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Studies of Tensile Bond Strength 

To determine whether the tensile stresses produced by the volume 

changes were sufficient to cause forcible separation of the paste-aggre-

gate or mortar-aegregate bond, Hau and Slate (36J studied the tensile 

bond strength betl-leen the paste-aggregate and mortar-nggrcfnte interface 

and related it to the tensile strenr,th of the paste or mortar itself. 

Direct tensile bond strength between aggregate and paste or mortar 

was found to be sienificant1y less than the tensile strength of the paste 

or mortar itself. It was also found to be dependent on rock type, lvater-

cement ratio, and the surface roughness of the aggreeate. 

The strength of bond between mortar and aegreGate �s�c�e�~�s� to be the 

weakest link in the strength of concrete [36]. liOt'lever, little information 

about bond strength, especially direct tensile bond strenr;th, ,-,'as avail-

able until the work done by Hau. 

Hau [36], in studying the tensile bond strencth at the interface 

between aggregates and cement paste (or mortar), listed many factors which 

may affect this strength, such as: 

1. Hineralogical characteristics of the asgrecates. 

2. Water-cement ratio of the cement paste (or mortar). 

3. Surface roughness of the aggregates. 

4. Age of the cement paste and therefore of the bond. 

5. Hoisture content of the specimens at the time uhcn they were test­
ed under load. 

6. Hoisture content of the aggregates at the time Hhen the specimens 
were poured, 

7. Type of cement. 

8. Size of the aggregates. 



149 

The conclusions drawn by Hsu and Slate were as follows [36]: 

For the paste-aggregate tensile bond strength and stren~th of cement paste: 

1. In general, the paste-aggregate tensile bond strength varies from 
41 to 91 percent of the tensile strength of paste dcpendine on the 
rock type, the surface roucluless of the angrer,ate, and the 't.J'ater­
cement ratio. 

2. Surface rouglmess of acgrer;ate influences the bond stren~th. The 
extent of influence depends on rock type. 

3. Paste-aggregate tensile bond strength decreases rapidly 'tJith in­
creasing \·later-cement ratio (ratios from 0.265 to 0.360). 

For the mortar-agRregate tensile bond strength and streneth of mortar: 

1. In general, the mortar-a8grer~ate tensile bond strenf,th varies 
from 33 to 67 percent of the tensile strenr,th of mortar depending 
on the rock type and the t<1ater-cement ratio. 

2. Both the mortar-a~grer,ate tensile bond streneth and the tensile 
strennth of mortar decreases quite slowly l\'ith increasing \-7ater­
cement ratio (ratios from 0.360 to 0.750), nuch nore slO'tvly than 
does the compressive strenr::,th of Mortar or concrete. 

3. \\l'llen tensile specimens ,\Tere air-dried (after full rcoist curin:3) 
before beinr: tested, the stren~th lIaD less than for specinens 
tested wet. 

4. The mathematical analysis by lIsu indicated that for a drying 
shrinka~e of about 0.001, the elastic tensile bond stress in 
his tno-dimensional model may be as hip;h as 1800 psi. In actual 
three-dimensional concrete, tensile stresses are probably of the 
same order of ma211itude and thus may be 5 to 15 tir::es the l'!10rtar­
aegregate tensile bond stren~th. Consequently, they appear to 
be larr;e enough to reGult in failure of the interface bond and 
to cause bond cracks to appear. 



APPENDIX C 

CRACKING IN PL\IN CONCRETE DUE TO A 

UNIAXIAL CO::'1PRESSIVE LOAD 

Existence of }licrocracks 

There is considerable evidence to show that microcracks occur in 

concrete when loaded. It has long been known that microcrackine occurs 

at loads and strains ,,,ell belo\:1 the ultimate. The details of the process 

of microcracking seem to be related to the stress-strain curve of the 

material and other relevant properties [31]. 

In 1929, Brandtzae~ [38] first suspected the presence of microcracks 

and the progressin~ of internal crackinr; in concrete spccinens under a 

compressive load. He observed the volumetric chan~es of plain concrete 

cylinders in uniaxial compression. He also found that at a "critical 

load" (the load at which the volume of concrete under increasing com­

pressive load begins to increase rather than continue to decrease) of 

75 to 85 percent of the ultimate load, the volume started increasin~ 

rather than decreasing. Brandtzaeg made the fundamental assumption, in 

developing a failure theory for concrete, that the critical load si~nals 

the beginnin3 of progressive internal cracking in microscopic regions 

distributed throughout the concrete. In the samo work. it was conjectured 

that the shape of the stress-strain curve was related to this internal 

cracking; and that the curvature '·1as due to the rapid expansion of the 

material. 

In 1952, Jones [39] found a change in the sonic velocity through 

concrete loaded to 25 to 30 percent of the ultimate load. This indicated 

150 



151 

that at a relatively low level of stress, there was fornation of internal 

microscopic flal<1S or cracks. 

In 1954, L'IIcrmite (40] found similar results usinp; the sonic velo­

city method. By means of a microphone, he observed a "crackling noise ll 

at 50 to 75 percent of the ultimate load. 

In 1959, RUsch [41], using sonic methods, gave an indication of the 

initiation of microcracks when crackling noises began to increase rapidly 

at almost 75 percent of the ultimate load. lIe also noted that this load 

corresponded to the long-time sustained strenr.th of plain concrete. 

Several researchers have implied that the shape of the stress-strain 

curve is related to irreversible microcrackinr:. but none of then have 

actually observed this phenomenon. HOt-lever, in 1963, Hau, Slate, Sturman, 

and Winter [31] used direct observation to observe this microcracking and 

identify its nature. Direct observation lvas desired since it r,ave precise 

infonnation pertinent to the mechanism of crackinB, of inelastic defor­

mation, and of eventual failure. Hau et a1. observed that there '(-las a 

noticeable increase in bond cracks at 30 percent of the ultinate load. 

and that mortar cracks beBan to increase at 70 to 90 percent of the 

ultimate load. 

Other researchers have made similar observations which indicate the 

presence of cracks at a load very much less than that required to cause 

ultimate failure of the concrete. The initiation and propagation of these 

small cracks are considered to have an important influence on the fracture 

strength of concrete. 

Listed in Table e.l [31] are the loads where microcracking begins 

and the critical loads observed by various investigators. 
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TABLE C.l INDIRECT CRACK OBSERVATIONS BY VARIOUS INVESTIGATORS 

Investigator 
Load llhere Hicrocracks 

Start Critical Load 

Brandtzaeg 0.75 to 0.85 Pult 

Berg Cracks first oboerved on the 
surface of concrete specimens 
at 0.55 to 0.60 Pult 

Jones (sonic) 0.25 to 0.30 Pult 

L'Hermite (sonic) "Crackling noise" at 
0.50 to 0.75 Pu1t 

Hognestad 0.71 to 0.96 Pult 

Rusch Noise begins at 0.50 Pult 

Hsu et al. Bond Cracks at 0.30 Pult 

t:oise increases at 
0.75 Pult 

0.70 to 0.90 Pult 



153 

The author believes that these cracks are of some importance in the 

initiation of deterioration in concrete subjected to freezin~ and thawinr.. 

TYJ;?es of Cracks 

Bond Cracks 

As previously mentioned, these microcracks which originate during 

setting and hardening and even at lo,~ stress levels develop alonB the 

interface between the coarse segregate and surrounding mortar matrix. 

The length and number of these bond cracks increase as the stress level 

increases due to the application of an externally applied load. 

The bond cracks at the aggrer,ate-matrix interfaces can be caused 

either by tensile or shear stresses. The tension type of bond crack 

occurs when the maximun tensile stress at the aCRre8ute-matrix interface 

reaches the tensile bond strength of the interface. This mechanism of 

microcracking causes partial separation of the a~greeate from the sur­

rounding matrix. The tensile bond stren3th of aeerenate-matrix interfaces 

has been investigated by llau and Slate [361 and discussed in the previous 

appendix (Appendix B, under the section entitled Studies of Tensile Bond 

Strength) • The shear type of bond crack tends to develop "hen the maxi­

mum shear stress along the aggregate-matrix interface reaches the shear 

strength of the interface. This mechanism of microcracking is concerned 

with sliding at the interface rather 'than separation. The shear bond 

strength between coarse aggregate and mortar will be discussed in a later 

portion of this appendix (under the section entitled Strencth of an 

Unconfined Interface). 

The bond cracks which develop during setting and hardening are 
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probably a result of the high normal and shearine stresses llhich have 

been shown by Hsu [35] to exist in concrete \vhich is underroing volume 

changes. These volume channes ,.,ere discussed in Appendix B. 

Surface Cracks 

Cracks can appear on the surface of a member vlhen it is subj ected 

to a compressive load. This is a very susceptible area since there is 

no external restraint to prevent their fornation. 

Pavement and slab surfaces are designed to carryall types of in­

direct compressive loads. Because of this, the aggreeates used are of 

considerable importance. Since most natural am~regates such as quartz, 

quartzite, and granite are hard, brittle materials, they are unable to 

withstand the abuse, abrasion, and impact to which such pavements con­

taining these materials are exposed to in service. The ag6re~ates at 

the surface crack and shatter causing surface cracks. In addition, 

since hardened cement mortar has very little abrasion resintancc, it 

soon pulverizes causing cracks. 

Internal }iatrix Cracks 

Hsu et a1. [31] found that internal matrix cracks or mortar cracks 

almost always bridge between nearby bond cracks, and usually l\'here the 

distance between coarse aggregate particles is relatively small. In 

addi tion. the mortar cracks tend to bridge bet,,,een bond cracks on large 

aggregates in preference to those on small aggregates. 

Hortar cracks are negligible before the concrete is subjected to 

any external load. However, as the peak strength of the concrete is 

approached during loading, mortar cracks develop within the concrete 
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matrix. These mortar cracks begin to increase noticeably at strains 

of 0.0012 to 0.0018 inches per inch [31]. As the stress level continues 

to rise, mortar cracks increase rapidly in length and in number. Failure 

and disintegration of plain concrete loaded ill uniaxial cornpresnion takes 

place when the bond and mortar cracks join to form a single or a number 

of rupture surfaces throughout the concrete. 

Cracking Through Aggregate Particles 

Only a small number of cracks go through apgregate particles when 

the ends of the loading device are free from creating a triaxial state 

of stress. However, l>lhen this state of stress eJ!ists on the ends, there 

is a large amount of failure through the angrer,ate. Compression loading 

with restrained ends may force final shear failure through some of the 

coarse aggregate, after an extensive network of other cracks have been 

formed prior to the final disruptive failure [31]. 

Creep Cracks 

Bond cracking and mortar cracking can also be caused by creep. The 

slow crack growth anywhere throughout the concrete under sustained loading 

is probably associated 'V'ith creep. Stress concentrations around the tip 

of a crack must invariably cause creep in the cement paste. The crack 

will continue to grow until it reaches an equilibrium position vhere the 

stress concentrations are insufficient to propagate the crack [4]. 

Compressive Hicrocrackin~ Hechanism 

This is the first of two crack formation and propagation mechaniBr.1s 

associated with concrete. ExperiDtental evidence :I.n recent years has 
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suggested that the shape of the stress-strain curve of a plain concrete 

specimen loaded in compression is related to the internal dcve10pnlent of 

microcracks. Progressive development of microcracks '''ith increasing 

external load has been indirectly detected by sonic and ultrasonic 

methods, by the measurement of changes of Poisson's ratio, by surface 

cracking, and by radiographic and microscopic examination. This existence 

of microcracks has already been discussed. NOll the cracks will be related 

to the stress-strain curve and the inelastic behavior of concrete. 

Typical Stress-Strain Curve 

Performance of a structure under load depends to a large denree on 

the stress-strain relationship of the material from ,·,hich it is made. 

Since concrete is used mostly in compression, its compressive stress­

strain curve is of primary interest. Figure C.l shous a typical stress­

strain curve for plain concrete. 

The relationship between stress and strain of hardened concrete sub­

jected to short time uniaxial compression can be divided into three 

performance ranges. The typical stress-strain diagram consists of an 

initial relatively straight (linear)t elastic portion in which stress 

and strain are closely proportional. This linear portion stretches to 

about 30 percent of the ultimate load. Several authors call this point 

the "proportional limit" of concrete. Beyond this point, the curve 

deviates gradually from a straight line (becomes non-linear), '''ith strain 

increasing more rapidly than stress. Above 70 percent of ultimate, the 

strains become excessive, and the curve climbs toward the horizontal up 

to a certain stress which is called the maximum stress or the "critical 
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load" (this is the ultimate compressive strength of the concrete at a 

strain of approximately 0.002 inches per inch). lIavinr., reached a peak, 

the stress-strain curve besins to bend a'vay from the horizontal '-lith 

decreasing stress correspondinc to increasing strain. The curve fj.nally 

ends in a descending tail ,-,here failure eventually occurs. Failure is 

assumed to occur at 0.85 of the ultimate compressive stress. 

It will be noted that the strain occurring near maxiT:,;uril stress 

is nearly the same for all strengths of concrete, being roughly 0.002 

inches per inch as mentioned. 

It has been proven conclusively that the stress-strain curve for the 

compression face of a beam is essentially identical with that for a 

standard compression test cylinder. 

Cracking Related to the Stress-Strain Curve 

In order to understand the nature, origin, and effects of the 

microcracking phenomenon, Hsu. Slate, Sturman, and Winter [31] investi­

gated the case of plain concrete in concentric (uniaxial) compression. 

They studied the response of concrete from zero load through the elastic, 

inelastic, and descending ranges of the stress-strain curve to fracture. 

Cylinders ~;ere strained to various preselected strain values, then un­

loaded and prepared for microcrack observation. This observation was 

performed by radiographic and microscopic examinations of thin sections 

of concrete. The information 'Jas then used to relate the shape of the 

stress-strain curve of concrete in compression to the type and extent of 

microcracking. Progressive cracking ,.,ith increasing strain had been 

indirectly observed by measurements of changes in Poisson's ratio, by 



159 

surface cracks, and by sonic methods. However, no investigators had 

directly examined a cross section of concrete to identify the nature of 

cracking until Hsu et a1. did in 1963. 

The results dra\vu by Hsu at ale for the shape of the strasn-strain 

curve by microcrack development are as fol101;07S [31]: 

1. Bond cracks exist even before the concrete is subjected to any 
load \vhile mortar cracks remain negligible until a later load­
ing stage. 

2. Above about 30 percent of the ultimate load, the bond cracks 
begin to increase appreciably in lennth. uidth. and number. At 
this load, the stress-strain curve begins to devinte noticeably 
from a straight line. 

3. In general, bond cracks occur first around the larljCr aggregate 
particles. Thus, the larger the aggrceate, the weaker the bond 
strength. Cracl:s rarely penetrate through the agsregates. lIm'¥'­
ever, it is possible that for less strong a~r,regatest cracks 
'Would penetrate rather than detour around th .. ::m. 

4. At about 70 to 90 percent of the ultimate load (or at strains of 
0.0012 to 0.0018 inches per inch) J the number of cracl~s through 
the mortar beeins to incrc3se noticeably. By bridging batueen 
bond cracks. a continuous crack pattern becins to form. The 
formation of continuous crack patterns at about 70 to 90 percent 
correlates \lell ,,,ith the fact that at this lOCld the volurle of 
concrete under increasinr, coapressive load be~ins to expand 
rather than continue to contract. The load at ,.rhich this chanr,c 
occurs is called the "critical 10ad. 1t At about 70 percent of 
the ultimate load the strens-strain curve ber-ins to curve more 
sharply to the horizontal. indicatin~ the ber,innine of the break­
down of the internal structure. 

5. The total extent of mortar cracking is considerably less than 
that of bond cracking at all stanes of straininr;. Thus. the 
size and proportion of coarse aggregate should have an effect 
on the strength of concrete. The curvature of the stress-strain 
curve increases \.;ith an increasing amount of coarse ag~regate 
in the concrete. 

6. The peak of the stress-strain curve occurs \-lhen microcracks are 
sufficiently interconnected by mortar cracks so that the remain­
ing load paths are inadequate to carry the increasing load. 

7. On the descending branch of the stress-strain curve. the concrete 
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is extensively cracked. The amount of crackinn is greater when 
the slope of the strens-strain curve is steeper. The descending 
branch of the curve of uniformly compressed, plain concrete 
represents a disintegration of internal structure, as is sho~m 
by the extensive interconnecting of mortar and bond cracks. 

These facts can be GUmI;1nrized as follows: in the initial or linear 

range there is no appreciable increase in the observed microcracks. In 

the second range, at about 30 percent of ultimate strength, interfacial 

cracks begin to increase substantially in length, width, and number. 

SlOttl mortar crack growth does not increase noticeably until 70 to 90 

percent of the ultimate strength. Beyond the critical load, extensive, 

rapid crack growth is associated with descending stress and leads to 

ultimate failure of the concrete. Figure e.l also shOt'S the three ranRes 

of the stress-strain curve. 

Inelastic Behavior 

Inelastic behavior of concrete can be defined as that behavior in 

which the response of concrete to an externally applied load is non-linear 

and irreversible. Deformations due to creep are very emaIl in comparison 

to those caused by the load. 

Origin of inelastic defonnations 

The inelastic behavior of concrete in uniaxial compression can be 

seen in Figure C.2 where the typical longitudinal, lateral, and volu-

metric strain distributions are shown. It can be seen that these strains 

all obey the laws of classical elasticity up to a certain proportion of 

the uniaxial compressive strength. Beyond the load level (or stress 

level) desiGnated X, the longitudinal strain begins to increase faster 

with stress than before. Also, the lateral strain begins to increase 
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rapidly, 'oihile the volumetric strain decreases and may eventually reverse 

itself. At the load level designated as Y, the specimen approaches its 

maximum strenBth, and the appearance of cracks parallel to the direction 

of the compressive load can be seen. At point Z, there is failure of the 

material. The inelasticity and non-linear stress-strain behavior are due 

to irreversible microcracking. 

Poisson's ratio and volume changes have been related to compressive 

microcrackinr,. For short-term static loading, Poisson's ratio remains 

constant up to a certain stress level, after which it starts to continu-

ously and si~nificantly increase. At a s·ome'("hat higher short-term static 

stress (critical stress) the volume of the concrete starts to increase 

rather than decrease. Similar behavior is not exhibited by either paste 

or aggrebate; therefore, this inelastic behavior must be related to the 

composite nature of concrete. 

To understand the response of concrete when it is loaded, Shah and 

Winter [42,4] studied the behavior of each of its components. They 

determined the stress-strain relations of hardened cement paste, aggregate, 

mortar, and concrete subjected to uniform compression up to failure. 

Figure C.3 OhO'(·18 typical streno-strain curves of hardened cement paste, 

aggreGate. mortar, and concrete up to failure of each material. 

From these curves the followine conclusions can be dratYn [42]: 

1. The ner;regllte and hardened cement paste are almost wholly 
elastic materials. 

2. Under load, concrete behaves inelastically, even though its 
constituents above are elastic. 

3. The stress-strain curves for aggrcBate and hardened cement paste 
in compression are almost linear up to fracture. 
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4. The stress-strain curve for mortar exhibits a shape sinilar to 
that of concrete. Hm.;revcr. it does not bend as sharply to the 
horizontal 39 the curve for concrete. Also, for mortar, the 
stress-strain curve is more curved and the conpressive strength 
is smaller than for paste of the same watcr-CC1llCnt ratio. 

