams and cylinders were cast in two layers each
approximately 2.5 inches thick. Each layer received
sufficient vibration using the laboratory vibration table,
assuring the extraction of most air bubbles, in order to
produce a good quality, dense concrete. E’inally beams and
cylinders were troweled off to obtain a reasonably good
surface finish, after which they were then covered by
plastic sheets to prevent escape of water by evaporation.

All specimens were directly demolded two days after casting.

4.5.3 Curing

Concrete beam and cylinder specimens were cured, after
being cast and surface finished, for two days covered by

plastic sheets. Specimens were then demolded and curing was
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further carried out for 28 days more, being immersed in
potable water laboratory tanks. At the end of the curing
period, specimens were removed from water tanks and left out
to dry within the lab at ambient room temperature, before

being subjected to thermal cycling.

4.5.4 Thermal Cycling

Only beam specimens were subjected to thermal cycling.
Cylinders were left uncycled and tested in compression later
on. Four beams in each group were left uncycled and to be
tested used as control groups while six beams were cycled up
to 45, 90, and 120 cycles before being tested. Groups GJDHC,
GSWDC, and GLTXC each had two extra specimens that were
cycled up to 180 cycles, while for group GSWDC thermal
cycling was extended to 210 cycles for two more specimens.
The thermal cycling decided upon was of a more or less
realistic nature as compared to the daily and seasonal
natural climatic conditions prevailing through out the year
in the Eastern Province region. All specimens to be cycled
were stacked in the laboratory oven, where the temperature
was raised to 80 degree Celsius for a duration of six hours
to heat up the specimens. Subsequently, the oven was shut
off and then the doors opened and specimens allowed to cool
down to room temperature (approximately 27 degree Ceisius)

by means of directed moderate speed fans (Plate 4.3).
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This cycle was repeated twice daily for all groups except
group GSWDC, where the thermal cycle mentioned above was
followed by 12 hours of specimen soaking in water, and hence

one cycle was achieved per day.
4.5.5 Preparation for Testing

Fracture beam specimens were to be tested for fracture
toughness by being 1loaded under three point bending.
Positions of the end supports were filled off smoothly to
aid the beam leveling during the test. The notch was neatly
finished horizontal to the beam base by a thin steel saw
blade. Crack detection at the notch location was performed
by using a fluorescent dye that glowed when exposed to ultra
violet (UV) 1light. Using the fluorescent dye on the beam
surface showed the beam crazing at the sides and therefore
the detection of the leading crack was indeed difficult.
Therefore, there was a need to prepare an absorbent media
ahead of the notch through out the beam depth on both sides
of the beam, to cover up the crazing on the beam sides and
ease the visibility of the leading crack during crack
propagation. The absorbent media was prepared by dissolving
a small amount of gypsum in water till a thin milky color
was achieved. The solution was then spread and left to dry
on the intended concrete surface, leaving a thin
transluscent gypsum layer that easily broke along the crack

during its propagation.
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After the gypsum layer had completely dried it was
slightly filled off by ones finger tips to achieve a smooth
surface texture. On exposing the gypsum treated beam notch,
sprayed by fluorescent dye, to ultra violet light, locations
where the crack had propagated showed a higher intensity of
.glow and hence the crack detection was simple and easily
carried out (Plates 4.4 & 4.5). Cylinder specimens were
capped at the rough troweled surface with bituminous
material to allow uniform stress distribution during

compression testing.
4.5.6 Testing

Each‘beam specimen was subjected to two types of tests.
After breaking the beams while determining the fracture
toughness by the three point bending test, the two halves
were each subjected to flexure under four point bending to
determine the modulus of rupture of the specimen. Following
are the details of the fracture toughness test and the

modulus of rupture test.
4.5.6.1 Fracture Toughness Test

After preparing all beam specimens for testing as
mentioned previously,leach beam to be tested was mounted on
a steel rigid frame placed on the Instron machine 1196. The
beam was well levelled, plumb, and centered under the

loading drum of the Inston machine (Plate 4.6).



1\

Plate 4.6 : Instron 1196 maéhine with béam set up

Plate 4.7 : Beam set up with extensometer attached
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An LVDT (Linear Variable Differential Transducer) or an
extensometer was attached to a small rigid right angle plate
connected to the beam side for measuring the deflection
during both the loading and unloading processes (Plate 4.7).
Both the load cell and the extensometer were calibrated to
the required scale for plotting the load-deflection history
(P-u plot) of the specimen (Fig. 4.3). The maximum load and
deflection were set to be 1.0 KN and 1.5 mm respectively,
while the loading rate was kept constant throughout the test

at 0.5 mm/sec.

The fluoresent dye spray bottle, ultra violet lamp,
lenses, and other accessories were close at hand, then
lights were dimmed and the specimen was ready for testing.
The loading w&s started and the P-u plot showed an increase
in load (P) with a consequent increase-in deflection (u). At
the point on the P-u plot, where the load leveled off and
started to decrease, the crack started to propagate from its
previous initial value. At that instant, the loading process
was paused till the crack extension was marked. At the same
time, the fluorescent dye was sprayed on both sides of the
beam on the white gypsum layer prepared ahead of the notch.
By exposing the region sprayed by fluorescent dye to ultra
violet light using the UV lamp, the crack was easily visible
and the crack extension on both sides of the beam was

marked.
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After marking the crack on both sides of the beam the
specimen was unloaded and the beam exhibited a permanent
deflection that was clearly shown on the P-u plot. Both the
crack extension and permanent deflection was caused during
the first loading/unloading cycle. Other cycles were run
using the same procedure mentioned above. When the peak load
of any cycle decreased to about 15 per cent of the peak load
of the first load cycle, the specimen was loaded till it
broke into two halves. The successive extended crack
lengths of all cycles were recorded from both sides of the
beam. Then each half was tested under four point bending for

modulus of rupture values.
4.5.6.2 Modulus of Rupture Test

Each half was marked and prepared for the flexure test
under four point bending. The specimen was leveled and
centered on the Toni Pact 3000 machine (Plate 4.8 & 4.9).
The specimen was loaded at a rate of 2.7 KN/sec till it
.broke, and the maximum failure load was recorded, then the

modulus of rupture MR determined. Specimens that broke at

locations outside the middle third were discarded.
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Plate 4.8 : Toni Pact 3000 machine

