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ABSTRACT 
Shrinkage-Cracking Characteristics of Structural 

Lightweight Concrete 

Tests were conducted to determine the effect of coarse aggregate type, cement 
content and curing environment on unrestrained volume changes and restrained 
shrinkage cracking behavior. Measurements of restrained shrinkage stress and ulti
mate tensile strength were made for purposes of comparing these properties with the 
above characteristics. Two synthetic lightweight aggregates, commercially produced 
in Texas and having widely different saturation characteristics were used along with 
a natural siliceous river gravel as coarse aggregates. After a five-day initial moist 
curing period, the specimens were placed in four different curing environments, 
a) l40oF 25 percent R.H., b) 73oF 50 percent R.H., c) 73oF 95 percent R.H., and 
d) 40oF 92 percent R.H. Cement contents of 5.0, 6.0 and 6.5 sacks/cubic yard were 
used. Unrestrained volume changes were measured on standard type specimens 
( 3 x 3 x 11.25 in.). Cracking was evaluated as the number of cracks occurring on 
a specimen 4 x 4 x 48 in. with a No. 8 reinforcing bar through the center. 

Using concrete made with one of the lightweight coarse aggregates, specimens 
were cast for measurement of restrained shrinkage stress. After 60 days, these 
specimens were loaded to concrete failure in tension and ultimate tensile strength 
was determined. The effective or usable tensile strength was greatly affected by the 
curing environment. Results indicated that both unrestrained shrinkage and concrete 
water loss relate to restrained shrinkage stress. Unrestrained shrinkage did not 
indicate cracking tendency while water loss provided an indication of cracking 
tendency. 
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INTRODUCTION 

1.1 General Remarks 

The concrete conslruclion iruluslry loday is con
suming an ever increasin~ quanlily of high qualily 
aggregates in order to meet the ~rowin~ demands of our 
modern society. As convenlional nalural malerials have 
been depleted, the industry has made increased use of 
structural lightweight concrete. This has led to the 
development of many more sources of synthetic light
weight aggregates. Synthetic lightweight aggref!;ales of· 
fer certain advantages, such as reduction of structural 
dead load, lower shipping costs and improved insulation, 
while in most cases developing conventional strenglh. 

The use of synthetic lightweighl aggregales has 
created a need for knowledge concerning fundamental 
and performance characteristics of concrete made with 
these materials. In all types of construction it is essen
tial to produce a product that is durable. The materials 
used must perform the required function under all con
ditions to which they are exposed. The acceptance of 
new materials then depends on their ability to perform 
as designed under the conditions they encounter. In the 
past two decades a large amount of research has been 
devoted to characterizing synthetic aggregates. General
ly, research work has consisted of relating fundamental 
parameters of the material to performance character
istics. For the last five years a research study at Texas 
A&M University, conducted by the Texas Transportation 
Institute, has been devoted to classifying synthetic ag
gregates in terms of expected service performance. As 
a portion of the study, work for this report has been 
devoted to evaluating these materials in terms of their 
volume change durability. 

Volume changes of portland cement concrete are 
generally classified into three categories: thermal, creep, 
and shrinkage. The first group includes those dimen· 
sional changes resulting from variations in the ambient 
temperature. Creep as defined by ACI-ASCE Committee 
323 is inelastic deformation dependent on time and re
sulting solely from the presence of stress and a function 
thereof (1 *). The same committee defined shrinkage 
as contraction of concrete due to drying and chemical 
changes, dependent on time hut not on stresses induced 
by external loading. This investigation is primarily con
cerned with the shrinkage of certain concrete materials 
and its relationship to their cracking characteristics. 

Shrinkage is an inherent property of portland ce
ment concrete made with Type I cement. It is a well
known fact that hardened portland cement paste occupies 
less volume than the individual components before mix
ing (2). If a thick specimen of hardened paste, satu
rated with water, is exposed to dry air, it becomes se
verely cracked from temporary stresses arising from 
inequality of shrinkage between inner and outer parts 
of the specimen during the course of drying ( 3 I. This 
fundamental characteristic renders portland cement paste 
useless as a construction material. In order to restrict 
the shrinkage of cement paste, particles of relatively 

*Numbers in parentheses throughout this report refer to 
corresponding items in the list of references. 

inerl malerial are added lo il. thus reducing shrinkagP 
lo a point thai corwrelt• he1:onws a pradinll conslruction 
malerial. Since !he inert material, or aggregate, exhibits 
little or no shrinkal-!:e, the shrinkage of l'oncrele is pri
marily a properly of the <"ernenl pasle and must lw 
considered in lhe design of concrete slructures. 

Although the presence of agwegale limils the shrink
age of cement paste, cracking may still occur. Cracking 
is the real problem involved in shrinkage of concrete, 
due to the development of tensile stress in the material. 
The durability is affected hy the entry of water through 
cracks, which corrodes reinforcing sleel, leaches out solu
ble components, and accelerales deterioration due to 
freezing and thawing ( 4). O!her shrinkage related 
problems are warping, preslress loss. reduced effective 
tensile slrength f 5 I, and excessive defleclions in unsym
metrically reinforced members ( 6 I. 

1.2 Purpose of the Investigation 

There is a great deal of work reported in !he litera
lure concerning the shrinkage of concrete as influenced 
hy various parameters !summarized in Chapter II). The 
problem being considered in this report is the relation
ship between the unrestrained and restrained shrinkage 
characteristics and the cracking characteristics of the 
particular materials under study. The purpose of the 
work is to develop a means of raling or classifying these 
materials in terms of their performance by values ob
tained in standard tests alr·eadr available. In this im'es
tigation the performance is heinl-!: measured as the resist
ance to cracking when restrained. Once this information 
is available, it may he determined if the present methods 
of evaluating shrinkage of concrete are adequate and 
which types of failure, taking the form of cracking, may 
feasibly be attributed to the shrinkage of the concrete. 

1.3 Objectives 
The objectives of this research were: 

l. To determine the effects of coarse aggregate 
type, cement content and curing environment on 
unrestrained volume changes and restrained 
shrinkage cracking behavior in structural light
weight concrete. 

2. To measure the stress development due to re· 
strained shrinkage, determine tensile strength 
characteristics, and relate them to results of 
objective 1. 

3. To compare the resulls of ohjeclives I and 2 
and devel<~p methods of pred icl ing cracking 
characterislics of the materials studied. 

1.4 Conclusions 
The following conclusions 11ere reached based on 

the test results presented in Chapler IV. 

I. For the conditions studied, coarse aggregate 
type and cement content did not appear to sig
nificantly influence unrestrained \'olume changes. 
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2. Curing conditions into which eoncrete was 
placed after initial moist curing significantly 
influenced the unrestrained volume ehanges 
(Figure 4.;{ J. 

:t A relationship was found hetween unrestrained 
shrinkage measured on standard type specimens, 
and restrained concrete shrinkage stress. The 
environment appeared to have only a small in
fluence on this relationship (Figure 4-7). 

4. The unrestrained shrinkage-water loss data indi
cated changes in coarse aggregate type caused 
significant differences in unrestrained shrinkage 
per unit of water lost (Figure 4-5). This may 
he explained by differences in the capillary 
water content of the cement paste as the aggre
gate is varied while the gel water content of the 
paste was not affected hy changes in aggregate 
characteristics. 

5. The unrestrained shrinkage-water loss data imli
cated that increases in cement content reduced 
the capillary water content of the concrete (Fig
ure 4-6). 

6. For specimens drying in the mild (73°F, 50 
percent) and hot (l40°F, 25 percent) environ
ments, increased temperature resulted in lower 
unrestrained shrinkage for a given amount of 
water loss. This could be due to the reduction 
in surface tension of water associated with tem
perature increases (Figure 4-6 J • 

7. Concrete water loss related well to restrained 
shrinkage stress for aggregate R concrete. This 
relationship was influenced significantly by cur· 
ing environment (Figure 4-8). 

8. The ultimate tensile strength of aggregate R con· 
crete at 60 days of age did not appear to he 
significantly influenced by the curing environ
ments studied (Figure 4-9). 

9. The effective tensile strength was controlled by 
the curing environment and the ultimate tensile 
strength (Figure 4-9). 

10. Concrete restrained shrinkage cracking varied 
with coarse aggregate type, curing environment 
and cement content (Figures 4-10 and 4-ll J. 

11. Restrained shrinkage stress and concrete crack
ing continued to increase after shrinkage was 

l'onstant due to the continued hydration and 
therefore irHTf'ased l'trength of the. cernt~nt paste 
(Figure J .. J:~ ami St~etion 1.2.11. 

12. Concrete water loss provided an indication of 
restrained shrinkage cracking behavior (Figure 
.J.-I.J.J for the materials studied, while unre
strained shrinkage did not. 

J ;{. It may he tentatively conduded that higher 
coarse aggregate porosity and rate of saturation 
characteristics are associated with a greater ten
dency of concrete to crack. 

1.5 Recommendations 

to: 
It is recommended that future investigations attempt 

l. Verify unrestrained shrinkage and water loss as 
indicators of restrained shrinkage stress for 
other proportions and materials than those used 
in this study. 

2. Verify crack prediction by use of concrete water 
loss for other proportions and materials. 

3. Predict reductions in tensile strength due to 
restrained shrinkage in structural members using 
data in Figures 4-7 and 4-8. 

4.. Study the unrestrained and restrained volume 
change and cracking behavior under alternating 
climatic conditions in order to evaluate the in
fluence of more realistic environments. 

5. Investigate the influence of sudden temperature 
drops and the tensile stresses that would he SU· 

perimposed on restrained shrinkage stresses in 
order to develop truly meaningful design param
eters. 

6. Summarize the state-of-the-art with regard to 
concrete shrinkage and shrinkage related crack
ing. 

1. 6 Implementation Statement 

As this phase of the study is continuing, no immedi
ate implementation is proposed at this time. However, 
as the results are promising, this study should be con
tinued with the goal of determining if a shrinkage re
quirement should he recommended for concrete pave
ment. 

CHAPTER II 

LITERATURE REV!EW 

2.1 Introduction 

The purpose of this chapter is to present and dis
cuss the present state of knowledge concerning the 
shrinkage and cracking of concrete. Due to the volume 
of literature in the field of concrete in general and in 
the study of shrinkage and cracking in particular, only 
certain references have been included. It is felt the 
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material cited provides a foundation from which to 
develop a ><tudy of the shrinkage-cracking behavior of 
concrete. For purposes of discussion and investigation, 
the numerous investigators have defined shrinkage in 
terms of various types of shrinkage. Although there is 
some variation found in the literature, the following 
discussion generally agrees with the current nomen· 
clature. 



2.2 Types of 
Involved in 

Volume Changes 
Shrinkage 

2.2.1 Plastic Shrinkage 

The term plastic shrinka!!:e has hecn rather loosely 
used hut generally refers to shrinka~c or craekin~ occur
ring within the first few hours after placin~. Two 
schools of thought have developed to explain the causes 
of plastic shrinkai!:e· One explanation is that it stems 
from contraction of the fresh concrete mass resultin~?: 
from rapid drying. Reduction in volume caused by dif
ferential settlement of fresh concrete is the other expla
nation. It has been suggested (7) that the two types of 
plastic shrinkage often resulting in plastic shrinkage 
cracking be separated for elarity. The first type men
tioned involves tensile stresses while in the second case 
shear stresses produce cracking (7). 

Cracks resulting from rapid oryin;r are a common 
problem where climatic conditions cause heavy evapo
ration loss of mixing water. Lerch (B) assumes that 
cracks are likely if the rate of evaporation exceeds the 
rate at which bleeoing water rises to the surface. Ra,·ina 
and Shalon (7) founo that comp!ete prevention of evapo
ration immediately on casting eliminates cracking, al
though cracking is not a direct function of water loss, 
evaporation rate, or shrinkage. These results have been 
confirmed by other investigators (9 1. The other school 
of thought attributes plastic shrinkage cracking to dif
ferential settlement of the fresh concrete caused by 
obstacles such as large aggregate particles or reinforce
ment (10, Ill. Tuthill (121 reporteo plastic shrinkage 
cracking on the surface of concrete footings even when 
flooding was applied almost as soon as the concrete was 
in place. On the basis of fielo experience, he suggesteo 
this cracking may result from a false set or some other 
cement characteristic as the principal factor. 

Plastic shrinkage cracks (sometimes extending 
through slabs) may severely damage structural concrete. 
Although this problem is not confined to high air tem
perature regions, close attention should be given to cur
ing methods when a high evaporation rate is likely. 
The problem of settlement in the fresh mass might be 
minimized by close control of placing procedures such 
as vibration, tamping, etc., which has not been studied 
to date. There is still much room for investigating the 
plastic shrinkage characteristics of concrete and mortars. 
No si~?:nificant agreement as to its causes has been 
reached by investigators. 

2.2.2 Autogenous Volume Changes 

Volume changes due to causes other than loss or 
gain of water, rise or fall of temperature and external 
load or restraint are termed autogenous ( 4), preset or 
setting volume changes since they are self-produced by 
the hydration of the cement. Troxell and Davis ( -1-1 
pointed out the following major variables as important: 
(a I composition of the cement (affecting the rate and 
nature of chemical reactions and type of reaction proo
ucts I, (b I amount of original mixing water (affecting 
the rate of earlv reactions, porosity of the paste, and the 
availabilitY of free pore water I, ( c I temperature concli
tions ( affectin~ the rate of reaction I. and (d) time 
(affecting the extent of reaction). 