5. In turn, the stress-strain curve for concrete is more curved and 
the compressive streneth is sp.luller thun for mortar of the same 
water-ceMent ratio. 

From this it follows that since the material of most ag3regate 

particles and cement paste exhibits a reasonably linear stress-strain 

relation. the departure of the stress-strain diagram of concrete from a 

linear curve (or in other words, its inelastic behavior) can be attributed 

chiefly to the presence of aggregates and the interfaces betvleen the 

cement paste and these aggregates. Or, more specifically, it can be 

attributed to the development of internal microcracks at these interfaces. 

However, some creep probably also takes place producing a fel" additional 

microcracks. 

The relationship bet,.,een inelasticity and the presence of ageregates 

in concrete is also indicated by Kaplan's [43] observation that the higher 

the percentage of aggregates (l1ith the same t-rater-ceL'lent ratio), the 

lower the value of strain at which the stress-strain curve departs from 

a straight line. 

Since mortar is weaker than either aggrer;ate or cement paste alone. 

and since concrete is weaker than mortar, the bond bet,{cen cement mortar 

and aggregate is likely to be a weak link in the heteror,eneous concrete 

system. Consequently, one might suspect that the presence of aggreGates 

produces inelasticity in concrete as a result of a relative "leakness in 

the aggregate-matrix interfaces. This idea has been presented in the 

previous section by the investigations of Hsu et al. [31] (the section 
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entitled Cracking Related to the Stress-Strain Curve). Hany other 

investigations have also detennined that cracking arises from the spread 

of microcracks along the boundaries of the coarse agp,regate. All this 

evidence strongly suggests that the bond het\vccn mortar and aggregate 

is the weak link in the concrete system. and that this interfacial bond 

is mainly responsible for the inelastic behavior of concrete under short-

time loading. Therefore. in order to better understand the cause and 

mechanism of microcracking, it is desirable to study the behavior of the 

mortar-aggregate interface. 

Stress-Strain Behavior of a Confined Interface 

Since the behavior of concrete under an external short-time load 

seems to be significantly influenced by the interfacial bond, a study of 

stress-strain behavior at the interface betl-reen mortar and ar,grctjate lvas 

undertaken by Shah and Hinter [42,4). The specimens prepared consisted 

of an inclined stone slab with mortar surrounding it. Three different 

inclinations of the stone slab were selected: 23. 42, and 50 de~rees. 

The specimens can be structurally divided into t't-IO zones: the central 

zone containinr: the stone slab l>111icll represents the influence of the inter-

face and the exterior zone of mortar surrounding the slab \·.rhich simulates 

the effect of confinement to which an interface is subjected to in a 

real concrete mass. 

The follo\,ling observations 'vere made for the specimens ~Tith the stone 

inclined at 23 degrees [42): 

1. lilien compressive loading 1s applied to the specimen, strains 
are uniform until the unconfined bond strenr,th of the interface 
is reached. 
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2. ~fuen the unconfined bond strength is exceeded, a bond crack 1s 
formed at the interface. 

3. Hith increasing load on the specimen, the cracked interface 
behaves essentially plastically. That is, after the appearance 
of the bond crack, the interface continues to carry more or less 
the same load at v..~hich the bond crack was formed. 

4. Hhen cohesion is lost by bond crack fOrMation, there lIould have 
been sliding at the interface had it not been confined by the 
mortar in the exterior zones. This prevention of slidins 
produces tensile stresses and, hence, local vertical cracks in 
the mortar at the top and bottom ends of the stone. The forma­
tion of these cracks a110"/8 minute slidin13 to occur at the inter­
face. 

5. After the appearance of a bond crack, the increase in load on 
the specimen is carried entirely by the exterior zones. The 
specimen fails when the compress::tve stren~th of mortar in the 
exterior zones is reached, resulting in the crushing of the 
cement mortar. 

Strength of an Unconfined Interface 

It has just been shown that crack propagation and slip along an 

interface of an aggregate particle in concrete is affected by the 

confinement provided by the surroundinr. mass of mortar. An understandin~ 

of this complex behavior is facilitated if the behavior of an interface 

is studied in the unconfined state. 

Taylor and Broms [44] investigated the strength of the unconfined 

interface of several specimens with different values of inclination of 

the interface. Shear and normal stress along the interface at failure 

were calculated from kno'nl inclinations and measured failure loads. For 

different interface inclinations they gave straight line plots. These 

results show that the bond strength in an unconfined interface obeys the 

Coulomb-Mohr failure theory. If the cohesion and friction anr-Ie are 

known, the unconfined strength of the interface can be reasonably pre-
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dieted. Thus, the cohesion and friction angle are basic material proper-

ties. TIley depend on the mineralogical and surface characteristics of 

the aggreeate and the composition of cement paste or mortar. 

The results obtained by Taylor and Broms from their investigation 

are as follows [44]: 

1. The cohesion increases with decreasing ,.,rater-cement ratio. 
However, the '\-later-cement ratio has less effect on cohesion 
than on mortar compressive strength. 

2. For a given aggre~ate material, the coefficient of interfacial 
friction was found to be practically independent of the cement­
sand and ,yater-cement ratios of the paste or mortars. 

Implications of Ar,gregate-:'Xortar Interface Behavior 

The previous discussion of interface behavior is helpful in uuder-

standinn the behavior of real aggregate-mortar interfaces in concrete 

under compressive loading. The major implications of this study can be 

summarized as follows [4,44]: 

1. Secondary stresses caused by volume chanr-;es have been discuosed 
previously. It llas sho, ... ~ that larrr,c tensile , compressive, and 
shear stresses develop in a concrete mass which undergoes volume 
chanr;cs. These stresses are probably large enough to cause 
tennilc or shear bond cracks at the interfaces bet\~een the 
ag~reGates and the mortar. These shrinkage cracks will affect 
the subsequent formation and propagation of shear bond cracks 
under load. 

2. In concrete, the interfaces arc located at various angles, and, 
therefore, bond cracks vTill form at different loads at these 
interfaces. Since bond cracks behave plastically and since there 
is a consequent redistribution of the internal stresses, a 
sradual curving of the stress-strain curve of concrete results. 
This provided an e,~plicit e:(planation of the fact that aggregates 
in the ndxture mal~e the stress-strain curve deviate from a 
straight line. 

3. The sliding of the interface is accomplished by u1dening of 
local vertical mortar cracks at the ends of the interface. This 
phenomenon probably accounts for the expansion in volume which 
is observed near the ultimate load. 
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4. The pseudo-plastic behavior of pre-existin~ no-load bond cracks 
explains the moderate non-linearity of the stress-strain curve 
of concrete even at very 10"1 loads. 

5. The Coulol1lb-~ifohr theory applied to the behavior of the interface, 
c.ombined with the maxi111UDl normal stress theory applied to both 
tension and compression failure of the mortar, satisfactorily 
predicts the strength and behavior of the confined interface. 

Influence of Aggregate and Voids on Young' s }!odulus 

Hansen [29] has sho,"m that the modulus of elasticity can be calcu-

lated for concrete, cement mortar, and cement paste lJhen the modulus is 

known for the component materials. In this formulation of general theories 

for two-phase materials, concrete is defined as a tHo-phase material \-lith 

angregate particles embedded in a matrix of cement ~ortar. Cement mortar 

is defined as a t\Olo-phase t!laterial with aggregate particles erlbedded in a 

matrix of cement paste. Although rather crude models of the real materials 

are used, the formulas proposed by Hansen r,ive results llhich are suffi-

ciently accurate for most practical purposes. 

For the first case of a tHo-phase material consistin3 of elastic 

particles embedded in an elastic matrix. Hansen ha.s developed the equation 

where 

(e.l) 

E • modulus of elasticity of the two-phase material (concrete) 

El .. modulus of elasticity of the matrix (cement mortar) 

E2 a modulus of elasticity of the particles (aggregate) 

VI .. fractional volume of the matrix (cement Juortar) 

V2 .. fractional volume of the particles (aggregate) 

The model used to develop this formula is based on the assumption 
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that the average stress due to an applied load is the same in both the 

matrix and the particles. Equation e.l applies to real materials "lhen 

the matrix has a lm'Ter modulus of elasticity than the particles. 

This formula can also be applied to concrete for ar;grer,ate particles 

embedded in cement mortar. Hansen has shown that, provided the modulus 

of elasticity of the aggregate, E
2

, is greater than that of the cement 

mortar, E
l

, which is usually the case, concrete can be considered as a 

combined soft material. Assuming then that the stress is the same over the 

whole section of a specimen, the modulus of elasticity of concrete, E, is 

given by Equation C.l. 

For the second case of a tl-lo-phase material consisting of voids em-

bedded in an elastic matrix, Hansen has developed a formula t;'lhich can be 

applied to the cement paste. For this casc, the condition is for air-

entrained pores in a cement paste. It is assumed that the modulus of 

elasticity, E
2

, for the voids is zero. Thus, the practical formula 

determined for this case is Equation C.2 as fo110\\1s: 

1 - V2 

E - E 
1 + 2V2 

1 

where E .. modulus of elasticity of the plain cement paste 

(C.2) 

E 1 .. modulus of elasticity of the cement paste matrix component 

E2 .. 0 .. modulus of elasticity of the air-entrained 

v .. fractional volume of the air-entrained pores 
2 

pores 

For the third case of a t't.ro-phase material, Hansen has developed a 

formula for the cement mortar. For this case, the condition is for 

elastic fine aggregate (sand) or coarse agr,regate particles embedded in 
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an elastic cement paste. Thus, the semiempirical equation obtained by 

Hansen is Equation C.J as follows: 

E &: 
I 

0.5 [Vl V
z ] [ V1E1 ~ V2L2 ] 

- + - + 0.5 
EI 1::2 

(C.3) 

where E - modulus of elasticity of the cement mortar 

EI - modulus of elasticity of the cemcnt paste 

E 2 == modulus of elasticity of the sand or ag~regate 

VI • fractional volUI!lc of the cement paste 

V2 - fractional volume of the sand or a~gregate 

Stress Distribution Around A Single Elastic Particle 

The followin~ discussion is taken from an article by Torben and Han-

sen in Reference 4. In order to explain why bond cracks arc formed in 

concrete under compressive load, it is necessary to consider the stress 

distribution around a single elastic particle located in a continuous 

elastic matrix of infinite extension and subjected to a uniaxial com-

pressive stress. According to Goodier [45}, the stresses in the elastic 

matrix surrounding an elastic inclusion or particle can be determined 

from Equations C.4, C.5. and C.6. Thus. 

Orr .. 

(C.4) 

(C.5) 
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[
3e l5BJ , - - - cos 2e 
r3 r 5 

where E1 - modulus of elasticity of the matrix material 

r - distance froM center of particle 

VI - Poisson's ratio of the matrix material 

(e.6) 

orr' 0eat and o~$ = stresses in the matrix material defined by 

FiGure C.4 

~ and a - angles defined by Figure e.4 

At B, and C are constants and depend upon the shape and properties 

of aggregate particles. The values of the constants can be determined 

from the following equations: 

A T E1 - E2 - . -- ------------
a 3 8El (7 - 5vl )El + (8 - IOVl )E2 

(1 - 2V2) (6 - 5vI)2El + (3 + 19v2 - 2v1v2)E2 
x ----------------------------------------

(e.7) 

B T EI - E2 - . - --------------as BEl {7 - 5vl )E1 + (8 - lOVl )E2 
(e.8) 

S{l - 2vl )(El - E2) 
- -- -------------a 3 8El {7 - 5Vl )El + (B - lOvl)E2 

c T 
(C.9) 

where T - applied external tensile stress, positive for tension 

V2 - Poisson's ratio of particle material 
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E2 • modulus of elasticity of particle 

a .. radius of particle 

A spherical cavity and a spherical rigid inclusion are the limiting 

cases. Thus, for a spherical cavity (E
2 

lIZ 0) lIe obtain 

A T 13 - 10vi -- --- (C.10) 
a 3 BE 1 7 - 5v1 

B T 1 
(C.l1) -------

5(1 - 2"1) --------
a 3 8El 

C T 
(C.12) 

For a spherical rigid inclusion (E2 a co) we obtain for the constants 

the fol1o~rlng equations: 

A T [~ - vl 
320VJ --- + 

a 3 4E1 + "1 16 -
(C.13) 

B T 1 
_a -- (C.l4) 
as BEl 8 - 10v1 

C T 5(1 - 2"1) -- - (C.1S) 
a 3 BE 1 8 - 10vl 

Torben and Hansen [4] pointed out in their article that the question 

arises whether it is valid to draw any conclusions concerning the stress 

distribution around particles in a closely packed concrete system, on the 

basis of an analysis of the stress distribution around an isolated par-

tic1e in a matrix of infinite extension. The sin~le particle model has 

been shown to give reasonable results when used in the analysis of elas-
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ticity and shrinka~e of concrete. This is an indication that it may also 

be applicable in the analysis of internal stresses. Nielsen [461 has 

measured the stresses on cylindrical stress gages embedded in concrete 

under uniaxial compressive load. The stiffness of the gages was equiva-

lent to the stiffness of the various types of aggregate material used. 

Hast [47] has sho't\T!l that the compressive stress on one isolated, elastic, 

cylindrical particle embedded in an elastic matrix of infinite extension, 

with the axis parallel to the direction of the applied load can be cal-

culated according to the equation: 

'vhere 02 = axial compressive stress on cylindrical particle 

(11 1:1 applied compressive stress 

E2 1:1 modulus of elasticity of particle 

El 1:1 ~odulus of elasticity of matrix 

~ = Poisson's ratio of matrix 
1 

R = radius of particle 

h -= height of particle 

(C.l6) 

There is a reasonably good agreement between particle stresses in 

concrete meanured by Nielsen and the stresses calculated by Hast according 

to Equation C.l6 for a sinr-le particle model. It may therefore be assumed 

that Equations C.4 throuBh e.l5 apply to concrete. (The author also 

assumes that these equations can be applied to his concrete (prestressed) 

for calculatin~ the stresses around certain aggregate particles.) 

In the bond phase between an infinitely rigid particle and the mortar 
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matrix, the stress perpendicular to an applied conlpressive load of magni-

tude -T can be determined from Equation C.4 when inserting Equations C.13. 

C.14, and C.1S, r a at and e - 90°. Therefore. Equation C.4 becones the 

follo'''ing: 

(

1 - "1 5 - 5"1 ) 
o II: - - T 
rr 1 + vI a - 10"1 

(C.l7) 

For real materials, the numerical values of orr depends on the modulus 

of elasticity and Poisson's ratio of the component materials. \filen the 

modulus of elasticity of an inclusion (an argre~ate particle in the 8U-

thor' s case) is a fe", times higher than the modulus of elasticity of the 

matrix material, it can be ShO'tffi that the stresses around the inclucion 

approximate the stresses around a particle. 

TIle magnitude and sign for orr can be estimated provided certain 

assumptions are made. lly assumin~ that the modulus of elasticity of an 

inclusion is a few times higher than the modulus of elasticity of the 

matrix material. representative values of a can be detenained. It can rr 

be shown that a tensile stress acts at the bond phase perpendicular to the 

direction of the applied load. The tensile strength of the bond phase is 

determined by the chemical composition and texture of the aggregate surface, 

by the water-cement ratio, and by the conditions under which the concrete 

is cured and stored. 

The particle size does not affect the magnitude of the stress in the 

bond phase. However, according to Hsn et a1. [31]. the strength of the 

bond between celaent mortar and large aggrecate particles is somewhat less 

than the strength of the bond bet\-1een cement paste and sand grains. 
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Therefore, it can be expected that cracks first appear along the boundaries 

of the larger aggregate particles. 

Formation of bond and tlortnr cracks in concrete does not take place 

at randor.1. Once the first crack has formed along an a[mre~[lte particle, 

the tensile stresses in the matrix material at this area are relieved. 

Subsequent cracks 8cldom develop parallel to the first crack. In addition, 

it is apparent from energy considerations, that it is caGier to extend an 

already existing crack than it is to form a ne'trl cra.ck. ~111e number of 

cracks formed in a specimen is determined by the size of the opecimen, and 

the distnnce bet\"reen the individual cracko is probably determined by the 

maximum size of ag~regate particlen. 

From experimental results, it can be concluded that compressive fail­

ure of concrete under landing only takes place in tllO sta~cs. At a com­

paratively low stress, bond cracks develop parallel to the direction of 

applied load. Provided there is no frictj.on bett-Jeen the opecimen and the 

platens of the testing device. tlIeue cracks continue to r,rolv until the 

specimen is split into a number of structurally independent columns. 

~\l1en there is considerable friction bet,,,cen the platens and the specimen, 

the cracks that form never extend all the ''lily to the platens before the 

specimen fails in shear. producing the well-known. "hour-r;lass" shaped 

failure pattern. 

Although the mechaniomn of initial cracking and ultiwute failure are 

different, they are not completely independent. If the bond bet,.,een cement 

mortar and aGgre~ate is ",eak, the comprcssive otrenr,th of the concrete is also. 

Now, usinn Goodier's equations, the strens distribution around a void 

embedded in a cement paste or mortar oatrix ,~illbe considered. lly innert-
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ing Equations C.lO, C.Il, and C.12, r a a, and e = 00 into Equation C.5, 

and assuming that the material is submitted to an externally applied coo-

pressive load, it is found that a tensile stress exists above and bolDlY 

the void and perpendicular to the direction of applied load, of ma~nitude: 

a ee • ( 3 + 15"1) T 

14 - 10"1 
(c. IS) 

. ~laking the same assumptions as before, concerning the properties of 

the cement mortar, it can be shown that the tensile strength of the mortar 

is exceeded above and below the void. 

Creep 

Creep is defined as the increase in strain under a sustained stress. 

For p~estressed concrete, displacements and stresses chance due to creep 

which weakens the structure. Elaotic defamations occur immediately ,(-,hen 

concrete is loaded. Nonelastic deformations (creep) increase with time 

when the concrete is subjected to a sustained load. Creep increases at 

a decreaSing rate during the period of loading. Energy dissipation also 

occurs in concrete due to creep and the time dependent characteristics 

when it is loaded in compression. This can contribute significantly to 

the measured deformations. Creep in concrete near an internal crack tip 

not only increases the crack length but also reduces the stress concen-

tration in this region [48J. 

There are many theories which explain the cause. of creep. The most 

icportant cause is thought to be due to the flo,., of the absorbed '\'later 

out of the cement gel caused by external pressure in the form of external 

load and drying [19]. The author believes, hO,"lever. that creep is caused 
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by a two stage phenomenon. The first stage is due to Poisson's elastic 

shortening after the application of load, and the second sta~e to the slO\\T 

formation and propagation of internal microcracks caused by an external 

load. These microcracks cause an increase in strain in the structure even 

though the stress is sustained. This theory is true for concrete which 

undergoes both wetting and drying conditions. The author also believes 

the theory is true for concrete underp.oing freezinp; and thm.ring conditions. 

Also under uniaxial compression, creep not only occurs in the axial 

direction, but also in the transverse directions. TIlis is referred to as 

lateral creep. 

Further discussion of creep is too involved to be considered here. 

An extensive treatment of the subject of creep can be found in yorks by 

Adam N. Neville [22J. 