“Plate 4.9 : Four
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4.6 Permeability Phase

This phase considered the evaluation of the permeability
values of the various concretes, including those that were
cast and those that were cored. The permeability expressed
by the maximum depth of water penetration through the
specimen according to the German Standard test (bIN 1048)
was evaluated for both uncycled and cycled concrete
specimens. The following subsections explain the processes

of fabrication, casting, curing, cycling, preparation and

testing of specimens.

4.6.1 Fabrication

Three types of specimens were used: cubes, cylindrical
cores, and cast cylinders. Cubes were 6"x6"x6", cores
6"x6", and cylinders 3"xg" in dimension. Eight 6" cubes
were cast for every group of GREFC, GRYDC, GJDHC, GSMXC,
GSPLC, and GLTXC. Ten 6" diameter cores were drilled by
means of an electric driven Hilti core driller from
reinforced concrete slab panels located at the laboratory
exposure site (Plate 4.10). Four groups GC, GS50, GS45, and
GS40 of reference uncycled concrete cube specimens were made
of the same mix design as the drilled cores. All cubes and
cores were tested for permeability while cylinders were

tested for compressive strengh.
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4.6.2 Casting

Both cube and cylinder specimens were cast in steel
molds. Molds were well oiled to ease the demolding process.
Materials of the various mixes were weighed, first
thoroughly mixed dry, then the required amount of water was
added in small quantities at three to four intervals. The
contents were left +to agitate in the mixer till a
homogeneous cement paste covered all coarse aggregate
particles. A slump test was taken directly after mixing.
The cubes and cylinders were cast in the molds in two equal
layers of approximately 3 inches thick. Each layer was
sufficiently vibrated till most of the -air bubbles escaped
from the surface of the fresh concrete. The last layer was
then trowelled off smoothly and plastic sheets were used to
cover up the trowelled surface preventing water evaporation
from the concrete surface. Both cube and cylinder specimens

were demolded two days later.
4.6.3 Curing

All cube and cylinder specimens of groups GREFC, GRYDC,
GJDHC, GSMXC, GSPLC, and GLTXC were left in their molds
covered by plastic sheets for two days, after which they
were demolded. Curing was commenced immediately after
demolding, and specimens were'immersed in laboratory water

tanks for another 28 days. Then they were removed from the
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water tanks and left to dry for another two days in ambient
room temperature in the laboratory. Cube specimens were then
ready for cycling while cylinders were ready for compression
testing. For groups GC, GS50, GS45, and GS40, cube and
cylinder specimens were demolded after two days. Two cubes
and two cylinders of each of the above four groups received
good curing by being covered with hessian burlap that was
watered twice daily for a duration of seven days, then they
were uncovered and left exposed for the remaining 21 days of
curing. The other two cubes and two cylinders received bad
curing where they were covered with burlap and watered only
once on the first day immediately after being demolded, then
they were uncovered and left exposed for the remaining 27
days of curing. The curing regimes were selected in order
to match the curing of the reinforced concrete slabs at the
exposure site, according to casting details as reported in
the Progress Report of the National Bridge Deck Cracking
{661}.

4.6.4 Thermal Cycling

Only six of eight cuﬁes from every group of GREFC,
GRYDC, GJDHC, GSWDC, GSRTC, GSPLC, and GLTXC were cycled in
the laboratory oven, while all four cubes of eacﬂ group of
GC, GS50,- GS45, and GS40 were uncycled and tested for
permeability directly after curing. The six cubes were

cycled so that each two received 45,90, and 120 thermal
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cycles, before permeability testing. Cube specimens were
placed in the oven and heated up to 80 degrées Celsius for a
duration of six hours. The oven then was shut off and the
doors opened, then xﬁoderate speed fans were directed to cool
the specimens down to room temperature (approximately 27
degrees Celsius) for another six. hours. The heat/cool cycle
mentioned was repeated twice daily for all cube specimens
till the specified number of cycles was achieved, afterwhich

they were removed from the oven and tested for permeability.

The naturally cycled core samples were taken from
reinforced concrete slab panels left outside in the
laboratory exposure site (Plate 4.11). These slab Panels
were cast two and half years ago {66}. Since then, natural

thermal cycling of the core specimens has taken place.

4.6.5 Preparation for Testing

Only core specimens had to be treated before being
subjected to permeability testing. The sides of the core
.Specimens were very porous therefore leakage occured and the
water pressure of the permeability test machine could not be
constantly maintained throughout the test. Hence there was a
need to confine the sides with a material that sustained the
pressure allowing the water to penetrate through the
specimen and not leak from its sides. A pressure re‘sistant

epoxy resin putty was used and all core specimens were
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covered on the sides by a homogeneous thin layer that
clogged up all leaking areas. The cores were then subjected
to permeability testing after the epoxy resin had finally

set and achieved full strength.