Neville ( 1:11 indicates there are two simultaneous 
phenomena causing autogenous volume changes. First 

the comhination. n~mcnt plu~ water. results in a reduc
tion in the volume of the system. This eontraction is of 
the order of one percent ,;f the ahsolute volume of the 
dry ecmcnt. At early a~cs this contradion may he 
offset since the solids form a strul'lurc and free water 
is utilized in the formation of new solid hydration prod
ucts as well as in causing expansion of the gel. Con
tinued hydration uses all free water and hegins to re
move loosely held water from the gel, causing it to 
collapse. When the expansion is ~realer than the con
traction a net increase in volume will he observed. At 
later ages the contraetion heeomes the dominant factor 
as the free water is depleted. This explanation of ex
pansion at early ages is generally accepted (2,4,B,14). 
Specimens stored in water may continue expanding for 
several years since the pore or free water is constantly 
rephu:ed (21. In a situation where the free water is 
limited to the excess mixing water expansion ordinarily 
ceases soon after placing as more and more water is 
hound chemically in the hydration process. 

2.2.3 Carbonation Shrinkage 

The term carbonation shrinkage designates a de· 
crease in volume of a specimen of cement paste or con
crete that occurs during or after a period of drying as 
a result of chemical reaction between the hydration prod
ucts of portland cement and carbon dioxide (15). Al
thou()'h the carbonation of hydrated cement has been 
studi~d for some time ( ]6.21), its connection with 
shrinkage has been hypothesized only rather recently. 

There are primaril\' two reactions that take place 
involvin~ carbon dioxide ( 21 : 

and 

!II CaiOH I~ + CO~ --'> CaCO:I + H~O 

(2) :KaO · 2SiO .. · .11-1..0 + .1CO .• --'> .3CaCO:I 
+ 2Si0~ -+ 3H~O -

The first reaction results in a small change in vol
ume. The second reaction exhibits some significant 
volume reduction under certain conditions. The mecha
nism is not fully understood at this time. Powers ( 15) 
has presented a .hypothesis to explain carbonation shrink
age. He attributes the reduction of volume to the disso
lution of calcium hydroxide crystals while the crystals 
are under pressure, and deposition of calcium carbona~e 
in places where carbonate is not under pressure. This 
theory does not offer water loss as a causative factor in 
carbonation shrinkage. 

Shrinkage due to carbonation does not occur at 100 
percent relative humidity or below some minimum value. 
It reaches a maximum in the region of 55 percent. As 
shown by Verbeck (21). when a specimen is dried to a 
definite internal humiditY in the absence of carbon 
dioxide, a certain reducti~n of \'olume, or of length, is 
observed. If the specimen is then transferred to an 
atmosphere of to~ having the same humidity, further 
shrinkage occurs provided the internal humidity is less 
than 100 percent. The amount of shrinkage due to 
extensive carbonation after dn·ing is about equal to that 
produced by drying and thus. the total of the two c?n· 
secutive shrinkages is about douhle that of the drymg 
shrinkage alone 051. Carbonation usually does not 
penetrate far into a concrete mass, and therefore its ef
fects are limited to the surface. In masonry walls and 
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thin slab <·onslrudion. how<,ver, it may he a sip;nificant 
factor. These slmdures are particularly vulnerable lo 
carbonation shrinka~<· wlwn they are on the interior of 
buildings in whi<'h the relative humidity is in the middle 
range. 

:!.:!.1 !Jryin g Shrinkage 

Drying shrinkage is the term applied to the dimen· 
sional changes laking place in cement paste or concrete 
when it is exposed to the normal atmosphere. It is gen
erally associated with loss of water from the specimen 
and hence a reduction in weight. According to Powers 
( 221 there are three mechanisms which are accompanied 
hy shrinkage: 

(II change in surface tension of the colloidal gel 
particles, 

( 21 change Ill pressure between gel particles, and 

( 31 change in capillary tension. 

Powers has solved the equation representing the total 
volume change resulting from the above three causes for 
real cement gel. He found that change in surface tension 
accounts for 10 to 20 percent of the total drying shrink
age. Change in capillary tension may produce no more 
tha.n 20 to -~0 percent, occurring only for water-cement 
ratws greater than about 0.40. The major portion of 
drying shrinkage is the result of change in the pressure 
?etween gel particles. The distance between gel particles 
IS dependent upon the forces acting on them. The amount 
and nature of the water between layers largely controls 
the spacing and therefore the volume. 

Ordinarily, the drying shrinkage of concrete is 
taken to be all of the contraction of the material when 
expose? to the normal atmosphere. It is important to 
recogmze that volume changes occur due to causes other 
than drying, as discussed previously. Naturally the total 
volume change of the material is the only practical wav 
to consider shrinkage in design work. In most cases th~ 
values of shrinkage reported include the dryino- and 
carbonation shrinkage. Current laboratory proc~dures 
for evaluating shrinkage usually provide for the first 
measurement to be made after a specified curing period. 
Most of the effects of plastic shrinkage and autogenous 
volume changes are thus practically eliminated. The 
comparison of data from several sources should not be 
made without information to clarify which types of 
shrinkage and volume change were measured. From a 
practical point of view it seems that the net overall vol
ume change is the most important design consideration. 
From this statement then it seems obvious that most 
methods used for evaluation of shrinkage should attempt 
to measure the net shrinkage. Net shrinkage is usually 
approximated by moist curing the material (which effec
tively prevents all shrinkage) and beginning measure
ments at the end of the curing period. 

2.3 Factors Affecting Shrinkage 

2 . .'U Materials 

Cement-Primary cement characteristics influencing 
shrinkage are fineness of grinding and gypsum content 
in relation to chemical composition (:~I. The fineness 
of cement is important since the presence of coarse parti· 
cles results in incomplete hydration of the cement. Any 
unhydrated cement in the gel structure tends to reduce 
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shrinkage hy restraining the <'ontraetion of the gel struc· 
tun• surrounding it. LeiTh I 2.1) demonstrated that 
shrinkage of pastt>s made with a given cement varied 
with the gyp~um <'onlenl. His results indicated that it 
was possible to fi11<l an optimum proportion producing 
the least shrinkage. This proportion varied with the 
chemical composition of the cement. Lerch and others 
have shown that mortars deficient in gypsum may shrink 
50 percent more than ones made with the same cement 
having the optimum proportion of gypsum. Gypsum is 
added to retard quiek setting of cement due to formation 
of calcium aluminate hydrates. In the process, a cal
cium sulphoaluminate hydrate, 3Ca0 · Al~O~ · 3CaS04 

· 321-1~0, is formed ( 241. Under appropriate conditions 
this reaction is accompanied by expansion and therefore 
leads to limited shrinkage compensation. 

Since shrinkage in concrete is primarily a property 
of the cement paste it follows that an increase in cement 
content increases shrinkage. Several investigators have 
studied the influence of cement type on shrinkage with 
conflicting results. The~e workers have found the effect 
of cement type diminishes in practical concrete mixes. 

Water-The total quantity of water in a concrete 
mix seems to be the major factor affecting shrinkage 
( 25). The relationship between water loss and shrink
age depends on the capillary porosity of the material. 
\Vater loss from the capillary pores is not accompanied 
by shrinkage. Thus the initial water loss (capillary 
water I occurs without contraction. Once the capillary 
water is evaporated and adsorbed water begins evapo· 
rating shrinkage is observed. This is illustrated in 
Figure 2-l, which was first published by Menzel (26). 
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These curves show the relationship between shrinkap;~' 
and water loss for a series of specimens ran~in~ from 
neat cement to a mixture composer! of 2.5 percent cement 
and 75 percent pulverized silica. The specimens had 
been cured seven days at 70° F. 

Powers ( 31 conciU<Ies that the shrinking and swell
ing of cement is controlled hy those water molecules 
within the range of the force field of solid surfaces, i.e. 
adsorbed water. Therefore, shrinkage from water loss 
depends on how much of the loss is capillary water and 
how much is adsorbed water. In the case of concrete 
the water in the pores of aggregate particles does not 
affect shrinkage since it is not wthin the influence of 
the gel surfaces. 

Aggregates-As previously stated, one of the princi
ple functions of aggregates (particles of rock or other 
reasonably inert material embedrled in cement paste I is 
to restrain the shrinkage of portland cement paste to a 
point that the concrete becomes a practical material. 
Carlson (27) hypothesized and Pickett (281 later eon
firmed the importance of the restraining effect of a~~re
gate. Pickett showed theoretically and experimentally 
that the quantity of aggregate rather than size and ~ra
dation is the important parameter with respect to shrink
age. This is illustrated in Figure 2-2 by Powers using 
Pickett's data ( 3). The conclusions reached were, (a I 
first shrinkage is greater than any subsequent expansion 
or contraction resulting from moisture change; ( b I at 
a given aggregate content the shrinkage is approximately 
proportional to water-cement ratio; (c) after first 
shrinkage, subsequent volume changes are approximately 
independent of water-cement ratio. The restraining ef
fect of a particular aggregate is also dependent on its 
elastic properties. The less compressible the particles, 
the more the shrinkage is restrained. Powers (3 I has 
pointed out that maximum size of aggregate influences 
shrinkage since aggregate volume may vary with maxi
mum size. 

The use of lightweight aggregates in concrete gen
erally increases the shrinkage. Shideler (29 I found that 
shrinkage was as much as 30 percent higher for some 
lightweight aggregate concretes as compared to natural 
gravel concrete, in relatively low strength ranges ( 3000 
psi). In the higher strength range ( 4500 psi I studied, 
he found the values were not significantly different. 
Similar results were obtained on concrete made with 
Texas lightweight aggregates (301. The replacement of 
lightweight fine aggregate with natural sand results in 
a reduction of shrinkage (31,32). 

Shrinking aggregates are one of the most detri
mental situations that may arise in structural concrete. 
Usually the effects cannot be controlled by adjusting mix 
proportions ( 33 I. Shrinking aggregates encountered in 
South Africa led to rapid deterioration of the concrete 
(34). Certain rock types have been identified as shrink
ing aggregates but the mechanism remains to be ex
plained. Although shrinking aggregates are apparently 
not a widespread problem, they have been found around 
the world. 

The presence of clay in commercial aggregates may 
have a significant influence on the shrinkage of concrete 
made with the aggregate. Most likely the clay material 
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is distributed as floes throughout the cement paste ( 3). 
Due to the eharacteristic shrinkage of the clay material 
upon drying and the volume reduction of rigid aggre
~ate particles, the shrinkage may he greatly increased. 
H veem and Tremper ( :~5 I reported that concrete made 
with dirty sand may shrink twice as much as eoncrete 
made with the same sand washed clean. They found 
that unwashed coarse aggregate gave as much as 70 
percent more shrinka~e than when thoroughly washed. 
A good correlation between shrinkage and sand equiva
lent value for the fine aggregate m:ed in the concrete 
has been reported ( 36), thus supporting previous con
clusions concerning the effect of clay. 

Houston ( 37 l recently eompleted an investigation 
of the effect of the degree of thermal transformation on 
selected properties of synthetic aggregates. This study 
was based on six aggregates made under various condi
tions in a rotary kiln for each of two ra\1· materials. For 
the materials tested and the processing parameters used 
the shrinkage of the concrete was not significantly 
affected. 

Admixtures-With the widely accepted use of chem
ical admixtures in concrete and the knowledge of their 
beneficial effects, it is imperative to also consider the 
side effects. Chemical admixtures are generally thought 
of as materials other than water, aggregates and portland 
eement (including special types) that are used in con
crete, and are added at some point in the mixing process. 
It has been reported that a gi\·en admixture used in con
crete n1&de with a particular aggregate type may result 
in an increase of 50 percent or more in shrinkage o\er 
another concrete eontainin~ tht> same admixture hut made 
with a different aggregate I\ pe 1 :~g I. This particular 
problem has not been widely ~tuflied and there i~ littlf' 
information available in the literalure. With re>"pt>l'l to 
shrinkage, the statement aho\·e indicate~ that somf' de
gree of eaution should he exercised in the use of chemi
eal admixtures in concrete. 
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23.2 Curinl{ 

The ~~onditions under which cement pastes and con
crete are allowed to ~~ure are important considerations 
in the 8tudy of shrinkap:e. A prolonp:ed moist curin~ 
period would allow more complete hydration of the 
cement. More complete hy1lration of cement results in 
fewer unhydrated cement grains and therefore increased 
volume changes since they provide restraint when pres
ent. However, at the same time more structure will have 
developed in the cement paste increasing its strength and 
stiffness. These results lead to a lowering of the rate of 
creep or relief of stresses. The overall result is generally 
thought to be a material more likely to crack if restrained 
although conflicting results have been reported. In prac
tice the prolonging of moist curing is rather unimportant 
from shrinkage considerations. 

Use of steam curing provides a material that shows 
practically no volume change with variations in moisture 
content while severely reducing strength ( 31. Menzel 
(261 reported that blending silica powder with cement 
yields a steam cured product with normal strength and 
about half the shrinkage of similar concrete normally 
cured without the addition of silica. 