Compressive Fracture Hechanism 

This is the second of two crack formation and propa~ation mechanisms 

associated with concrete. 

Linear-Elastic Fracture Hechanics 

Introduction 

Linear-elastic fracture mechanics is a study of stress and displace­

ment fields near the tip of a flaw or crack in an ideal. homogeneous, 

elastic material under stress. It is also concerned lvith the forces asso­

ciated with the propagation of a crack and fracture of the material. Its 

concepts are most applicable to brittle materials in "hich the inelastic 

region near the crack tip is small compared to the specinen and fla't..r 

dimensions. Thus, the elastic stress field equations provide a good 
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approximation [491. Unfortunately, the fracture of most homogeneous 

materials is a very complex process; and the fracture of concrete (being 

a polyphase, non-homogeneous material) is a more complex proceSG than an 

ideally brittle material. Several applications of fracture mechanics 

have been made to mortars and concretes; hOHever, in each instant, the 

material was assumed to be homogeneous. It appears that for different 

types of stress and loading conditions, concrete has different types of 

fracture. Fracture can occur by fracture of the cement paste, fracture 

of the aegregate, failure of the bond betl'1een cement paste and aggregate, 

or any combination of these mechanisms. 

The complete fracturing process in concrete is a progressive failure 

that usually oc'curs in three staees: crack initiation, slow crack growth, 

and rapid crack gro~"th. Fracture occurs by extension of a pre-existing 

crack or fla\1 in a material. The importance of a specific size flatl 

depends on the nominal stress normal to the cracl: and the fracture tough­

ness of the material. 

In a previous section it was shown that fine cracks exist at the 

interface between the coarse aggregate and cement paste prior to the 

application of any load. There may also be other flalls and cracks in the 

cement paste matrix. These cracks remain stable up to around 30 percent 

or more of the ultimate load or strength and then begin to increase in 

length, width, and number. This is the staee of slO\1 crack propagation. 

At 70 to 90 percent of the ultimate strength, the cracks propagate through 

the cement paste and fine aggregate (the mortar) and bridge nearby bond 

cracks producing a continuous crack pattern. This is the stage of rapid 

crack propagation llhich will lead to the final failure of the clsterial if 
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the load is sustained. 

Hany people have investigated microcracking and crack propagation 

in plain concrete under various conditions. Such people include: Kaplan 

[43,50]. Glucklich [51,52.53]. Sturman [34]. and Lott [54]. 

Plane stress and plane strain 

In the theory of elasticity there exists a special class of two­

dimensional problems known as "plane problems." These can be solved more 

easily than the general three-dim~nsional problem since certain simplify­

ing assumptions can be made. The geometry of the body and the nature of 

the loading on the boundaries permit a problem to be clausified as a plane 

problem. 

The thickness of the body must be uniform, and it need not be limited. 

It may be very thick or very thin; in fact, these two extre~eB represent 

the most desirable cases for the tllO plane problem conditions. 

For the condition of plane stress, it is assumed throur;hout the 

thickness of the body that 

Ozz a Lyz a LZX • 0 (C.19) 

A plate of uniform thickness can be subjected to body forces or stresses 

that are applied in directions normal to the direction of uniform plate 

thickness and are independent of location in the direction of plate thick­

ness. If the thickness is very small. all of the stress in the direction 

of the thickness may be assumed to vanish. This is given by Equation 

C.19 above, and the stresses normal to the direction of thickness are in­

dependent of location in that direction. TItUS, the plane stress approach 

is employed when the body thickness is relatively thin in relation to its 
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lateral dimensions. 

For the condition of plane strain, it is assumed throughout the thick­

ness of the body that 

Czz a yyz • YZX - 0 (C.20) 

If the thickness of the plate is very large, strains will be independent 

of location in the direction of thickness. There may be a possible ex­

ception to this in the neighborhood of the plate surfaces \-]here the lateral 

restraint vanishes. Thus, the plane strain approach is limited to the 

central res ions of bodies which are very long or very thick in relation 

to their lateral dimensions. 

Lott {54] explains that a thin plate offers no lateral restraint to 

the body. Thus, when a crack propagates under the plane stress condition, 

some lateral shearing displacement occurs betl'Jeen the crack surfaces. The 

displacements of the crack surface are normal to and parallel to the plane 

of crack extension. For cracks to propaGate in a thin plate, the energy 

requirement for propagation is a combination of the requireTIents for the 

lateral shearing displacement and the nonaal opening displacenent. 

On the other hand, a thick plate provides a lateral restraint that 

prevents the lateral shearing displacements during crack propagation. 

Thus, under the plane strain condition, crack propa8ation is only due to 

the normal opening displacement requirement. TIle displaceMents of the 

crack surface are normal to the plane of crack extension. Some lateral 

shearing may occur near the free surfaces of the plate since no lateral 

restraint is developed here. It should also be noted that the ener8Y 

requirement for crack propagation in the plane strain condition is less 

th3Ll the requirement for the plane stress condition. 
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Bonds in concrete 

It appears that the strength of concrete made with aggre~ateB of 

adequate strength is governed by the strength of either the cement paste 

or of the bond between the paste and the aGgregate particles. 

Cement-gel bonds 

The cement-gel is composed of very fine sheet-like particles which 

are products of the hydration reaction. The bonds between these gel par­

ticles in the cement paste are physical in nature and are due to van der 

Waal's forces. They arise from the large amount of energy available in 

the surface of the gel particles, the surface forces being lnrger in com­

parison ,~ith the body forces. Since the physical bonds act over a very 

large area (the specific surface area of cement gel beinz alnost 2 million 

cm2/g), these bonds between the particles are strong enough to resist 

unlimited thixotropic expansion. Thus, the cement paste is composed of a 

gel which is a limited sl'lelling material. This indicates that cohesive 

forces other than the physical bonds also act between the gel particles. 

Conversely, the bonds inside the zel particles are chemical in nature 

and are of the ionic and covalent types. The chemical bonds are of a 

higher order of magnitude than the physical ones. The chemical bonds are 

also assumed to act where the particles make contact '"ith one another~ 

Flaws in concrete may be present in the bond phase betueen unhydrated 

cement grains and hydrated cement paste, or in the form of air voids, but 

hardly in the form of capillary or gel pores \'1hich are usually much sPluller. 

Cement grains larger than about 50 microns never completely hydrate; and, 

therefore, remain eIllbedded as hard particles in the soft hydrated paste. 



183 

Powers [55) suggested that there is no direct contact between the cenent 

gel and the unhydrated cement grains. He suggested that any adhesion is 

due to van der Waal's forces acting across a small distance between the 

gel and the anhydrous material. This zone may be occupied by water mole­

cules and calcium or silicate ions. If this is true, the bond phase be­

t't'leen hydrated cement gel and anhydrous cement grains could be a "leak 

zone for the initiation of a possible micro crack. 

Paste-aggregate bonds 

The bonds at the cement paste and aggregate particle interface are 

thought to be largely of the physical type. The bonding here is affected 

by both the paste and ag~regate properties. There is a possible mechanic­

al interlock at this interface so that the bonds vary "'ith the type of 

aggregate and the surface texture. The bonds may alno be affected by 

chemical reactions at the surface of the aggre~a.tcs. Research on nlcro­

cracking at Cornell [36] indicates that the paste-aggregate Lond strength 

is about one-half of the tensile strength of the paste. 

Pore bonds 

The gel pores do not affect the strength of cement paste because the 

physical bonds are effective across the width or diameter of the gel pores. 

However, the larger capillary pores reduce the cohesive force of the 

physical bonds and tend to lower the cement paste strength [54]. 

Tensile fracture of elastic materials (The Griffith Theory) 

In 1920, Griffith [56J made the first attempt at investigating the 

propagation of cracks in a brittle material under stress by developing 
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an energy concept. of fracture mechanics for an ideally elastic material. 

He suggested that the fracture strennth of glass, a brittle m~terial, was 

affected by initial cracks or f1a\)~s in the material or by cracks fomed 

due to the application of a load. Griffith said that this effect Has due 

to stress concentrations caused by these crac1~s. lIe also proposed a theory 

of fracture strength based on changes in strain energy and surface enersy 

as the largest of these cracks extends. That is, the energy released by 

a small extension of a crack furnished the energy requirements of the 

crack extension. Since glass exhibited little ductile behavior. the only 

energy requirement considered was the surface tension. 

Griffith assumed an elliptical shape for a crack and developed his 

energy concept in the fo110\'11n3 steps [34J: 

1. The equilibrium condition of an elastic body, deformed by spec­
ified surface forces is such that the potential energy of tl~ 
\'1hole system (including the potential energy of the applied 
forces) is a minimum. 

2. The criterion of rupture is obtained by further addin3 to Step 
1 that the equilibrium position, if equilibriu:n is pocsib1c, 
can be one in t'lhich rupture of the material has occurred. 
This is true only if the system can patis fror.l the unfractured 
to the fractured condition by a process involving a continuous 
decrease in potential energy. 

3. In an elastic, solid body deformed hy specified forces applied 
at its surface, the sum of the potential enerp;y of the applied 
forces and the strain energy of deforP-!ation of the body is 
either reduced or unchanged by the introduction of a crack 
whose surfaces are stress-free. 

4. If a body having linear stress-strain relations is deformed 
from the unstrained condition to a condition of equilibrium 
by constant forces, the potential energy of -the body in the 
equilibrium condition is reduced by an amount equal to twice 
the strain energy of deformation. 

s. TIle total decrease in potential energy due to the formation of 
a crack is equal to the decrease in strain enerny ninus the 
increase in surface energy. Thus, Statement 3 5110,\<:s that the 
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total dec.rease in potential energy due to the fonnation of a 
crack must be positive. If U is the strain energy released due 
to the fonnation of the crack and H is the potential surface 
energy due to the formation of nelol surface arc.:!, the total re­
duction of the potential energy of the system is 

U - H (C.21) 

and the condition under 'I;·;hich the crack t-lill start to propagate 
is sinply 

....i (U - iV) a 0 (C.22) 
de 

where c. is the length of the maj or axis of an elliptical cracl:. 
Thus, from the requirement of minimum potential energy in equil­
ibrium. a crack tolill propa~ate ,-,hen the rate of encrr,y release 
due to the crack extension-reaches the rate of energy require­
ment of surfaces created by the virtual crack extension. 

In the formation of a crack in a body composed of molecules which 

attract one another, work must be clone against the cohesive forces of the 

molecules which attract one another on either side of the crack. This 

work appears as the potential surface energy. If the l1idth of the crack 

is greater than the radius of molecular action, the surface energy per 

unit area is a constant for the material and is defined as the surface 

tension, T. 

Since a crack may be thought of as a straight line, Griffith chose 

an ellipse as a convenient geometric approximation to this shape. The 

major axis being equal to 2c and the minor axis being equal to 2b. If the 

semi-minor axis, b, of the ellipse is reduced to zero, the ellipse reduces 

to a line with the semi-major axis, c, as its len~th. It should be noted 

that Griffith developed his theory for the propagation of an elliptical 

crack through an infinite plate of unit thickness, so loaded that in 

regions remote from the crack it has a uniform tensile stress perpendicular 

to the major axis of the crack. This model is ShO\!lU in Figure C.5a for 

concrete under a uniform tension field. 
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For the elliptic crack of aeroiaxis c. Griffith has shown that the 

decrease of strain energy is given by the function 

U 11:--- (e.23) 
2E 

and the increase of surface enerr,y by 

H 1:1 2Tc (C.24) 

Thus, the rate of decrease of strain energy is 

(e.25) 

and for a surface tension of T, the rate of increase of new surface 

energy is 

dH d 
_ ::I _ (2Tc) • 2T (C.26) 
dA de 

where a II: the uniform tensile stross 

E I: the modulus of elasticity of the material 

A I: the fracture area 

d 

de 
rate of change operator -I: 

Thus, applyinr, the Griffith criterion that for an elliptically 

shaped crack of len~th c to propa~ate along a straight line in a homo-

geneou5, brittle material, the rate of reduction of strain energy in the 

l:1aterial must equal the rate of increase in free surface energy due to 

the formation of new surface area, i.e. t dU/dA • d\~/dA. Therefore. 

from Equations e.25 and C.26 we have 

--2T (C.27) 
E 
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Thus, for a crack of semi-major axis c, the stress for propagation is 

ft[ET <1 l1\li __ 

wc 
(C.28) 

which is the wel1-knowL'l Griffith equation. 

The t\vo functions given in Equations C.23 and C.24 are sho\ffi graphed 

in Figure C.5b. From this it becomes apparent that the critical crack 

size c' for a given stress CJ is ,,,here the slopes of the two curves are 

equal, or in Equation C.27 ,.,here c becomes c'. Therefore, 

2ET 
c' -- (C.29) 

In the case of a thick plate the problem becomes one of plane strain, 

and Equation e.28 becomes 

2ET 
(] .. (C.30) 

where \) is Poisson's ratio. 

Fracture of ductile materials (~odified Griffith Theory) 

The basic theory of crack proparation developed by Griffith has been 

modified and extended to materials uhich are less brittle than Alass. 

Ir'l;'1in [57] and OrOl .... an [58] have extended the theory to materials that 

exhibit ductile behavior. In essence this extension consisted of incor-

porating other types of ener~ies in the energy balance. These included 

energies, other than the surface tension T, such as energy dissipated 

in plastic flm., and in viscous dar.1pinr,. They reco8nized that for mater-

ials in YThich plastic flow precedes failure, unstable crack growth can 

occur 1f the plastic strains tend to localize near the boundaries of the 
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crack. In a stressed plate, the largest portion of the enerr,y formed goes 

into the production of plastic strains at the tip of a sharp crack. Thus, 

the creation of nel-1 surface ener~y, which is considerably less than the 

energy required for plastic deformation near the crack tip, has less in­

fluence on the propagation of cracks in ductile than in brittle materials. 

In,,in and OrO'Han pointed out that the Griffith theory must be modi­

fied so as to take into account the disRipation of strain energy in plastic 

fl01-7. The fornation of a plastic rer;ion near the crack modifies the elastic 

fields and, t~lerefore, the strain energy stored in the body. The modi­

fication of the elastic fields alvay from the region of the crack is similar 

for a cracl~ extension and for the formation of a plastic zone near the 

crack. It is now vie~"ed that Griffith's theory in modified form may be 

applied to a Hide ranne of materials if the surface energy term in Grif­

fith's formula is replaced by the total work involved, or energy absorbed, 

in the process of fracture. In addition, In-rin has introduced the concept 

of strain-energy-release rate. TI1UO, the basic idea of the modified 

Griffith theory is that at the start of fast, unstable fracturing, the 

fracture ,.,ork per unit crack extension may be equated to the rate of dis­

appearance of strain energy from the surroundin8 elastically strained 

material. Ir'\,Tin has sho,m that the strain-energy-release rate associated 

,.;ith e::;tension of the fracture is the driving force motivating crack 

propagation. It may also be less than that required to cause unstable 

crack propa3ation. 

Fracture toughness 

Fracture toughness is defined as a material's resistance to propaga-
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tion of an existing flaw. The fracture touBhness of a material can be 

defined by either of two conditions. the strain-energy-release rate or the 

stress intensity factor. 

Strain-energy-release rate 

TIle strain energy supplied by a virtual crack extension must furnish 

the energy requirements of the crack surface. The strain energy is a 

function of the crack extension, and it is convenient to define this 

energy in terms of the rate of release of enerp,y with respect to the crack 

extension as this extension approaches zero. Thus, the strain-enerey-

release rate which In/in designates as G, may be expressed by 

G =-
lim 6U dU dU -:a-or _ (C .31) 

Ac + 0 6c de dA 

It was shown in a previous section for a thin, brittle plate contain-

ing an elliptical crack and subjected to a tensile lond nomal to the 

plane. of the crack, that the strain-energy-release rate is r,iven by 

Equation C.25. 

For plane strain conditions, E is replaced by E/(l - v2). Thus, the 

equation for' the strain-ener?y-release rate becomes 

(1 - v 2 )1f0'2c 
G = ------------ (C.32) 

E 

The strain-energy-release rate at onset of unstable crack propa~ation 

is referred to as the critical strain-ener~y-release rate, denoted by 

Gc • The value of Gc is assumed to be a material property for given 

environmental conditions, and it is independent of the applied loads and 

body geometry. Also, it is a measure of the resistance of a i.laterial to 
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the propagation of a crack, that is, it is a measure of the fracture 

toughness of a material. The critical strain-enerey-release rate may be 

considered as being a fundamental property of a naterial in the SaMe way 

as the modulus of elasticity is rc~arded. 

Stress intensity factor 

The strain-energy-release rate G can be ShO\ffi to be related to the 

elastic stress and displacement fields in the region of the crack tip in 

a homogeneous material. This relationship is knol,m as the stress intensity 

factor and is desip,nated as K. The stress intensity factor for plane 

strain is denoted by 

(C.33) 

The value corresponding to the onset of rapid, unstable crack propa-

gation is called the critical stress intensity factor and is desir,nated as 

Kc. It also is a measure of the material's resistance to crack propagation, 

known as the fracture toughness. The stress intensity factor is a function 

of load and geometry only. l-J'hen concrete is analyzed as a homogeneous 

material, an effective fracture tounhness is obtained. The critical stress 

intensity factor for plane strain is denoted by 

(C.34) 

For plain concrete, the critical stress intensity factor is derived 

from two sources: the fracture resistance of the mortar and the crack 

arresting mechanism due to the coarse aggregate. The fracture toughness 

increases with increasing volume of coarse aggregates. For the same 
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volume of aggregates, the larger their size, the greater the tour,hness. 

It also seems that the fr~cture toughness of concrete is independent of the 

water-cement ratio. Ho~.]'ever I for a paste or mortar I the toughness decreases 

with increasing uater-cement ratio. A thorou~h explanation of the var­

iation of fracture toughness can be found in Reference 49. 

It is convenient to ,~ork with the stress intensity factor rather 

than the strain-energy-release rate since various elastic fields may be 

superimposed to determine the stress intensity factor under complex 

loading conditions. 

Typical load-deflection curves for cement paste, Mortar, and concrete 

are shown in Figure C.6. The area under the load-deflection curve for 

each case can be considered as a measure of the work required to fracture 

the specimen. This area is also termed the fracture tour,hness and is 

related through the two conditions, Gc and Kc. 

Compressive fracture of a material 

Jones [59] has sho\lm that for a material under a uniaxial compressive 

stress field, the orientation of cracks is parallel to the direction of 

the applied axial stress since in all the other directions there is a 

normal compressive stress component. It is assumed that these cracks 

originate from holes or fla\-19 present in the nlaterial in a canner similar 

to that in the case of a tensile stress field. It is kno)~ that the state 

of stress around a hole in a compressive field causes tension near the 

two vertices that form the axis 'vhich is parallel ll1ith the stress field. 

The severity of the stress concentration at the periphery of the hole is 

thought to initiate its extension. For propagation of such a hole, the 
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following two conditions should be fulfilled [52]: 

1. There should be a high enough tensile stress to break the bonds 
in the material. 

2. There should be a strain-energy-release rate at lec::.st equal to 
the rate of non-recoverable "'lork done in fanning the nell surfaces 
when crack propagation takes place. 

