Plastic shrinkage cracking of blended cement
concretes under hot weather conditions

Taofiq Olatunbosun Abiola
Civil Engineering
September 2002
Abstract

In order to inhibit the deterioration of concrete structures in the Arabian Gulf environment,
emphasis has been shifted from the requirements of concrete strength towards to its durability, especially
the selection of materials. Towards this end, silica fume and other types of blended cement materials are
being used. However, silica fume cement concrete is also more susceptible to plastic shrinkage cracking,
and under hot weather conditions, this cracking could be further aggravated. This research was conducted
to investigate the effect of the type and dosage of silica fume and other blended cements on the plastic
shrinkage cracking of concrete. The effect of cement type, super plasticizer type, temperature relative
humidity and wind velocity on the plastic shrinkage strains, cracking and the microstructure were
conducted. Additional studies to evaluate the effect of the type of silica fume on the early age properties,
such as the compressive strength; the split tensile strength and the ultrasonic pulse velocity were also
conducted.

Results of this research indicated that it is the fineness of the silica fume and its state of
densification that determine its plastic shrinkage strain response. The fineness of the silica fume must be
evaluated in terms of not only its specific surface area, but also its average pore radius.

The plastic shrinkage strain increased with increasing temperature and wind velocity and
decreasing relative humidity. The decrease in the relative humidity presented the most severe condition
that promoted higher plastic shrinkage strains and cracks. A threshold value of plastic shrinkage strain
was determined in plain and blended cement that will initiate plastic shrinkage cracks. This threshold
value was found to be independent of the exposure conditions.

The type of super plasticizer had a significant effect on the plastic shrinkage strains in silica fume
cement concretes. The effect of the fineness of the silica fume played the most important role in
determining the plastic shrinkage strains in the concrete. Incompatibility between the type of super
plasticizer and the silica fume cement concrete was also noted. Statistical analysis of the early age
properties, such as the compressive strength, split tensile strength and pulse velocity of plain and blended
cements suggested that the material variability as represented by the type and dosage of silica fume was
comparable to that of plain cement concrete.
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In order to inhibit the deterioration of concrete structures in the Arabian Gulf
environment, emphasis has been shifted from the requirements of concrete strength
towards to its durability, especially the selection of materials. Towards this end, silica
fume and other types of blended cement materials are being used. However, silica fume
cement concrete is also more susceptible to plastic shrinkage cracking, and under hot
weather conditions, this cracking could be further aggravated. This research was
conducted to investigate the effect of the type and dosage of silica fume and other
blended cements on the plastic shrinkage cracking of concrete. The effect of cement type,
superplasticizer type, temperature, relative humidity and wind velocity on the plastic
shrinkage strains, cracking and the microstructure were conducted. Additional studies to
evaluate the effect of the type of silica fume on the early age properties, such as the
compressive strength; the split tensile strength and the ultrasonic pulse velocity were also
conducted.

Results of this research indicated that it is the fineness of the silica fume and its
state of densification that determine its plastic shrinkage strain response. The fineness of
the silica fume must be evaluated in terms of not only its specific surface area, but also its
average pore radius.

The plastic shrinkage strain increased with increasing temperature and wind
velocity and decreasing relative humidity. The decrease in the relative humidity presented
the most severe condition that promoted higher plastic shrinkage strains and cracks. A
threshold value of plastic shrinkage strain was determined in plain and blended cement
that will initiate plastic shrinkage cracks. This threshold value was found to be
independert of the exposure conditions.

The type of superplasticizer had a significant effect on the plastic shrinkage
strains in silica fume cement concretes. The effect of the fineness of the silica fume
played the most important role in determining the plastic shrinkage strains in the
concrete. Incompatibility between the type of superplasticizer and the silica fume cement
concrete was also noted. Statistical analysis of the early age properties, such as the
compressive strength, split tensile strength and pulse velocity of plain and blended
cements suggested that the material variability as represented by the type and dosage of
silica fume was comparable to that of plain cement concrete.

MASTER OF SCIENCE DEGREE
KING FAHD UNIVERSITY OF PETROLEUM AND MINERALS
Dhahran, Saudi Arabia

Xxvi



»

AsDAY

ABSTRACT (ARABIC)
Yanl uagiisV ol (353 clllnl} ped
o tall o) g2l i dliad) 3 gl e 3y iad) il jall all QLS S : Eag ol g
(leliil) dyiae dundia ¢ mmaddl)

(p¥--Y adinne) —AVEYY Cia i dpdll e 9l

Slollaia (e Y3y Al il A gag; alaial (5 a8 6 ) gadil (e 2 pall gadildl Clis b il jall LA dglaad |k
b Al o gall (e W gt o 1Sl Jl2 3 ga A} (5 jall 13¢]y Aariiuadl o gl LRI die duald g 6o gid
O O=Sagy el GELWSY1 OIS i je 591 a5 Wkl jle o 4 giaal) Dol jalt (i ccandly L Ailu jall

.3JL\“ w‘ d_,_)ﬂ‘g:hsm‘ PRV JL\)';'

GAlll SRSV SIS e (55! dladl Ciadl gy (Sl Jlt 4aSy g g5 85 Dl ol Sl 13 ¢l jal &
o= gl Aoy Al Dygda g 3l yall A oy claldl £ g1y s B g5 Ausd 0 o5 Ay LDyl
Sl el gl o Sl jlt g g3 B pul (y Al 4 peaall Al y cie ATl ARy Gl LSV

sl Ao juay o galll AY) 5 gi g cdarniall § g8 Jia Lilua jall

A gas i iy Al GELASEYY (G0 2320 LSS A o IShadl Lt dagai da p O (o Saall 138 @305 Juiy
Sl 3§ e L jall ol s LS Zpabaall Lais 21325 Caay Jp ol Lgadans daline 3330y Jad hadl jle
Gl Ay gla jll paliasl Bagy -Agsaill 4y gl )l Qalisdl aag Ul de juay 5 jall dn ) Pl pe Al LSSV
Ciiaal b ol LS JlaiY dine daf 3323 o5 LS LISy calll SLSY) cVLeidl 3o 3 dh clall Al
g bl o adiad ¥ Al e of ang Ay Al GRSV G ApTl RN (39S i oD da gl y (galal

Azl jall Siligally Anganall

JL#L_,ﬁQiL.S.\SMlJ@#&M‘%Jﬂ\“i@m‘ﬂ&y|QYW‘#M;:‘S@M‘&,“O\SJ
‘e o G giaddl Dl il b Al QIS Vi a0a5 i 0 8 L IS 1Sl
—aa Yl Jgladl Jag Slpadt L o @ giaddl dlujilly Claldl 1 gil yans s Raed gall pre Aaadle cudly