2.3.3 Environment 

Temperature and Humidity-The mechanisms con
trolling volume changes due to variations in moisture 
content depend on the amount and nature of water in the 
specimen. Although the total quantity of water at the 
time of mixing is easily controlled, that which remains 
is a function of the rate of evaporation. It is known 
that the shrinkage is greater for concrete having the 
greater water loss. Concrete cured in water or around 
100 percent relative humidity shows no contraction and 
often expands. At lower humidities the shrinkage in
creases as relative humidity decreases. It also should 
be recalled that carbonation shrinkage reaches a maxi
mum value in the humidity range around 55 percent. 
The major effect of temperature is its effect on rate of 
evaporation with regard to shrinkage. 

Wind-Hansen (391 studied the influence of wind 
on creep and drying shrinkage. These tests were con
ducted on small specimens of cement mortar having a 
large ratio of exposed surface to volume. In this way 
any effect of differences in drying should be more pro
nounced than it would be in structural concrete members. 
The results show that there is little difference in weight 
change, shrinkage and creep of cement mortar specimens 
exposed to wind ( 5 meters. 'sec.!, and specimens stored 
in calm air. Therefore it may be concluded from these 
tests that the effect of wind velocity on creep and drying 
shrinkage of structural concrete members is insignificant. 

2.3.4 Size and Shape 

The major portion of the shrinkage of concrete is 
associated with the movement of internal water out of 
the specimen. The moisture is attracted by the gel sur
faces within the specimen and is therefore highly viscous 
with respect to movement to the surface. Internal mois
ture moves toward the surface very slowly. If the dis
tance the moisture is required to move is increased, it 
follows that the movement takes longer and so does the 
associated contraction. Significant differences may he 
obtained if only a portion of the surface area is exposed 
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to drying (27). Results reported hy Hansen and Mat
tock ( 40 I indicate the degree of correlation between 
shrinkage and volume-to-surface ratio is sufficient to 
warrant its use in practical design work. Both the rate 
and final values of shrinkage decrease as the member 
becomes larger. Figure 2-3 shows some of the data 
presented by Hansen and Mattock. The investigators 
pointed out that the conclusions should not be extended 
to other materials and testing conditions without eon
firming that they are valid Ly testing. 

2.3.5 Restraint 

When mortar or concrete is in some way restrained 
(such as introduction of reinforcing steel J the shrinkage 
is reduced. Restraint of shrinkage results in higher 
tensile stresses than would otherwise he encountered. 
If the increase in stresses exceeds the tensile strength of 
the mortar or concrete, cracking will occur. All ma
terials do not respond to restraint to the same extent. 
Richie ( 41) presented results that indicated the response 
of masonry mortars to restraint is influenced by strength. 
The introduction of restraint will result in a material 
more prone to cracking since it is accompanied by in· 
creased tensile stresses. 

2.3.6 Consolidation 

The influence of consolidation on the shrinkage of 
concrete was studied and reported by Heaton (42). The 
results indicated that no significant difference in shrink
age occurred due to various degrees of consolidation. 
Although the results show shrinkage is not significantly 
affected, the compaction does significantly influence 
strength and durability of the concrete. 

2.3.7 111ixing and Retempering 

In tests reported by Polivka (431 the influence of 
continued mixing and retempering were studied for con
cretes made with several California aggregates. Retem
pering refers to the addition of additional mix water 
necessary to attain proper workability after prolonged 
mixing. For the tests reported, significant increases in 
shrinkage accompanied continued mixing and retem
pering. 



2.3.8 Summary 

The following is a listin~ of the paranwtt•rs that are 
generally considered to he the major fadorH influencing 
the shrinkage behavior of coJHTete. 

(a I cement composition, in particular the gypsum 
content 

(b) amount and pore structure of cement paste 

(c) amount (volume I ami maximum size of ag· 
gregate 

(d) compressibility of the aggregate 

(e) cleanliness of aggregates with regard to clay 

(fl exposure conditions, such as humidity, volume 
to exposed surface ratio, and time of exposure 

(g I physical restraint of the material, such as rem· 
forcement and external friction 

(hI chemical admixtures employed 

(i) unit water content 

2.4 Cracking of Concrete 

2.4.1 General 

The cracking of concrete has been a subject of inter
est to designers for many years. In many applications 
cracking may not be detrimental. However, in concrete 
pavements, bridge decks, and many other structural ap
plications, cracking may lead to extensive deterioration 
and failure of the structure to perform as designed. 
Fundamental material characteristics related to cracking 
as well as means for their evaluation are necessary to 
provide designers with the tools for crack prevention 
or control. 

2.4.2 Unrestrained Shrinkage-Cracking of Concrete 

The microcracking of concrete has been the subject 
of several publications in recent years ( 44-48) . Hsu, 
et al, have reported that shrinkage of concrete induced 
cracking at the coarse aggregate mortar interface ( 44). 
These results have been confirmed ( 48) and the extent 
of cracking found to increase with shrinkage. This work 
is in agreement with that reported by Pickett some time 
ago (50). Hansen investigated the subject and found 
no cracks after several years of exposure to a dry atmos· 
phere ( 49). It should be pointed out, however, that 
Hansen's work involved a high quality granite aggregate 
while Hsu, et al, used a mixed gravel. From these in
vestigations it may be concluded that in many situations 
microcracking of concrete results solely from shrinkage 
stresses in the material, although not in every case. 

The importance of microcracking of concrete is pri
marily due to its influence on strength properties of the 
material. The mechanism of fracture in concrete under 
uniaxial tensile or compressive stress begins with the 
spreading of microcracks ( 51,521. The importance of 
microcracking is not considered in the design procedures 
presently used. The reloading tests reported by Isenberg 
(52 J indicate that in design work, neglect of short term 
preloadings may be unsafe due to microcracking. There 
is no practical method for predicting the microcracking 
of concrete under various situations at this time. 

The above discussion is concerned with the internal 
cracking of concrete due to shrinkage. In some cases 

tlu~ 111icrocnwking eontinut~,; to such an extent that 
maerocrack~ oceur in tlw rnalt'rial. In unreHtrained con· 
crete (one without reinforcement or fixed entls I macro· 
cracking can only re~mlt from differential volume changes 
of the material. Shrinkage tlepends primarily on the 
movement of internally held water to the surface and its 
loss hy evaporation. As pointed out hy many investi· 
gators this movement is a slow process. After years of 
exposure shrinkage will penetrate only a short distance 
into a concrete mass. For this reason rlifferential len· 
sile sl re;;ses may develop as the center portion restrains 
the shrinkage at the surface. This type of crackin~ may 
also occur in thin slab cons I ruction where only one side 
of the slab is exposed to drying. Sudden chan~es in 
temperature or temperature ~radients produce cracking 
very similar to shrinkage cracking in concrete. Like 
shrinkage, exterior temperature changes are transferred 
to the interior slowly. A rapid drop in temperature of 
only 20" F would result in a tensile stress in the skin of 
about 400 psi ( 5.~ ). Considering the skin of concrete 
is under tension due to shrinkage, the addition of only 
moderate temperature stresses may contribute to crack
in~. 

2.4.3 Environmentally Induced Cracking 

Cracking that results from the interaction of eon· 
crete with its environment is seldom desirable. There 
is no dependable method of predicting the extent of the 
material-environment interaction. Several of the mecha
nisms are understood and means of avoiding cracking 
are readily available. Mather ( 541 listed six causes of 
environmentally induced cracking as follows: (a) un
sound cement, (b I frost suspectibility of cement paste, 
(c) alkali-aggregate reaction, ( d I plastic shrinkage, 
(e) corrosion of embedded metal and, (f) sulfate attack. 
Only plastic shrinkage is to be considered in this study. 
It is normally associated with areas exhibiting a high 
rate of evaporation as discussed in section 2.2.1. Al
though plastic shrinkage cracking can usually be elimi· 
nated by flooding soon after placing, it has been known 
to occur even when evaporation was prevented ( 12 J. 
This observation suggests that perhaps the rate of evapo· 
ration is not the only cause of plastic shrinkage. 

The influence of the environment may be extended 
to include cracking of concrete due to restrained shrink
age. Since the temperature and humidity largely con· 
trol the amount of shrinkage that may he realized in the 
field, they must also relate to stress developed due to 
restrained shrinkage. When a concrete mass undergoes 
drying and is prevented from deforming, stresses develop 
in the material. These stresses will result in cracking 
of the material if they exceed its tensile strength or if, 
when superimposed on the working loads, the tensile 
strength is exceeded. The influence of a normal field 
environment is verv difficult to evaluate. It is known 
concrete takes up ,;ater much more easily than it looses 
water making av.erage conditions meaningless with re· 
specl to shrinkage considerations. At this time there 
is no reliable method of evaluating the influence of a 
normal environment on concrete due to its characteristic 
wet-dry cycling. 

:!.A.+ Summary of Factors Influencing Cracking 

The following list of factors were taken from the 
references indicated. They refer to cracking due to 
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causes otlwr than t•xft>rnally applied loads and are ltast~d 
on tests of conventional natural aggrt~gate t•onnelt~. 
Main factors influencing cracking 11 ere listed lty Carlson 
t55J as a) extent of shrinkage, ltl dt~gn~e of restraint, 
c I corwrete tensile strt•ngth, d I extensibility or the t•on
nete flow under sustained load. and e l time or the 
rate of shrinkage. Concrete mix parameters that influ
erl<'t~ n;wking and their effect are listed below. 

(a l Prolonged moist curing is believed to result 
in concrete that is more prone to cracking ( :~) 
although conflieting results have heen report
ed (.55). 

(el 

(el 

Aggregate I) pt• infhwnce,.; cracking through its 
t•ffcet on tht' shrinkage strain and tensile 
strength. 
lnc.reas1~s in ('ement content are associated with 
a greakr eraeking lendeney, believt'd to result 
from redu!'ed creep ( J.J. 
Up to :r, in. greater maximum size aggregate 
reduces cracking; beyond this size the differ
ences are small. 
Air entrainment mav result in increased crack
ing where it is acc(;rnpanied by higher shrink
age and lower ultimate tensile strength. 

CHAPTER III 

EXPERIMENTAL METHODS 

3. I Strength Tests 
Compressive strength tests were made on two six 

hy twelve in. cylinders from each batch of concrete for 
purposes of control. The specimens were moist cured 
J4. days prior to testing. Testing was performed in 
accordance with ASTM C:~IJ-6'k The data were taken 
to provide an indicator of eli fferenl properties of the 
material from those normally observed. 

3.2 Variables 
3.2.1 Coarse Aggregates 

The concrete specimens used for unrestrained shrink
age and restrained cracking were made using three 
coarse aggregates each combined with the same fine 
aggregate. Specimen descriptions are in section 3.3. 
Two synthetic lightweight aggregates were used. Ag
gregate R is a semicoated expanded shale that has low 
water absorption characteristics. Aggregate D is an 
uncoated expanded shale that has high water absorption 
characteristics. Aggregate H is a natural siliceous 
gravel known to have a good service record, included 
primarily as a reference. Pertinent aggregate data are 
presented in section 5.1. The synthetic lightweight ag
gregates were saturated prior to hatching for a period 
of time sufficient to allow 25 percent of the internal 
voids to become saturated (56). 

3.2.2 Cement Content 
Unrestrained shrinkage and restrained cracking 

characteristics were observed on specimens made with 
three different cement contents. It has been reported 
in the literature that the cement concrete does not sig
nificantly influence shrinkage of practical concrete mixes. 
This parameter was varied primarily to establish the 
relationship of cement content to the cracking charac
teristics for the material tested. The variation of cement 
was studied under onlv one environment. Cement con
tents of .5.0, 6.0 and 6 .. ') sacks/cubic yard were used. 

.~.:2.8 Environmental Conditions 

The atmosphericall~ controlled rooms in the McNew 
Laboratory at Texas A&M University were used to pro
vide four conditions of temperature and humidity for 
this investigation. The facilities include a constant read-
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out eharl that enables researchers to monitor environ
mental conditions throughout a long time lest. Further 
description of the facilities is given in section 5.2. The 
four conditions used in the study are given in Table 3-l. 

TABLE :3-1. ENVIRONMENTS 

Environment 
_ I?_esigna tif>n _ 

mild 
wet 
cold 
hot 

Temperature 
( OI<'L __ 
73 
73 
40 

140 

Relative 
Humidity 
(percentt 

50 
95 
92 
25 

The relative humidity of the cold room was meas
ured throughout the tests with a wet bulb-dry bulb sling 
psychrometer since that room has no humidity control. 
There was no variation from the measured relative 
humidity throughout the lest. 

3.3 Test Descriptions 
3.3.1 Organization 

The data taken for this investigation were obtained 
primarily from three methods using three different speci
men types. Unrestrained volume changes and restrained 
shrinkage cracking were evaluated for all variables under 
study as shown in Table 3-2, giving batch designations. 
The batch designations reflect the curing environment 
tM, H, C, WJ, coarse aggregate type (D, R, H) and 
cement content of the mixture (.5.0, 6.0, 6.5) in sacks/ 
cubic yard. Concrete weight loss due to evaporation 
of water was measured on all batches in the mild environ
ment and on aggregate R concrete in the hot environ
ment using the unrestrained shrinkage specimens. 