Cube specimens that were cast in steel molds were
impervious due to the formation of a smooth dense cement
paste layer at the sides caused during the vibration
process. Cylinders were capped by a bituminous material to
allow wuniform stress distribution during compression

testing.
4.6.6 Testing

All cubes and cores were subjected to permeability
testing, while cylinders were crushed for compressive
strength determination by use of the Toni Pact 3000 machine

in the lab.
4.6.6.1 Permeability Test

Cubes and core specimens were placed in the permeability
test machine compartments between the rubber gaskets
connected to the upper and lower steel plates (Plate 4.12).
The purpose of the rubber gaskets is to prevent any water
leakage from the bottom side of the specimen. The
compartment valves were turned to the open position and the

water level rose till it came in contact with the specimen.




Plate 4.12

: Permeability test machine with

cube specimens
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All nuts were tightened well and approximately an equal
amqunt of torque was applied to each nut, maintaining a
uniform grip at ail sides of the specimen. When the water
level in the water column was assured to be full, the water
supply valve was closed, then the pressure adjustment tap
was turned till the pressure dial gage showed a one bar
value. The specimens were left under one bar pressure for
two days while frequently checking the pressure dial gage
for adjustment of any pressure variation, whether rise or
fall. Then the pressure was increased to three bars for a
third day, and finally 7 bars for the fourth day.
Immediately after removing the specimens from the test
machine, the specimens were split into two halves by placing
each between two steel rods and then applying compression
i.e. as in a split tension test. The maximum depth of water
penetration was recorded to be the permeability value of

that specimen.
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4.7 Coefficient of Thermal Expansion Test

The coefficient of thermal expansion of Riyadh aggregate
was determined while Jabal Dhahran and Abu~Hadriyah

aggregates were as previously determined by Muse {45}.

4.7.1 Specimen Preparation

Boulders were selected from three locations along Riyadh
Al-Kharj highway at distances of 10,17, and 40 Km from the
center of Riyadh, and then transported to the King Fahd
University of Petroleum and Minerals in Dhahran. These
boulders were specially chosen by visual inspection, to be
sound, and in good condition possessing little or no
cavities. They were selected so that 10 cm cube specimens
were sawed from them. Using an electrical circu].ar saw, six
10 cm cube specimens were sawed frém the boulders, two
specimens for each location mentioned (Plate 4.13). These
cube specimens were washed, cleaned and dried, then marked
according to their origin. Twelve Demec gages (locating
discs) were adhered by a heat resistant e;poxy resin, on
three mutually perpendicular sides. Four gages were stuck
on each side on the ends of a virtual right angled cross
(Fig. 4.4). The distance between the two opposing discs was
fixed by using the fixing bar of the Demec gage reader
(Plate 4.14). Then the epoxy resin was left to set and

achieve full strength before testing.
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4.7.2 Testing

At the beginning of the test, the distance between every
two opposite discs of all six cubes specimens was measured
at room temperature (27 degrees Celsius) using the Demec
gage micrometer reader. The specimens were then heated in an
oven for more than eight hours up to 40 degrees Celsius
(Plate 4.15) and the distance between each opposite locating
discs was remeasured by the Demec gage micrometer reader.
These measurement were repeated for temperatures 60,80, and
100 degrees Celsius, then the temperature was decreased in a
reverse mahner and measurements were again taken at 80,60, 40
and room temperature (27 degrees Celsius). The whole process
of heating up the specimens to 100 degrees Celcius then
cooling them down to room temperature ‘in a stepwise fashion
was repeated for a second cycle and measurements were once
again recorded. Following the thermal coefficient of Riyadh

aggregate was determined.
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RESULTS AND DISCUSSION

5.1 Analysis and Results

This portion considers the analysis of the data produced
by testing, and results. The following subsections consider
each testing seperately namely the fracture toughness,
modulus of rupture, permeability, coefficient of thermal
expansion, and finally compressive strength. Test results
would be illustrated seperately regarding the variables,
aggregate type, mix design proportions, successive wetting

and drying, support restraint, and admixtures.
5.1.1. Fracture Toughness

This section deals with the details of development of the
fracture toughness results, for the cast groups GREFC,
GRYDC, GJDHC, GSMXC, GSWDC, GSRTC, GSPLC, and GLTXC. From
beam preparation and fracture toughness testing discussed in
the previous chapter, a P-u history plot was produced for
each specimen (Fig. 5.1). During fracture toughness testing
the crack length a corressponding to every load/unload cycle
was recorded. The compliance C of each load cycle was
calculated to be the inverse slope of the loading portion of
that cycle. Tabulated data showed the peak load P,

compliance C, permanent deflection Bp and crack length «a

(Table 5.1).
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Fig. 5.1 : Load vs Deflection (P-u plot)




Table

5.1 : P-u history plot data

92

Peak Load

Cycle Compliance | Permanent Crack Length
Deflection

No. P (KN) C (mm/KN) dp (mm) a (mm)
0 0.575 0.618 0.000 61
1 0.560 0.571 0.097 71
2 0.505 0.667 0.127 82
3 0.400 0.889 0.170 89
4 0.308 0.952 0.213 9;
5 0.265 1.046 0.253 94
6 0.223 1.180 0.290 99
7 0.180 1.311 0.347 103
8 0.153 1.477 0.380 106
9 0.128 1.604 0.420 107
10 0.100 1.711 0.480 109
11 0.085 1.750 0.530 111
12 0.073 1.833 0.580 113
13 0.065 1.933 0.633 115




a3

The fracture toughness GIC of each beam was calculated

according to the Gurney approach using equation (50). The
equation consists of an elastic and plastic contribution to
the fracture toughness. The elastic portion of the equation
possesses the first derivative of compliance C with respect
to crack length a. Similarly, the plastic portion possesses

the first derivative of permanent deflection Sp with respect

to crack length a. Therefore the relation between compliance
€ and crack length a was to be determined. Also, the

relation between permanent deflection 8p and crack length a

was required.