.‘,.;L.sn:.s..wu.,sqiqﬂuﬂmub,sm..ts,l,..n,L,gi._..s,t,a;m.;.n oy Y

pslall A piald) 45
comleally Jysipll map <llall dealy
tymgrall i pell Z2baall - Lyakll

xxvii



CHAPTER 1

INTRODUCTION

1.1 CONCRETE DURABILITY UNDER HOT WEATHER
CONDITIONS OF THE ARABIAN GULF

Concrete has been extensively used in the construction of infrastructure all over the
world. As the most widely used material in the construction industry, considerable
research efforts have been made to make concrete stronger while at the same time
economical. High-energy, efficient and high-strength concretes were thus produced
without properly addressing the durability performance of such concretes. Recent physio-
chemical changes have damaged the reputation of concrete as a maintenance-free
material due to the increased number of deterioration problems from all over the world.
In North America and Europe, the deterioration of highway structures is principally

ascribable to the use of deicer salts. In the Arabian Gulf, deterioration is primarily caused



by the cumulative effect of severe climatic and geomorphic conditions in addition to
incorrect materials specifications and defective construction practices. The ever-growing
demand for infrastructure in this region has resulted in unprecedented construction
activity in the last two decades. In Saudi Arabia, the construction activity is primarily
concentrated in the central and coastal parts, which are characterized by hot climatic
conditions. It has been observed through a growing number of case histories [1] that
within a short span of time, various defects ranging from unsightly blemishes to serious

failures have occurred in many types of concrete structures in this region.

Problems of concrete durability in arid and semi-arid regions, in many parts of Saudi
Arabia and in other parts of the Arabian Gulf and Middle Eastern countries have been

shown to be due to the following reasons [2,3]:

(a) Severe climatic and geomorphic conditions;

(b) Low quality of construction materials; and

(c) Unskilled labor, lack of proper supervision, inadequate specifications and design
and construction practices that is not commensurate with the local aggressive

conditions.

Environmental conditions in the Arabian Gulf are typically characterized by hot, dry and



arid climatic conditions with: (1) high temperature and humidity, (2) drying winds, (3)
high evaporation rates, and (4) high concentrations of chloride and sulfate salts in the

soil, ground water, and atmosphere [4].

In central Saudi Arabia, it is normal to have ambient day temperatures above 45 °C and a
relative humidity of less than 25% during summer months. The average temperature in
the Arabian Gulf region is usually in excess of 38 °C daily, and the relative humidity may
vary from 40% to 100% within the same day [4). These sudden and continuous variations
in temperature and humidity initiate cycles of expansion and contraction that damage the
concrete matrix due to thermal and mechanical stresses. The damage due to these stresses
is reflected by micro cracking and enhanced permeability, which results in tremendous
increase in the diffusion of aggressive species such as chlorides, oxygen and carbon

dioxide, to the steel surface [5].

Most of the coarse aggregates quarried in eastern Saudi Arabia are marginal, porous,
absorptive, relatively soft, and excessively dusty on crushing, which in turn lead to poor
durability performance of concrete using them. Fine aggregates are composed mainly of
aeolian dune sands and beach sands. They are essentially fine-grained (mostly 50 to 600
um) and have narrow grading. For typical dune sand, nearly all the material passes # 30

sieve, and the fineness modulus is less than 1.3 (which is significantly less than the



minimum 2.3 specified by ASTM C 33), and is finer than zone 4 of BS 882 [6]. The
excessive fineness and its narrow grading lead to a gap-graded particle size distribution in
the combined aggregate grading in nearly all the mixes made using local materials. Dune
sand comprises mainly of quartz that is a sound resistant material, but coastal sands along
the Arabian Gulf are mainly of carbonate origin and are absorptive, fine, poorly graded
and contain certain hollow shells, and above all are heavily contaminated with chloride
and sulfate salts. These characteristics make the coastal sands markedly adverse to
concrete making. In addition, both the fine and coarse aggregates in the Arabian Gulf are
characterized by excessive dust (material passing 75 um sieve). Dust and excess fines
cause higher water demand resulting in lower strength and greater shrinkage of concrete.
Dust also forms a fine interstitial coating between the limestone coarse aggregate and the
cement paste thereby weakening the bond at the aggregate-paste interface. This transition
zone, being the weakest link of the concrete composite, may further lower the strength

and quality of concrete [7].

The hot and arid conditions of the Arabian Guif are conducive to the development of
cracking of concrete due to plastic and drying shrinkage. This deterioration is further
aided by sharp temperature gradients on the surfaces and inner portions of the concrete.
The changes in diummal and seasonal temperatures cause continuous expansion and

contraction cycles, which may lead to the cracking of concrete [5]. The expansion-



contraction cycle becomes all the more damaging due to the thermal incompatibility of
concrete constituents. The differential expansion and contraction movements of aggregate
material and the hardened cement paste may set up tensile stresses far beyond the tensile
strength of concrete resulting in micro cracking. Limestone, the predominantly used
aggregate, is exactly the rock type having the widest spectrum of coefficient of thermal
expansion (1 to 10 x 10%/°C). The coefficient of thermal expansion of hardened cement
paste is much higher (usually between 10 x 10 and 20 x 10 /°C) [4). With the fall in
temperature, tensile and compressive stresses are set up in the cement paste and the
aggregates, respectively. With a rise in temperature, the stresses are not exacily reversed
but tensile stresses are set up at the aggregate-paste interface tending to cause interface
bond failure and significant micro cracking in and around the transition zone [8]. It has
been shown by Hsu [9] that a volume change of 0.3% is enough to generate tensile
stresses of the order of 12.4 MPa (1800 psi) at the aggregate paste interface. Slate and
Matheus [10] have determined the volume change of cement paste and concrete from the
time of casting to an age of 7 days. This work showed that volume changes even larger
than 0.35% occur during setting and hardening of concrete. The authors, on the basis of a
simple mathematical model, have inferred that for a commonly occurring value of 6 x 10"
® I°C for limestone, tensile stresses of more than 1.72 MPa (250 psi) for every 10°C fall
of temperature are set up in the concrete. These stresses are cumulatively interactive on

the shrinkage and micro fissures already present due to other causes [11]. The climatic



and geomorphic factors may sometimes combine to accelerate the deterioration process.
In most areas, the groundwater table is relatively shallow and close to the ground surface.
The capillary rise of moisture and frequent flooding in conjunction with the high
evaporation rate leave a heavy crust of salt in the upper few feet of the soil. This leaves
the soil, ground water and atmosphere heavily contaminated with chloride and sulfate
salts [1]. Concrete construction in the coastal areas of the Arabian Gulf is frequently
exposed to ground and atmospheric conditions contaminated with salts. In the presence of
high humidity, strong winds and shallow groundwater conditions, salt-contaminated
ground water, moisture and dew find easy access into the concrete matrix. Other sources
of salts are the numerous sabkhas, which constitute natural evaporation pans, saturated
with brines and which generate chlorides, sulfates and carbonate minerals on their surface
crusts. The salts have also been found to contaminate sands up to a distance of 40 km

from the seashore [5].