TABLE :{-2. TESTING PROGRAM 
Environme.nt 

mild (M) 

hot (H) 

cold (C) 

wet (W) 

D 

MD6.5 
MD6.0 
MD5.0 

HDii.O 

CD5.0 

WD5.0 

A~t,I~~gat~ 

R 

MR6.5 
MR6.0 
MR5.0 

HR5.0 

CRfi.O 

WR5.0 

H 

MH6.fi 
MH6.0 
MH5.0 

HHfi.O 

CH5.0 

WH!i.O 



8.3.2 Unrestrained Shrinkage Specimens 
Specimens used for the measurement of umeslrained 

shrinkage were 3 x 3 x 11.25 in. having a 10-in. gage 
length between stainless steel gage points mounted in the 
ends in accordance with ASTM Method Cl57-67T. The 
method of measuring length changes and equipment used 
are those suggested by the above mentioned standard 
method. 

3.3.3 Restrained Cracking Specimens 
The specimens used to evaluate the cracking char· 

acteristics of the materials were 4, x 4 x 48 in. with a 
one-in. diameter deformed reinforcing bar mounted along 
the specimen centerline. This type specimen was devel
oped in a pilot study for the purpose of comparing 
structural lightweight concretes on the basis of their 
cracking behavior when restrained. The specimens were 
placed in the molds in accordance with ASTM Method 
Cl92. The cracking behavior reported as the number 
of transverse cracks, was recorded through visual in· 
spection of the specimens periodically. Both transverse 
and longitudinal cracking patterns~ were recorded for 
each specimen. Figure 3-l is a typical data sheet for 
crack evaluation, illustrating the method of counting 
cracks. 

3.3.4 Direct Tensile Specimen 
The direct tensile test specimen reported by Led

better and Thompson (57) was used to measure stress 
development with age due to restrained shrinkage. After 
60 days of drying the specimens were loaded in uniaxial 
tension to concrete failure in order to determine the 
total tensile strength of the material. The test specimen 
consist of a thick-walled steel tube upon which electrical 
strain gages are mounted and protected by a brass sleeve 
around the tube; and the tube is encased in a specimen 
of concrete. The brass sleeve in addition to moisture 
proofing the gages, serves to reduce the cross-sectional 
area of the concrete, and thereby insures concrete failure 
at the point where the gages are mounted (57). For a 
complete description of the technique the reader is re
ferred to Reference (57). 

Concrete was cast around six of the instrumented 
bars from one batch of concrete prepared as discussed 
in section 5.3. Six specimens for unrestrained shrinkage 
determination were also made. Three specimens were 
placed in the hot and three in the mild environments. 
Strain measurements were taken periodically on the 
specimens beginning immediately after placement. 

SPEC.# 

SPEC. HR 5.0 ·I HR 5.0· 2 HR 5.0-3 
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ONE SPECIMEN FACE = 3•:5~:') 

AVERAGE 9.3 

Figure 3-1. Crack evaluation sheet. 

3.4 Constants 
Throughout the preparation and testing certain 

parameters were maintained as constant as practicable. 
The mixing sequence and procedures for testing the 
fresh concrete were constant throughout. Mix data are 
shown in section 5.5 for each batch of concrete. One 
shipment of Type I portland cement was used in all 
mixes. The volume of coarse and fine aggregates was 
held constant. Each of the aggregates used required 
a different amount of mix water to provide a given work
ability. Therefore, a relatively wide range of slump 
(2-5 in.) was allowed in the concrete batches in order 
to achieve about the same water content for each mix. 

The air content of the fresh concrete was main
tained between 5.0 and 6.0 percent for all batches, deter· 
mined by the pressure method. Specimens for unre· 
strained shrinkage, restrained cracking and direct ten
sion measurements were all cured 24 + 2 hours in the 
molds covered with plastic sheets. At approximately 
one day of age they were removed from the molds and 
placed in a moist curing environment ( 73 o, 95-100 per
cent) for four additional days of curing. After the total 
of five days initial curing the specimens were placed in 
the environments discussed previously. 

CHAPTER IV 

4.1 Results 

4.1.1 General 

RESULTS AND 

The data to be presented were obtained primarily 
from three test methods. Ther were a l an unrestrained 
volume change test similar to. the ASTM Method Cl57-
67T, b l a restrained cracking lest, and c l a direct ten· 
sile test, all described in Chapter III. The cement con-

DISCUSSION 

tent, coarse aggregate type and environment were delib
erately varied while other parameters were maintained 
as constant as practicable. 

4.1.2 Statistical Considerations 
Since it is physically impossible to hold the con· 

slants truly invarient, some measure of their variability 
must be provided before one can safely consider them 
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TABLE 4-1. STATISTICAL DATA 

Parameter· n X IT cv 

Specimen gage 
length (in.) f>4 JO.lf>84 O.Oli:l 0.62% 

Unit water· content 
(lbs./cubic yard) 19 2!JO.fi 21.4 7.4 'J., 

Total aggregate 
content (percent 
absolute volume) l!J G7.6 1.8 2.7 '7o 

Air content 
(percent absolute 
volume) 19 5.5 0.27 4.9 '7o 

constant in an analysis. The statistical measures of 
standard deviation and coefficient of variation are shown 
in Table 4-l for several of the constants of this study. 

The values shown in the table were arrived at hy 
using the following equations: 

x= 

cv 

1x1 

II 

x = mean of observation x~, 
where i = 1,2,3 ... n 

n - number of observations 

1(x1:!J - (1x;l :!jn 
---- --~------

(11- 1) 

( cr:!) 
I/!! 

cr = standard deviation 

(100%) 
X 

CV coefficient of variation 

( 4-ll 

( 4-2) 

(4-3) 

(4-4) 

It is assumed the parameters presented in Table 4-l 
may for practical purposes be represented by some form 
of normal distribution curve from which the statistical 
values are determined. The standard deviation expresses 
the degree of uniformity or scatter about the mean value 
for all measurements. The coefficient of variation is 
simply the standard deviation expressed as a percent of 
the mean value. 

The variation as indicated by the parameters is not 
considered large enough to warrant further considera
tion in analyzing results. Other constant parameters not 
shown in Table 4-l were determined to have such low 
variation that it was not necessary to analyze them sta
tistically. 

4.1.3 Control Tests 

In order to provide a means of detecting irregulari
ties in the materials prepared for this investigation, 14 
day compressive strength determinations were made on 
two six-by-twelve in. cylinders from each batch (Figure 
4-11. The bars for the 5.0 sack/cubic yard concrete 
represent the average of eight specimens from four 
batches while those for the 6.0 and 6.5 sack/cubic yard 
batches represent the average of two specimens from one 
batch. The shaded portion indicates the range of values. 
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Figure 4-1. Concrete compressive strength data. 

All compressive strengths are considered as "representa
tive" with the exception of the following. 

The compressive strength for the aggregate H con
crete was lower than values normally observed (58). 
Inspection of the material revealed that most of the 
coarse aggregate was coated with fine material. Me
chanical analyses, when washed, indicated that the fine 
material amounted to only about one percent by weight. 
It was concluded that the fine material coated the coarse 
aggregate particles and caused a reduction in strength 
by hampering the development of paste aggregate bond. 
While the amount of fine material was sufficiently large 
to cause a significant strength reduction, on the basis 
of previous investigations ( 36), it was not believed to 
have influenced unrestrained shrinkage behavior. 

The compressive strength shown for the aggregate 
D concrete at 6.5 sacks/cubic yard is not believed to be 
representative of the material in the other specimens 
made from that batch. Due to a malfunction of the 
moist curing facilities, the compressive strength speci
mens were placed at 50oF 95 percent for a significant 
portion of their curing period and thus exhibited re
duced strength at 14 days of age. All other specimens 
from the batch were removed to the appropriate curing 
environment during the malfunction period. 

4.1.4 Unrestrained Volume Changes 
The unrestrained shrinkage values measured in this 

study as a function of curing environment are given in 

.;; 800 .-------.------,-------r-----.------,-------,--~ 
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Figure 4-2. Limits of volume change for the enmron
ments studied. 
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Figure 4-3. Unrestrained shrinkage data. 

Figues 4-2 and 4-3. The data shown were corrected for 
thermal volume changes which were encountered in mm·
ing the specimens from moist curing to the cold and l~ot 
environments. Methods used and thermal properhes 
recorded are shown in section 5.-J.. The environment into 
which the specimens were placed produced significant 
differences, as well as influencing the aggregate-to-aggre
gate differences as shown in Figure 4-2. The cold en
vironment resulted in the least aggregate-to-aggregate 
difference while the hot environment produced the larg
est. However, for the methods and equipment used in 
this work, greater than approximately 100 in./in. x }()·H 

may be regarded as a significant difference. 

Three different lightweight coarse aggregates were 
investi "a ted in each environment. Cement contents of 
5.0, 6.0 and 6.5 sacks/cubic yard were used in the mild 
environment while 5.0 sacks/cubic yard only was used 
in the other curing environments. Thus it is concluded 
from these test results that the values were not signifi
cantly influenced by either the coarse aggregate type nor 
by the cement factor used (although in the hot environ
ment there was an apparent aggregate effect). The only 
variable investigated that produced significant d!fferences 
in unrestrained shrinkage was the curing envuonment, 
as illustrated in Figure 4-3. All data points fall between 
the curves plotted by selecting the proper constants for 
the equation, 

where, 

e. unrestrained shrinkage strain (in./in. x 
w-o, 

E, ultimate shrinkage strain ( in./in. x 10 ,; I 
co 

N. = age at which Es = ] /2 Es , ( daysl 
% 

= any time after drying hegins, (days I, 

which has been used by Hansen and Matlock ( .J.O I. In 
order to achieve a hett~r fit to the data. a constant 11"<1~ 
added to the equation for the l011er li.mit of the mild 
environment data and the upper limit of the moist en
vironment data. 

Front tlw hands slwwu in Figure 1..:~ it is clear that 
the t~nvironnwnlal conditions an· vital factors in control
lirw the rate of volunw change as wdl as the final value. 
'l'lt; possibility of the uhirnall· shrinkage str:ain in the 
mild environnwnl !wing greater than thai 111 the hot 
m1vironnwnl exists for the hands of data shown. It is 
apparent front this information and otlwr data presented 
in section J..I.S that in slllnt• cases. if not all, the ultimate 
shrinkage strain in tlw mild environment exceeds that 
in the hot environnwnl. This point is primarily of fun
tlamental in!P.rt•st and is discussed further in the next 
section. 

As mentioned above the rate at which volume chang
es occur is controlled by environmental conditions. When 
concrete is restrained from shrinking by the presence of 
reinforcing steel, the rate of shrinkage is very important 
as it relates to the amount of stress relief through creep. 
This importance is illustrated in sections 4.1.6 and 4.1.8. 

4./.S Concrete IF ater Lms on Drying 
\Vater loss Jetenninations were made on specimens 

of t'ach coarse aggregate in the mild environment at 
cement contents of 5.0, 6.0 and 6.5 sacks/cubic yard and 
on one hatch of aggregate H concrete at 5.0 sacks/cubic 
yard in the hot environment. Data shown in Figure 4-4 
illustrate that water loss varied from about 2.2 to 7.5 
percent of the specimen weight after initial moist curing. 
The water loss that occurred was influenced by both 
coarse aggregate type and cement content. For the 
methods used the differences shown in Figure 4-4 can 
be regarded as significant. Accuracy was to the nearest 
gram in something over :~000 grams of total weight for 
the specimens used. 

Data shown in Figure -1-5 illustrate the influence 
of coarse aggregate type on the shrinkage-water loss 
relationship. The influence is believed to result from 
changes in the amount of water not associated with 
shrinkage (capillary water), represented by the initial 
flat portion of the curves in Figure 4-5. Examination 
of the curves reveals that nearly all of the differ
ences between the curves occurs .during the first 100 
in./in. x 10 " of shrinkage. Thus the amount of water 
loss associated with early shrinkage was greatly influ
enced by the type of coarse aggregate, while the later 
water losses associated with continued shrinkage were 
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Figure 4-I. Concrete water fuss on drying. 
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Figure 4-5. Influence of the coarse aggregate on the 
shrinkage-water loss relationship. 

not significantly different for the different aggregates. 
An interesting comparison arises with 100-minute degree 
of saturation (56) and data shown in Figure 4-5. The 
100-minute degree of saturation values are 0.29, 0.08 
and ~ 0 for aggregates D, R, and H respectively. The 
differences in water loss associated with coarse aggregate 
type were due to saturation characteristics of the coarse 
aggregate (see section 4.2.3) and the cement gel struc
ture was not significantly altered with respect to its water 
content and distribution, although the capillary porosity 
was affected. The fact that the unrestrained shrinkage 
for all specimens used in Figure 4-5 lies in the narrow 
band of the mild environment (Figure 4-3) supports this 
conclusion. 