Glucklich [52] has shown that Condition 1 above can be satisfied by 

considering Figures C.7b and C.7c. A plane stress case for a circular 

hole in an infinitely wide plate subjected to a pure compressive stress 

is used. It can be seen in Figure C.7a that a circular hole in the mat-

erial 'viII cause a redistribution of stresses and create tension near its 

top and bottom vertices, shown at points A and B. If, in addition, there 

is a tiny flaw in the tension zone, the tension ,viII be magnified in 

accordance with the stress concentration factor associated ,·dth the fla,,,. 

The stress concentration factor may be high enough to break the bonds 

between material particles. This is shO\m in Figure C.7b for a tiny sat-

e1lite hole and in Figure C.7c for a small notch. Glucl:1ich [52] also 

pointed out that the holes need not necessarily be circular. Any hole 

which has a considerable width so that it creates zones of tension 'Jill 

produce similar results. Such holes are not stress raisers but rather 

stress convertors (from compression to tension). The stress raisers are 

the smaller satellite holes or notches "lithin the tension zones. 

Condition 2 can be show"'ll to be true also. Glucklich explains in his 

report [52] that when holes such as those in Figure C.7 are present, part 

of the body's capacity to resist compression is contributed by its tensile 

strength at zones A and B. Therefore, if the hole extends upuards and 

downwards through these zones. the body will become more compressible; 
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and its elastic energy content 'Jill diminish for a constant length. 111is 

release of energy will favor the extension of such holes but only lvithin 

the tension zones. Thus, cracking should be checked close to the hole 

since the disturbance to the original uniform stress field caused by the 

hole does not extend very far upwards or dOlvovlards. The distribution of 

the tensile stress along the vertical axis will in this case be given by 

the equation 

.2
4
) q III ~ (ro _ 3ro 

2 y2 y4 
(C.35) 

",here o .. the applied uniform compressive stress 

ro III the original radius of the hole 

From this equation it can be sho\o."I1 that at a distance y l1li r o ' there 

is the value q III -0 (tension). This tension zone ,.Iil1 extend only to a 

distance y :I ro i3from the center of the hole. Beyond this distance a 

very low compressive stress \vill prevail and "lill tend to check further 

growth. Hovever, the newly formed crael: will open up. as in Figure C. 8b. 

rather than remain closed, as in l'igure C.8a, so that the restricted 

tension zone ,Jill be carried fOI1Jard by the crack tip. This tvill favor a 

further expansion of the body provided the rate of strain energy released 

is equal to the rate of work done in forming the nel., surf aces. 

The facts thus far presented in this section are helpful in applyin~ 

the Griffith theory to a compressive field. Griffith ori~inally based his 

theory on an elliptical crack nonnal to the applied tensile field. Hov-

ever, for the case of compression, the critical elliptical crack.s are 

those parallel with the conpressive stress field. 
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In follm;ing a similar procedure as for the case of tension. Gluck-

lich [52] developed an equation for crack propa~ation for the case of an 

elliptical crack in a compressive field. In the next section it "nll be 

shown that this development can be extended to crack propagation in 

concrete under a compressive load. Thus, for the compression analogy. 

Equation e.23 can be written as 

u =--- (C.36) 
2E 

TIlis suggests that the lost strain energy in the case of tension may be 

reGarded as that energy contained in an :1maginary ellipse with a.."Ces 2c 

and 4c as shov-rn by the dashed line in Figure C.5a. In anal031 for the 

case of cOT.1~)ression, Figure C.9a, the strain energy lost will be assuced 

to be that contained in the real ellipse of axes 2b and 2ce Glucklich 

"iv-anted to show that U "las proportional to c rather than to c 2 (as was 

in Griffithts case). Thus, Equation C.36 becomes 

U 11:1 __ _ 

(C.37) 
2E 

and the increase of surface energy 

w = 4Tc (C.38) 

These t\10 functions are shown in Fir,ure C.9b. Since both are linear, it 

is clear that no critical size of the crack exists in this case. Thus, 

applyinf! the Griffith criterion, dU/dA 11:1 dW/dA, Glucklich obtained 

-=4T (C.39) 
2E 

and the stress for propagation is 
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fifET 
a" -

nb 
(C.40) 

Equation C.40 is the approximate compression analogy of Griffith's equation, 

Equation C.28. For Condition 2, which was mentioned previously in this 

section, the growth of a crack in compression will be fulfilled when the 

nominal compressive stress has reached the value given by Equation C.40. 

'ftlcn the strain-energy-re1ease rate ~dll be equal to the rate of work 

done in form.ing the new surfaces. 

In the case of a thick plate, the problem becomes one of plane strain, 

and Equation C.40 becomes 

BET 

a • (C.4l) 

,,,here v is Poisson's ratio. 

Usin~, the t\-10 formulas developed from the tension and compression 

analoGY, it can be shown ,,,hy a material such as concrete is stronger in 

cOtllpression than in tension. By assuming a random orientation of e11ip-

tical cracks '''ith a ~iven a."{cs ratio c/b '''ithin the material, one can 

determine the ratio of compressive/tensile strengths for that material 

from Equations C.28 and C.40. Thus, 

_o_co_r._'1p_r_e_s_s_i_on __ / SET // 2ET _ 

a tension nb nc 
(C.42) 

Assuminr; c/b c 36, the ratio of strenr;ths becomes 12. Therefore, for this 

ratio, the strength of the material in compression is 12 times greater 

than that in tension. Thus, by this formulation, it can be shown why 

concrete is stronr,er in compression than in tension. 
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Extension of conpressive fracture to concrete 

Introduction 

Concrete and cement paste both behave as brittle materials and their 

tensile and compressive properties depend on fracture mechanisms. It is 

known that concrete is tveaker in tension than it is in cOt'1pression, and 

that concrete in tension fails by crack propagation. However. concrete 

is deaiened mainly to resist compressive loads, and, in most cases. no 

tensile strength is attributed to it at all. It is, therefore, necessary 

to study the corepressive strenr,th and compressive mechanisms of fracture 

in order to learn how concrete behaves under a compressive load. Since 

portland cement concrete is assumed to be a brittle material, various 

authors and investir:;ators have tried to apply the Griffith theory to 

concrete. lIm-lever, an objection that has been raised to this is that 

the theory of elasticity for uniform, homogeneous bodies could not be 

applied to concrete since the cracks tvere of microscopic dimensions and 

since both the grain size of the material and their orientation would 

violate the basic assumptions. 

Model of concrete fracture 

It has been shovm by various authors that the propagation of an 

initial crack in a concrete body can be analyzed by an energy concept of 

fracture mechanics. Plane strain conditions can be assumed for structural 

concrete members because the nembers found in practice have cross sections 

that are relatively thick '-;Then compared to the size of the microcrack 

region that forms ncar a crack tip. 

It is known that concrete is a heterogeneous material composed of a 



202 

matrix of hydrated portland cement paste and both fine and coarse aggre­

gate. Thus, the properties of the ,\Y'hole concrete model are closely 

related to the properties of the cement paste matrix. 

Cracks in plain concrete propagate mostly through the cement paste 

matri::c, of Hhich the cement-eel component is similar to glass. Crack 

development will depend on the relative magnitudes of the stress intensity 

factors associated with the energy requirements for crack grot-Tth, and of 

the stress intensity factors associated with the elastic fields near the 

crack tip in the paste. These latter stress intensity factors are a 

funct-ion of the applied loads and body geometry. 

Kaplan's development 

The first application of fracture mechanics to concrete was reported 

in 1961 by 1(ap1an [50]. Kaplan made an initial step towards a possible 

extension of the Griffith theory to concrete. He applied the energy 

conce~)t of fracture mechanics to various concretes. and he showed exper­

imentally that in flexure (and presumably in tension) concrete fails in 

accordance Hith the theory developed by Griffith in 1920 for brittle 

materials and later extended by Irwin. Oro1;-1an. and others to less brittle 

materials. Kaplan assumed that the concretes were elastic and homor.eneous 

and then dcternined- their fracture toughness (the critical strain-energy­

release rate Gc). Hmliever, he ner;lected the idea of slow crack r;ro'-lth 

prior to fracture. 

Sturman [34] and G1ucklich [52] have pointed out that there are many 

limitations in l(aplan's analysis in that two important factors were 

ir,nored. First, he has not included in his analysis the presence of pre-
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load cracks and cracks other than the main fracture crack. These cracks 

will contribute to the strain energy dissipate~ if they propagate during 

loadinn. Thus, by applyin;1 the Griffith criterion to the main fracture 

crack. alone, Kaplan has ignored other energy dissipations which will give 

inconsistent results in his analysis. 

Second, and perhaps more significant, Kaplan fails to account for the 

two phase character of concrete. As discussed previously in this appendix, 

crack propaGation is sensitive to the effects of the inelasticity and the 

heterogeneity of concrete. Thus, a theory designed to predict crack 

propa~ation in a ho~ogeneo\1s material cannot be used for such predictions 

in a non-homoGeneous material l·,ithout considerable modification. It 

should also be noted that Kaplan assumed that no bond failure occurs, and 

that the fracture surface is smooth. 

Obviously, a further modification of the Griffith theory, other than 

i:aplan's is necessary before it can be applied to concrete in co~preBsion. 

It is realized that further research is necessary; hO'Hever, the results 

of the investir;ation by Kaplan nevertheless indicate that the Griffith 

concept of a critical strain-energy-release rate, being a condition for 

rapid crack propar;ation and consequent fracture, is applicable to concrete. 

Glucklich's development 

As described in the beginning of this appendix, there is ample 

evidence to support the fact that in concrete under compression, internal 

cracl:ing starts at a load far below the ultinate load. Further evidence 

is [';iven by Glucklich [53] "7ho has demonstrated the presence of internal 

cracking even under a small load of 360 psi. Though this may be an 
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extreme, there is no doubt that cracking takes place fairly early in the 

course of loading. 

In 1962, Glucklich [52] made an attempt to extend Griffith's theory 

to the case of concrete in compression. He modified Griffith's theory 

even further to account for the multi-phase character of concrete. It 

has already been sho\,11l hOl'1 Glucklich considered the stress redistribution 

in n uniaxial compressive field containing a circular hole with a notch 

or a satellite hole and hOlo1 he applied Griffith's theory to a compression 

field. HOlv, Glucklich's development of the variability of the straill-

energy-release rate (G ) , ... illbe considered. It is believed that this c 

fact is responsible for the phenom.enon of the fracture of concrete involv-

in3 the slot·, r,rowth of several microcracks. 

For a material v1hich is not ideally brittle. G is no longer equal c 

to 2T, but is equal to a much hir,her value due to the presence of ne,,;, 

additional enerr;ies (plastic, kinetic, and viscous). The straight lines 

in Fir-ures C.5b and C.9b, representin~ the ener~y,requireTtlents. should 

therefore mnke a much steeper annIe ''lith the c-axis (Kaplan I50] estimates 

the r;eneral requirement of energy to be about 10 times greater than that 

required by surface tension alone). lioreover, these lines should no 

lonr;er be strair:ht because the dependence betHeen the new energies and 

c is no lonr.er linear. Since inve6ti~ating the rcquirement per unit of 

nc,;v surface of each of the energies involved is almost impossible, the 

rate of release of strain energy at the onset of crack gro\"th was deter-

mined. Ti.lis value, Gc ' is the energy released for the formation of a unit 

area of ne'\v surface. 

In a hcteroecneous. multi-phase material such as concrete, there 
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are numerous values of G
c 

involved within its mass. The several Gc 

values are due to differences in T values within the material, such as 

exist bet\>leen those of the ceu:ent gel, the sand aggregate, and the coarse 

aggregate. Considering the case of uniaxial compression for two values 

of G instead of one, the picture for a heterogeneous material such as c 

concrete Hill not be as that shown in Figure C.9b, but will be as shmm in 

FiBure C.lOa. This fir,ure was developed by G1uck1ich [52] and shows that 

the energy requirement curve, which was a straight line in Figure C.9b, is 

nOH a stepped line with two slopes corresponding to the two different 

Gc values. 

Glucl;.lich eJ-cplains that if an existing crack of half length c o 

is assumed, the stress will have to be ao before the crack starts growing, 

"here 7fbco~/2E is a line parallel '(vith the energy requirement curve at 

co. The crack ,~ril1 then groll spontaneously up to c, ",?here it \V'ill be 

checked due to the sudden increase in the slope of the energy requirement 

curve. For the crack to start grmving ar,ain, the stress t:1ust now be 

raised to 01' ,.rhere nbcaf/2E is a line parallel with the energy require­

ment curve beyond c l • TIle crack will now propagate unchecked since the 

slope of the strain-ener~y-release curve is now equal to the steepest 

slope of the ener~y requirc~ent curve. 

For nunerous values of G t Fi~ure C.IOa becomes Figure C.lOb. For 
c 

this condition the stress 't'lill have to be increased r,radually from a a 

to a6 for the crack to increase from Co to c6. Beyond c6' the crack will 

groH unchecked to failure because the slope of the strain-energy-rclease 

curve is hi?,her than any slope present in the energy requirement curve. 

Since concrete does not exhibit ductile behavior, Glucklich [51,52] 
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has sum;ested that the increased enerr,y requirement for crack propagation 

in cement paste is caused by the formation of a microcracking rer,ion near 

the crack tip. This region is a hip,hly stressed zone with many microcracks, 

and it increases \vith the size of the crack. Since most of the microcracks 

are generally not incorporated into the nain crack propagationt the total 

crack surface exceeds the area of the main (effective) crack surface. 

Thus t the total surface energy is greater than the energy required to 

form only the main crack, and the rate of energy requirement increases 

with the crack size. The microcracks form as the stresses near the crack 

tip reach some limiting otrnss level. 

The hetcrobeneity of concrete provides crack arresters that are 

beneficial in as much as they prevent the premature occurrence of a 

runnin~ crack. For example, the path taken by a bond crack may be 

sliGhtly deviated since both the aPt~rer,ate particles and the paste act 

as crack arresters. TIlis is because the propa~ation of a crack into a 

zone of hir;hcr strenr:th demands an increase in the rate of energy require­

ment. Ho\vcvcr, if the crack avoids this zone of higher energy demand 

and detours it, the demand Hill increase anY'vay since a larger surface 

area of crack is formed than the surface area of the main crack. Thus, 

it is clear that the crack arresters prevent a premature occurrence of 

a runnin~ crack. TIlrce specific crack arresting mechanisms are present 

in concrete. Hicrocracks can be arrested by encountering debonding areas, 

encounterin3 air voids, or encounterinr, a local lo~~ stress region such 

as betuccn t,vo debonded agr,regatc particles. 

Glucklich [51] has also pOinted out that in tension. the rate of 

strain energy release (the driving force) increases with the crack length 
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so that the first crack to r;rOH is the fatal crack. Conversely, in 

compression, the rate of strain energy released is independent of the 

crack length and is therefore a constant value. Under a uniaxial com-

pressive stress. cracks that start r,rm·nng become stabilized when they 

encounter an obstruction or an increase in energy demand. After this, 

other cracks be~in to grow and also become stabilized. Thus, there is 

pror,ressive crackine with an increasinr, applied external load. TIlis 

behavior e:{plains the proRressive nature of compression fracture, the 

considerable curvature of the stress-strain curve, and the higher strenr,th 

of concrete in compression than in tension, all these having been explained 

in a former part of this appendix. 

Gc and the surface enerRY of concrete 

nrunauer, Kantro, and Heise [60] found that the surface enerGY of 

tobermorite (a conponent of the cement gel), which constitutes about 75 

percent of hydrated portland cement by ,\Teir,ht, to be approximately 390 

ergs per square centi.meter. It has also been found that'the surface 

ener~y of quartz is approximately 980 ergs per square centimeter. Using 

these results, Kaplan [50) found that the nvera~e G value for his data c 

,(·ms about 12 times r,reater than that predicted by the Griffith theory. 

The Griffith theory for brittle materials suggests that fracture will occur 

when the strain-enerp,y-releasc rate just exceeds twice the surface energy 

of the material. TIIUS, it is interesting to note that Griffith himself 

found the experimental G value of glass to be approximately 10 times 
c 

breater than t,.,ice its solid state surface energy. 
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Hechanisms of Failure In Concrete 

Glucklich [52] has proposed three mechanisms of cracking fracture 

in concrete under compression. The first, which is called "the progress­

ive-cracking type," is the most COtmlon. It occurs whenever the testing 

conditions favor the arrest of groldng cracks so that others start grow­

ing in their place. Thus, there is a process of progressive cracking 

which ultimately leads to failure. This mechanism is a good indication 

of the quality of the material. The second, called "the first-crack 

type, II occurs '\lhenever the testing conditions favor the fast grol-Ting of 

an early cracl:, lvhich is not necessarily the first. Such a crack is 

considered a premature fracture, and it traverses the entire cross 

section. The third mechanism of compression fracture is called tfthe 

shear failure." These three types of mechanisms are discussed in detail 

in Glucklich's report [52] and, therefore, will not be considered here. 



APPENDIX D 

CRACKING Ai~D DETERIOP~TION IN PLAIN CONCRETE 

DUE TO FREEZING AND THA'~ING 

Types and Causes 

TIle deterioration of concrete due to freezing and thawing is 

usually conspicuous and easily detectable. Despite air entrainment, 

deterioration at the surface and inside concrete frOl':l alternating 

fre.eze-thaYT cycles still exists. Even though cracking, crunbling of 

the cement paste, and scalins may produce an unsightly, uneven surface, 

the structure still has structural integrity, stability, and usefulness. 

This type of deterioration can be caused by such factors as lack of air 

cntrainreent, inpropcr amount or type of entrained air, high water­

ccracnt ratios, e;.:cessive 'vater content, excessive bleeding, improper 

finishing procedures, or lack of curing. The major classifications of 

freezing and thmving deterioration that may occur in concrete will nO\\1 

be Jiscussed. 

D-Line Cracking 

An indication of freeze.-thatv deterioration is the first appearance 

of fine cracks lv-hich run approximately parallel to transverse joints, 

cracks, or the free edRes of a concrete surface [6,61]. Such surfaces 

include oidewalks, highway pavements, driveways, and other structural 

slabs. As deterioration pror,rcsses, the parallel cracks become larger 

and occur further away from the joint. Cracks also eventually occur 

along longitudinal joints. TIlis type of cracking has been defined as 

D-line (deterioration line) cracking. 

210 
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Several theories have been proposed to explain the cause of D-line 

cracking. One theory holds that crackinB of the concrete is caused by the 

change in volume of coarse ag~regate particles breaking the bond with the 

surroundin~ matrix. Hhen water freezes in the voids of a paste or ar,gre­

f,ate, forces are produced which become sufficiently great. This causes 

the tensile strenr,th of the portland cetlent paste to be exceeded. and 

D-line cracks develop alonr, lines of equal saturation, parallel to the 

joint. DisinteRration is aided by the entrance of available water through 

cracks to feed the capillaries further from the edge of the slab. Con­

tinuing development of parallel cracks from the edge or joint results. 

Since ~oisture is available from moisture~holding materials in the joint 

(a material such as dirt) and from the base material, concrete next to a 

joint or a corner is exposed to more moisture than the inside portion of 

the slab and thus has a hiehcr degree of saturation during freezing 

weather [6]. 