The use of inferior materials and imelevant specifications also contributes to the
premature deterioration of concrete in the Arabian Gulf. The use of international codes
and standards, such as ASTM, BS, RILEM, DIN, etc, do provide some guidelines, but the
environmental conditions in the region are unique and the development of specifications
suitable for these conditions is essential. The major forms of concrete deterioration in the

coastal areas of the Arabian Gulf are:



(i) Corrosion of reinforcement,
(ii)  Sulfate attack and salt weathering, and,

@iii) Cracking due to thermal gradients, drying and plastic shrinkage.

Although reinforcement corrosion is the most common cause of concrete deterioration in
the Arabian Gulf region [11], other types of defects in concrete might aid this deleterious
phenomenon. Cracks due to plastic or drying shrinkage may facilitate the ingress of
chlorides that ultimately lead to reinforcement corrosion. Daily and seasonal fluctuations
in humidity and temperature might widen the already existing cracks or propagate new

ones leading to reduction in both strength and long-term durability.

1.2 NEED FOR THIS RESEARCH

As stated in the preceding section, the environment of the Arabian Gulf presents an
aggressive exposure condition to concrete, which is characterized by hot weather
conditions, poor quality of construction materials and inadequate construction practices

and improper specifications.

Several research studies have been carried out at the King Fahd University of Petroleum

and Minerals [12-16] on the use of blended cements have indicated the superior



performance of these cements, even in the very aggressive environments of sabkha [16],
in mitigating the corrosion of reinforcement. Furthermore, with the increasing use of
chemic_al admixtures and blending materials like silica fume in concrete, recent research
studies [17,18] have shown that Menzel’s formula is no longer adequate for predicting
the occurrence of plastic shrinkage cracking, as recommended by ACI committee 305

[19].

Silica fume and fly ash concretes require proper and extended period of curing to achieve
superior durability over plain cement concretes. Under hot weather conditions, extended
curing is not only difficult, but also costly. The importance of extended curing emerges
from the fact that improper curing will retard the durability performance of these

concretes

One of the durability aspects of silica fume and fly ash concretes that have been of
predominant concemn is the formation of plastic shrinkage cracks in the hot and arid
environment of the Arabian Gulf. Silica fume is thought to be more susceptible to plastic
shrinkage cracking than any other type of concrete, particularly in structures having large
surface areas, e.g. slab, walls, etc. There is lack of sufficient data on the cumulative effect
of mix design, type of silica fume and environmental conditions on the formation of

plastic shrinkage cracking in silica fume concrete.



While considerable research has been conducted to evaluate the durability performance
of blended cements, including silica fume and fly ash concretes [S], no data is available
on the effect of type and dosage of silica fume on plastic shrinkage. Therefore, there is a
need to study the effect of silica fume in view of the extensive usage of this material in
Saudi Arabia and the availability of several types of silica fume to improve the durability

performance of concrete materials in the Arabian Gulf region.

1.3 RESEARCH OBJECTIVES

The overall objective of this research is to evaluate the interactive effects of silica fume
and environmental conditions on plastic shrinkage cracking in fresh concrete and drying

shrinkage of both hardened concrete and mortar specimens. The specific objectives are:

1. To investigate the plastic and drying shrinkage of different types and dosages of

silica fume cement concrete, cast and cured under hot weather conditions;

2. To assess the effect of superplasticizer type on the shrinkage characteristics of

silica fume; and

3. To provide guidelines on materials selection, in relation to the type and dosage of
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silica fume to be used under hot weather conditions with a view to minimize the
adverse effect of plastic and drying shrinkage on the immediate and long-term

durability of concrete.
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CHAPTER 2

LITERATURE REVIEW

2.1 CONCRETE DURABILITY UNDER HOT WEATHER
CONDITIONS OF THE ARABIAN GULF

The ACI 305 Manual on hot weather concreting [19] defines hot weather as “any
combination of the following conditions that tend to impair the quality of freshly mixed
or hardened concrete by accelerating the rate of moisture loss and rate of cement
hydration, or otherwise resulting in detrimental results.” These factors include one or

more of the following:

o High ambient temperature;
o High concrete temperature;
o Low relative humidity;

o High wind velocity; and

o High solar radiation.
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Most parts of Saudi Arabia are included in the typical environment that is classified as
hot weather. In this region, the summer temperature is frequently in excess of 40 °C and
may exceed 45 °C during day times. Direct solar radiation may raise the temperature to as
high as 70 °C on a typical summer day in this region [20]. Humidity is very low in the
central parts and varies from very low to high in the coastal areas within a short span of
time. Data on relative humidity and temperature, based on 20-year observation, is
presented in Figures 2.1 2.2 and 2.3, respectively, for Riyadh, Dhahran and Jeddah [21]

to provide an indication of the hot weather conditions in these regions.

Hot weather conditions may create several serious problems when mixing, transporting,
placing, and curing concrete [4,5,8,9,22,23]. Other potential problems often noted in the

freshly-mixed concrete under hot weather conditions include the following [22]:

(i) Increased water demand;
(i) Increased rate of slump loss;
(iii) Increased rate of setting;
(iv) Increased thermal cracking and increased plastic shrinkage cracking; and

(v) Increased difficulty in controlling air content.

The potential problems in hardened concrete placed and cured under hot weather



13

conditions include [22]:

(i) Decreased ultimate compressive strength due to the following reasons.
a. An increase in the quantity of mixing water as a result of higher water
demand;
b. Insufficient curing at high temperature;
c. Non-uniform precipitation of the products of hydration between cement
grains due to comparatively rapid hydration; and
d. Micro cracking as a result of thermal incompatibility of concrete

constituents.

(ii) Increased drying shrinkage cracking;
(iif) Increased permeability;
(iv) Increased corrosion of reinforcing steel;
(v) Decreased durability; and

(vi) Greater variability of surface appearance.

According to ACI 305 [19], an upper limit of temperature for the placement of concrete is
no longer specified or desirable. Instead, if acceptable field records are not available,

concrete mix proportions may be determined by trial batches, which should be made at
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temperatures anticipated in the work and mixed, following one of the procedures
described in Section 2.9 of the ACI 305 manual. The following list of construction
practices and measures to mitigate or avoid the potential problems of hot weather include

[19]:

(a) Use concrete materials and proportions with satisfactory records in the field under
prevailing hot weather conditions;
(b) Use cooler concrete by:
a. Keeping aggregates cool by shading or spraying water over them; and
b. Using cold water for mixing and, if necessary, using ice as part of the
mixing water;
(c) Use a concrete consistency that permits rapid placement and effective
consolidation;
(d) Transport, place, consolidate and finish the concrete with least delay;
(e) Plan the job to avoid excessive exposure of the concrete to the adverse
environment; schedule placing operations during times of day or night when the
weather conditions are favorable; and

(f) Protect the concrete against moisture loss at all times during placing and curing.