The shrinkage-water loss relationship as affected by 
cement content and drying conditions is shown in Figure 
4-6 for aggregate R concrete. Again, due to the accuracy 
of the measurements, all differences can be regarded as 
significant. An important point is the difference in un
restrained shrinkage for the same cement factor for a 
given amount of water loss as influenced by the curing 
environment. For instance, at a water loss of 4.5 per
cent, unrestrained shrinkage values for the 5.0 sack/cubic 
yard concretes are 170 and 410 in./in. x IQ-6 for the 
hot and mild environments respectively. It is believed 
the reason for such a significant difference is the reduc
tion in surface tension of water as temperature increases 
(59). The water is evaporated more easily and in
volves much less surface tension at the internal surfaces 
of the material, resulting in less shrinkage per unit of 

MILD ENVflONMENT HOT ENVIRONMENT 

0~~~~~----~--~----L_ __ _L __ ~~ 
0 2 3 4 5 6 

CONCRETE WATER LOSS (PERCENT BY WEIGHT) 

Figure 4-6. Influence of cement and environment on 
shrinkage-water loss relationship. 
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water evaporated. Hansen illustrated that the reduction 
of relative humidity (50 to 25 percent) would not in
crease shrinkage (2). Thus if over a period of time 
the same quantity of water is lost from two specimens 
of concrete, that in the higher temperature environment 
should exhibit the least shrinkage. However, it should 
be pointed out clearly that when concrete is restrained, 
as it invariably is in reinforced concrete structures, the 
rate of shrinkage becomes much more important than the 
absolute volume change (age is indicated on the curves). 

As a result, even though the total shrinkage is less 
in the above example for the concrete exposed to the 
hot environment, the rate of change is higher and hence 
cracking of restrained concrete would tend to be greater. 
This in fact was shown to be the case. Concrete under 
mild conditions may never lose as much water to evapo· 
ration as that in hot conditions which certainly could 
result in greater volume changes in the hot environment. 
The influence of cement content on the shrinkage-water 
loss relation can be discussed as before in terms of the 
shrinkage per unit of water evaporated. Lower water 
loss with increased cement was due to a decreased vol
ume of capillary pores in the cement paste structure 
associated with the increased cement content or lower 
water-cement ratio. Influence of capillary porosity was 
illustrated by Menzel, as shown in Figure 2-l. The 
decreasing shrinkage per unit water loss is due to a 
decreasing percentage of the total water intimately associ
ated with the gel surface area, as capillary porosity in
creases. Although these differences existed, the amount 
of shrinkage at a given age was not greatly affected. 

4.1.6 Restrained Shrinkage 
The direct tensile specimen was used to measure the 

development of concrete tensile stress due to restrained 
shrinkage in the hot and mild environments for aggre
gate R concrete. A detailed description of the test 
appears in Reference (57). Concrete tensile stress due 
to restrained shrinkage is shown in Figure 4-7 plotted 
against unrestrained shrinkage measured on accompany
ing standard type specimens. Data shown for the two 
environmental conditions indicate that the environmental 
parameter had little influence on the relationship shown. 

The type of information shown in Figure 4-7 ap· 
pears to have considerable practical significance. If it 
is assumed that the manner of restraint involved in the 

100 200 300 400 500 
UNRESTRAINED SHRINKAGE (lN./IN. K 10-6) 

Figure 4-7. Restrained shrinkage stress related to un
restrained shrinkage. 



direct tensile specimen simulates that in reinforced con
crete structures, then the unrestrained shrink age obtained 
by means of the standard speeirnens could be used to 
predict restrained shrinkage stress for a wide range of 
curing environments (Figure 4-7). In Figure ·1.-S the 
relationship of water loss to restrained shrinkage stress 
presents another promising possibility for use in practi
cal situations. For a given environment a certain water 
loss could be related to restrained tensile stress in rein
for.ced concrete with the result that cracking could be 
reliably predicted. Since the water loss determinations 
would most likely be easier to accurately obtain than 
length changes, it is believed that both should be further 
inv~stigated for different materials, mix proportions, and 
environments. Such an investigation would determine 
the feasibility of such an approach to crack prediction 
of restrained concrete. 

4.1.7 Direct Tensile Test 
After restrained shrinkage was measured up to an 

age of 60 days, the direct tensile specimens were placed 
in an lnstron testing machine and loaded to concrete 
failure in tension. A detailed discussion of the test 
appears in Reference 57. Figure 4-9 illustrates the total 
stress-strain curves obtained using the restrained shrink
age. and direct tensile test data. Specimen I could not 
be mcluded due to electrical malfunctions during the 
r.estrained shrinkage test. In Figure 4-9 the dashed por
tiO~ of the curves represents behavior during restrained 
shrmkage. The curve is drawn as a dashed line since 
the actual stress-strain relationship during restrained 
shrinkage is not known. As stated in Reference 57, 

. . . the strains in the steel specimen were 
me?sured during the hydration period, from 
which the concrete restrained volume change 
stresses can be calculated. However, the con
crete strains during this period are not known 
until the time of test. When the specimen is 
tested, the relationship between concrete stress 
and strain is determined and, therefore, the 
strain existent in the concrete prior to testing 
can be calculated. Thus the solid portion of 
the tensile stress-strain curve is positioned cor
rectly on the graph and portrays the influence 
of restrained volume changes on concrete ten
sile properties. 

Comparing the percent of the ultimate tensile 
strength lost to shrinkage reveals the influence of the 
total amount of shrinkage in the hot environment at 60 
days (Table 4-2). 

The higher loss of effective tensile strength in the 
hot environment is not only due to higher shrinkage (as 

TABLE 4-2. DIRECT TENSILE SPECIMEN DATA 

Percent 
Reduction Restrained 

Tensile Due to Shrinkage 
Environ- Strength Restrained Stress 

Specimen ment (psi) Shrinkage (psi) 

2 hot 470 55 260 
3 430 69 245 
6 315 78 290 
1 mild 
4 375 46 172 
5 400 43 172 
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Figure 4-8. Restrained shrinkage stress related to water 
loss. 

can be deduced from Figure 4-3) but also due to a much 
greater rate of shrinkage. Since both shrinkage and 
creep are time dependent, the faster a stress is applied, 
the lower the amount of stress that is relieved through 
creep. In the design of reinforced concrete structures, 
the effective tensile strength is of interest rather than the 
total tensile strength, and reductions due to restrained 
shrinkage stress must be taken into account if cracking 
is to be reduced or avoided . 

In Figure 4-9 there appears to be no relation be
tween ultimate tensile strength or modulus of elasticity 
and the curing environment. It should be pointed out 

NO. 2, 3, 6 DRIED IN HOT ENVIRONMENT 
NO. 4,!l DRIED IN MILD ENVIRONMENT 
X INDICATES CONCRETE FAILURE 
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Figure 4-9. Concrete total stress·strain curve in tension. 
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that in C\'l'r\' case hl\\t>r ullimale lensill' slren!!;lh may IH' 
associated ,~-ith a t!rcalN percent r!'duclion 'due lr; re
strained shrinkat!e. This ohscn-alion suggests that the 
shrinkage and tlwrefore the restrained shrinkage stress 
remained ahoul tlw same for all spccinwns in a particu
lar curing environnwnl while the ultimate tensile sln·ngth 
varied from specimen to specinwn. Values of restrained 
shrinkage stress in Tahle -'1.-2 suhstanlialc this concept. 

4.1.8 Concrete Crading 

Concrete cracking was evalualt'd as the numher of 
cracks occurring on a specimen ,1, x 4 x -I.B in. having a 
one in. diameter deformed reinforcing har through the 
center. Three specimens were made from each aggre
gate type at 5.0 sacks/cubic yard cement content for each 
curing environment. In addition specimens at 6.0 and 
6.5 sacks/cubic yard were made for each aggregate type 
and placed in the mild environment. All specimens in 
the cold and wet environments remained crack free. 
Data from 5.0 sack/ cubic yard concrete in the hot and 
mild environments are shown in Figure 4-10. These 
data emphasize the role of the rate of shrinkage as men
tioned earlier. In all case3 specimens in the hot environ
ment cracked significantly more than similar speeimens 
in the other environments. Specimens for the 5.0 sack/ 
cubic yard aggregate H concre:e were damaged after 
the data point at about I 00 days of age and therefore 
the data beyond that point were not considered. In 
Figure 4-ll the influence of variations in the cement 
content is illustrated for the three coar~e aggregate types 
in the mild environment. A concrete containing more 
cement was more prone to cracking in most instances. 
This behavior has been reported in the literature and is 
generally believed to result from increased stiffne's of 
the cement JHste structure and therefore a reduced creep 
capacity ( 4.,43,55). 

The cracking behavior of the specimens up to about 
4.0 days of age is not clear from the data pre':ented. The 
specimens were observed about once a week for cracks 
until the first ones were found, then a thorough inspec
tion of the specimens was made. It seems unreasonable 
that several cracks would occur simultaneously since the 
distribution of stress along the length of the specimen is 
not uniform. Therefore, it io;; believed the cracking 
occurred as indicated by the dashed lines in Figure 4-10 
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Figure 4-10. Cracking related to age, en1'ironment, and 
coarse aggregate. 
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Figure -1-1 I. Cracking rdakd to cement content. 

and the visual inspection of the specimens did not dete!'l 
these early cracks. On later hatches closer attention was 
given to inspection prior to cracking, as in the case of 
aggregate H concrete in the mild environment. 

In every situation included in this investigation, the 
aggregate D concrete cracked more readily than the 
aggregate H concrete. This resulted from one or a com
bination of a l greater volume change for aggregate D 
concrete and therefore higher restrained shrinkage stress, 
b) greater rate of strength development, therefore higher 
restrained shrinkage stress, c I lower ultimate tensile 
strength, therefore less stress required to form a crack 
or d) a lower rate of creep and therefore less stress 
relief. Since unrestrained volume changes were not sig
nificantly different, it is concluded that the applied 
restrained shrinkage stresses are about the same. Pre
vious workers have demonstrated that no significant 
difference exists regarding rate of strength development 
( 30 l. The significant differences are thus a function 
of the creep and tensile strength properties of the ma
terials under study. 

On almost all restrained cracking specimens longi
tudinal cracking (parallel to the reinforcing bar l was 
observed near the ends. It has been shown that such 
cracking is likely to occur near a transverse crack in 
which the faces of the crack are separated ( 60'1. The 
concrete near the end of the specimen behaves as if the 
e'1d of the specimen were a trans\·erse crack. The con
crete and steel tend to separate as the concrete "peels" 
away from the bar. This situation imposes a circum
ferential stress on the concrete at the end, resulting in 
longitudinal cracking in the specimens in this studv . 

4.2 Discussion of Interrelationships 

4.2.1 Concrete Strength and Restrained Shrink,age 
Cracking 

The strength of concrete has an important role in 
the development of cracking due to restrained shrinkage. 
FirsL a stronger material exhibits less deformation for 
a given applie~l load due to a stiffer structure. Secondly. 
the stiffer structure also exhibits less creep strain under 
a sustained load and therefore retains a greater percent
age of the applied stress. Hesults of restrained cracking 
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at 160 days of age are shown in Figure 4-12 related to 
strength properties indicating increased cracking for 
higher cement factors and related strength characteristics. 
It was noted that the concrete stress and cracking con
tinued to increase after unrestrained volume changes 
were almost constant as shown in Figure 4-13. Compu
tations based on volume-to-surface area ratio as presented 
by Hansen and Mattock ( 40 J indicated there should be 
no great difference attributable to specimen size differ
ences. Thus it was concluded that increased stress and 
therefore cracking was caused by the continuing strength 
development under a constant deformation. This can be 
explained by assuming the material to behave, at any 
given age, in accordance with Hooke's Law, which is, 

.1 
PL 
AE 

.1 deformation 

p applied load 

L length under consideration 

A cross-sectional area 

E modulus of elasticity 

In a situation where shrinkage is constant and the ma
terial is gaining strength, as pointed out above; .1, L, 
and A are constant while E changes. Thus, 

p 

.1A 
where L 

KE 

K Is a constant for the given conditions, 

for E to increase P must increase, causing the greater 
restrained shrinkage stress observed in Figure 4-13. 

The above discussion may be used to point out and 
explain differences in behavi~r of concrete under differ
ent environmental conditions. Cracking can be expected 
to occur earlier in an elevated temperature due to the 
rapid rate of strength development occurring simultane
ously with the rapid development of shrinkage strain. 
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Figure 4-13. Shrinkage, stress, and cracking in the hot 
and mild en vir on ments. 

4.2.2 Concrete Water Loss and Cracking 

The data presented indicated that concrete water 
loss and concrete cracking were both influenced by all 
parameters under investigation. This observation led to 
the relationship shown in Figure 4-14. Although the 
data are somewhat limited, the relationship appears to 
be worth further consideration. One goal of this study 
was to determine an indicator for cracking behavior of 
the materials under study. For the materials and test 
conditions investigated unrestrained shrinkage was not 
si.,.nificantly different for concretes exhibiting quite dif
fe~ent cracking behavior. Water loss for the same 
materials and conditions did provide an indication of 
cracking for a particular aggregate, and could be used 
to compare these materials at constant cement content. 
Variations in cement content influenced water loss since 
the nature of the cement paste structure controlled the 
quantity of water and its availability for evaporation 
into the atmosphere. 