A second theory of 'vhy concrete deteriorates near a joint in a con­

crete slab is that as concrete is deposited and worked during construction, 

the fines and mortar are pushed toward the joint and a lveaker, ~ore sus­

ceptible concrete is placed near the edge [6]. This theory is not support­

ed in some instances in that D-line crackinn develops along a crack in the 

surface of a slab in much the same manner as it normally develops along 

the joint or the ed~e of a concrete surface. 

A third theory involves the shape of the concrete structure. D-line 

cracking develops at vertical as lvell as horizontal corners and edges of 

rectan~ular slabs. Thus, it has been suggested that stress concentrations 

occur at the corners and the edges due to changes in temperature. This 
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theory has been supported by spheres made from an average concrete mixture 

undergoing rather little deterioration from. 20 years of exposure to various 

weathering actions [6]. 

~'iap Crackinr, 

:~ap crackin~ is a form of disinter,ration in "'"'hich random cracks 

develop "lell-distributed over an entire surface instead of concentrated 

along joints or free edges as in D-line crackinp; [61]. 

~rap crackinn is caused mainly by the expansive properties of the 

a0f,rehates used, and it may also be caused by alkali reactions, by 

freezing and tha1ilin~t by excessive heat, or by all of these [61]. It 

mayor may not be associated ,~ith abnomal gro't'lth of the concrete. 

Pattern Cracking 

Pattern crackinl1, 'vhich is fine openings or cracks on concrete sur­

faces in the form of a pattern, usually occurs in concrete surfaces 

which experience either a reduced volume of material at the surface or 

an increased volume of material below the surface. or both [6]. 

Expansion of freezable water caused by freezing and thawing, either 

in the voids of the matrix or in the aggregate pores, produces pattern 

crackinlj. 

Reduction of gel water , .. "here there is an ahundance of air voids 

sugrests the possibility of shrinkage in the paste under freezing con­

ditions. Continuous cold '!.veather will cause diffusion of ,,,ater from 

the reI pores to the air voids and a consequent reduction of the gel 

pore '!.vater [6]. This will tend to cause fine cracks in the surface of 

the concrete. 
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Pittinf, and Popouts 

Pitting is the disintegration of weak, friable pieces of aggregate 

due to frost action. Popouts are small, conical fragments of concrete 

split from the surface. Since pitting and popouts are localized in 

nature, considerable quantities of deleterious particles are necessary 

to affect the perfornance of a structure. Even though their appearance 

Tuay be affected, many structures remain sound because of the small 

quantity of particles cau8in~ pittinr. and popouts. However, this type 

of deterioration can cause structural damage by allow'ing water to enter 

the structure throu8h damap;ed areas [61]. 

Pittin0 is usually cauGed by the gradual deterioration of unsound 

particlcG ne:lr the surface of the concrete. Popouts are caused hy rapid 

disruption of harder but saturated pieces of aerrregate. ~fhat is, 

expandinr. ar,~reGate particles are a source of internal pressure which 

produces a popout that leaves a shallow', conical-shaped depression ,.;h08e 

apex is at the aggre~ate particle [61]. 

Scaling 

Slahs of the highest quality concrete may undergo scaling. Concrete 

mortar at the surface \l1ill crumble or peel a1,;ay in flakes '>1i th repeated 

cycles of freezin~ and thawing, ~radual1y exposing the coarse aeRrer,ate 

particles. Scaling may be continuous, lihich is a progressive deterioration 

"rith time of the expofH~d surface until conplete disintegration of the 

structure occurs; or it Illay be discontinuous, which is the deterioration 

of the ori~inal surface only. 

Cordon [6] has gathered several theories from various authors which 
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can be advanced to explain scalinr,. These may also contribute partially 

to the explanation of the ultimate failure of concrete surfaces. TIlese 

theories are as follows: 

1. Pressure developed by expulsion of water from saturated aggregate 
particles. 

2. Hydraulic pressure developed in more numerous capillary cavities 
just below the concrete surface. 

3. GrO\'lth of moisture to ice cryntals in capillary voids belo,,, the 
surface. 

4. OSMotic pressures caused by a concentration of salt in capillaries 
ir. .. mediately beneath a concrete surface. 

5. rinishin;:; operations "lhich may create (l finished surface dis­
sir,1ilar to the underlying concrete. Improper finishing may 
also densify the surface and destroy the effectiveness of air 
entrainment. 

6. Conpnction of the surface by the capillary force of receding 
uater in the surface capillaries of drying plastic concrete 
and the subsequent formation of a plane of ,.;reakness. 

7. Improper drying procedure. Dryinp; reduces the water in the 
void!:) of the concrete belm,' the critical saturation point and 
lind ts the moisture available for other deterioration 
mcclHlnisms. 

8. A~ditional freezing of subsurface ice crystals caused by melting 
SnO\l and ice tvith de-icing salts. 

9. Replenishment of surface moisture during freezing by melting 
sno~\' and ice ,.,i th de-icinr, sal ts. 

10. Crackinr; and crllzin~ (fine cracks) uhich provide channels for 
moisture to reach underlying capillary ice. 

Paste Deterioration 

A common type of freeze-thllH deterioration is the disintegration 

of the portland cement paste and subsequent exposure of the aggregate 

particles. Disinter,ration of the mortar on the surface progresses into 

the interior of the member. This type of deterioration can be found at 
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the water line of many structures. 

This type of deterioration is caused by the concrete being saturated 

above the critical saturation point and then exposed to alternate cycles 

of freezing and thalving [6]. 

Contraction Cracks 

Contraction cracks occur most frequently after the concrete hardens. 

They are larr,e and fairly wide cracks occurring when contraction of the 

concrete takes place. Such cracks can be avoided by the proper spacing 

of contraction joints and by rnrucin~ sure that all exterior slabs are 

sectioned off in reasonable lengths. 

Temperature variations which produce non-uniform'stress distributions 

in a particular region are largely responsible for these cracks. 

Structures Affected 

lIany concrete structures are affected by freezing and thm~ing 

action. VaryinG conditions of e,~osure have si~nificant influences on 

the Deverity of deterioration that can be anticipated. The maximum 

vulnerability to dama~e by £reezin~ action exists when the moisture in 

the concrete reaches the critical saturation point. Some of these 

structures are listed belon [6]. 

Concrete Hir;htvllY Pavements 

Severe scaling may occur in concrete used in highway pavements. 

Pavement slabs are subjected to severe frcezinn and thawine exposure in 

cold climates. They lie flat on the ground and are exposed to precipita­

tion and alternating cycles of freezing and thawing. These slabs may 
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also be expoaeu to salts used for Rnmv and ice removal. Therefore, 

hibh~;ay pavements must be protected against all the mechanisns which 

produce freeze-thffi~ deterioration. Techniques to do this include air 

entraiTh~ent of about 5 or 6 percent of the volume of concrete and low 

'~Tater-ccncnt ratios. Except for brid~e decks, deterioration of pavements 

'due to freezing and thal"inr, action has been essentially eliminated since 

air entrainment has been introduced. 

Concrete Bridges and Brid~e Decks 

The problem of scaling on brid~e decks is widespread even though 

air entrainment has been provided. 

Other parts of bridr,es also present serious problems when exposed 

to freezin~ and th:n!inr,. Since most bridges span hodies of ",ater, the 

abutt1.cnts and piers are located in areas of fluctuatinf, water levels. 

This presents the same problem as in hydraulic structures, which is the 

saturation of concrete at the water line. Deterioration is also preva­

lent on curbs, sills, cornices, and 1edr,es because of their exposure to 

weathering action. 

l~draulic Structures 

Tho use of hydraulic structures for the storage and transportation 

of ,.,Tater r.1.akes then particularly vulnerable to freeze-thaw action 

because there is ample opportunity for portions of these structures to 

become saturated. Concrete is particularly vulnerable in the rer,ion of 

fluctuatinr; l .. ater levels or spray. Such concrete includes parts of darns, 

spillways, 't\1astmv-ays. tunnel inlets and outlets, valve houses, and canal 

structures. Exposure is also severe in such areas as the tops of walls, 
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piers, corners, and cornices. 

SicieHallts. Dri Ve'frlays, Curbs t and Gu t ters 

Concrete 'vhich can becone saturated during freezing weather receives 

the most severe exposure to frcezing and thawinp,. Such concrete includes 

r,utters, tops of curbs, sidCl-Jalks, and driveways. These concrete 

structures have the same deterioration problem as highway pavements. 

The concrete can absorb ",ater and may reach critical saturation durinp; 

freezin~ 'V;:reather. 

Concrete in Buildings 

Concrete in most buildinr.s is not subjected to extreme exposure 

conditions except for that which is exposed to the external environment. 

The vlater to Hhich it is then exposed comes from the rain and snow \>Thich 

falls on or is blm·m against it. Hm·;rever t there is usually little 

opportunity for the structure to reach a critical saturation level. 

Foundation concrete has little opportunity to become saturated unless 

thc concrete is below the ground water table or there is poor draina3c 

around the concrete. When the concrete is below the ground water table, 

it is ~enerally protected from freezing temperatures, and deterioration 

is not a problem. 

The HcchanisM of Frost Action in IIardened Concrete 

Porosity of Concrete 

The porosity of concrete is the ratio of the volume of voids (pores) 

to the over-all volume of the concrete specimen. tiost of the important 

properties of hardened concrete are related to the quantity and the 
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characteristics of the various types of pores in the paste and aggrer;ate 

components of the concrete [301. The engineerinR properties of concrete, 

such as strength, permeability, shrinkage, and durability, are directly 

influenced by the pores in the concrete and the quantities of the 

different types and sizes of these pores. 

The pores affect the properties of concrete in various ways. The 

strength and elasticity of the concrete are influenced by the to~al 

volume of pores, not their size or continuity. The permeability is 

influenced by the volume, size, and continuity of the pores. Shrinka~e 

depends upon the nature of the solid surface and the total surface area 

of the pore system. The durability of concrete to freezing and tha'trlng 

is controlled by the volume and the characteristics of entrained air 

voids. 

In order to understand the significance of the various types of 

pores and their characteristic effects and relationships in connection 

with the frost action in concrete, it is i~portant to understand the 

manner in tvIlieh these pores oriGinate, the factors that affect them, and 

the li:-.1its Hithin which their sizes may vary_ 

Concrete may be visualized as a polyphase material consisting of a 

heterogeneous mixture of components, each conponent having its own 

characteristic pores. These components are the cement paste. the ar-r,re­

~ate particles, and, in addition, a void component. This void component 

is composed of air voids, "under-am~reRate" fissures, and "honeycomb" 

pockets [30]. 

"Honeycomb" pockets in concrete structures are considered to be 

abnormal and undesirable and can be avoided by use of proper mixture 
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proportions and placing practice. Therefore, these are not considered 

to be involved in the frost action phenomena in hardened concrete. 

Fissures or zones of weakness occur under ar,r,regate particles during 

the period of bleedinr,. The frequency ,dth ~lhich they occur and their 

numbers are still unknown. It is thought that their occurrence is a 

function of the ,.,ra.ter content of the concrete, the bleeding properties of 

the cement, the amount of fine material in the mixture, and the brid!;ing 

of coarse ag~re[;ate particles. Since only a ,,,eakened zone of high water­

cement ratio may be produced under the ar,gregate, these "under-aggregate" 

fissures arc sometimes difficult to detect. 

Concrete normally contains air voids, accidentally entrapped or 

purposely entrained, dispersed throughout the cement mortar. The voids 

formed in the original plastic concrete are either 't'later- or gas-filled. 

After the concrete has hardened, the ~;ater voids may tend to dry and 

become air voida. In terms of the other pores in the concrete, the air 

voids, usually the coarsest of all, may constitute from less than 1 to 

more than 10 percent of the total volume of the concrete. 

The a0~re0ate component in concrete occupies approximately 75 percent 

of the total volume. It has an internal pore volume varying from almost 

o to 20 percent or more (most conmonly about 1 to 5 percent). These pores 

ran~e in size from relatively fine to coarse. 

The cenent paste COMponent usually contains both extremely fine gel 

pores and coarser capillary pores or spaces. The gel pores are considered 

to OCenl)Y about 23 percent of the paste volume, and the capillary pores 

an alt'.lost negligible volume for an essentially fully hydrated paste. 

Incomplete hydration would decrease the volume of gel pores and increase 
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the volume of capillary pores proportionately. 

Thus, the total combined porosity of concrete contributed by each 

of its components is represented by the total capacity for evaporable 

water bet\veen the stages of complete saturation and dryness. 

Permeability of Concrete 

Permeability is defined as the ability of a liquid or gas to pass 

through the irrer,ular passagel'lays of a substance. The coefficient of 

permeability (having the dimensions of velocity) expresses the ease "nth 

lv-hich this novetrtent occurs. In concrete, the liquid is in the form of 

Hater, and the irre~ular pass30e"vays are in the form of pores in the 

agr,ref;ate and pores or capillaries in the cement paste matrix. :For port­

land cement concrete used as a hir;hw'ay material, a typical coefficient of 

permeability value is approximately less than 0.0001 ft/day [62]. 

:'~oveMent of 't-:rnter throu~h concrete can be produced by teMperature 

differentials, solutions of different concentrations (osmotic effects), 

various conbinations of air or lvater pressure differentials, and humidity 

differentials. It is knm·m that the rate of movement is dependent upon 

the characteristics of the membrane and of the material itself. 

An increase in 'vater permeability with rising ,·rater-cement ratio is 

observed tvith 'vater-cement ratios higher than about 0.4 [63]. Because no 

capillary space is prescnt in a fully hydrated cement paste prepared at 

l.;ater-cenellt ratios up to about 0.4, the 'vater permeability of hardened 

cement paste begins to be affected only by water-cement ratios rising 

above this value. 

The chemical composition of portland cement has little effect on the 
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water permeability of hardened cencnt paste. Also, the fineness of cement 

has no effect on the "Tater permeability, provided that all other conditions 

remain the sane. Thus, at identical "Tater-cement ratios and degrees of 

hydration, there is no difference in permeability w'hether the cement is 

a fine or coarse grained [63]. Ho\<!ever, a finely ~round cement should be 

selected in order to minimize concrete bleeding. Extensive bleedinr, is 

an obvious source of permeability in concrete. 

The permeability to "later of hardened cenent paste follo'wing an 

extensive hydration increases drastically if it is allo\ved to dry out. 

This drastic increase, produced even by mild dryine, recalls the "irre­

verF;ible shrinkaGe" which results in the extension of capillary pores. 

Therefore, to obtain a concrete of high imperoeability, it should be 

protected a0ainst dryinr, out for as lone as possible. 

Air voids purposely entrained in sir.nificant quantities in the 

concrete should increase the permeability of saturated concrete in pro­

portion to their quantity, provided all other factors remain constant. 

This is because the air voids are much larGer than the capillary and gel 

pores and do not obstruct the movement of '·7ater. Ho","ever, all other 

factors uGually do not remain constant when air entrainment is used. Air 

entrainment ,·,ill usually reduce segrenation and bleeding and permit 

reductions in the water-cenent ratio. Consequently, the resulting concrete 

may actually be more impermeahle despite the presence of air voids [30]. 

The cement-r,el component of concrete has a porosity of 28 percent 

and a permeability of only about 2.3 x 10-15 ft/sec [22]. 

Absorption of Concrete 
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Absorption is defined as the process by which a liquid or a gas 

penetrates a material \oThich increases in weight due to this penetration. 

With partially dried concrete, there is a weight ~ain upon contact with 

or immersion in 'tvater. In practice, there is a long period of time 

required to establish an equilibrium moisture condition. 

The absorption of concrete will depend obviously upon the initial 

state and uniformity of dryness. Absorption occurs very quickly if there 

is complete immersion of the concrete, but the rate decreases rapidly 

with tine. Considerable time is needed in order to reach the apparent 

saturation C1uilibrium. Identification of this equilibrium condition is 

very hard to dctermine since norMal 'tvater gain of concrete by continued 

hydration, osmotic effects, and leachin[; must be considered. 

Other factors significantly influencing ahsorption are the permeabil­

ity and porosity of the concrete. These are directly influenced by factors 

such as the curinJ1 history, wa.ter-cement ratio, a3gregate characteristics, 

air content, cement type and fineness, specimen size and shape, method of 

surface preparation, and surface carbonation, if any [30]. 

Durinr, absorption the larp,er paste capillary spaces are the first to 

beCOI!1C 'tole tted. Next, perhaps t the finer gel pores acquire water, their 

rate of absorption bainr; S10vl because of their 10'\'1 '-later permeability. 

Only after a relatively hi[;h dcr;ree of saturation (and 'vater vapor 

pressure) is entablishcd in the paste surroundinp: the aggresate can the 

coarse pores in the a;;r;rer;ate itself becone nearly filled Hith lvater. 

If the paste is ever beloW' satura.tion, any lvater inside the ar.r;rer;ate 

particle can easily be removed. This is due to the much finer pore 

structure of the paste. It should be noted that l-Then concrete is 
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iMmersed in ,·rater, it does not ahsorb as much "later as its porosity per­

mits. During imnersion, a part of the air in the specimen is "entrapped" 

by the 'vater and cannot find an exit. Thus. 'tV'ater is prevented from 

filling a certain percenta~e of pores [201. 

Upon very lon~-continued exposure to ,qater, the air voids, especially 

the smaller ones, may become filled with Hater. Such a process requires 

that the air in the void, compressed by the absorption process, be dis­

solved in the capillary "Tater and slo\-lly diffused out of the concrete to 

permit fillin3 of the void "1ith liquid [30]. 

Introduction to Frost Action in Concrete 

\'n.len concrete is frozen, some type of action, presumably destructive, 

takes place 'l;vithin the material. Freezing of a liquid in submicroscopic 

spaces is a complicated phenomenon. Such is the case with the oany pores 

and capillaries in concrete ar;pregates and the cement paste. The deteri­

oration of concrete due to freezing and thm'lin~ is caused hy the expansion 

and f.10ve:!1ent of freezin~ tv-ater in the pore systems of the components of 

concrete. Freezing may damar,e the paste, leavinr, the ar;gregate undamaged; 

or, conversely, freezinr, may drunage the aggregate particles while the 

paste is only indirectly harned. 

There is more than one l~ind of frost action in concrete. One of the 

kinds produced in the freezin~ of fresh concrete hos crystals of ice 

formed in the soft matriJ{ leavinr; their imprints at the paste-aggre;1ate 

interfaces. Sometimes lihcn conditions are right, lenses of ice will form, 

producing frost heave as in solids. 

However, the action of frost in hardened concrete is concerned here. 
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By r,eneral observations of structures throuflhout the land, the effects 

of freezing of lmter in concrete may range from practically no effect to 

total destruction. 

Powers [17] explains that when damage occurs, it is due to the dila­

tion of the cement paste, or to the dilation of some of the particles of 

rock, or to the dilation of both. In any case, the dilation of one com­

ponent requires dilation of the structure as a ",hole. 

Dilation is produced by pressure in the pores lY'hich may be hydraulic, 

osmotic, or a combination of both. Thus, if one or more of the pieces of 

a[:'t,rcr-ate in a concrete structure t-lere caused to enlarr.e, or if the cement 

matrix t-iUS caused to expand, then the \o1hole structure l.,ould have to en­

larr,c. (Hov1ever, the author does not ar,ree totally with this. Expansion 

tnll occur uhcn fracture occurs. Then the expansion will only be the 

width of the crnck.) 