Plastic shrinkage cracking is the most important adverse impact that affects fresh
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concrete, especially concrete containing silica fume (SF), which is more susceptible
[17,24,25]. This is because SF concrete has a higher surface area to be wetted; hence
there is very little free water left in the mixture for bleeding. Additionally, SF physically
blocks the pores in fresh concrete. Thus, the rate of bleeding in SF concrete is
significantly reduced thereby increasing the risk of plastic shrinkage. With the increasing
use of SF in normal and high strength concrete in the Arabian Gulf, the plastic shrinkage
behavior of silica fume cement concrete needs to be fully addressed. The subsequent
literature review is devoted to evaluate the shrinkage characteristics of SF cement

concrete under hot weather conditions.

2.2 CRACKING IN CONCRETE

At early ages, it is of utmost importance that cracks due to plastic shrinkage be avoided
because these cracks will adversely affect the immediate and long-term durability of the
concrete [26]. With concrete in the hardened state, it is continuously exposed to drying
except in water containment or marine structures. Here, the appearance of drying
shrinkage cracks during the life of the structure is inevitable and cannot be avoided.
However, with good mix design and adequate precautions and procedures during the
casting stage, crack width can be greatly minimized to acceptable limits. BS 8007

recommends crack width limits of 0.1 mm in locations of “critical aesthetic appearance”
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and 0.2 mm elsewhere, including watertight structures [26].

Cracking is an undesirable phenomenon in concrete and several mechanisms have been

identified in concrete [27]. These mechanisms may include the following:

(a) Differential plastic shrinkage (or just plastic shrinkage);

(b) Self-desiccation (autogenous shrinkage);

(c) Desiccation (drying shrinkage);

(d) Thermal gradients as the temperature difference between bulk and outside
surfaces; and

(e) Physical factors, such as excessive loads.

Although the probable mechanisms are presented here separately, practical conditions to
which concrete is exposed reveal that conditions that are favorable to a particular
mechanism may also be favorable to another, thus the net effect is more severe on
concrete than would be expected from the individual mechanisms alone. The above
mechanisms relate only to processes connected with the making and curing of concrete
structures made with sound cement and aggregates and not to those due to the well
known effects of mechanical vibration, the delayed hydration of CaO and other cracking-

inducing processes in concrete [27].
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The driving mechanisms of cracking are broadly divided into the following two classes
[27):
1. Desiccation/self-desiccation, which can be further divided into:
(a) Loss of water due to evaporation (plastic and drying shrinkage); and
(b) Fixation of liquid water as hydration water, i.e. self-desiccation or autogenous
shrinkage.
2. Temperature differentials.

2.2.1 Crack Formation due to Desiccation

Plastic Shrinkage

Details of this type of cracking are elucidated in Section 2.3.

Shrinkage
It has long been known that visible cracks can form in a concrete structure if it is
subjected to severe drying. However, it has not been properly appreciated that long
before the visible crack formation extensive micro cracking occurs even on the relatively
mild drying. Powers [cited in Ref. 27] had shown that drying of a mature cement paste to
79% RH could increase its water permeability 70 times that of its pristine state, which is

due to the formation of extensive micro cracking. The critical % RH below which a paste
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or mortar mix starts to crack is not known [27].

Desiccation (Autogenous Shrinkage)
This mode of cracking has also been insufficiently appreciated in the concrete literature.
Consider a large volume of well-compacted concrete; if the mix had a water/cement ratio
higher than about 0.4, some bleeding will occur. This bleeding reduces the water/cement
ratio throughout the mix during hydration and hardening. It is known that during
hydration, the volume of cement-water system decreases [27). The actual fractional
decrease in volume depends on the degree of hydration and the actual water/cement ratio
[28]. The continued hydration of cement after it has set will self-desiccate the structure
causing the formation of water menisci on all surfaces including those in contact with the
formwork. The formation of water menisci will reduce the relative humidity of the
surrounding environment. No data is available on the changes of % RH inside a
hardening concrete although a RH of 90% has been reported for small specimens of pure
cement paste [27]. According to Powers [cited in Ref. 27], this 90% RH humidity will
develop negative pressures of 13 atmospheres (1.32 MPa) at 25 °C, which is sufficient to

cause cracking.

With the use of new materials, such as silica fume, to produce high-strength concrete,

autogenous shrinkage has gained greater prominence because it has been found that due
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to the low water/cement ratios used in these mixes, they are more susceptible to
autogenous shrinkage. Further, at very early ages, autogenous shrinkage is dependent on
the amount of superplasticizer and silica fume, which means that contraction (also
referred to as chemical shrinkage) must be determined experimentally for every

combination of binder and superplasticizer [29]

2.2.2 Crack Formation due to Temperature Gradients

It has long been observed that concrete structures, which attained high internal
temperatures during setting and hardening, tended to crack during subsequent cooling
[27]. Low heat Portland cement was invented to avoid this type of cracking. Freiesleben
Hansen [cited in Ref. 27] has recently studied this aspect extensively. He concluded that
cracking would occur whenever the temperature differences between the inner and outer
surfaces of a concrete mass exceed 20°C. The general idea is as follows: on demolding a
concrete structure, its surface will cool faster than its bulk. As a result of thermal
contraction, the surfaces will be in tension and the bulk will be under compression. If the
tensile stresses on the surfaces exceed the tensile strength of concrete, cracking will

occur.

Unfortunately, however, the conditions favoring the above thermal cracking process, i.e.
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high bulk temperature, high air temperature and high wind velocity and low relative
humidity are also conducive to a high rate of water evaporation and subsequent shrinkage
cracking. Furthermore, high bulk temperature is also conducive for self-desiccation
cracking. It is desirable that the relative importance of these various crack forming
processes be experimentally evaluated so that proper precautions can be taken to avoid

early cracking in concrete structures.

2.3 PLASTIC SHRINKAGE CRACKING OF CONCRETE

Plastic shrinkage cracks are formed within a few hours of placing concrete, although they
are often unnoticed until at least the next day. Plastic shrinkage cracks are common in
structural members with a large surface area-to-volume ratio such as slabs, but they can
also occur in the exposed top surfaces of walls, etc. These cracks usually take one of the

following three forms [26]:

(a) Diagonal cracks at approximately 45° to the edges of the slab, the cracks being
0.2 to 2 m apart;

(b) A large random pattern; and

(c) Cracks following the pattern of the reinforcement or other physical features such

as change of section.
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The primary cause of plastic shrinkage cracking is the drying out of the concrete surface
where the menisci form between the solid particles setting up capillary tension (water)
forces. This phenomenon occurs when the rate of evaporation exceeds the rate of
bleeding. The ambient temperature, relative humidity, wind velocity, concrete
temperature and the bleeding characteristics of concrete influence the time required for
the formation of these cracks. Plastic shrinkage cracks are difficult to close once they
have occurred, particularly when they are deep, and are especially undesirable in some
situations as they may act as focal points for other forms of concrete deterioration (ie.,
diffusion of salts, carbon dioxide or oxygen to steel reinforcement). High concrete
temperature, high air temperature and high winds and low relative humidity or any
combination of these can cause rapid evaporation of water, which promotes plastic
shrinkage. The importance of this property has been recognized and research in recent
years has attempted to advance a better understanding of the mechanisms of plastic

shrinkage cracking and to determine the appropriate methods for its prevention.