4.2.3 Coarse Aggregate Properties and Cracking 

In order to determine a means of quality control 
for synthetic coarse aggregates with respect to restrained 
shrinkage cracking several properties were compared 
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TABLE 4-3. COMPARISON OF SELECTED COARSE 
AGGREGATE PROPEHTTBS AND CRACKING 

Aggre
gate 

D 

R 

H 

Cement 
(sacks/ 
cubic 
yard) 

5.0 
6.0 
6.5 

5.0 
6.0 
6.5 

5.0 
6.0 
6.5 

Cracks 
After 

160 Days 
Drying 

:3.0 
5.7 
6.9 

0.5 
1.5 
1.8 

0* 
0 

0.7 

Porosity 
(percent) 

57 

42 

0.56 

Deg. Sat. 
After 

100 Minute 
Immersion 

0.29::1 

0.083 

low 
~o 

*This value inferred from other aggregate H data, since 
the specimens at 5.0 sacks/cubic yard were damaged 
after 100 days drying. 

with ~~racking- data. The properties of porosity and 
degree of saturation after I 00 minutes immersion in 
water are shown in Table tJ,.:J for the coarse agg-regates 
used. 

The aggregate porosity and saturation characteristics 
directly related to the resulting concrete's eracking hc
havior. While it was concluded that there were not 
enough different aggregates to develop any firm conclu
sions at this time, the trend established is that poorer 
performance is exhibited with increased aggregate poros· 
ity and rate of saturation characteristics. 

CHAPTER V 

APPENDIX 

S.I Aggregate Data 

TABLE 5-l. AGGREGATE PROPERTIES 

100 min. 
Absorp- Degree 

tion* Poros- of Satu-
Aggre- Dry Unit (percent ity** ration 

gate Wt. (pcf) dry wt.) (percent) (percent) 

D 39.4 21.6 57.0 29.3 
R 47.5 5.3 42.0 8.3 
H 101.0 1.2 0.6 0 

B (fine) 99.0 0.8 

*After 3 days immersion in water. 
**Based on absorption in a pressure pycnometer at 1200 

psi (56). 

TABLE 5-2. AGGREGATE GRADATIONS 

Cumulative Percent Retained 
Sieve 
Size Agg. D Agg. R Agg. H 

% in. 4.6 1.5 2.:3 
1h in. 42.4 35.4 8.4 
%in. 94.:3 75.0 51.1 
# 4 98.9 99.4 96.8 
# 8 99.7 99.6 98.9 
# 16 100.0 100.0 99.0 
# 30 
# 50 
# 100 

5.2 Environmental Control Facilities 

5.2.1 General 

Agg. B 

19.8 
34.6 
73.6 
95.1 

The recently completed facilities in the McNew 
Laboratory at Texas A&M University provided the at
mospheric control necessary for the testing conducted. 
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Twelve rooms, each approximately 8 x ll x 16 feet, with 
a wide variety of conditions ranging from -20T to 
140" F offer the capability to simulate almost any condi
tion desired. Only four of the rooms were used as dis· 
cussed previously in Chapter Ill. These conditions were 
maintained quite accurately throughout the tests con
ducted. The normal variation experienced during the 
conduct of the reported tests are shown in Table 5-3, 
exceptions to these limits are discussed in the next 
paragraph. 

5.2.2 Discussion of Variations 

Due to the fact that the above discussed facilities 
were recently completed there were several occasions on 
which variations beyond those shown in Table 5-.'3 oc
curred. On one occasion the hot room temperature was 
dropped to l20"F which was accompanied by a rise in 
humidity to 35 percent. This temporary variation was 
necessary for work done on the control instrumentation 
and lasted for about three hours. Specimens in the 
room were approximately 30 days of age at the time. 
Several times during the tests the relative humidity in 
the hot room varied outside of that shown. The tests 
results did not appear to be affected, although no meas
urements taken during these times have been retained 
in the analysis of the results. In the cold environment 
on one occasion the temperature dropped below 40"F. 

TABLE~5-:3. ENVIRONMENTAL VARIATIONS 

Humidity 
J<~nvironmental Temperature Range Nominal 
Designation Range ("F) (percent) Conditions 

mild 72-75 50-5:3 7:3" 50'fr 
moist 69- n +95 7ao > 95% 
cold 89-41 92 40" 92% 
hot 1:38- 141 23-27 140" 25% 



The drop lasted for about eight hours and was then 
corrected. Data taken indicated the only influence on 
the specimens was the thermal contraction since the rela
tive humidity remained at 1)2 percent. 

5.3 Laboratory Procedures 

All concrete was mixed in a three and one-half cuhic 
foot rotary drum mixer. Materials were allowed at least 
24 hours to stabilize in the hatching room prior to mix
ing. Preceding each batch a small charge of materials 
were used to "butter" the mixer. Hatching was begun 
by placing the coarse aggregate and a portion of the 
mixing water containing the air entraining agent into 
the mixer. After ten minutes, the fine aggregate and 
cement were added with the remaining mix water used 
for slump control. The ingredients were mixed about 
ten minutes after the addition of cement. After the 
ingredients were mixed, tests for slump ( ASTM Cl n-66l 
and air content ( ASTM C231-6H l were run. Once these 
control tests were completed the hatch was discharged 
and placed in the molds. 

As soon as the concrete was placed, the specimens 
were covered with polyethylene plastic sheets in order 
to prevent excessive water loss during initial curing. 
Between 22 and 26 hours after placing, the specimens 
were removed from the molds, labeled and placed in the 
moist curing environment ( 73°F, I)S'ft, R.H.l. At the 
age of five days the specimens were removed from moist 
curing and placed in the various prescribed environ
ments. 

5.4 Thermal Volume Changes 

It is important in the testing of materials under 
various environmental conditions to take into account 
the influence of temperature. In the tests conducted for 
this study two of the environmental conditions used 
involved a change in temperature. For purposes of 
comparing the results of shrinkage tests it was neces
sary to make corrections for the thermal volume changes 
that occurred. Since the thermal coefficient of expan
sion of the material under study is highly variable de
pending on the constituents used, age and moisture 
condition, it was decided to make corrections for thermal 
volume changes by data extrapolation. This involved 
recording a considerable amount of data at early ages 
in order to establish the volume change-time relationship 
and determine the point at which thermal volume changes 
ceased. It is important to realize that thermal and 
shrinkage volume changes occur simultaneously. Ther-

•uo ~-~ 
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Thermal expansion corrcrtion by exlrapo-

mal properties of the concrete studied are shown in Table 
;). t.. Each value is the a\'erage of three specimens. 

The data shown at age five days were obtained by 
extrapolation of the shrinkage-time curves for specimens 
when moved from moist curing to the designaterl environ
ment ( Fi1wre 5-I 1. Values of coefficient of thermal 
expansion~ (a I were computed from these data (Table 
5-'t 1. At the age of about I ~1.5 rlays specimens were 
placed in plastic bags anrl moved to 7:~ oF. the moisture 
condition of the specimen remaining essentially the same. 
After 24 hours, length measurements were made yielding 
the results shown in the table. Upon return to their 
re:;;pective environments, the measurements were verified. 
Specimen weights were recorded throughout this lest and 
indicated that no significant weight change occurred. 

It can be concluded from the above presented data 
that the thermal properties of the materials studied vary 
with environment, age anrl moisture condition. The 
H(l40oF and 25 p~rcentl specimens showed no signifi
cant change of thermal properties 11 ith age, even though 
the thermal coefficient of expansion did inc1·ease slightly 
with age. This result seems likely since the stiffness of 
the material had increased somewhat. In the cold en
vironment the thermal properties for the aggregate R 
and H concretes were considerably different from those 
for the aggregate D concrete at five days of age. The 
low thermal coefficient of expansion recorded for aggre
gate D concrete is believed directly related to the coarse 

TABLE 5-4. CONCRETE THERMAL PROPERTIES 

Batch Temp. 
Code Change Age 

~L 
OF in./in. x 10 •; 

HR5.0 +69 400 
CR5.0 -29 230 
HD5.0 +71 400 
CD5.0 -29 140 
HH5.0 +79 410 
CH5.0 -29 21G 

a = thermal coefficient of linear expansion 

5 Days 

a 
in./ in. X 10 ,;/"F 

5.8 
7.9 
5.(i 
4.8 
5.8 
7.4 

Temp. 
Change 

OF 

±67 
c'~ :lO 
::::_-()7 
:· :!0 
"~ fi7 
"c :lO 

Age 145 Days 

LlL 
in./in. x 10 '; 

420 
:100 
400 
:JJO 
400 
2fi0 

a 
in./ in. x 10 'FF 

fi.2 
H.9 
fi.O 

10.4 
fi.O 
8.G 
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TABLE fi-fi. CONCHETE MIX DATA 

l'ereent A hsolutt• Volume Initial 
Batl'h L'nit Compressive C!'nH•nt 
Codt' Factor Cenwnt Wutpr F.A. 

sk.ie.~·. 

4HS 4.!JX X.X 1 (j.4 :w.o 
HfU-,.o 4.!Hi 8.X 17.0 ar;.8 
('JU">J) 4.!17 8.8 11i.r; :w.r. 

WW-..<l 4.!1!1 8.8 11i.1 :w.2 
Mf{fdl fi.OO 8.8 1(i.f, :w.2 
MIW.O (i.l8 1 0.!1 1 (i.(i :la.a 
MIW.r; (}.[)2 I Ui 17.1 ;{;U 
HDfi.O 4.% 8.8 1 !1.4 :m.a 
CD5.0 4.!14 8.7 1!).4 :3:{.3 

WIJ5.0 4.!J(i 8.8 Hl.4 ;{;{.4 
MD5.0 5.01 8.!1 18.4 :l:l.7 
MDii.O 5.85 10.8 18.0 :32.2 
MD1i.5 (i.50 lUi 19.0 :n.1 
HH5.0 4.!14 8.8 16.:{ :36.8 
CH5.0 4.!17 8.8 1n.8 :no 

WH5.0 4.!1il 8.7 Hi.1 :37.4 
MH5.0 4.88 8.7 Hi.4 :36.8 
MHii.O li.OO lO.G 15.!1 ;{2.1 
l\1Hii.5 (i.48 11.5 11i.:l ;{:3.8 

aggregate since It Js the only significant variable. As 
\\ ith the specimens in the hot room the thermal coeffi
cient of expansion is increased with age. In the cold 
room the increase is greater probably due to the pres
ence of more water resulting in more complete hydration 
of the cement. At I 1-;) days of age the data for aggre
gate D concrete in the cold environment seem to agree 
more closely with that for the other concretes tested. 

Like shrinkage. thermal volume changes are not 
particularly important unless they threaten th~ durability 
of the material. When restrained, thermal volume chang
e~ may produce significant stresses in concrete. The 
situation caused hy a rapid temperature drop is par-

C.A. Air Slump WPig-ht Streng-th 

in. lhs./ft." psi 

:t~.8 li.O ') r. ...... J 111i.O :w:w 
:!2.8 fJ.f> :l.O 11 f>.li :!810 
:!2.8 f•.4 2.r; 11:u; ar;oo 
a:u r;,8 :u 114.4 :!:l70 
a:1.o !),[) :!.r; 11 (i.4 :!:!00 
:!4.0 5.2 r;.o 117.6 4100 
a:u r;.1 2.75 11!l.li 4800 
:!2.8 5.7 2.5 112.0 :3440 
:32.G li.O 2.f> 111.6 a:3no 
:32.8 5.H 2.0 112.8 :3480 
:l:U 5.!J :!.5 10!l.H :lOOO 
a:u 5.f> 4.25 112.4 4190 
aa.o n.:l 4.25 111.(; 4280 
:32.7 5.n 2.0 141.6 :3050 
:l2.!l 5.5 :l.5 144.!1 :l080 
:32.7 5.1 2.0 l:l!J.(i ao.~o 
:l2.8 5.8 :3.25 1:3!1.2 2880 
:3:3.0 fi.:l :l.fi 14Ui :lfi!JO 
:!2.8 5.(i 4.25 142.8 :l!IOO 

ticularly detrimental. In this case tensile stresses are 
produced at the surface due to a temperature gradient 
as well as restraint. When thermal stresses are super
imposed on those resulting from restrained and differ
ential shrinkage, the tensile strength of the material may 
he exceeded. Thus it is important to consider both 
sources of tensile stress when evaluating the cracking 
characteristics of such a material in the field. 

S.S Tabulated Test Data 

Tables 5-5 and 5-6 present the concrete mix data 
and unrestrained shrinkage data. All other data were 
presented as points on the various figures presented. 

TAllLE 5-li. UNHESTRAINED SHRINKAGE DATA 

Drying Shrinkage Drying Shrinkage Drying Shrinkage 
Time (in./in. x 10 '') Time (in./in. x 10 '') Time (in./in. x 10 '') 

(days) MH5.0 MR6.0 MRG.5 WH5.0 (days) MD5.0 MD6.0 MD6.5 WD5.0 (days) MH5.0 MH6.0 MH6.5 WH5.0 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
2 40 60 100 0 1 20 10 10 0 1 60 60 47 10 
;{ GO 80 110 10 7 80 70 70 20 4 1:30 1:30 120 0 
4 100 100 1:30 20 11 t:lo 100 100 :lO (i 170 180 150 -10 
f) 100 120 140 ;{() 17 200 170 170 20 8 200 200 170 -20 
!J 150 170 HlO 10 22 2(;0 220 210 -- 20 1;{ 250 250 210 -:30 

Hi 240 220 280 0 :l8 :wo :340 :340 liO 24 :!50 aao 290 -70 
l!J 280 290 :wo - 10 54 470 410 420 !!0 :w :370 ;{(j0 :350 -70 
24 a:w :{50 :320 - :w (i(i 490 4GO 480 -100 51 400 420 400 -80 
40 420 450 420 --50 81 500 4()0 480 - 90 G4 4GO 470 4:30 -!10 
ii(i 41i0 iilO 470 -r;O 81i 490 4:30 500 -100 78 510 490 4fi0 -80 
(i8 4!JO f>40 500 ... fio 101 520 470 520 --100 105 4GO 500 490 -!10 
82 480 500 520 -- (i() 114 f,40 510 5:!0 -110 125 4!l0 500 500 --!10 
8!1 480 510 540 liO 128 n70 540 570 ~110 

104 490 490 5:30 --GO 
J:i!J 41i() 500 :)40 -(i0 

PAGE EIGHTEEN 



l. ACI-ASCE Commillee :{2:L "Propmwd Definitions 
and Notations for Prestressed Cortcrett>,"" ACI Jour· 
nal, Proceedings, Vol. -In, No. 2, Odoher 11J52, pp. 
gs.:-ut. 