The meclw.nism hy which freezing causes the paste to dilate is some­

what f.lOre corr:plicated than that 10111ic11 causes a rock to dilate. The 

difference is due to the difference in the texture or porosity of the 

tl';O materials. A typical 3Rr;rcgate is much less porous than cement paste, 

and the pores it contains arc usually extremely larf'jcr than those in 

cement paste. As a consequence of this structural difference, the 

osmotic pressure in a rock, if it is present at all, is a minor factor 

in the ~cchanism of frost action. In the CCr.lent paste, this pressure may 

be the dominant mechanism. Other mechnnisrns and properties are also 

different bet,\Tccn these tt-!O components of concrete. Thus, it is advis­

able to discuss the two separately. Aggregates will be discussed first 

since their influence is less complicated than that of the cement paste. 
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Influence of Coarse Ap,sregate 

AGsresatc pores and pore characteristics 

!Iost porous solids have a pore structure that is complicated in 

detail. The voids twist and turn, ~et larger and smaller, go in arbi­

trary directions, or stop altogether. The pore walls are usually crystal 

faces of Hidely varying size and orientation. The "size" of such pores 

is difficult to define. The most common model of porous solids is one 

in lvhich the pore space is made up of a group of capillary tubes, perhaps 

of different sizes. 

The porosity of a concrete a~grer;ate affects the behavior of the 

concrete for either of two reasons--because the pore space system decreases 

the volume of solids in bulk volume of the ag:-;rep;ate, or because the pore 

space system ;:ermits the acquisition and retention of ,-rster or aggressive 

solutions and controls the movement of these liquids through the material. 

Chief a~on~ such effects is the great influence the ar,grer,ate pore system 

has on the frost durability of concrete. 

Verbeck [30] has stated that aGGregate constitutes about 75 percent 

of the total volume of concrete. Consequently, the properties of the 

concrete are significantly influenced by the characteristics of the 

aG~ref';c'lteG and their pores. The porosity of common am~regates used in 

concrete ranr;es from nearly 0 to 20 percent or more by solid volume 

(r.1ost cOl:lTTIonly about 1 to 5 percent). For lir;ht,,,eight agr;resates the 

porosity may be in the range of 30 to 50 percent. The size of the pores 

also varies :~reatly amonr, different uf';gregates. In very dense aggre~ates, 

such as p:ranite and marble, the size of the pores are in the ran~e of 

paste capillary npaces of intermediate size, and frequently are at least 
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the size of the larGest paste capillaries. Other aggre3ates, such as 

various light\vci:;ht aggrer.ates and sandstones, have a very coarse pore 

systeu. 

The techniques used to determine the distribution of pore sizes 

include micro:-;copic techniques, mercury porosimeter, and nitro~en or 

tlater vapor absorption methods. 

The total volume and the size distribution of the lJores in aljeregates 

hav~ an itllportant influence on the volume stability, chemical and physical 

stability, bond lvith cement, and particularly the frost resistance of the 

uf,Gref,utcs and the concrete. They sienificantly affect the strength of 

any material, and also determine the properties of absorption. permeability, 

and capillary potential. 

It seer.::; that pore characteristics are th~ dominant factor in deter­

minin~~ the durability of agr;regates. Pore characteristics have an effect 

on the physical properties of a material. Larger void volumes mean a 

reduced specific gravity, and hif,her porosity results in lOl-,er strength. 

Doth the rou:;hncss and the pore characteristics of the surface zone affect 

the surface te:.::ture and the quality of bond betl-Teen an a3sref,ate particle 

and the hardened ceTi~ent paste. It has been stated that the harmful pore 

size is that Hhich iA larr;c cnouf;h to permit l\'ater to readily enter much 

of the pore space but not large enouGh to pcrmit caGY drainage [6]. A 

rock "lith larr;er pores 'viII have a hii':her absorptivity, a hi~her per­

meabili ty, and a lm·;er capillary potential than one with smaller pores 

[30]. This menns that a rock "lith smaller pores \o.dll acquire tvater more 

slovdy but ' .... ill retain the water longer than will a rock with larger 

pores. 
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Basic material properties c~m he considerably chan3ed when the 

pores of an ar,r,rcf,ate particle are entirely or partially saturated with 

'vater. The differences betl.;een the thermal properties of plain t-later and 

dry a8r,rer,ates are sufficiently important. Thus, the values of heat 

capacity, thermal diffusivity, thermal conductivity, and expansion 

coefficient of an ar,gregatc chanze considerably l.;ri th the absorption of 

relatively SMall amounts or water. It is believed that the thermal 

properties of various aggre~ates are of minor importance to concrete 

durability [30]. 

It is knm'm that a few agr,rcrates undergo excessive volume change 

when subjected to \lCttin,C; and drying and. therefore. can contribute 

r,reatly to the 3hrinka~e of concrete. ~l'his is basically because by 

shrinking the a~~regate fails to restrain the shrinkage of the paste [30]. 

The materials vhich ShOH larGe ,,;ettin~ and drying volume change usually 

have a lar:;e surface area and a fine pore structure. 

lfechansims of frost action in D~~rer:ates 

Concrete may deteriorate ",hen e::~posed to freezing and that.ling because 

of nechanisms \d.thin the agr,regate particles as well as in the portland 

cement paste. The behavior of ar:r.rer,ate particles t.,hen exposed to freezing 

and thJ.HinS depends primarily upon the pore structure, pore size distribution, 

permeability, and the der,ree of saturation of the ar,gregate particle. The 

total porosity i8 of secondary iI11portance. 

~;rater expands slir.;htly o 
as its temperature falls from 39 F to"lards 

its freezinr. point of 32oF. It then expands ouch nore ,.,hen freezinf, 

occurs. If the expansion and escape of water is forcibly prevented, 
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freezing ,;i11 not occur. The force required to prevent expansion and 

freezing is that 'Vlhich t'lill sufficiently raise the hydrostatic pressure 

(the pressure exerted by freezing 'Vlater ,-Then this water is at rest). 

For example, at 30°F, only a little below the normal freezing point, the 

hydrostatic pressure in a capillary 'VTOuld have to be about 2000 psi to 

prevent e::-~pansion and freezing. 
o 

At 20 F, the hydrostatic pressure would 

have to be about 11,000 psi, and at OOF, about 26,000 psi. o At -7.6 F, 

the maxiMum possible pressure is reached at approximately 30,000 psi [17). 

Pressures in this ranne may develop in amsres;ate particles when the sat-

uration is critical. 

It should be noted that the material strenr,th of most ag~re0ate is 

exceeded (thG ar~rer.ate fractures) far in advance of most of these press-

ures. It is no "lOnder that a rock can easily be fractured by freezinr,. 

To avoid development of pressures in excess of the tensile strength of 

either the ar;~ref,ate particles or the surroundinp.; mortar, the water inside 

of the pores must be able to flot-.' into unfilled pores or escape from the 

particle. The rate at t\Thich water must escape fron the freezinr; zone and 

the pressure required to cause such floll depend on the rate of freezing and 

the permeability of the material [6]. Escape from the particle may be 

blocked by a frozen zone around the outside. Due to this zone, the ,~atcr 

cannot escape and hir;h pressures in the interior of the a~gregate w'ill then 

develop. Even v,rhcn the floH of 'vater is a"ray from the freezinr, front or 

zone, hydraulic pressure (the pressure exerted by water in motion) is neces-

sary to causc covcment throunh small voids and may be 80 hiGh as to cause 

fracture of the material. It is the hydraulic pressure which is the princi-

pal force developed l.]hen a rock freezes. However, stresses due to freezine 
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are not nh<lays due to hydraulic pressure. It is estitlated that pores 

less than four ~icrons in diameter ,~ill drain effectively only at press­

ures h1gh enouz,h to cause some rocks or concretes to fail [6]. 

It is possible for the concrete to suffer damahe from freezing and 

thal .. 'i.n~ '\I]ithout the ag~re~ate particle itself failing. Ar,eregates may 

have enou3h strens-~th and elasticity to withstand the stresses without 

failure. but the surroundin3 cement paste matrix may be damaged by the 

expansion of the a~~re~ate particle. 

A number of nechansims explain deterioration of concrete aBgrer,ates 

and deterioration of the concrete conta1nin~ questionable a~~rep'ates. 

The details of the process and the quantitative evaluation of the various 

mechanisms still have not been made clear. and only recently has the matter 

been reasonably '\<;el1-understood. These various mechanisms are as follows: 

Degree of saturation mechanism 

T,vater, ,;hen it freezes at J2
0
p, increases in volume or expands by 

appro;.::inately 9.07 percent [17]. Therefore, the volume change associated 

witn freezing llater inplies that a derrree of saturation in the pores of 

the a0r,rc~ate particle larp,er than about 91 percent (critical saturation) 

should be harmful to the structural integrity of the aggreeate. In SOMe 

cases, lm·re.r saturations are harmful because of non-uniform distribution 

of "t\rater in porous bodies "t .. "ith a variety of pore sizes. A liquid will 

remain preferentially in the smaller pores because of their larr,er cap­

illnry potential. 

This so-called degree of aaturation or milk-bottle-in-the winter 

hypothesis lvas the earliest and most obvious one for the deterioration of 
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ar,grer,ates due to frost action. If the t~ater inside the voids cannot 

get out and the saturation of an ar.r,regate particle is greater than the 

critical saturation. disruption of the material must occur because the 

pressures developed on freezing tvill be far 1arBer than the material can 

,,1ithstand. If the degree of saturation of an a~grer,ate particle is in 

the ref-ion of 90 percent or belolT, such that it can accommodate expansion 

of Hater uhen it freezes, the particle is not fractured and does not expand. 

It should be pointed out that for any porous body there is a porosity 

value small enough so that even if the pores are completely saturated and 

the water freezes,. the volume change will be accommodated by expansion of 

the solid. Verbeck and LandGren [18], in a recent analysis of the whole 

question of frost resistance of ar,greBates, gave the name of elastic accon­

modation to this effect. 

~rost a;~gre[;ate particles have a greater tensile strenGth than portland 

cer:!.ent paste. It is possible that sone aRRregates may be able to 'tV'ithstand 

relatively hi~h pressures within the aggrer-ate particle t\rithout fracturins; 

that is, the elastic strain 't>rithin the rock structure itself may accommodate 

the expansion us w'ater freezes to icc. As the pressures increase, the ar;gre­

[ate particle may expand elastically and accommodate the increased volune 

of ice. The surrounding concrete paste may not be able to withstand such 

expansioll, and thus the apgregate can cause destruction of the paste even 

thour;h it in not fractured. This phenomenon depends upon the size and number 

of pores 't,Ti thin the a~3rcgate particle and the strenr.th and modulus of 

elasticity of the agp;regate [6]. 

The de!,,;ree of saturation hypothesis han limitations. A necessary con­

dition is that the water has no escape from the rer,ion in question. However, 
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this condition is hardly ever met in concrete. There is almost always 

some'\"here for the excess ,,"ater to GO. Both external boundaries of the 

aggre~ate and any internal pores within the aB~re~ate particle may act 

in the same manner as entrained air bubbles and provide "escape bounda­

ries" for the increase in pressure within the pore structure of the 

aGgreGate particle. 

}Iydraulic pressure mechanism 

After the development of the degree of saturation hypothesis for 

cement paste and ag~re~atcs, Powers [17] proposed his hydraulic pressure 

hypothesis of fro3t action. This hypothesis is of major importance in 

understandin~ the mechanism of deterioration in the freezinG of hardened 

portland CCDent paste. and it will be discussed in nore detail in that 

section. Thc hypothesis is no less true for the aggre~ate component of 

concrete than for the paste. The only difference is quantitative. 

A brief summary of the hydraulic pressure theory is that water forced 

out of a critically saturated re~ion by the expansion due to freezinn will 

move throuf,h a perll1cable porous solid. If the combination of speed of 

,·;outer movement, 1tlhich is related to the speed of freezinf" and distance the 

water must travel to an "escape boundary" is too great, the hydraulic pres­

sure r;enerated by this movement 'tvill be large enough to fracture the oatrix 

material [30]. 

The principal function of entrained air in concrete is to give a paste 

that has voids spaced closely enou~h so that this critical distance is not 

exceeded. In an a3sregate particle, some pores are not spaced as close and 

thus the critical distance is exceeded and large hydraulic pressures can 
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be generated to fracture the particle. 

Critical size of the ar,r;regate mechanism 

The critical size theory is well-established, as much for ar,~rer,ate8 

as for paste. A rock able to absorb \-later contains a system of inter­

connected capillaries or pores, and 't,Then freezinr, takes place in these 

capillaries, the 'vater lorill be forced to the outside surface. Resistance 

to the expulsion of excess water develops in these capillaries, and it 

is not localized. Other rocl:s have pore space l-lithin the material siMilar 

to entrained air bubbles. If one assumes that vlater \olhich is forced from 

the void as frcezin~ takes place must find its llay to the outside surface 

of the rock, the size of the rock itself becomes critical [18]. \'iater 

forced for short distances would develop low hydraulic pressures which 

,.,ould incrc.:lae as the distance increases. The critical size of an aggregate 

therefore depends 011 [6]: 

1. Rate of freezing 

2. De0rcc of saturation 

3. Permeability 

PO'Hers [17] visualized the freezinR of a saturated piece of rock lvith 

the aid of the sketch sholm in Fihure D.l. Heat is supposed to be f lo'''ing 

dm711\'lard, and the dotted area has already become frozen. The lines with 

arrm:s represent ~encral directions of the f10\>1 of ,~ater displaced during 

frcezin~. Freczin3 is supposed to be progressin~ at a steady rate at the 

inside of the frozen zone. 

POFers [17] explains that during the freezing process, hydraulic 

pressure alonn any flow line 1s highest at the point of freezing. and is 
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Fr:E72I1IG or A PARTICLE or SATurATED ROCK 
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practically zero at the point of escape frOT:1 the particle of rock. At 

a r,iven rate of freezine, or given rate of \lrater-flmv, the maxiMU1D. pres­

sure is higher for the Ion;;cr path of £10\" through an unfrozen boundary. 

For a ~iven distance and rate of outtvurd fIm'l, the maxinum pressure is 

proportional to the resistance to viscous flow. TIlis resistance can best 

be e;{presncd in terms of the coefficient of permeability of the material. 

The hir,hest hydraulic pressure that can be generated inside the 

a~gref,ate particle is limited by the material strength of the particle. 

Thus, if at a niven rate of frcezin~t the flow lines are long enough to 

develop stresses exceedinG the strength of the rock, freezing causes frac­

ture and destruction of the rocl~. It follot·1S that a given kind of rock 

frozen at a particular rate in the saturated state \l7i1l have a critical 

particle size, or critical thickness, above t"hich the force developed from 

hydraulic pressure is able to fracture the particle, and belo,~ "1hich the 

particle is not fractured. In practice, differentiating between sizes that 

will become fractured and those that will not is a difficult task, especially 

when dealing 'i·,ith irreGular shaped particles. 

An aspect that should be noted is that if the particle in FiGure D.I, 

\'lhich is somc\'l11at an elonr,ated particle, Here rotated 90 degrees with 

respect to the direction of the freezinf, front, it \<Tould develop a dif­

ferent pattern of flo", lines, and a different stress in the rock at a given 

rate of freezinf. [17]. TI1US, under ~iven conditions, the rate of freezing 

inside the a~f,rcgate particle would depend on the orientation of the particle 

embedded in the cement paste matrix. 

The permeability of most rock used as ar;gregate is wuch greater than 

that of hardened paste. High permeability allows more ,,,ater to be absorbed 
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in a r;iven period of time. On the other hand. it permits the ,,;rater to be 

expelled fr01.'l the. particle more rapidly \·lithout developing hi~h pressures. 

,·lith rocks subject to the critical size failure, the permeability and 

hence the pore size is a factor of highest importance because it determines 

'tvhether the size of the ar:r.rer,ates exceeds the critical distance or not. 

l'or any siven capacity for freezable 'vater (i.e. t the quantity of "rater 

in a unit volune of rock that will become frozen at a specific subfreezing 

temperature), and for any ~iven lenr,th of flow path, maximum pressure 

'tvill be h:f.r;her the 101.J'er the coefficient of permeability of the rock. 

At a ~iven porosity, the smaller the mean size of the capillaries, the 

lotTer the coefficient of permeability and the hi~her the resistance to 

flmY. In rocks the capillaries are intergrain spaces; thus the capillaries 

are considered very small l·:rhich is one characteristic of an unfavorable 

capillary system. 

Very porous rocks do not deteriorate \'V'hen exposed to freezinG because 

they allo"7 the in~re[Js and egress of Hater rapidly enough so that internal 

pressures do not develop. Rocks '"ith relatively fine pores, on the other 

hand, are more susceptible to fracturing unless the rock particles are small 

enouGh that their size is not critical. 

hocks t'J'hich cause typical popouts such as cherts, shales and sone lime­

stones are SUGccptiblc to fracturing \vhen frozen in a saturated condition. 

Verbeck and Li1l1uj';rcn [18] demonstrated the principle of critical size by 

direct frcczin; experiments carried out on three different size-groupR of 

saturated chert. They calculated a critical distance of 1/2 inch for a typical 

chert particle. If the ar;grcgate particle is larp,er than this (and critically 

saturated), it should fracture internally on freezing in a "critical size" 
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type of failure. 

This is just the sort of behavior that is observed ,·,ith popouts. 

Under each PO?out a fractured rock of comparatively hieh ahsorption and 

fine pores '( .... ill be found. Typically a flake of mortar comes out and re­

tainG pnrt of the ur;r;rer,ate piece. This behavior sho,.,s that the rock 

fractured internally just as the hydraulic pressure mechanism predicts. 

Furthermore, if this mechansiIl1 is valid, there should be more trouble 

,·,'ith a larr,er coarse agp;re~ate than lvith a smaller one \-,hich may be 

smaller than the critical distance. Accordingly, it has been proven that 

larGer ar,r,rc;rate particles 3ive much more difficulty from popouts than 

do smaller ones. 

Expulsion of Hater from the ar;p;rep,ate into the paste mechanism 

HlIen a piece of ar:r,rer,ate is critically saturated and a freezinc 

front passes across it, the increase in the volume during the formation 

of ice nust be accommodated either tvithin the ap;~rer,ate particle itself 

or ,vithin the surroundin~ CCf.1cnt paste. Any excess Hater within the 

aggre~ate will be expelled. If, in the course of this process, the criti­

cal distance is e}~ceeded, the ag["!re?;ate will fracture internally. Lven 

if the a;::f-jrer.ate is not so affected J the c}:cess water will be expelled into 

a pa3te of a very IOH permeability and small critical distance. 111 is 

excess vnter tvill then be available for possible freeze-thaw destruction 

to the cement paste. 

Verbccl~ and LandGren [18] presented this mechanism to account for the 

non-durability of larr.;e-critical-siz~ aggregates. Analysis of this expulsion­

into-the-puste mechanism shows that trouble loTill occur around the periphery 
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of the abgrceate particle. TIlerefore, there must be sufficient entrained 

air bubbles in the paste not only to accommodate the expulsion of water 

from the capillaries of the paste, but a1eo to accommodate the '(vater \vhich 

is expelled from the atiflregate particle. A completely non-air-entrained 

paste \vould fail disastrously froM the expulsion of li'atcr from an angrezate 

because oince the particle is critically saturated, the paste is sure to be 

also. The dcoree of saturation of the a~gregate has to be in the critical 

range oince '{vater Hill not be forced from the ar,gregate particle unless 

Buturation is greater than 91 percent. It io usually considered that 

entrained air cannot be depended on adequately to correct a non-durable 

a~r,rer,ate and result in sound concrete. 