According to ACI Committee 305 [19], the principal cause of plastic shrinkage cracking
in Portland cement concrete is the excessive rate of evaporation of water from the surface
of the concrete and the inability or lack of bleed water to replace the evaporating surface
water. Above a certain limit, a higher rate of evaporation will decrease the consistency

and may cause plastic shrinkage cracking and even stop the hydration of cement. Plastic
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shrinkage cracks are initiated when the evaporation rate exceeds 0.2 Ib/ft*-hr (1.0 kg/mz-
hr), as obtained from the monograph (Fig 2.4). The ACI 305 monograph was based on

Menzel’s formula given by [19]:

W = 0.44(eo - €2)(0.253 + 0.0967) (Equation 2.1)

Where,

W = weight (Ib) of water evaporated per square foot of surface per hour (Ib/ft*-hr)

e, = saturated vapor pressure at the temperature of the evaporating surface, psi;

e, = vapor pressure of air, psi; and

V = average horizontal air or wind speed measured at a level about 20 in. higher than the

evaporating surface, mph.

A recent study by Uno [18] established the origins and validity of the Menzel’s formula
above, to determine the rate of evaporation. However, the author questioned the “single
figure” criterion of 0.2 Ib/ft*-hr (1.0 kg/m?-hr) provided by ACI 305 [19], of 0.75 kg/m’-
hr by the Canadian Code [cited in Ref. 18], and of 0.5 kg/m’-hr by the Australian Code
[cited in Ref. 18] to determine a critical evaporation rate in view of some other factors,
such as the fineness of cement (related to water demand), plastic state of the mix (that is,

plastic, semi-plastic or wet), admixtures (primarily retarders), fibers (primarily nylon or
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polypropylene), sub-base preparation (primarily sub-base membranes) and surface sprays
(primarily aliphatic alcohols), which were all reported to affect plastic shrinkage of
concrete but which were not taken into consideration in Menzel’s formula. Uno [18]
proposed an alternative approach where the critical rate of evaporation would be obtained

from an equation that is related to the concrete strength (or water/cement ratio).

Uno [18] proposed ‘new and easier to use formulas’ as an alternative to Menzel’s formula

given by:
17.3T )
=0.61*exp ———— uation 2.2
2 P 2373+7)  (Equation 2.2)
E=0313(g_-r* e )0.253+0.06V) (Equation 2.3)
Where,

€ = saturation vapor pressure, kPa; and
T = temperature, °C.

E = evaporation rate, kg/m’-hr;

€so = vapor pressure at concrete surface (kPa) from Equation 2.3;
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€53 = vapor pressure of air (kPa), from Equation 2.3;
r = (RH, percent)/100; and

¥ = wind velocity, km/hr.

These formulas are valid in the range of 10 to 40°C of temperature. Thus, they are not
suitable for the hot weather conditions in the Arabian Gulf region where temperatures

sometimes exceed 45°C during summer months.

2.3.1 Factors Affecting Plastic Shrinkage Cracking

Several factors affect plastic shrinkage cracking in concrete. These can be broadly
categorized into environmental conditions and material properties. Detailed discussion of

these factors is presented in the sections that follow.

Effect of Environmental Conditions
Hot and dry environments have a pronounced effect on plastic shrinkage in fresh mortar
and concrete. When evaporation takes place while the concrete is still plastic, a reduction
in the w/c ratio of the concrete is attained and the mortar or concrete is densified due to

water evaporation. If this water loss crosses certain limits, it may cause plastic shrinkage
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cracking [30-33].

Kral and Gabauer [34] investigated the cracking of concrete slabs in the first 24 hours.
They were placed in a wind tunnel using varying air humidity and wind velocity as well
as different mix proportions. The relationship between evaporation water, shrinkage
cracking at early ages and properties of concrete was discussed on the basis of the
experimental results. They concluded that shrinkage cracking at early ages occurs only if
several unfavorable atmospheric conditions coincide resulting in high evaporation rates
during the critical period between 2 and 4 hours after mixing and placing. Further, they
indicated that shrinkage cracking of concrete can be avoided by employing mix
proportions which reduce evaporation during this critical period of time, and protection
and curing afterwards are required only for the purpose of hydration and strength

development.

Berhane [35] investigated the effect of exposure conditions on the rate and amount of
water evaporating from fresh mortar and concrete surfaces. The variables were air
temperature, wind speed, relative humidity, type of cement and water content. He
concluded that the measured water loss in a hot-humid environment is considerably lower
than in a hot-dry climate. Due to the negligible evaporation and cooling effect in a hot

and humid climate, the temperature of the mortar or concrete will rise above the already
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high ambient temperature, which will adversely affect the hydration products and
properties of the mortar or concrete. It was noted that in a hot-dry climate, the maximum
rate of evaporation was attained 1.5 hours after casting, whereas in a hot-humid climate,
the maximum rate was reached after 4 to 6 hours. It was also observed that the water loss
in a hot and dry climate was about 7.5 times that lost in a hot-humid environment. These
results point out the limitations of Menzel’s formula [19] for estimating the evaporation
rate from the surface of fresh mortar or concrete. It was shown that cracking is possible

for an evaporation rate as low as 0.5 kg/m’-hr (0.1 Ib/f*-hr).

Almusallam et al. [36] evaluated the plastic shrinkage cracking of blended cement
concretes under hot-humid and hot-dry exposure conditions using slab specimens. Fly
ash, silica fume and blast furnace slag were used. It was noted that the rate of evaporation
of blended cement concrete specimens was more than that in plain cement concrete.
Further, it was noted that bleeding in the blended cement concretes was less than in the
plain cement concrete. The cumulative effect of the two parameters, namely the rate of
evaporation and bleeding, resulted in increased plastic shrinkage cracking of blended
cement concretes. Finally, although cracks were observed earlier in the plain cement
concrete specimens than in the blended cement concrete specimens, the total area of
cracks in the latter cements was more than that in the former cements. These results also

indicate that the relative humidity influences plastic shrinkage cracking of concrete
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significantly in comparison with the effect of type of cement.

Role of Mix Proportions
Concrete mix design is another causal factor influencing plastic shrinkage cracking in
addition to environmental conditions [30-33,37]. This is because mix design affects the
magnitude of the volumetric change, rate of hydration and the development of tensile
strength. Furthermore, the relationship between the decrease in volume of concrete after
hydration and the released water varies considerably with age. Employing mix
proportions that produce bleed water to compensate for evaporation during the early
stages can reduce plastic shrinkage cracking of concrete. It has also been observed that
mixes with higher paste volume possess an increased tendency to crack. Plastic shrinkage
in mortar and concrete is generally observed to decrease with the increase in the volume

fraction of aggregates [24,33].