Using a Fortran curve plotting program built in the
PLOTSYS of the IBM 370 main frame, both compliance C vs

crack length a, and rermanent deflection Sp vs crack length

a, were plotted (Fig. 5.2 & 5.3). The data points were
regressed and the best fit of a second degree polynomial was
plotted and its equation formulated. These two equations
were then differentiated once with respect to the crack
length a. After which they were placed in a basic program

that segmentally calculated the fracture toughness GIC (for

each load cycle) and presented (Table 5.2). The highest
value of fracture toughness calculated in the table was to
be taken as the critical fracture toughness of that beam

specimen.
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For each group the fracture toughness was calculated for
both cycled and uncycled specimens (Table 5.3). Then the
percentage difference between cycled and uncycled beam
specimens was calculated for the various cycles (Table 5.4).
This percent difference was then plotted vs the number of
thermal cycles N. The influence of the TICC phenomenon on

the fracture toughness O“: has been affected by the

different variables considered.

Examining the three types of aggregates i.e. Riyadh, Abu-~
Hadriyah, and Jabal Dhahran it was found that considering
the fracture toughness values, Riyadh aggregate (GRYDC)
showed a more Superior performance in a TICC environment
than both Abu-Hadriyah (GREFC) and Jabal Dhahran (GJDHC)
(Fig. 5.4). The fracture toughness of the Riyadh aggregate
concrete increased on cycling up to approximately 120
thermal cycles, while that of both Abu~Hadriyah and Jabal
Dhahran aggregate concretes decreased immediately on thermal

cycling, with Jabal Dhahran showing greater reduction than

Abu-Hadriyah aggregate.

Investigating the fracture toughness of both the
reference Abu-Hadriyah concrete (GREFC) with a coarse/fine
aggregate ratio of 1.5 and the sandy mix (GSMXC) with a
coarse/fine aggregate ratio of 0.5, it is obvious that mixes
possessing relatively high amounts of fines speed up the

TICC deterioration process (Fig. 5.5).
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Table 5.3 : Fracture toughness of cast concrete
Group | Cycling Fracture Toughness after cycling
ID Condition o 45 90 120 180 210
GREFC Cycled 130 127 128 130 —-—— -
Uncycled 130 85 118 106 —— —-———
GRYDC Cycled 85 83 83 85 - -
Uncycled 85 122 118 80 -—— —-——
GJDHC Cycled 107 102 102 107 - -———
Uncycled 107 53 83 88 96 —-——-
GSMXC Cycled 162 162 162 162 131 -——
Uncycled 162 63 85 72 - —-———
GSPLC| Cycled 110 | 108 | 109 | 110 | === | =--
Uncycled 110 XXX 108 107 —-——— —-——
GLTXC Cycled 113 81 96 113 147 -
Uncycled 113 87 122 97 100 -
GSRTC Cycled 109 109 109 118 - -
Uncycled 109 111 89 60 -——— -
GSWDC Cycled 114 110 110 114 110 112
Uncycled 114 122 68 91 81 112
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Table 5.4 : Percent difference in fracture toughness
Group % Difference due to cycling

ID 45 90 120 180 210
GREEFC -33.1 -7.8 -18.5 - -———
GRYDC 47.0 42.2 -5.9 -—— -———
GJDHC -48.0 -18.6 -17.8 -26.7 —-——
GSMXC -61.1 -47.5 -55.6 -—— -—-
GSPLC XXX -0.1 -2.7 - ——
GLTXC 7.4 27.1 -14.2 -32.0 -——
GSRTC 1.8 | -18.3 ~49.2 -——- -—-
GSWDC 10.9 -38.2 -20.2 -26.4 0.0
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This is mainly due to the severe harmful effect caused by
the thermal coefficient of expansion of the fines, where the
coefficient of thermal expansion of sand plays a great role
in the damaging process. Therefore sandy mixes in a TICC
environment are more susceptible to thermal deterioration
than well proportioned mixes, especially where the fines and
coarse proportions are of different origin. In this work,
the fine aggregate was quartzitic sand, with the coarse

aggregate being limestone.

Looking into the influence of alternate wetting and
drying on the fracture toughness by comparing both reference
Abu-Hadriyah concrete (GREFC) and successive wet/dry
concrete (GSWDC) (Fig. 5.6), one may state that presence of
moisture in the early cycles may increase the fracture
toughness of the concrete which is ﬁminly due to further
hydration of unhydrated cement at higher temperatures in
addition to autogeneous healing that may possibly occur. On
the other hand after complete hydration is nearly reached,
presence of moisture affects the thermal properties of the
concrete components and the difference in coefficient of
thermal expansion of the concrete constituents may be

reduced, leading to less incompatibility hence reducing the

rate of TICC deterioration.

Presence of prestress on concrete (the field case) seems

to aggravate the deterioration caused by TICC environment.
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This is well illustrated when viewing the fracture
toughness curves (Fig. 5.7) of support restrained concrete
(GSRTIC) and reference Abu-Hadriyah concrete (GREEC), where
the concrete under pPrestress exhibits rapid loss of fracture
toughness while the reference concrete shows better
resistance to loss of fracture toughness. The reasonable
explanation of the rapid loss of fracture toughness is that
certain zones of the concrete beam are originally under
tensile stress, therefore when subjected to a TICC
environment, tensile stresses due to the thermal

incompatibility add up to those already existing from

pPrestress. This superposition of tensile stresses highly

accelerates the TICC damaging effect.