This e::cpulsion-into-the-pnste mech,inisrn also implies that, as with 

the critical-size theory, a larger piece of aRsrecate will produce nore 

destruction because it \vill contain more '-Tater to be expelled into the 

paste. One can determine a certain size 'vhere the destruction begins. 

The value depends on the porosity and der,ree of saturation of the agr;re­

gate particle and the air content, capillary porosity, and critical 

distance in the cement paste. The size that separates the hamful from 

the harnless is rour,hly the maximum size of coarse agt;rcgates connnonly 

used in concrete. 

Rocks 'uhich contain a large number of pores, such as porous sandstones 

and reef t'oc1~. have pore sizes 00 large that there is no danger of deter­

ioration frOl,l freezing and tha'vin~. Hater is easily absorbed by these 

rocks. and the perr.1cability is sufficient that pressure is not built up 

\,'i thin the roc1~ durinr, freezinr,. All e::{cess l-later is expelled from the 

asgre2ate particle. 
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Rocks vlhich have mediun fine pores abaorb water quite rapidly, and 

the permeability is also sufficient that Hater can be forced from the 

a~r,reGate particle before buildin~ up any larce pressures. Rocks of this 

type can cause More trouble by expulsion of the e:<cess water into the 

surroundin~ paste and nay cause popouts or expansion cracks to occur in 

the concrete. 

Rocks of very fine porcs do not saturate rapidly, but they do grad­

ually becone. hi;.::.11ly saturated by absorbin~ larBe amounts of tlater. Clay­

stones, siltstones, cherts, and shales are very susceptible to popouts. 

Upon frcezin~, excessive pressures are built up within the rock particle 

causin;-: it to expand and fracture the concrete. 

Gel vrater diffusion mechanism 

POHers [lnd HclrlUth adapted to cement paste an older theory of frost 

action in soils that leaels to lens formation and frost heave [30J. This 

theory has been amplified by others for 80i18 and has recently been con­

sidered in a r,eneral therM.odynamic treatment for all porous solids. POllers 

and Helmuth called this the ~el Hater diffusion mechanism w'hich does not 

depend on a volume increase durinr; freezinr,. There is no reason why this 

mechanism should not be applicable for icc in agr,regate pores at the paste­

aG~rez,ate interface as it would for the cement paste. Gel water can diffuse 

to such bodies of ice as Hell as to any other. 

The principle is that sone rocks have the property of attractin~ 

unfrozen "later from an outside source to ice as ice crystals start to grO"l 

at a subfreezin~ temperature. This is similar to the r,ro'V'th of ice in the 

capillarie~ of portland ce~ent paste. For the cement paste. the ice is in 
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the capillary pores, and the unfrozen pater is in the gel pores. This 

process v1i11 f,cnerate distendin13 pressures that will cause heave in soils 

and crnckin~ in concrete [30]. 

lIo1;-7cver, the mechanism is considered to be of relatively minor 

importance. This is because the differential of free energy between the 

?;cl 'vater in ccment paste and the ice crystals lnthin the aggrer-ate par­

ticle would undoubtedly be limited to that portion of the surface of the 

rock imllcdiatcly adjacent to the cement sel. Any aS8regate particles 

vhich havc a stronr. affinity for Hater \{ould readily absorb the available 

'-later [6]. I t is believed that the previous mechanisms discussed play 

~ore important roles in deterioration of ar.r,re~ates than the possible effect 

of grm-rth of ice crys tals uithin the ar;gre~ate particle itself. 

Influence of Cement Pante 

Structure of portland cenent paste 

In order to understand the mechanisms of freezing and thawing action 

uithin the portland cenent pa3te, a thorough understanding of the structure 

of the paste itself is essential. 

Portland cement is composed of a mixture of several compounds, amonG 

,,,hich the tHO most important ones are tricalciun silicate, Ca3 SiOZ; and 

beta-dicalcium silicate, B-CaZSiOZ• These silicates constitute about 75 

percent of the portland cement by wei~ht [6]. Durinr, the hydration reaction 

these tilO silicates produce similar calcium silicate hydrates and different 

amounts of calcium hydroxide. Chemically heterogeneous hydrated cement, 

produced from the hydration reaction. is the name given collectively to the 

several products of reaction bet,,,een the components of anhydrous cement 
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and " .. later. The. "later-filled space in a freshly mixed cement paste repre­

sents space \.;hich was available for the formation of these cement hydra­

tion products. The volume of this space ~las initially determined by the 

water-cement ratio of the paste. 

The calciur.! silicate hydrate, because of its similarity to the natural 

mineral tobermorite, has been called tobermorite gel. It has a bulk volume 

larger than the original unhydrated cement itself. The ;;el is an impure 

colloidal and is the most important constituent of hardened portland cement 

paste and, consequently, of the concrete. It is i~pure in the sense that it 

contains small amounts of components not usually stated in its chemical 

formula. Tobermorite gel plays a vital role in the settinr. and hardenin~ of 

the paste and in deteroininr.; the strcnr;th and dimensional stability of hard­

ened paste and concrete. 

T~"1e hydrates of the compounds containing iron and alumina are also 

colloidal. There is also an important non-colloidal component which occurs 

mostly as thin crystals interGrol·:n ,-,rith colloidal materials called crystal­

line calciun hydroxide. 

Thus the structure of cewent paste can be described as being composed of 

cClacnt-3el, a residue of unhydrated cement, if any, and spaces not filled 

uith cement-Gel (i.c., voids). TIIese components are described as follows: 

Cemcnt-:::el 

Ccncnt-~cl is composed of very fine particles ",hich are products of the 

hydrated CClacnt. The predoninant component of cement-~el is calcium silicate 

hydrate \\Thich is called toberPlorite r,el. This may constitute about 50 per­

cent of the cement-gel. The tobermorite gel is a poorly crystalline material, 
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consistinr of extremely thin sheet-like particles that may he crumpled or 

rolled as foil. Another product of the hydration of the calcium silicates 

is calcium hydro::dcie, which may form crystals large enough to be seen by 

an electron microscope and 'tvhich may constitute 22 to 25 percent of the 

cenent-r:el by nclRht. These t,vo hydration components are collectively 

referred to as ~el particles. Recent studies Hith the electron microscope 

indicate that ~cl particles are so a~8regated as to form semi-discrete bodies 

havin[" more or lesa laminar structure. The space apparently occupied by 

such a body is approximately 72 percent solid and 28 percent space accessible 

to evaporable ,·~ater [17]. This means that the porosity of the cement-gel 

itself is approximately 28 percent. 

rm7cr~; [17] described gel pnrtic1es as beine so sBall that they can be 

seen only lJi th the nid of an electron Microscope. They are approximately 

30 or 40 anr;stroms thicl:., which is about 10 or 13 llater molecule diameters. 

It is because of this d1ncllsion that they have such a h1[';h specific surface 

area and are classified as colloidal nlaterial. The avera£e specific surface 

2 area of the solid part of cCP1cnt-gel is ahout 175 to 200 m Ig, vThich is 

almost one nillion square feet per pound. 

It is kno'tm that tv]O physical properties of hardened cement paste--

surface area and porosity--are decisive in rletermininf; the two r.lost important 

en:;inccrin0 properties of stren~th and diraensional stability. Thus, rmvers 

applied the term cement-eel to the part of hardened paste that is responsible 

for surfnce area and porosity. 

Residue of unh~tdrated cer.1ent 

Some particles of dry cement which have not reacted with water are 
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sometimes contained in the cement paste. This is due to inadequate mixinr; 

procedures or insufficient water used in mixing. 

Spaces not filled with cement-scI 

111C! sj1D.ces not filled "rith cemcnt-r,el are the voids or pores l ... ithin 

the portland cencnt paste. Jt'rcezinr, and tha't,rinp, deterioration nechanisr.!s 

occur in the pore structure of the cement paste as '-lell as in a~r.re~ate 

particles. I~oHledge of the submicroscopic pore syster.l of hardened port-

land cement paste is necessary in understanding the mechanisms of freeze-

thaw deterioration. Therefore, voids and pores in portland cement paste 

are cla3sified and described a5 fol10\18: 

Gel pores: These are interstitinl pores or cavities of molecular 

dimcnsiono bet,-;cen the particles of tobermorite r,c1 and other calcium 

silicate hydrates "(or betl-leen the r:el particles in r.eneral). It has been 

determined that the ;~el pores in the tobermorite structure constitute about 

28 percent of the over-all volur.le of an essentially fully hydrated paste. 

Gel pores arc extremely strlall and are helieved to average approximately 15 

to 20 A
O 

in diameter, 18 A
O 

bcin8 a reasonable avera~e. Since a water 

o r.:.olecule has a diatllcter of about 3.6 A • the sel pores are about 5 tiMes 

the size of a '-Jater molecule [17]. From recent studies. it appears that there 

is no unique sinGle size for these gel pores not are the gel pores totally 

different in size than some of the capillary pores. It is nmy considered 

that the typical nha?e of gel pores is slit-shaped or plate-like. The C1ssump-

tion of a cylindrical pore shape for some pores is also valid here. These 

pores arc too snaIl to be visible "lith an ordinary li~ht microscope. The 

volume of the gel pores in the paste increases lv.ith continued hydration of 
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the cement. 

Capillary pores or cavities: These are the larger unfilled spaces 

or pores betHcen aG~regations of zel particles. At any tirJc, that part of 

the orir:inal uater space "lhich has not become occupied lvith hydration 

products constitutes the "capillary" cavities or system of the paste. 

Ti.lese too are submicroscopic and cannot be seen lr1ith an ordinary li"ht 

microscope. They arc £orlned by uncombined ~later in excess of that required 

for hydration of the portland cement; or t in other Hords, ,,,hen the cenent­

reI docs not completely fill the orif,ina1ly tvater-fi1led npace. Capillary 

cavities occur in a 'uide variety of shapes and sizes and are estimated to 

averaf.c a~)proximately 5000 A 0 in diameter [6]. Such an estimate of the 

size of c:'9illary cavities is b,'l':;cd on the assur1lption of a generally cylin­

drical pore S~laj,1e and on calculationo of the hydraulic radius of the pore 

system, this bcin:; the voluf..lc of the system divided by its surface area. 

For cylindrical pores the hydraulic radius is one fourth of the dianeter, 

and for slit-sha?ed or ?late-lil~c pores the hydraulic radius is one half 

of the width [30]. At early ae;es, "llIen a considerable amount of cement is 

still unhydratcd, or in older pastes having a hieh t\1ater-cement ratio, these 

CaiJillary cavities constitute an inter-connected system of capillaries; 

otherv:ise, these spaces occur as cavities isolated by cet:lcnt-ge1 [17]. 

The volume of the .capi11ary cavitien depends on the 'iV'ater-cenent ratio. 

The capillaries are more numerous und larger 'vhen the orir,inal water-cement 

ratio is hi;::hcr and the period of ~uring is shorter. Verbeck [30] e:~p1ains 

for an essentially fully hydrated paste having an initial l,rater-cer.lent ratio 

in the range of 0.35 to 0.38 by ,.;eir,ht, the capillary spaces occupy an almost 

nc~li0ib1e volume of cement paste. This is' because the bulk volume of the 
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~el is sufficient to fill the empty water space and thus, produce a paste 

free from capillary pores. A fully hydrated paste at a hi~her water-cement 

ratio of aprroximately 0.70 "lould contain about 20 percent gel pores 

and 30 percent capillary pores by volume [30]. This is because the r,el 

volume is not sufficient to cOMpletely fill all the original ~~ater space 

in the paste. ThUG, pastes havin~ relatively larr,e volumes of capillaries 

r::ay be produced. Incomplete hydration would decrease the volume of gel 

pores and increase the volume of capillary pores proportionately. 

l}u~)blcs of entrained air (air voids): These are extremely larr,e 

as cO::lparcd ' .... ith the capillary cavities and r,el pores in the paste. They 

vary fron a fCH microns to a fe\v T'1illi~eters in diameter. Eany of the 

accidentally entrapped voids can be seen ,·lith the unaided eye and r:lay 

ran~e in size up to about 2 ~n in dianeter. The purposely entrained voids 

';hich help reduce frceze-thml destruction and de-icer scalinr; in the paste 

may range in size froTIt 0.025 to 0.050 rom in diameter. For an averare size 

bubble, the curvature of the houndary \o.~ould hardly be discernible ,,,hen 

compared \lith a !jel pore or capillary cavity. The air voids nay constitute 

from less thn.n 1 to more than 10 percent of the total volume of the concrete. 

The number and size of these voids depend upon several factors includinG 

amount of air-entrainin3 ar,ent used, dura.tion of mixin~, concrete consis­

tency, type of vibration, and size distribution and maxi~um size of agr,rer,ate. 

nccallin.~ that cement pas te contains air voids, capillary pores, and 

ccncnt-r;cl, and nmV' notinp; that ccment-p:el contains gel pores, ue understand 

that the total porosity of cencnt paste comprises ~el pores, capillary pores 

and bubbles of entrained air, if any. 

The volurJC! of pore space occupied in a cement paste depends on the 
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initial aMonnt af "rater f.lixed vith the cement. Hhen paRte sets, it 

acquires a valur:.e which is approximately equal to the volume of '>later 

plus the volume of cement used. If t\va pastes ,,,ere prepared frolll the 

same cer.1ent, using the same amount of cenent but different amounts of 

water, then after settinG, the paste llith the greater amount of 'tvater 

",ill have the 1;reatest volume. After hydration the tvl0 pastes v1ill 

contain the same amounts of solid material, because the same anounts of 

cement will produce the same amounts of hydration products. Therefore, 

the paste 'tv-ith tfle larger volume \vill contain a larger number of pores 

or lar~cr pore space. 

This effect has an important influence on the strenr,th of the hardened 

paste and thuG on the strength of the concrete. Paste \vhich contains 

the feHest pores 'I;,7ill produce the stron~eGt concrete since the stren0 th 

is in the solid part of the paste, prinarlly in the tobermorite. Pores 

~lhich are filled ~rith ,,""'ater and air have no strength. Therefore, in the 

nixin;r of concrete, no more Hater should be used than is absolutely neces-

sary. 

Lott [54J explained that the stren~th of cement paste is derived from 

physical and chemical bonds betvteen the p.el particles. Van der ~laal forces 

arc effe.ctive over the distance bet,,,-een reI particles in cement paste. 

These physicnl bonds are important because of the hir;h specific surface area 

of the ;-;el particles. Cohesive forces other than the phY5ical bonds also 

act be ti'7cen the scI particles. Chemical bonds are assumed to act '\>t'hcre the 

particles r-:.ake contact "lith one another. 

Hater in gel pores -.;;ill have characteristics, such as vapor pressure, 

freezinr: cDaracteristics, and mobility, notably different from those of 
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free uater in bulk. This ,·;rater does not behave as normal free ,.;rater. 

This is also true, but to a lesser der-ree, for Hater in the lar~;er capil­

lary spaces. The r,el pores retain si~nificant quantities of surface 

adsorbed 'tvater and hydrated '\-later or both, even at relatively low hunid­

ities. Capillnry ,,:rater is more volatile than is gel '(vater. The \-later in 

the capillary spaces is almost completely evaporable at humidities helm., 

40 percent. i\bove ItO percent relative humidity, "capillary condensation" 

occur3, that is, the capillaries become filled ,.;rith water by precipitation 

from the v.:lpor phase [30]. 

The pCrr:leability of paste and concrete is more closely associated ,dth 

the capillary pores because \later in these pores can move much more freely 

under hydrostatic prcssurc than can lIater in gel pores. 

l~chaniG~~ of frost action in cement poste 

It is safe to say that if the various a~r,regate particles in a concrete 

tni:~ture. becot'll'! critically saturated, then the paste will definitely become 

saturated also. \·:11en this occurs, the paste will quickly become destroyed 

by freezinG, rer,ardlcss of the kind of cement used or the extent of the 

curin:; period. 

t'nlcn saturated cement paste becol'!!cs frozen, it has a critical thicl:ness 

just as 'i·rith n~f;regate particles. l·;he.reas the initial thickness of ar;f,;rer,ates 

is eXl?ressed in tenths of an inch, or in inches, that of ccoent paste is 

c:'~'i)resscd in thousandths. The nvcrar,e critical thickness in pastes is pro­

bably around 3 thousandths of an inch [17]. That is ,.,hy, if paste is to be 

frozen uhilc saturated, it is necessary to incorporate large quantities of 

air bubbles so that the shells of paste around the bubbles have less than 
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the critical thickness. 

Pastes are considered hiGhly porous and have an extremely fine texture. 

Its relatively hi2;11 capacity for frcezable water and extremely low coeffi­

cient of permeability account for the extreme smallness of its critical 

thickness. In saturated pastes it is only that ~.,ater which is evaporated 

at ahout 30 percent relative humidity that 'tVill freeze at normal winter 

temperatures [30]. 

It ohall be noted that in this research, air entrainment uas used to 

reduce or eliminate the destruction due to frost action. Thus, all des­

truction to the concrete was initially influenced by the aggreGate particles 

and not the cement pante. 

There arc several nechnniGms 't\"hich have been advanced to e~cplain 

deterioration of cement paste. Sone nechanisms develop pressures in the 

pores of the paste. These pressures, as \-dth a~Grcr.ates, can either be 

positive (liquid in compression) or ner,ative (liquid in tension). The 

positive prcoGures arc of r,rentest inportance since they are usually 

as sociated ,,,,i th freezinr, stresses t alkali-silica reactions. and strength 

reductions in the concrete. The various mechanisms are described as 

follo't,;"s: 

Critical saturation mechanism 

/\8 ui th arr.rer;a tes. the degree of saturation and its relation to 

deterioration is very important in pastes. The mechanism is basically the 

same for the tHO components of concrete. 

The theory of critical saturation is accepted l'lithout question. Any 

void or pore in the cement paste "'hich is more than 91 percent full of 
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'Hater "'ill be Gubjected to pressures 1j"hen freezing 1j.,rater turns to ice, 

unless tIle eXCCSG ,,,ater can be forced frot:l the void during freezinn. Only 

1jJhen saturation is carried beyond 91 percent does the ice have insufficient 

room in expandinG and thus produces cracks. 

It seemB obvious that a conpletely 1j"Tater-soaked a~gre:;ate viII yield 

to frost action no matter 't,.That its strenf';th '"hile an incompletely lJ'ater­

soal~ed a0~~re~ate resists this action even "'hen its strenr-th is love An 

a;-;r,reGate saturated belo\-;, or up to 91 percent of complete saturation is 

desi~nated tiS incompletely saturated while above 91 percent is designated 

as critically saturated. 

l~draulic prcs3ure mechanism 

As already mentioned, the hydraulic pressure mechanism is of major 

importance in understanding the mechanism of deterioration in the freezing 

of hardened cement paste. It is equally true for the deterioration in 

ar;gre:;atc particleo. The phcnonenon in cement paste alone 'viII nO\-l be 

discussed. 