Estimation of the evaporation loss from fresh concrete is most commonly done according
to the ACI Committee 305 recommendations [19] that suggests that when the concrete
temperature is less than or equal to the ambient temperature with a 100 percent relative
humidity, then no evaporation will take place, irrespective of the wind velocity, hence the
onset of plastic shrinkage cracking is predicted using the rate of evaporation. In contrast

to the above, Blakey and Beresford [37] argued that the cracking is due rather to
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differential settlement of the fresh concrete, caused by obstacles such as large aggregate
particles or reinforcement. They found in laboratory investigations that cracking sets in
about 20 minutes after casting and many cracks appear under the water surface during the
period of bleeding or ponding [37]. Ravina and Shalon [33] exposed mortars to variable
conditions of air temperature and humidity, wind velocity, mortar temperature, type and
content of cement, and consistency. Their study suggested that plastic shrinkage cracking
is not a direct function of water loss, evaporation rate or shrinkage. They found that
cracking did not occur in semi-plastic mortars, but plastic and wet mortars of the same
mix cracked severely. Shaeles and Hover [38] investigated plastic shrinkage cracking in
simulated thin concrete slabs by testing mortar panels and emphasized the importance of
mix proportions and construction operations. They observed that under a given set of test
conditions, the incidence of plastic shrinkage cracking increased with the paste volume
fraction. It was also observed that the origination and severity of cracks was influenced
more strongly by the direction and speed of strike-off operations. Their test program did
not establish a direct correlation between the severity of cracking and the rate of

evaporation.

Recent studies by Almusallam et al. [39] investigated the effect of mix proportions on the
plastic shrinkage cracking of concrete in hot environments. The cumulative effect of

mixes proportions, i.e. cement content and water-cement ratio, and was assessed by
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measuring the rate of bleeding, water evaporation, and time and intensity of cracks. The
results indicated that cement content and water-cement ratio significantly affect the
parameters controlling plastic shrinkage of concrete. Lean-stiff concrete mixes cracked
earlier than the rich plastic concrete mixes. The intensity of cracks in the former was,
however, less than in the latter. Plastic shrinkage cracking occurred when the rate of
evaporation was in the range of 0.2 to 0.7 kg/m’-h, as against a value of 1 kg/m’-h
suggested by ACI 305. The rate of evaporation and bleeding was the least in a lean-stiff
concrete mix made with a cement content of 300 kg m™ and a water-cement ratio of 0.40,

indicating that this mix composition can be beneficially utilized in hot environments to

minimize plastic shrinkage cracking.

Role of Materials Properties
Material properties such as the composition of cement and the maximum size of
aggregate also play a significant role in the plastic shrinkage of concrete. Different types
of cement are known to exhibit different rates of hydration and elevated temperature is
known to increase the rate of hydration of cement, thus accelerating the setting of
concrete. The degree of hydration depends primarily on the cement composition;
therefore, the cement that gives the lowest heat of hydration is preferred particularly in
mass concreting. Of the several factors that influence the magnitude of shrinkage, the

important ones are sulfur trioxide (SO;), tricalcium aluminate C;A, and alkali (Na;O and
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K20) content of the cement [40]. SOj; is normally added to cement in the form of gypsum
to control the time of set. Lower shrinkage characteristics are associated with lower
C3A/SO; ratio and lower Na,0 and K;O contents [40]. To control plastic shrinkage
cracking, Type IV (low heat) or Type II (moderate heat) cement is usually specified
rather than Type I that produces a larger amount of heat. Cement fineness also affects the
rate at which heat is liberated during the hydration process as the rate of reaction

increases with increasing the cement fineness thus generating more heat.

The maximum size of aggregates used has a significant effect on shrinkage as it provides
a means of internal restraint that reduces the potential contraction of the paste [41]. It is
the stiffhess or the modulus of elasticity of the aggregate that influences its ability to
restrain shrinkage [41]. In addition to the compressibility of the aggregate, the aggregate
itself may exhibit a high contraction upon drying. Such aggregate should be avoided, as
they will increase the likelihood of shrinkage of the concrete [42].

Role of Blended Cements

The beneficial effects of incorporating supplementary cementing materials like fly ash,
blast fummace slag and silica fume in concrete on its properties are well known [43-47).
These blending materials usually develop cementitious properties at a slower rate

compared to ordinary Portland cement that they replaced; hence, they require a longer
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curing period. Fly ash and granulated blast furnace slag cements are recommended in hot
climate for the production of durable concrete [46]. Furthermore, various proportions of
fly ash, granulated blast furnace slag and silica fume are also recommended for use in the

aggressive Arabian Gulf exposures [12].

Almusallam et al. [36] showed that concrete slab specimens made of blended cement
materials such as fly ash, silica fume and blast furnace slag, and exposed to hot-humid
and hot-dry environments exhibited increased plastic shrinkage cracking compared to
plain cement concrete. Further details of the plastic shrinkage behavior of silica fume

concrete are elucidated in subsequent sections below.

2.4 SILICA FUME CONCRETE

The subsequent sections are devoted to illustrate the characteristics of silica fume and its
use in the Arabian Gulf. The physical properties of the various types of silica fume
commercially available are also discussed.
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2.4.1 Characteristics of Silica Fume

Silica fume (SF) is produced as a by-product from the production of silicon or ferro-
silicon alloys. These alloys are produced in open- furnaces with very high temperatures.
During the reduction process, smoke consisting mainly of silicon oxide, (Si0,) is
discharged from the furnace. This smoke then condenses to SiO; (thus explaining the
term condensed silica fume) when the temperature gets lower and more oxygen is found.
This type of SiO; is produced in an amorphous form and, therefore, it is not considered

dangerous to health [48]. Silica fume’s main characteristics are as follows [49-51]:

(a) It contains 85%-98% silicon dioxide, and its silica content is amorphous;
(b) It is about 100 times finer than plain cement.

(c) Its particles are spherical.

In view of its characteristics, SF is both a highly reactive pozzolan and a very effective
filler. The pozzolanic reactivity of SF has been demonstrated in cement pastes by
measuring the amount of calcium hydroxide at different times in pastes with varying
amounts of SF [50]. It was found that SF reacts with calcium hydroxide (Ca(OH),)
produced by the cement hydration process and produces calcium silicate hydrate (C-S-H),
which is a product of the same hydration process. This is one reason why SF increases

the concrete’s compressive strength, since the voids that are filled with Ca(OH); in
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regular concrete mixes become filled with hardened cement paste (C-S-H). The filler
effect of SF is another reason for its success in improving concrete properties. It has been
found that SF in concrete essentially eliminates the pores be;ween 0.5 and 500 pum in size
[52]. A third effect of SF on concrete’s compressive strength is to improve the interfacial
bond between the aggregates and cement paste. The relative contribution of these three
effects in increasing the compressive strength depends on the properties of the other mix

constituents, and are still a subject of research [53-54].