Examining the two types of admixtures super plasticizer
(GSPLC) and latex (GLTXC), revealéd that addition of
admixtures to the mix enhances the resistivity of the
concrete subjected to TICC environment to withstand loss of
fracture toughness (Fig.5.8). The fracture toughness value
of both super plasticizer and latex concretes showed
improvement and stability up to about 120 thermal cycles,
after which slight deterioration started. The latex concrete
exhibited a higher rate of TICC deterioration than the super
Plasticizer concrete after 120 heat cycles. However, in
general, addition of admixtures in the mix beneficially aids

in retarding the TICC damage.
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5.1.2 Modulus of Rupture

As previously mentioned, the failure load was used in
calculating the modulus of rupture for each half beam
specimen as obtained after the fracture toughness test.
Modulus of rupture of the different cast concrete groups
under various cycling are presented (Table 5.5). Also, the
percentage difference between cycled and uncycled specimens
are shown (Table 5.6). The percent difference in modulus of
rupture was then plotted against the number of thermal

cycles, where each variable was considered seperately.

The effect of aggregate type on the modulus of rupture
indicates that both Abu-Hadriyah and Riyadh aggregate showed
an increase in modulus of rupture while Jabal Dhahran
aggregate showed a reduction in modulus of rupture due to
thermal cycling (Fig. 5.9). Although Abu-Hadriyah showed a
higher rate of modulus of rupture improvement, still Riyadh
possessed the highest modulus of rupture values while Jabal

Dhahran aggregate possessed the lowest values.

The influence of the mix design proportions on the
modulus of rupture (Fig. 5.10) indicates that by comparing
the sandy mix concrete (GSMXC) and the reference concrete
(GREFC), concretes containing high amounts of fines exhibit
immediate loss in modulus of rupture, which means that the

performance of sandy mix concretes is unsatisfactory.
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Table 5.5 : Modulus of rupture of cast concrete
Group Number of Cycles
1D 0 45 90 120 180 210
GREEC 3.008 4.613 | 4.960 4.510 ——— -
3.670 5.169 5.145 4.734 —-——— ——
GRYDC 4.969 4.894 5.048 5.229 - ———
4.779 5.123 4.815 5.610 - -———
GJDHC 4.443 3.872 4.776 4.688 3.083 -——
3.905 3.948 4.718 4.782 3.343 ———
GSMXC 3.240 2.678 3.494 3.195 -——- -——
4.135 3.249 3.422 3.264 - ——
GSPLC 4.570 5.589 5.565 5.244 - -
5.163 5.220 5.725 5.011 -——- -———
GLTXC 5.583 4.691 5.450 5.728 5.547 ——
5.438 5.734 5.099 5.522 5.111 ——
GSRTC 5.287 4.900 4.159 3.162 —— -
4.776 4.588 4.849 3.132 —-—— ——
GSWDC 5.005 4.697 5.005 4.884 5.976 5.577
5.145 4.894 5.232 4.446 5.531 6.360
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Table 5.6 : Percent difference in modulus of rupture
Group Number of cycles
iD 0 45 90 120 180 210
GREEC .339 4.891-| 5.053 4.622 —— -
46.5% 51.3% 38.4Y% —— ———
GRYDC .874 5.009 4.932 5.420 —-—— ———
2.8% 1.2% 11.2% - -
GJDHC .174 3.910 4.747 4.735 3.213 —-———
-6.3% 13.7% 13.3% | -23.0% -———
GSMXC .688 2.964 3.458 3.230 -——- -—
~-19.6% -6.2% |-12.4% ——— -
GSPLC | 4.867 | 5.405 | 5.645 | 5.128 | ~-- --
11.1¥% 16.0Y% 5.4% - ———
GLTXC .511 5.213 5.275 5.625 5.329 -
~5.4% ~4.3% 2.1% -3.3% -
GSRTC .032 4.744 4.504 3.147 - ———
-5.4% |-10.5% |-37.5% ——— -
GSWDC .075 4.800 5.119 4.665 5.754 5.969
-5.4% 0.0% -8.1% 13.4y 17.6%
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This unsatisfactory performance is especially where
conditions of a TICC environment prevails. Concretes of well
proportioned mix designs gain some increase in modulus of

rupture, and they are more suitable in a TICC environment.

The effect of the alternate wetting and drying on the
modulus of rupture of concretes under TICC phenomenon of
deterioration (Fig. 5.11), showed that soaked concrete
(GSWDC) in thermal cycling possessed higher modulus of
rupture values that continued to increase after 120 thermal
cycles. The reference concrete (GREFC) showed an initial
high rate of improvement in modulus of rupture up to 60
cycles followed by a high loss in modulus of rupture
onwards. Presence of moisture appears to beneficially aid

in arresting damage of concrete in TICC environment.

Initial prestress has a drastically detrimental effect on
concrete in TICC environment. Comparing support restrained
concrete (GSRIC) and reference concrete (GREEC), it is
noticed that the modulus of rupture values of the support
restrained specimens are much lower than those of the
unstressed referenced specimens (Table 5.5). In addition,
the rate of decrease in modulus of rupture for stressed
concrete was recorded to be the highest of all other groups
(Fig. 5.12). This again proves that presence of stress
aggravates the TICC damage where tensile stresses from both

prestress and TICC add up.
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Admixtures showed beneficial effects in resisting the
deterioration caused by TICC. Looking at both the admixture
concretes, latex concrete (GLTXC) and super plasticizer
concrete (GSPLC), in correlation with the reference concrete
(GREFC), it is revealed that both the admixture concretes
show very slow rates éf TICC damage up to 180 . thermal
cycles. The reference concrete showed improvement in modulus
of rupture up to 60 thermal cycles but it was followed by a
high rate of deterioration afterwards (Fig. 5.13). Notice
that the values of modulus of rupture for both the admixture
concretes were much higher than those of the reference
concrete (Table 5.5). Presence of admixtures in concrete
under TICC environment proved to be very heipful in

resisting and arresting the thermal damage.
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5.1.3 Permeability

Permeability was found to be the most sensitive parameter
that illustrated the intensity of damage caused by TICC, due
to 1its direct dependence on the intensity, size, and
continuity of cracks in the concrete. This was well
illustrated by examining the permeability curves of all the
groups (Fig. 5.14). Also after one and five cycles the
permeability increased significantly (Fig. 5.15). This
phase of the work consisted of determining the permeability
of the cast concrete subjected to simulated TICC environment
(lab cycling) (Table 5.7) in addition to the permeability of
cored concrete under natural TICC environment over a.period

of two and a half years (natural cycling).