2. Hansen, T. C., "Notes From A Seminar on Strudure 
and Properties of Concrete," 1'1•t"hnical Report. No. 
7I, Stanford University, Sept em her 1 1J66. 

:3. Powers, T. C., "Causes and Control of Volume 
Change," ]oumal, PCA Hesearch and Development 
Laboratories, VoL 1, No.1, January l 1J51J, pp. 21J-31J. 

4-. Troxell, G. E., and Davis, H. E., Composition and 
Properties of Coru:rde, McGraw-Hill Book Co., lnl'., 
New York, 1%6. 

5. "Guide for Structural Lightweight Aggregate Con
crete," Heported hy ACI Committee 21:~, ACI Jour
nal, Proceedings, Vol. 61., No. B, August IIJ67, pp. 
4:3:~-467. 

6. Ferguson, Phil M., Reinforced Concrete Fufl(la
mentals, John Wiley & Sons, Inc., New York, l IJ65. 

7. Ravina, Dan, and Shalon, Rahel, "Plastic Shrinkage 
Cracking," ACI Journal, Proceedings, Vol. 65, No. 
4, April I 968, pp. 282-29 l. 

B. Lerch, W., "Plastic Shrinkage," ACI Journal, Pro
ceedings, Vol. 53, No. 8, Fehruary ]IJ57, pp. 71J7-
802. 

IJ. Howard, E. L., Ravina, Dan, and Shalon, Rahel, 
Discussion of "Plastic Shrinkage Cracking," hy Dan 
Ravina and Rahel Shalon, ACI Journal, Proceed
ings, Vol. 65, No. 10, October ] IJ6B, pp. 889-B1J2. 

10. Blakey, B. E., and Beresford, F. D., "Cracking of 
Concrete," Constructional Review (Sydney), Vol. 
32, No. 2, February I%9, pp. 24-23. 

II. Beresford, F. D., and Mattison, E. N., "Presetting 
Cracks in Fluid Concrete," Constructional Review 
(Sydney), Vol. 3I, No. 9, September 1958, pp. 23-
26, 33-36. 

I2. Abdun-Nur, E. A., Beresford, F. D., Blakey, F. A., 
Spinel, M., and Tuthill, L. H., Discussion of "Plastic 
Shrinkage" by William Lerch, ACI Journal, Pro
ceedings, Vol. 5.'3, No. 6, December I%7, pp. 1341-
1346. 

n. Neville, A. M., Properties of Concrete, John Wiley 
& Sons, Inc., New York, 196:3. 

1:] .. McKee, Dean C., and Turner, Humphreys T., "In
vestigation of Properties of Lightweight Concrete 
Statewide," Engineering Research Bulletin, No. 7-J., 
Division of Engineering, Louisiana State Univer
sity, ]1)64-, 105 pp. 

15. Powers, T. C., "A Hypothesis on Carbonation 
Shrink age," 1 oumal. PCA Research and Develop
ment Laboratories, Vol. •t, No. 2, May 1962, pp. 
c],(}.50. 

I6. Brady, F. L., "Modification of the Physical Proper
ties of Cement Produced by Carbonation," Cement 
and Cement Manufacture, (London I, Vol. t., FXH, 
pp. ] 101-11 0.'5. 

li. Yoshida. Yashichi, "Length Changes of Cement 
Paste in Helation to Combined Water:· ACI Journal. 
Proceedings, Vol. ~H, No. 1, September-Oetobet: 
Fxn, PP· 21-11. 

1::. l..l'a. F. ~1.. and l>~··wh. C. II .. Tit,. Uu·mistry of 
(.'t-nl(~nt and (.'onnl'/t•. E. Arnold. London. I 1):-i(t. 
p. 17:{. 

I 1). Meyers, S. L.. '•1-:fft•t·ls of Carbon I >ioxidP on II 1-
drakd C1·mt·nt and Corwrd~~:· Utwk Produt:t.l. Vol. 
S2, No. I, .lanuar) I 1) J.<J. pp. IJ(t-~J::. 

20. Leher. 1.. and Blakey. F. A .. "Some Effl'l'ts of Car
bon Dioxide on Mo;·tars and Corwrl'le."" ACI .Jour
nal, Proceedings, Vol. s:\, No. :L SPptemher 1 1JS(t. 
PP· 21J5.:-w::. 

21. Verheck. G. J.. "Carhonation of lhdrated Portland 
Cement,"' SfJI'cial T~·chni('(fl l'ub/i;·ation. No. 205. 
ASTM, 11JSB. 

22. Powers, T. C., "Me!'hanisrn of Shrinkaf!t~ and Re
versible Creep of Hardened Ct,mt·nt Paste:· Pro
('(!l'dings lntanational C'onfen·ncc on thl' Structure 
of Collt'rl'/t•. London, I 1J6S. 

2:1. Lerch, William, "The lnfluenl'e of G) psum on tlw 
Hydration and Properties of Portland Ct~rnent 
Pastes," ASTM, Proct•edin[!.s, Vol. 1-6, 11) 1-6. pp. 
12S2-l21J2. (Also PCA Research Bulletin No. 12.1 

2 J.. Aroni. Samuel. and Mehta. Po\'indar K .. "Funda
menta-ls Cnderlyinf! Shrinkage in Concrete--A Re
\'iew," Indian Concrete ]oumal, Vol. :{1), No. 12, 
December 1%5, pp. 1-BS-I-1J2. 

2.1. Con!'rele Manual, l 1
• S. Department of Interior, p. 

17. 

26. Menzel, Carl A., ''Strength and Volume Chanf!e of 
Steam Cured Portland Cement 1\lortar and Con
crete," ACI Journal, Proceedings. Vol. :11, No. 2. 
November· December 1 1XI J., pp. 12:J-1 lB. 

27. Carlson. R. ,\' .. "The Chemistn and Pln·sics of 
Concret~ Shrink~ge," ASTM, Pn;!'eedings, Vol. :i5, 
Part II, FXl5, pp .. 1/0-370. 

28. Pickett, Gerald, "Effect of Ap;gre;rate on Shrinkage 
of Concrete and a H, pothesis Corwernin:.r Shrink
age," ACI JournaL Proceedinp;s. Vol. S2, No. S. 
] anuary l IJ56, pp. 5l\l -590. 

2f). Shideler, J. J., "Light11 eight Aggregate Concrete for 
Structural l"se." ACI Journal. Proceedinp;s, Vol. 51, 
No. !., October IIJ57, pp. 21J9.:l2lL 

:10. Jones, T. R., Hirsch, T. L and Stephem<on, H. K., 
'·The Physical Properties of Structural ()ualit~· 
Lightwei;rht A:.rf!re;rate Concrete:' Researdt Report, 
Texas Transportation Institute, Texas A&:TVI College 
System, August 11J51J, 16 pp. 

:n. Pfeifer, Donald W., "Sand Replacement in St ruc
tural Light11ei;rht Concrete---Creep and Shrinkaf!e 
Studies," ACI JournaL Proceeding.l. Vol. 65, No. 2, 
February IIJ6lL pp. ]:li-11-0. 

:-12. Hanson. J,. A .. "Heplaeernent of Lif!ht11ei;rht A;r;rre
gate Fines 11ith Natural Sand in Strul'lural Con
;·rete," ACI Journal. Proceedinp. Vol. 61. No. 7. 
Juh 11J6 I. pp. I/1J-/1J I. I Al~o PCA De1elopment 
Department Bulletin 1>1:0.1 

:-~:-t llansen. l'. C .. and Niel~orL l\.11ud. E. C .. hlnfluence 
of ;\ggregate Properties on Corwrde Shrinka!!e." 
ACI ji;Ur;Jal. Proceedings, Vol. W .. \"o. I. Jul~ JCJ65, 
pp. illS-71J l. 

PAGE NINETEEN 



:1 J.. Bop1·r. Harold, "Volunw Chan;_!,l~s of Concrete Af
fl'l'kd hy Al!;,.?;re;!:ate T) pp;' ]oumaf, PCA Be~carch 
and Development Laboratories, Vol. 2, No. :3, Sep
telllh('r }1)(J0, pp. );3.]1). 

:1:1. llvl'elll, F. N., and Tremper, B., "Some Fadors 
Influencing- Shrinka;!:e of Concrete Pavements, ACI 
Journal, Proct·t~dinp;s, Vol. 5:3, No. ll, February 
J<J57, pp. 71!1-7/li'J. 

:16. Buth, C. E., lvey, D. L., and Hirsch, T. J., "Clay, 
Aggre;,.?;ate and Concrete," Research Report 71-3, 
(Final I, Texas Transportation Institute, Texas A&M 
llniversity, College Station, Texas, March 1067, 
17 pp. 

:n. Houston, J. T., and Ledhetter, W. B., "The Effect 
of Synthetic Aggregate Thermal Transformation on 
Performance of Concrete," Research Report 81-10, 
Texas Transportation Institute, Texas A&M Univer
sity, College Station, Texas, November, 1060. 

;~g_ Torrans, P. H., lvey, D. L., and Hirsch, T. J., "The 
Effect of Chemical Admixtures on the Drying 
Shrinkage of Concrete and the Control of Chemical 
Uniformity of Admixtures," Research Report 70-1, 
Texas Transportation Institute, Texas A&M Univer
sity, College Station, Texas, August I 064·, 34 pp. 

39. Hansen, T. C., "Effect of Wind on Creep and Drying 
Shrinkage of Hardened Cement Mortar and Con
crete," Materials Research and Standards, Vol. 6, 
No. I, January I966, pp. 16-IIJ. 

-W. Hansen, T. C., and Mattock, Alan H., "Influence of 
Size and Shape of Memher on the Shrinkage and 
Creep of Concrete," ACI Journal, Proceedings, Vol. 
6:~, No. 2, February 1966, pp. 267-200. 

,J.l. Richie, T., "Effect of Restraint on the Shrinkage of 
Masonry Mortars," Materials Research and Stand
ards, Vol. 6, No. I, January 1066, pp. 13-16. 

42. Heaton, B. S., "Strength, Durability and Shrinkage 
of Incompletely Compacted Concrete," ACI Journal, 
Proceedings, Vol. 65, No. 10, October 1968, pp. 
84.6-850. 

4.3. Polivka, Milos, "Effect of Type of Aggregate on 
Shrinkage and Cracking Characteristics of Con
crete," Report to Division of Architecture, Depart
ment of Public Works, State of California, Series 
100, Issue 17, February I 062, 37 pp. 

44. Hsu, Thomas T. C., Slate, Floyd 0., Sturman, Ger
ald M., and Winter, George, "Microcracking of Plain 
Concrete and the Shape of the Stress-Strain Curve," 
ACI Journal, Proceedings, Vol. 60, No. 2, February 
l 063, pp. 20CJ.223. 

15. Slate, Floyd 0., and Olsefski, Stanley, "X-rays for 
Study of Internal Structure and Microcracking of 
Com:retes," ACI Journal, Proceedings, Vol. 60, No. 
5, May 196:~. pp. 575-588. 

J.6. Hsu, Thomas T. C., "Mathematical Analysis of 
Shrinkage Stresses in a Model of Hardened Con
crete," ACI Journal, Proceedings, Vol. 60, No. 3, 
March liJ6;J, pp. :~7] -~WJ. 

PAGE TWENTY 

.J./. Jl~u, Thomas T. C., and Slate, F. 0., "Tensile lionel 
Stre11gth Between Coarse Aggregate n11d Cement 
Paste or Mortar," ACl .Journal, Proct~t~ding.~, Vol. 
60, No. •J., April 1%:1, pp. ·165-4~!6. 

W. Meyers, Bernard L., Slate, F. 0., and Winter. George, 
"Hdationship Between Time-Dependent Deforma
tion and Microeracking of Plain Concrete," ACI 
Journal, Proceedings, Vol. 66, No. 1, January l!J6!J, 
pp. 60-68. 

.J.I). Hansen, Torhen C., "Cracking and Fracture of Con
crete and Cement Paste," in Causes, Mc!chanism and 
Control of Crad·ing in Concrete, ACI Publication 
SP-20, Detroit, Michigan, ICJ68, pp. 43-66. 

50. Pickett, Gerald, "Shrinkage Stresses in Concrete," 
ACI Journal, Procec•dings, Vol. 42, January-Febru
ary ] !J4.6, pp. I 65-204 and :~61 -400. 