There are two ways to use SF in producing concrete: as a replacement of cement or as an
addition to it [55]. The former helps reduce the extra cost incurred by the addition of SF,
by reducing the cement content. Different percentages of SF have been used in concrete,
ranging from 5% to 30%. It has been reported that 24% SF as a replacement of cement is
the optimum in the sense that it consumes all the Ca(OH), that is produced by the

hydration of cement [53].

One of the main problems associated with use of SF is the loss of workability of fresh
concrete. To correct this problem, superplasticizers are usually used in increasing

amounts with increasing SF content.
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2.4.2 Silica Fume in the Arabian Gulf

Some of the earliest reports on the usage of SF in the Arabian Gulf are from the years
between 1982 and 1985 [48]. Early use of SF in Saudi Arabia reported problems linked to
cracking of the concrete. This was observed in some testing programs carried out by
Saudi-ARAMCO [cited in Ref. 48]. At the same time, SF was tested for use in the
production of hollow core slabs in Bahrain. The results showed that the volume of
permeable voids in the concrete was reduced by the use of SF. The major pre-cast
concrete producers in Bahrain have now more than 8 years of experience in the use of SF

concrete [48,56].

Research in the Arabian Gulf and elsewhere has proven that SF concrete can have
superior performance in reducing the permeability of concrete, thus improving concrete
durability, especially against chloride and sulfate attacks in aggressive environments [13-
16]. Further, it is well known that SF can be used to produce high-strength concrete [17,

24].

2.4.3 Silica Fume Production and Delivery Forms

As mentioned previously, SF is produced as a by-product from the production of ferro-

silicon or silicon alloys. These alloys are produced in open furnaces with very high
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temperatures. The particles in the air stream from the furnace are collected in different

types of filters, the most common today being the electrostatic filters [48].

It is of major importance to the quality of SF that collecting systems like cyclones or
dropout boxes are installed as part of the filter systems. The major worldwide producers
of SF are Elkem (Norway), Fesil (Norway), Pechiney (France), SKW (USA) and a

number of other producers [48].

SF is collected from the filters in an undensified form. It is a unique product of almost
pure SiO; and the particle size is about 0.2 micron. The particle size of SF is about 100
times smaller than that of the cement grains thereby allowing the SF to fill the space
between cement grains. This is known as the filler effect; secondly, the SF will react with
the free lime in the concrete, and transform the unbeneficial calcium hydroxide [Ca

(OH)] into strong paste (C-S-H) by what is known as the pozzolanic effect.

Silica fume is delivered in the following three forms: un-densified, densified and slurry.
Undensified SF forms some agglomerates and the bulk-density of the product is about
200-350 kg/m’ as compared with 1,250 kg/m® for plain cement. The transport cost for
this type of SF is very high and the producers therefore developed other delivery forms to

reduce the transport costs.
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The most common delivery form is the densified or compacted SF. Different processes
are available, but the most common is the air densification. All these processes will force
the SF into forming larger agglomerates. The bulk density is increased to the range of 500
to 850 kg/m’. It is of major importance to be able to break (disperse) these agglomerates
in the concrete during mixing. However, results from concrete testing show that this is

difficult and the problems increase with increasing bulk density [48].

Other methods of densification are roller compaction and various forms of mechanical

handling. Some producers add a dispersion agent in this process.

Another way of reducing the transport costs and ease of handling of SF is to mix SF with
water in a stable slurry of about 50% SF and 50% water. This methodology increases the
bulk density to 1,400 kg/m’, of which only half is SF. The production of stable slurry
needs specially designed mixers, and is normally done at the plant using undensified SF.
This delivery form has several advantages to the end user; among them are no dusting
and easy dosing systems. There are no problems with dispersion as for densified SF. SF

slurry is available in the US and Europe, but is not very much used in the Middle East.

Various blends of SF and other chemical admixtures are also available in the market.

Trade names like EMSAC, FORCE 10000; Rheobuild, TDS, Sikacem and others are
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examples of formulated SF admixtures [48]. Others are EFACO, Binasilica and Bisley.

2.4.4 Plastic Shrinkage of Silica Fume Cement Concrete

Unlike other types of shrinkage such as carbonation, drying and autogenous, there is very
limited information available in the literature on plastic shrinkage of silica fume cement
concrete. The limited number of papers generally indicates that if the conditions are
favorable for plastic shrinkage to occur, then SF concrete would be more prone to such
shrinkage and cracking than ordinary Portland-cement concrete [57]. This is attributed to
the fact that SF concretes exhibit little or no bleeding thus allowing very little water to

rise to the surface; hence, the risk of cracking is higher in fresh SF concretes.

Shrinkage cracking of SF concrete is often observed under ambient climatic conditions of
the Arabian Gulf region; allowing rapid evaporation of water from freshly-placed
concretes. Therefore, to protect SF concrete from evaporation, particularly during the
setting period, curing should commence directly after placement of SF concrete.
Additional measures, such as covering the concrete with plastic sheeting or applying a
curing compound at an early age, together with ample water curing, are highly
recommended [58].

Bloom and Bentur [24] investigated the influence of SF in high-strength concrete using
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low water-binder (w/b) ratio mixes ranging from 0.5 to 0.33. 40x40x1000 mm concrete
prisms were tested for free and restrained shrinkage exposed to hot-dry environments

(40 °C and 45% RH) immediately after casting. They found that the presence of SF
considerably increased the free plastic shrinkage of concrete compared to referenced
Portland cement with the same w/b ratio when subjected to drying. SF also accelerated

the setting time of concrete.

Samman et al. [17] investigated the plastic shrinkage cracking of normal and high
strength concrete incorporating SF. 600x900x300 mm specimens were placed under the
following three different exposure conditions: Indoor with laboratory controlled air at
2511 °C and 5545 RH, with the wind prevented from directly blowing on the specimens,
the second was outdoor with panels placed in the open air where temperature and relative
humidity varied naturally. Wind barriers protected the panels from the wind but not from
direct solar radiation. The third exposure condition was a combination of the second
exposure condition with the addition of wind blowing on the concrete surface with the aid
of electric fans. Moisture loss and plastic shrinkage cracking were monitored. It was
found that the presence of silica fume in some of the high strength concretes exhibited
plastic shrinkage cracking even when the rate of evaporation was less than the threshold
value of 1.0 kg/m’-hr (0.2 Ib/fi*-hr) recommended by the codes of practice.

Almusallam er al. [36] investigated plastic shrinkage cracking in blended cement
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concretes of 450x450x20 mm slab specimens that included SF at dosages of 5, 10 and
15%, as well as other types of blending cement concrete materials. These specimens were
exposed to hot-humid and hot-dry environments. The rate of water evaporation and
bleeding was monitored in these specimens. The measurement of these two parameters
indicated an increased plastic shrinkage cracking in SF and other blended cement

concretes when compared to plain cement concrete.