5.1.3.1 Cast concrete groups

The aggregate type affects the concrete permeability
(Fig. 5.16) after being subjected to TICC environment, where
both Riyadh and Jabal Dhahran aggregate showed low rates of
permeability increase as compared to that of Abu-~Hadriyah
aggregate. Therefore both Riyadh and Jabal Dhahran aggregate
proved to be suitable for a TICC environment. However,
Jabal Dhahran aggregate possessed the highest initial
permeability values that exceeded the DIN limits for
waterproof concrete, therefore it is not recommended and is

considered unsuitable due to its inferior soundness quality.
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Table 5.7 : Permeability of cast concrete

Group | Spec. Permeability after Thermal Cycling
1D No. 0 1 5 45 S0 120
1 3.7 4.5 5.5 5.5 7.8 10.5
GREFC 2 3.9 5.2 5.3 6.4 8.8 11.6
Avg. | 3.8 4.9 5.4 6.0 8.3 11.1
1 4.0 -—- --- 5.0 7.4 10.5
GRYDC 2 5.5 -—— ——- 5.8 7.0 11.7
Avg. | 4.8 —— -—— 5.4 7.2 11.1
1 6.0 -—— - 8.0 12.3 11.7
GJDHC 2 7.5 - ~—— 8.8 10.6 11.7
Avg. | 6.8 - -——— 8.4 11.5 11.7
1 4.5 - —— 7.8 12.2 15.5
GSMXC 2 4.5 ——— ———— 10.0 13.0 15.1
Avg. | 4.5 -——- —-——— 8.9 12.6 15.3
1 3.5 -——- ——— 4.2 5.8 7.4
GSPLC 2 3.0 - - 3.4 5.8 7.5
Avg. | 3.3 - - 3.8 5.8 7.5
1 1.2 —— ——— 1.5 3.6 4.2
GLTXC 2 2.0 —— —-——— 3.0 4.6 5.0
Avg. | 1.6 - —— 2.3 4.1 4.6
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Another factor that affects the permeability of concrete
subjected to TICC environment is the mix design proportions
(Fig. 5.17). Sandy mixes proved to be highly permeable in
comparison to well proportioned mixes. This is obvious
whilst comparing the permeability of the sandy mix concrete
(GSMXC) with the refefence concrete (GREFC), where on
thermal cycling the rate of permeability increase was much
higher than that of the well proportioned reference concrete
mix. Therefore concretes containing high percentages of
fines deteriorate faster than well proportioned concretes,
especially in TICC environment where the coefficient of
thermal expansion of quartzitic sand plays a great role in

speeding up the deterioration process.

Presence of admixtures in the mix prove to be of great
benefit where permeability is concerned (Fig. 5.18). As
shown in the figure both admixture concretes, latex (GLTXC)
and super plasticizer (GSPLC) showed the lowest initial
permeability values and the least rates of increase. The
reference concrete (GREFC) showed values about 40 percent
higher than those of the admixture concretes. Therefore
admixture concretes possess better resistive characteristics

that retard the TICC damage.
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Table 5.8 : Permeability of cored concrete

119

Group Curing Permeability (cm) Percent
ID Method Uncycled Naturally Increase
cubes cycled cores

Good 7.0 13.9 98.6
GC

Bad 10.0 14.5 45.0

Good 4.0 6.5 62.5
GS50

Bad 7.4 7.5 1.4

Good 3.8 4.6 21.1
GS45

Bad 4.2 6.8 61.9

Good 3.6 5.5 52.8
GSs40

Bad 5.5 6.0 9.1

Curing Method :

l. Good :

2. Bad

Covered by burlap and watered twice daily

for the first 7 days then left uncovered
for 21 days more.

: Covered by burlap and watered once on the
first day then left uncovered for 27 days

more.
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5.1.4 Coefficient of Thermal Expansion

This portion deals with the investigation of the
coefficient of thermal expansion of the three different
types of aggregates used in the mixes. The coefficient of
thermal expansion of both Riyadh aggregate and Riyadh
concrete were calculated (Eig. 5.19 & 5.20) to be the slopes
of the strain-temperature curves over the temperature range

from 20 to 100 degrees Celsius. The coefficient of thermal

expansion of Riyadh concrete was determined to be 7.96x10"°

per degree Celsius, while that of Riyadh aggregate was

7.54x10"° per degree Celsius. All coefficients of thermal
expansion of aggregates, hardened cement paste, concretes
and quartzitic sand are presented (Table 5.9). As shown in
the table there is a great difference between the
coefficient of thermal expansion of the aggregate and the
hardened cement paste for Abu-Hadriyah aggregate where both
Riyadh and Jabal Dhahran aggregate show less incompatibility
in thermal coefficients. Therefore Riyadh and Jabal Dhahran
aggregate prove to be the most suitable local types of
aggregate to be used in the Easten Province where due to its
severe climatic conditions a TICC problem occurs. Riyadh
aggregate is preferred rather than Jabal Dhahran aggregate
due to its better soundness property as mentioned