5]. Jones, R., "A Method of Studying the Formation 
of Cracks in a Material Subjected to Stress," British 
]oumal of Applied Physics, Vol. 3, July 1052, pp. 
220-2:~2. 

52. Isenberg, J., "Properties of Concrete Change When 
Microcracking Occurs," in Causes, Mechanism, and 
Control of Cracking in Concrete, ACI Publication 
SP-20, Detroit, Michigan, l 068, pp. 20-41. 

53. "Drying Shrinkage of Concrete," California Pro
ducers Committee on Volume Change and Affiliated 
Technical Organizations, Oakland, California, March 
] %6, 51 pp. 

54.. Mather, Bryant, "Cracking Induced hy Environ
mental Effects," in Causes, Mechanism and Control 
of Cracking in Concrete," ACI Publication SP-20, 
Detroit, Michigan, 1068, pp. 67-72. 

55. Carlson, R. W., "Attempts to Measure the Cracking 
Tendency of Concrete," ACI Journal, Proceedings, 
Vol. 36, No. 6, June 1940, pp. 533-537. 

56. Buth, Eugene, Blank, H. R., and McKeen, R. G., 
"Performance Studies of Synthetic Aggregate Con
crete," Research Report 81-6, Texas Transportation 
Institute, Texas A&M University, College Station, 
Texas, September I 968. 

57. Ledbetter, W. B., and Thompson, J. Neils, "A Tech
nique for Evaluation of Tensile and Volume Change 
Characteristics of Structural Lightweight Concrete," 
ASTM, Proceedings, Vol. 65, 1965, pp. 712-728. 

58. Ledbetter, W. B., "Correlation Studies of Funda
mental Properties With Freeze-Thaw Durability of 
Structural Lightweight Concrete," Research Report 
81-1, Texas Transportation Institute, Texas A&M 
University, College Station, Texas, August 1965, 
14 pp. 

50. Handbook of Physics and Chemistry, Chemical 
Rubber Publishing Company, Cleveland, Ohio, 37th 
Edition, ~1 %5-56. 

60. Lutz, LeRoy A., "The Mechanics of Bond and Slip 
of Deforme.d Reinforcing Bars in Concrete," Report 
No. 3:!4, Department of Structural Engineering, 
Cornell University, August 1066. 



 
 
    
   HistoryItem_V1
   AddMaskingTape
        
     Range: current page
     Mask co-ordinates: Horizontal, vertical offset -0.83, 755.66 Width 616.13 Height 37.99 points
     Mask co-ordinates: Horizontal, vertical offset 348.53, 133.75 Width 42.12 Height 16.52 points
     Mask co-ordinates: Horizontal, vertical offset 274.20, 46.20 Width 38.82 Height 18.17 points
     Mask co-ordinates: Horizontal, vertical offset 0.00, -2.53 Width 615.30 Height 16.52 points
     Origin: bottom left
      

        
     1
     0
     BL
            
                
         Both
         CurrentPage
              

       CurrentAVDoc
          

     -0.8259 755.6599 616.1293 37.9919 348.5342 133.7493 42.1214 16.5182 274.2023 46.2028 38.8178 18.17 0 -2.5259 615.3033 16.5182 
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0c
     Quite Imposing Plus 3
     1
      

        
     0
     26
     0
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: all pages
     Mask co-ordinates: Horizontal, vertical offset -2.48, 787.87 Width 617.78 Height 6.61 points
     Origin: bottom left
      

        
     1
     0
     BL
            
                
         Both
         AllDoc
              

       CurrentAVDoc
          

     -2.4777 787.8704 617.7811 6.6073 
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0c
     Quite Imposing Plus 3
     1
      

        
     0
     26
     25
     26
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: all pages
     Mask co-ordinates: Horizontal, vertical offset -1.65, -2.53 Width 616.96 Height 7.43 points
     Origin: bottom left
      

        
     1
     0
     BL
            
                
         Both
         AllDoc
              

       CurrentAVDoc
          

     -1.6518 -2.5259 616.9552 7.4332 
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0c
     Quite Imposing Plus 3
     1
      

        
     0
     26
     25
     26
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: all pages
     Mask co-ordinates: Horizontal, vertical offset 608.70, -2.53 Width 6.61 Height 797.83 points
     Origin: bottom left
      

        
     1
     0
     BL
            
                
         Both
         AllDoc
              

       CurrentAVDoc
          

     608.696 -2.5259 6.6073 797.8296 
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0c
     Quite Imposing Plus 3
     1
      

        
     1
     26
     25
     26
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: all pages
     Mask co-ordinates: Horizontal, vertical offset -1.65, -2.53 Width 9.09 Height 794.53 points
     Origin: bottom left
      

        
     1
     0
     BL
            
                
         Both
         AllDoc
              

       CurrentAVDoc
          

     -1.6518 -2.5259 9.085 794.5259 
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0c
     Quite Imposing Plus 3
     1
      

        
     1
     26
     25
     26
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: current page
     Mask co-ordinates: Horizontal, vertical offset 574.83, 129.62 Width 0.00 Height 3.30 points
     Mask co-ordinates: Horizontal, vertical offset 582.27, -2.53 Width 33.04 Height 263.47 points
     Origin: bottom left
      

        
     1
     0
     BL
            
                
         Both
         CurrentPage
              

       CurrentAVDoc
          

     574.8337 129.6198 0 3.3036 582.2669 -2.5259 33.0364 263.4655 
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0c
     Quite Imposing Plus 3
     1
      

        
     1
     26
     1
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: current page
     Mask co-ordinates: Horizontal, vertical offset 1.65, -2.53 Width 14.04 Height 698.72 points
     Mask co-ordinates: Horizontal, vertical offset 355.14, 100.71 Width 100.76 Height 72.68 points
     Origin: bottom left
      

        
     1
     0
     BL
            
                
         Both
         CurrentPage
              

       CurrentAVDoc
          

     1.6518 -2.5259 14.0405 698.7203 355.1415 100.7129 100.7611 72.6801 
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0c
     Quite Imposing Plus 3
     1
      

        
     2
     26
     2
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: current page
     Mask co-ordinates: Horizontal, vertical offset 589.70, -2.53 Width 25.60 Height 793.70 points
     Mask co-ordinates: Horizontal, vertical offset 370.83, 124.66 Width 37.99 Height 34.69 points
     Origin: bottom left
      

        
     1
     0
     BL
            
                
         Both
         CurrentPage
              

       CurrentAVDoc
          

     589.7001 -2.5259 25.6033 793.7 370.8338 124.6643 37.9919 34.6882 
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0c
     Quite Imposing Plus 3
     1
      

        
     3
     26
     3
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: current page
     Mask co-ordinates: Horizontal, vertical offset 576.49, -2.53 Width 38.82 Height 381.57 points
     Origin: bottom left
      

        
     1
     0
     BL
            
                
         Both
         CurrentPage
              

       CurrentAVDoc
          

     576.4855 -2.5259 38.8178 381.5706 
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0c
     Quite Imposing Plus 3
     1
      

        
     5
     26
     5
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: current page
     Mask co-ordinates: Horizontal, vertical offset 571.53, -2.53 Width 43.77 Height 94.15 points
     Origin: bottom left
      

        
     1
     0
     BL
            
                
         Both
         CurrentPage
              

       CurrentAVDoc
          

     571.5301 -2.5259 43.7733 94.1538 
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0c
     Quite Imposing Plus 3
     1
      

        
     5
     26
     5
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: current page
     Mask co-ordinates: Horizontal, vertical offset 579.79, -2.53 Width 35.51 Height 579.79 points
     Origin: bottom left
      

        
     1
     0
     BL
            
                
         Both
         CurrentPage
              

       CurrentAVDoc
          

     579.7892 -2.5259 35.5142 579.7892 
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0c
     Quite Imposing Plus 3
     1
      

        
     6
     26
     6
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: current page
     Mask co-ordinates: Horizontal, vertical offset 570.11, 28.14 Width 3.27 Height 0.00 points
     Mask co-ordinates: Horizontal, vertical offset 593.68, -1.97 Width 31.42 Height 369.82 points
     Origin: bottom left
      

        
     1
     0
     BL
            
                
         Both
         CurrentPage
              

       CurrentAVDoc
          

     570.1116 28.1421 3.2727 0 593.6754 -1.9671 31.4183 369.8198 
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0c
     Quite Imposing Plus 3
     1
      

        
     4
     26
     4
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: current page
     Mask co-ordinates: Horizontal, vertical offset 374.40, 144.00 Width 13.75 Height 12.44 points
     Origin: bottom left
      

        
     1
     0
     BL
            
                
         Both
         CurrentPage
              

       CurrentAVDoc
          

     374.4016 143.9971 13.7455 12.4364 
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0c
     Quite Imposing Plus 3
     1
      

        
     4
     26
     4
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: current page
     Mask co-ordinates: Horizontal, vertical offset 591.71, -1.97 Width 39.93 Height 691.20 points
     Origin: bottom left
      

        
     1
     0
     BL
            
                
         Both
         CurrentPage
              

       CurrentAVDoc
          

     591.7117 -1.9671 39.9274 691.203 
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0c
     Quite Imposing Plus 3
     1
      

        
     7
     26
     7
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: current page
     Mask co-ordinates: Horizontal, vertical offset 593.02, -1.97 Width 23.56 Height 782.19 points
     Origin: bottom left
      

        
     1
     0
     BL
            
                
         Both
         CurrentPage
              

       CurrentAVDoc
          

     593.0208 -1.9671 23.5637 782.1853 
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0c
     Quite Imposing Plus 3
     1
      

        
     9
     26
     9
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 16 to page 16
     Mask co-ordinates: Left bottom (3.27 -1.97) Right top (108.00 23.56) points
      

        
     0
     3.2727 -1.9671 108.0005 23.5602 
            
                
         16
         SubDoc
         16
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0c
     Quite Imposing Plus 3
     1
      

        
     15
     26
     15
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 16 to page 16
     Mask co-ordinates: Left bottom (593.68 -1.97) Right top (639.49 782.84) points
      

        
     0
     593.6754 -1.9671 639.4937 782.8363 
            
                
         16
         SubDoc
         16
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0c
     Quite Imposing Plus 3
     1
      

        
     15
     26
     15
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 15 to page 15
     Mask co-ordinates: Left bottom (574.04 -1.97) Right top (624.44 250.03) points
      

        
     0
     574.0389 -1.9671 624.4391 250.034 
            
                
         15
         SubDoc
         15
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0c
     Quite Imposing Plus 3
     1
      

        
     15
     26
     14
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 13 to page 13
     Mask co-ordinates: Left bottom (590.40 -1.97) Right top (612.00 572.73) points
      

        
     0
     590.4026 -1.9671 612.0027 572.7263 
            
                
         13
         SubDoc
         13
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0c
     Quite Imposing Plus 3
     1
      

        
     15
     26
     12
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 12 to page 12
     Mask co-ordinates: Left bottom (594.98 613.96) Right top (615.28 778.25) points
      

        
     0
     594.9844 613.9628 615.2755 778.2545 
            
                
         12
         SubDoc
         12
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0c
     Quite Imposing Plus 3
     1
      

        
     15
     26
     11
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 11 to page 11
     Mask co-ordinates: Left bottom (18.33 90.32) Right top (40.58 184.58) points
      

        
     0
     18.3274 90.3242 40.582 184.5791 
            
                
         11
         SubDoc
         11
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0c
     Quite Imposing Plus 3
     1
      

        
     15
     26
     10
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 11 to page 11
     Mask co-ordinates: Left bottom (25.53 606.76) Right top (54.33 678.76) points
      

        
     0
     25.5274 606.7628 54.3275 678.7631 
            
                
         11
         SubDoc
         11
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0c
     Quite Imposing Plus 3
     1
      

        
     15
     26
     10
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: current page
     Mask co-ordinates: Horizontal, vertical offset 585.17, -1.97 Width 41.24 Height 784.15 points
     Origin: bottom left
      

        
     1
     0
     BL
            
                
         Both
         CurrentPage
              

       CurrentAVDoc
          

     585.1662 -1.9671 41.2366 784.1489 
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0c
     Quite Imposing Plus 3
     1
      

        
     17
     26
     17
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 26 to page 26
     Mask co-ordinates: Left bottom (586.48 -1.97) Right top (653.24 479.78) points
      

        
     0
     586.4753 -1.9671 653.2393 479.7804 
            
                
         26
         SubDoc
         26
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0c
     Quite Imposing Plus 3
     1
      

        
     25
     26
     25
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 24 to page 24
     Mask co-ordinates: Left bottom (596.29 -1.97) Right top (627.71 783.49) points
      

        
     0
     596.2935 -1.9671 627.7119 783.4908 
            
                
         24
         SubDoc
         24
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0c
     Quite Imposing Plus 3
     1
      

        
     25
     26
     23
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 23 to page 23
     Mask co-ordinates: Left bottom (589.75 404.51) Right top (659.78 784.15) points
      

        
     0
     589.748 404.5074 659.7847 784.1454 
            
                
         23
         SubDoc
         23
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0c
     Quite Imposing Plus 3
     1
      

        
     25
     26
     22
     1
      

   1
  

 HistoryList_V1
 qi2base