2.4.5 Effect of Silica Fume on the Mechanism of Plastic Shrinkage
Cracking

The principal cause of plastic shrinkage in Portland cement concrete is known to be the
excessively rapid rate of evaporation of water from the surface of the concrete and the
inability or lack of bleed water to replace the evaporating surface water [57]. Other
investigators studied how the above process leads to plastic shrinkage. Wittman [59] has
demonstrated experimentally that the requisite for plastic shrinkage is a build-up of
capillary tension in the mixing water present in the fresh concrete after the surface
becomes dry. When the surface dries, a complicated system of menisci forms at and near
the concrete surface. A tensile capillary pressure within the liquid phase is developed and
rises at an increasing rate until it reaches maximum that Wittman [59] called the ‘break-

through pressure’. Capillary pressure drops rapidly and immediately after the break-



through pressure’. Capillary pressure drops rapidly and immediately after the break-
through pressure is reached.

Plastic shrinkage begins shortly after the capillary pressure starts to develop and exerts
enough negative pressure to cause horizontal (surface) and vertical (depth) contractions.
Shrinkage strain rises at an increasing rate, similar to the capillary pressure, and

continues to rise until the time when the break-through pressure is reached.

Based on the work of Carman [cited in Ref. 57] for fine sand, Powers [60] proposed the
following equation (presented with minor modifications in Ref. 57), for determining the

maximum capillary tensile pressure for a cement mixture:

P=1*10" *—’f— (Equation 2.4)
wic

Where,

P = capillary pressure, MN/m’ (MPa);

¥ = surface tension of water, N/m;

S = mass specific surface area of cement, m¥/kg; and

w/c = water-cementitious materials ratio, kg/kg.

The constant 1 x 10” has the dimension of density (kg/m3).
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In the development of Equation 2.4, the cement particles were assumed to be non-porous.
An important point is made by this equation is that for a given Yy and w/c ratio, the
capillary tensile pressure (P) increases with the increase in the mass specific surface (S)

of the cement.

A similar equation also for non-porous solids (spheres), but independent of w/c ratio, was
developed by Pihlajavaara [61], for the maximum capillary tensile pressure and is

presented with minor modifications [cited in Ref.50] as follows:

P=2.6x10"ySp (Equation 2.5)

Where,
p = solid density of cement, kg/m’;
Y and S were defined previously;

and the constant 2.6 x 107 is dimensionless.

Equations 2.4 and 2.5 give results that seem to agree with Wittman’s experimental results
of capillary pressure [59). Taking for instance y = 7.3 x 102 N/m, S = 350 m% kg, p =
3150 kg/m’, and w/c = 0.35 [cited in Ref. 51], the capillary pressures calculated by

Equations 2.4 and 2.5, respectively, are 0.073 MPa (10.6 psi) and 0.021 MPa (3.04 psi).
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In comparison, Wittman’s experiment [59] yielded 0.021 MPa (3.04 psi) as determined
by extrapolation of his data. These values, especially the one from Equation 2.4 and the
one obtained from the experimental work of Wittman, seem to agree very well. Even
though the pressure is low, it may be high enough to generate cracks if the tensile
strength of the concrete matrix is lower than the capillary pressure. Radocea [62] also
experimentally measured the capillary pressures in sand; cement and silica fume slurries,
the values of capillary pressures he obtained agreed well with valued obtained with

Equation 2.4.

If a similar capillary pressure phenomenon occurs in silica fume cement paste, it is
reasonable to expect that the plastic-shrinkage mechanisms of the two systems are
identical. This suggests that, maintaining the same conditions; any difference in plastic
shrinkage characteristics (i.e., strain and cracking) would be due to the differences in
surface area or cement particles and solid materials. Further, one may expect that, under
similar drying conditions, silica fume paste will exhibit a greater degree of plastic
shrinkage cracking than Portland cement paste owing to its much greater surface area

[57].

2.4.6 A Model for Plastic Shrinkage

According to Radocea [62], plastic shrinkage can be defined as the volumetric
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contraction of a system in which water constitutes a continuous phase and the water
menisci are always located at the surface of the system. The process of plastic shrinkage
involves a mass transfer from the surface to the surroundings by evaporation and a
simultaneous mass transfer from inside the concrete to the surface. Since water is
regarded as incompressible, the amount of water transferred to the surface is equivalent to

the total deformation of the sample [62].

According to the Laplace equation, the capillary pressure P is a function of the surface

tension of water (6) and the mean curvature of the water meniscus (R):

P= 2% (Equation 2.6)

For saturated granular solids exposed to drying, the time dependence of the capillary
pressure must therefore be a function of the amount of evaporated water (W), the amount
of water transferred to the surface (Ws), and the geometry of the spaces between the
outermost particles [62]. In a well-compacted sand bed, the capillary forces are too low,
relative to the friction between the sand grains, to produce a significant change in volume
and to press out water from the bed, nor can the suction produced draw water to the
surface without permitting its replacement by air. Thus, the water pressure will depend

only on the amount of evaporated water and other related factors such as particle size and



degree of packing, which determine the spaces between the sand grains.

The capillary pressure-water evaporation (PW) curves of two materials with identical
pore structures are shown in Figure 4.9. In order to produced capillary pressure P in the
first material (which shrinks when exposed to drying, as shown on the right), a certain
amount of water (W) must evaporate (see the PW curve on the right). This consists of an
amount of water (Ws) transferred to the surface and an amount of water (W-Ws) that
depends on the geometry of the spaces between the outermost grains. That is the (PWg)
curve in Figure 4.9 represents the second material that does not shrink. The attempt to
describe the pore structure near the surface by an equivalent pore is motivated by the fact
that pores, communicating with one another drying as a single pore. This means that a
small pore cannot dry faster than a larger one, since water transport from adjacent larger
pores will supply the smaller ones, which tend to dry faster. The dimensions of an
equivalent pore can be calculated by using the PWg curve of a material and that these

dimensions depend on the particle size distribution of the material [62].

In freshly-placed cement paste, the combined effect of the dissolved layer (of water) and
the electrostatic charge (of the cement grains) is such as to prevent actual contact between
adjacent cement grains. During the dormant period, relatively low compressive forces are

sufficient to press out a part of the mixing water, and consequently produce consolidation
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of the paste. Settlement and vacuum processing of freshly-placed concrete are examples
of consolidation processes involving various physical and chemical forces [62].
From the above, it can be observed that the parameters that affect the plastic shrinkage

include:

1. The specific surface area of the cement paste; and
2. The geometry of the pore spaces between the outermost grains that can be

obtained from the sample’s pores size distribution.

2.5 SUPERPLASTICIZERS

Superplasticizers (SP) are water soluble, natural or artificial polymers sometimes used in