previously.
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Table 5.9 : Coefficient of thermal expansion
Concrete Type Coefficient of Thermal
Component (Origin) Expansion CTE (mm/mm/OC)
. =6 ' -6
Abu-Hadriyah 6.20x(107) ; {11.76x(10 )}
Coarse . -6 ‘ -6
Riyadh 7.54%(10°) ; [.7.96x(10)}
Aggregate -6 : —6
Jabal Dhahran 9.99x(10 ) ; {13.20x(10 )}
(Limestones)
Fine Dune Sand -6 -6
* 7.00x(10 ) to 13.10x(107)
Aggregate (Quartzitic)
Portland -6 -6
Cement @ 9.00x(10 ) to 25.40x(10 )
Cement -6 -6
Paste # 10.20x(10 ) to 11.20x(10" )
Type I
Remarks
[ }] CTE of the aggregates concrete
* Values from reference 67
@ Values from reference 11
# Values from reference 45
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5.1.5 Compressive Strength

For completeness of results the compressive strength of
the cast concrete groups (GREEC), (GRYDC), (GJDHC), (GsSMXC),
(GSPLC), and (GLTXC) was determined (Table 5.10). Also the
compressive strength vs age curves were plotted (Fig. 5.21).
Regarding the cored concrete groups (GC), (Gs50), (Gsas),
and (GS40) under both good and bad curing, the 28-day

compressive strengths were determined (Table 5.11).
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Table 5.10 : Compressive strength of cast concrete
Group | Spec. Compressive Strength at Age (KN)

ID No. 14 days 28 days 42 days 56 days
1 178.0. 175.7 215.7 207.9

GREFC 2 169.0 173.7 208.4 202.3
Avg. 173.5 174.7 212.1 205.1

1 153.2 148.8 217.8 238.2

GRYDC 2 149.1 161.1 225.5 204.2
Avg. 151.2 155.0 221.7 221.2

1 72.8 130.8 166.0 156.1

GJDHC 2 107.0 117.8 160.0 168.9
Avg. 89.9 124.3 163.0 162.5

1 95.6 117.2 152.5 124.1

GSMXC 2 89.6 106.7 141.0 132.9
Avg. 92.6 112.0 146.8 128.5

1l 156.0 207.4 235.0 257.2

GSPLC 2 177.9 215.0 241.0 227.5
Avg. 167.0 211.2 238.0 242 .4

1 178.0 200.8 204.5 256.5

GLTXC 2 149.2 213.0 261.9 218.5
Avg. 163.6 206.9 233.2 237.5
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Table 5.11 : Compressive strength of cored concrete

Group Curing Spec. Compressive Strength (KN)
ID Method No. At 28 Days Average
GC Good 1. 124.9 124.8
2 124.6
Bad 1 63.8 59.2
2 54.6
GS50 Good 1 143.5 144.8
2 146.0
Bad 1 138.8 123.1
2 107.4
GS45 Good 1 194.3 188.5
2 182.7
Bad 1 182.4 157.2
2 132.0
GS40 Good 1 212.6 216.3
2 219.9
Bad 1 219.0 203.0
2 186.9

Curing Method :

1. Good : Covered by burlap and watered twice daily

2. Bad

for the first 7 days then 1left uncovered
for 21 days more.

Covered by burlap and watered once on the
first day then left uncovered for 27 days
more.
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5.2 Discussion

Results of fracture toughness, modulus of rupture, and
permeability increase for the cast concrete groups (GREFC),
(GRYDC), (GJDHC), (GsMxc), (GSPLC), and (GLTXC) are
presented (Table 5.12). It appears that results of
permeability and fracture 'toughness are more sensitive to
cracking (caused by TICC phenomenon) whereas the modulus of
rupture values reveal some increase on cycling. This
increase in the strength characteristic as measured by the
modulus of rupture is due to further hydration of unhydrated
cement at higher temperatures and loss of moisture within
the concrete during the heat cycling process where concrete
in a dry state possesses higher strength than that in a
moist state. Similar increase in strength on thermal cycling
was witnessed by many other researchérs as Aronov, Zhukov,
Dmitriev, Sergeeva, Walker et al, and Meyers {34}.
Therefore it is more reliable to monitor fracture toughness
and pemeability values when predicting the level of damage
caused by TICC phenomenon. Consequently the idea of
introducing a so called toughness index and permeability
index was developed (Table 5.13), where the toughness index
was meant to be the fraction of the cycled fracture
toughness with respect to the reference uncycled fracture
toughness and the permeability index is the rate of increase

in permeability per cycle.
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For applying these indices in proctoring the
deterioration of structures, certain 1limits should be
defined after which the structure may be considered unfit
regarding its durability, especially in an environment
conducive to corrosion. Improvement in concrete designs for
TICC environment may. be achieved by taking into
consideration a durability criterion along with the

conventional strength criterion during the design process.

Considering each of the variables, aggregate type, mix'
design proportions, support restraint, successive wetting
and drying, and addition of admixtures, the following
subsections deal with the effect of each on the TICC

deterioration phenomenon.

5.2.1 Aggregate Type

Riyadh and Jabal Dhéhran aggregate were found to be two
good types of local aggregates used in the eastern province
where climatic conditions are severe and presence of high
incompatibility in coefficients of thermal expansion of
aggregate and concrete may cause a great durability problem.
The coefficient of thermal expansion of the aggregate and
the hardened cement paste for both are close in value‘hence
the intensity of the TICC environment is less in nature.
Abu-Hadriyah aggregate showed a greater incompatibility

problem where the difference between the coefficient of
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thermal expansion of its aggregate and the hardened cement
paste was the greatest. Another thing was the rate of
increase in its permeability was the greatest. Therefore
Abu-Hadriyah aggregate is the 1least suitable type of
aggregate to be wused in a TICC environment. Riyadh
aggregate is considered.the most suitable due to the fact
that its soundness properties are much better than those of
Jabal Dhahran aggregate. In addition, the initial
permeability of Jabal Dhahran concrete does not meet the
requirements of DIN. So Riyadh aggregate is more preferred
than Jabal Dhahran aggregate when used in a TICC

environment.
5.2.2 Mix Design Proportions

Difference in the coefficients of thermal expansion of
both fine and coarse aggregates are mainly caused due to the
difference in origin of both the fine and coarse aggregates
used in the mix. In this work the fine aggregate used was
quartzitic sand while the coarse aggregates were limestone
in nature. This variation in the coefficients of thermal
expansion causes a TICC problem which increases in intensity
when the mix possesses a low coarse to fine aggregate ratio.
It has been shown that sandy mixes are highly more
vulnerable to the TICC deterioration phenomenon than.well

proportioned mixes.
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5.2.3 Support Restraint

Presence of initial prestress in a concrete structure
subjected to a TICC environment proves to aggravate the
damage where tensile stresses build up from two sources, the
original prestress and- the stress resulting from TICC.
Therefore it is highly recommended to reduce the
incompatibility as much as possible since all structures are
designed to withstand stresses. This may be achieved by
using the proper type of aggregate that has a coefficient of
thermal expansion close to that of the cement paste and the
fine aggregate. A more practical approach would be to use
admixtures that have been shown to neutralize to an extent

TICC related damage.
5.2.4 Successive Wetting and Drying

Alternate wetting and drying showed a beneficial effect
on concretes under TICC environment, where values of modulus
of rupture and fracture toughness exhibited improvement over
the spectrum of thermal cycles considered. This is due to
the further hydration of unhydrated cement at higher
temperatures in the early cycles, together with continuous
autogeneous healing. Another reason may be due to the
effect of moisture on the coefficients of thermal expansions
of the concrete components. Results are oscillatory in

nature, mainly due to the varying moisture content of the

samples.
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5.2.5 Admixtures

"Admixtures such as latex and super plasticizers prove to
be very beneficial to concrete subjected to TICC
environment. Fracture toughness, modulus of rupture, and
permeability all show noticeably better resistance to TICC
related deterioration. These admixtures greatly delay the
damaging process where permeability values were found to be
more than 50 percent less than reference concrete for any
number of thermal cycles N. Both the initial permeability
and the rate of permeability increase were reduced
considerably in the two mixes with admixtures. Naturally
cyclad, superplasticized concrete showed extremely good
results where the permeability values of superplasticized
concrete were reduced to about one third those of reference
non~superplasticized concrete. Thisl means that super

plasticizers aid to a great extent the delay of TICC related

damage.
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CONCLUSIONS AND RECOMMENDATIONS

The effect of TICC related damage on a key durability
parameter, permeability, has been established both from
testing samples in a laboratory environment as well as in
an exposure site.

In view of several factors beneficial to strength
characteristics in young, moist concrete, monitoring of
such characteristics may be misleading in interpretation
of TICC damage. This is particularly true in the early
phase of the cycling regime, where strength was found to
be relatively insensitive to TICC damage. By contrast,
fracture toughness showed greater sensitivity to such
damage. However, permeability measurements exhibited
greatest sensitivity to TICC damagé showing significant
increase within five thermal cycles.

Riyadh and Jabal Dhahran aggregate have proved to be more
suitable than Abu-Hadriyah aggregate when used in a TICC
environment. However Jabal Dhahran aggregate showed to
be unsuitable from its soundness point of view, therefore
Riyadh aggregate is the most suitable in an overall
selection. Jabal Dhahran aggregate is not recommended to
be used in a TICC environment due to its high linitial

permeability that exceeds the DIN standards.
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Presence of in-situ stress appears to aggravate the TICC
damaging process, hence care should be taken in the
selection of a thermally compatible aggregate to be used
in severe climatic conditions as those prevailing in the
Eastern Province of Saudi Arabia. This component needs to

be studied further in more details.

. High fine to coarse aggregate ratio mix proportions,

together with fine and coarse aggregate from different
origins, aggravates the TICC phenomenon. This confirms a
hypothesis of Venecanin based on a theoretical three
component model for concrete {14}.

The most beneficial effect was exhibited by the use of
aémixtures as latex and super plasticizer. Both mixes
showed the least permeability values. They also exhibited
toughness indices that were very close to unity after 120
cycles. Loss in modulus of rupture was maintained at a
minimum due to presence of admixtures.

Regarding naturally cycled concrete, TICC was shown to be
the cause of excessively increased permeability wvalues.
Again the use of super plasticizer admixture kept the
level of deterioration down to approximately a third.
Permeability values of super plasticized cycled concrete
were 30 percent those of the control uncycled concrete
without admixture.

Further studies should be conducted in greater details on

the use of admixtures to. reduce TICC related damage.
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9. Modification in the existing codes for the Eastern

Province are recommended as follows :

(1)

(ii)

(iii)

Specifications must be stated for acceptable CTE
values of coarse and fine aggregates to minimize
impact of TICC damage.

Recommend accepfable permeability index for design
concrete mix for use in important structures such
as bridge decks and airport runways. The
permeability index is preferred to toughness index
because of the ease of measurement and its greater
sensitivity. Strength indices for TICC related
damage can be misleading.

Should aggregate availability be restricted to
those with 1low CTE, such projects should use
admixtures as latex and super plasticizer to help

improve TICC performance.
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