Gel pores are generally filled ,,,ith \later in portland cenent paste. 

In a ,·;rater-GoaLed or saturated paste, the capillary cavities uill also be 

filled. ~,Jl.len the temperature falls to the point ,,,here frecziu8 should 

bcr:in, ice cryGtals appear in the lar~est capillary cavities. Ice can 

e:dst ,;·dthin the boundaries of the paste only in capillary or air-void 

c.J.vitien. This is because capillary cavities arc sufficiently large to 

accorr~odatc ice crystals. Bubbles of entrained air are not r,enerally 

filled uith vlatcr unless the concrete becomes saturated by means of vacuum 

or pressure. 1nlen the ,yater in the larr;er cavities begins to change to 
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ice, the volume of vJater plus ice ,.,ill exceed the ori3inal capacity of 

the cavity. Tl1erefore, the cavity must dilate or the excess water must 

be eX:Jellcd from it durinr; the time w'hen the l'Tater in the capillaries 

is chanr,inr, to ice. 

In the car>illary cavities a very smnll ar.munt of 'vater freezes near 

the norI'1al freezing point, but a significant amount of freezinp, occurs 

after the tCTI1i?Crature falls belm; the normal freezinr, point [6]. This 

behavior indicates that most of the capillary cavities are extremely snall. 

The surface tenslon of the bodies of "i-later in capillary cavities puts them 

under pressure that is hi~hcr for the smaller bodies. Therefore, the smaller 

the void, the hi5;hcr the pressure and the louer the freezing point. 

Gel porcs are so s~all that it is impossible for water to freeze unless 

the tenpcraturc drops far below the nonlal freezinr point. It is believed 

a 
that frcezin~ cannot occur at any temperature above -78 C. Since no more 

than probably a dozen or so water molecules can occupy a cel pore, ice 

crys tals cannot forn. Hence, in normal frozen concrete, ,.,rater in the gel 

pores is supercooled but not frozen. 

As already T'1cntioned, freezing, Hhen it occurs, is accompanied by the 

ex?(]usion of the ".later-ice system. If the concrete is at or above critical 

saturation, there is a tendency that the excess "later \7i11 be expelled from 

the capillary spaces durin~ the process of freezinr,. There is also a stronr. 

possibility for the excess ~i;ater in the capillaries to escape to the nearest 

air void in the cement pas te. The r,rm']in~ ice bodies in the capillary spaces 

can be considered as pumpa forcinf, Hater throu8h the paste to\-lard the air 

void boundary (the escape boundary). The pore pressure3 produce triaxial 

dilation of the concrete. The factors Hhich affect the pore pressures that 
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are developed durinr; this process depend upon [30]: 

1. The amount of freezable w·ater. 

2. The rate of freezinr. 

3. The distance from the capillary to the void boundary. 

4. The coefficient of per.ncability of the surroundin~ material 
throur,h which the ,,,ater is forced. 

In 7cncral, durin~ the process of freezin~, hydraulic pressure will 

exist throup.;hout the paste. "Jhen \oJ3ter freezes in a capillary close to 

an escape boundary, the excess '(later can escape from this capillary more 

easily than from one farther a~·Tay since the resistance to flov7 is less. 

for points farther av7aY from an escape boundary, the escape of \ola tar will 

be harder since the hydraulic pressure will be hi~her. If a point in the 

paste is Gufficiently remote from an escape boundary, the hydraulic pressure 

'\.rill be hi~h enough to exceed the stren~th (exceed the elastic limit or 

tensile stren~th) of the surroundin~ reI, and thus will produce penlanent 

damnr-e knm·;n as front deterioration. 

Generation of destructively hiCh hydraulic pressures durinr, the 

freezin~ of ~mter in the capillary pores can be prevented by the presence 

of air voids of proper number and size. These serve as escape boundaries 

for the expulsion of excess liquid and Ghould ~e very close to the freezin~ 

site. Thus, it is assumed, that every air void in the cement paste is 

bordered by a zone in Hhich the hydraulic pressure cannot become hir;h 

enour,h to caU:iC damar;e. TilCoretically, pressure increanes arproxiMately 

in proportion to the square of the distance from the air void [6]. In 

pastes without air entrainment, the critical distance is in the ran~e of 

a;,proximately 0.12 tn 0.25 r.lm [30]. Thus, by reducing the distance betlo7een 
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voids to the point ,-"here the protected zones overlap. disruptive pressures 

in the paste arc prevented. 

Diffusion and freezing of [;el ,,;rater in capillaries 

Cordon [G] explains that icc in the capillary cavities of frozen 

cement paste is surrounded l.y unfrozen, supercooled ",ater in the f,el pores. 

If the cer.lcnt-~el is saturated, the nel ,,:rater will have the same free 

enerry as that of ordinary "Tater in bulk. 
o 

At 0 C, the temperature at 

~._Thic'l the ,,"ater in the capillary is assumed to be~in freezinr;, there is 

thermodynar.tic equilibriuM betl7ccn the r:el \vater and the ice in the cap-

illar:? This is t rue if the capillary is so large as to have ncr,lir:ible 

surface cncrr;y and if both the ice and r:el uater arc under a pressure of 

one atmosphere. 
o 

If the terli)crature drat's belm-, 0 C, the gel ,.,ater is no 

lour-or in thcrrlOdynamic equilibrium "lith the ice because its free enert;y 

is hi;:hcr than that of the ice. The Del v7atcr thus acquires an enerr,y 

potential enablinG it to move into the capillary cavity ,,,here it freezes 

and makes the icc crystals already present in the capillary space to 

Grow and enlar~e. 

The cement-gel has a tendency to shrink as ,,,ater is diffused fror:l it. 

ConverGely, the ::;ro ... v-th of ice bodies expands the capillary spaces and 

plrlces the ice and the film around the ice under pressure. This s",clling 

pressure in the ice filrTl produces expansion of the paste. For e:~ample, 

(G] t if the r;C!1 ,.· .. ere saturated and the capillary cavities contained ice 

o 
at -5 CJ pressure in the film hetl-reen the ice and the solid gel could be 

as much as 1200 psi. This much pressure ,·,ould surely cause the paste to 

dilate appreciably and the concrete specirJen, as a nho1e, to expand. 
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It has Leen concluded that entrained air voids protect the concrete 

from ice pressures built up in the capillary voids. From thermodynamic 

considerationr. it can be seen that gel water Hill not only diffuse to the 

capillary cavities. but ,·:ill also diffuse to ice previously forced into 

the air voida hy hydraulic pressure. The period of diffusion to the cap­

illa~r cavities is relatively brief for a paste containing air voids. 

Volurae increase of the air-void ice results in very little expansive force 

at all. The ice in the air void gro't.tS. but it may be under no si~nificant 

pressure. 

It should be noted that an outside source of 1110isture. throur,h cracks 

or fractures in the concrete, may replenish the gel ".'ater durinc a thm,Tinr; 

cycle. Tllis outside source \~ill theoretically provicle moisture for un­

limited 0ro,~,Tth of the icc crystals. 

Osmotic pressures 

1,'hen concrete is settin:; and hardenin~. hydration of the cement takes 

place and all~alies (oxides of sodium and potnsh) are released. All silicate 

and silicn mi.nerals arc attacked hy these alkalies. Concrete prepared 

uith cement of hi-:;h-a1kali content and reactive siliceous aflgre~ntes can 

produce all all~ali-silicate tYi)e of reaction product (alkali-silica gels 

and fluids) \·;rhich may cause expansion and crackinr. of the concrete. If 

the alkali-silicate product is gel-like, !n,rellinr, pressures can be induced 

in the pores; or if the product is fluid-like, osmotic pressures can be 

induced. 

Osmotic action occurs when solutions of different concentrations of 

soluLle particles are separated by a semi-permeable membrane or barrier. 
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TIte particles Hill try to pass throu3h the barrier into the solution 

"Tnere its concentration is lm·re.r, thus producinr; a differential head 

bet'\ve.en the tHO solutions. The. formation of the fluid- nnd Gel-like 

products to uhich the gel particles in the concrete are relatively 

inpermeable tends to absorh l~ater and dilate, producinrr, osmotic pressures 

that apply destructive pressure to the ,\'lulls of the pores. This pressure 

n'uy ultil~l(l.tely rupture the pore and the surroundinf, paste area. The 

all~ali-silica products may then fill the fractures. The fissures grad­

ually extend until they reach the surface of the concrete, and the cracks 

comt:only e;~i)el rr,el. 

A similar phenomenon occurn 't-rhen ~,',Tater in the capillary cavities of 

CCF;cnt paste contains a concentration oi salts. Cordon (6] explains that 

this concentration increases as the ,..rater be0ins to freeze. The 'vater that 

is belns forced fron the capillaries 't-7i11 have a hinher concentration of 

salt than the surroundinG ~el pore Hater. This osmotic action increases 

the hydraulic pressure in the cement paste as the Hater is forced from 

the capillaries into the f,el pores. A pressure differential develops in 

the direction tmvard the capillary pore nnd opposite to the flo"7 of ~·!ater. 

The pressure required to overcome osnotic pressure in the capillary pore 

is a combination of the hydraulic pressure required to force capillary 

vater into the ftcl pore pluG the osmotic pressure which resists this flow. 

The nCc!lO.nisrl j unt described has been sus[;ested as a possible cause 

of scalin~."! of concrete slabs or pavenents w'here salt is used. Usin!'; salt 

on tlaVements to renovo ice and sumil' ,.,ill increase the concentration of 

snIt iu the capillary cavities ncar the surface of the pavement. The 

concentration of this salt increases as the salt solution begins to freeze; 
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and, thus, osmotic pressures are built up in the capillary cavities. This 

increase in pressure may be sufficient to cause rupture of the cement-r;el 

near the surface of the pavement, and consequently cause scaling. 

Scalin~ mechanis:-.13 

The Gur~acc of a concrete slab is artificially compacted by finishinR. 

SUC:1 a finish on a slab exposed to freezinp, and thm.':inr, Inay lead to sur-

face Gcaling. 

The racchanism involved in this can be illustrated by a natural com­

pactin~ phenol:lcnon in concrete. ln1en concrete is in its plastic state, 

the :::rcater density of the ar,;;rcfiate and cement particles llill cause them 

to settle nnd the liz,htar ,.·."ater w'ill tend to riGe, creatin~ a film of 

llater on the surface of the plaotic concrete. 1111s phenomenon has already 

been discussed and is knm'ffi as "bleedinr:. If An lonr, as this film of 'l'later 

is on the surface, covering the ar;grc0;ate and cement particles, the only 

natural comp.:lctfnr; force is the force of ~ravity. Continued evaporation 

of the surface "7ater may lm.;"'er the "rater level no that the particles of 

nS3rcr,atc and CCr1cnt are exposed. Further 10Herinh of the lvater surface 

is resisted by capillary forces in the surface voids anonr, the particles 

of solids. The size of the capillary and the length of the tube r;overn 

the maplitude of these capillary forces. It ha.s been determined that 

these forces can result in a cOf,lpacting force ranging fron 500 to 1400 

[6 J • This co:nractinPt force creates a dense surface layer of concrete 

"lith a less dense layer immediately benc.:lth it. If sufficient moisture 

is present to permit the gro ..... th of capillary ice in the porous layer durin:1 

frcezj_IlG ~·?Cather, the compacted surface will separate from the rest of the 
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concre te luass. 

Concrete beneath the surface is not subjected to these capillary 

forces and is, therefore, not compacted. If this scalinlj mechanism 

develops before the concrete has net, bleedinr; Hater l~ill continue to 

rise but "(.;till be trapped beneath the conpacted surface layer. 7his 

trapped Hater ,·Till then be available for grollth into ice crystals. 



APJ'EI1DIX E 

PAYNE'S STRESS CALCULATIONS 

lbe stress calculations developed by Payne [13] for Figures 3.la 

and 3.10 \-li1l nov! be shown here. The follolanr;: equations and discussion 

are taken directly from his 't·mrk, r .. eference 13. These equations and 

conclusions are pertinent in the author's ,(lork and in developing his 

rate of deterioration theory in Chapter III. 

Stresses Due to a Fluid Pressure 

To detcI1'1ine a relative value of the critical tensile stress created 

in a capillary by fluid pressure, the folloHin~ assumptions were made: 

1. 7110 problem was analo:-..ous to the thick-Hall cylinder problem. 

2. The external pressure (po) ~.,Ta9 zero. 

3. That IIh" ,,:as large in conparison to u a" (see Figure 3. 2a). 

4. That Po = external pressure and Pi I:: internal pressure. 

5. A positive value for (J intlicates tension. 

Therefore, from Timoshenko [6 /.] '{ve obtain for the normal radial stress 

a = r 

and at r = a, uhich is at the capillary boundary 

A1GO from Timoshenko, the norna! hoop stress is 

and at r = a 
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Dividing both numerator and denominator by 1,2 we obtain 

a 2 
-+ I 
b2 

a I:: 

2 Pi t 
a 

1 
b 2 

If b is assumed to be larne in comparison to a, then 

(B.2) 

It should be noted that if Po is not zero, then at decreases in 

absolute value as p increases, and if b is not relatively large in com­o 

parison to a, then at increases in absolute value as b decreases. 

This analysis indicates what could occur as the transient fluid 

pressure incre.ases, and it indicates the direction of channe in at as 

Po and b are varied. 

The values of (Jr and (Jt' Equationa E.l and E.2, for the above 

assumptions are shown in Figure 3.la of the first part of Chapter III. 

Stressc! Due to Uniaxial Prcstressinn 

To dete.nlline a relative value of the critical stresses created at 

the surface of a capillary by a linear uniaxially applied prestressing 

s treGS (in the Z-dircction), the follol"ing assumptions and notations \lcre 

made (see Fi~ure 3.2b): 

1. A yositive value for (J indicates tension. 

2. The fornulas are in terms of polar coordinates. 
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3. That a = radiuD of the hole 

r = radiuG of the point in question 

a == prestressin~ stress 

or = radial stress 

as == tangential stress 

'fro :: shearin~ stress 

4. That "a" is small in cOr.1parison to the plate "lidth. 

5. Horl~inr: Hi th a unit depth into the paper. 

6. The relationship betHeen e in Figure 3.2b and the infinitesinal 
eler.lOnt on Fir;ure 3.1h is as follows: 

An~~lc e Infinitesinal Element 

00 3 

45
0 

2 

90
0 

1 

Therefore. from l:anr; [GS J l7C obtain 

a =-r 
a (1 _ [\2) 
2 r2 

°2 (1 + 3a
4 

- 4a
2

) cos 26 
r 4 r2 

O'e == - cr (1 + a
2

) + ~ (1 + 3a
4

) COS 28 
2 r2 2 r 4 

(J ( 3a
4 

2a
2 

) 
::; -2 1 - - + - SIN 26 

r 4 r2 

o At a == 0 • and r == a 

a == r 

(J :: 0 
r 

° ( 3a
4 

40.
2

) 
1 + - - - cos 0 

2 a 4 a 2 
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(J (1 + a
2

) + ~ (1 + 3a
4

) COS 0 
2 n2 2 a 4 

Go = + a (tensile strens at element 3) (E.3) 

o At e = 45 , r = a 

(J ( 3a
4 

4a
2 

) 1 + - - - COS 90 
2 a4 a 2 

a ( (12. ) cr ( 3a
4 

) 1 + - + - 1 + -- COS 90 
2 a2 2 a 4 

CJ e I:: - (J (compressive stress at elel::tent 2) (E.4) 

a ( 3a
4 za2

) = 1 - - + - SIN 90 
2 a 4 a 2 

At e o = 90 , and r = a 

a (1 + 3a
4 

_ 4a
2

) COS 180 
2 . a 4 a 2 

a e == - ~ (1 + a
2 

) + ~ (1 + 3a
4 

) COS 180 
2 a 2 2 a 4 

ae := - 30 (compressive stress at element 1) (E.5) 



260 

a ( 3a
4 

2a
2

) l're CI 1 - - + - sn~ 180 
2 a4 a2 

The value of 0 0 at element 3 is hypothesized to have an initial 

effect, i.e., to assist in ori~innting the initial microcrack. The value 

of °0 decreases in value rapidly as r increases in value. 

The values of 0e from Equations E.3, E.4, and E.5 for the above 

assumptions are shmm in Figure 3.lb on elements 3 J 2, and 1 respectively, 

in the be~innin~ of Chapter III. In that figure, a is chan8cd to a • 
p 



APPENDIX F 

ORI(;I}IAL nI:1Jl DATA 

This section contains the oriGinal beam data arran:;ed in tabular 

fom. For Z1' Xi' and Yi (i I:: 1, 2, 3) in the follo'Hine tables, a value 

in the colurm is the actual distance, in inches, betl'leen r,age points 

ti~ca3urcd by the \·;hittemore strain r;a~eG. The 2" 'h''hitter.:tore gage measured 

the ;-:<1;::e len2,ths in the X and Y-directions, and the 10" ga~c measured the 

Z-direction. These values arc the averar;e of t"10 actual nap;e lenr,th mea­

surements made to the nearest 0.0001 of an inch. For the weight, a value 

in the colunn is the actual Heif~ht of the beam in r,rams. 

This data cnn nmoJ be processed for each individual beam by the 

£ollmdnz, steps: 

1. To obtain the total chanr,e in length (6Zl , 8Xi , or l1Y
i

) or ,.;reir;ht 

(~H) per frceze-thmi cycle, subtract the zero cycle value from its re­

spective cycle value in each row. For ~Zl' 6Xi , and flYi , a positive sign 

indicates expansion; for the "7ci::,ht, a positive sign indicates a 8ain in 

2. To obtain the total change in lenGth for one inch (in inches/ 

inch) per freeze-thmv cycle , divide each value obtained in Step 1 by its 

~~ase 1cn;tll, i.e., llZl/l0, !J.Xi /2, and 6Yi /2, or in ~cneral, flL/L. 

3. To obtain a statistical averaf,e for the chanr;e in length per 

inch in the X and Y-directions respectively per hearn, avera~;e similar 

rm·,?s. '.l.'hc:Je values represent directional dininten,ration VB. freeze-thmv 

cycle pe.r beam. ThUG, each final value for the X and Y-directions has 

been obtained by avcraf',in~ over six inches. Since only one reading was 

261 
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taken for the Z-direction, the values r,iven in Step 2 above represent 

the total chanr:e in 1cneth per inch in the Z-direction for each beam. 

These valucs also represent directional disintegration vs. freeze-thaw 

cycles and arc avera3cd over 10 inches per beam. 

The original beam data for each beam is given in the followins tables: 



Cycle Zl 

0 I'J.0301 

1 297 

2 29.3 

3 298 

4 298 

5 296 

9 298 

10 297 

11 296 

15 299 

16 295 

20 296 

25 301 

30 299 

Tl\BLE F.1 OP.ICL:AL DEl~l D~·l"./..'A 

"Sear::. f,f ~l Pr2stress Level ~si 

::1 'Or ~ . 
Y1 ~"2 .t:.3 

2. 056~) 2.0667 2.0591 2.0639 2.0639 2.0659 

584 680 604 647 646 669 

593 693 612 651 652 674 

595 70'J 619 654 655 676 

593 708 629 653 656 677 

605 715 638 656 659 681 

622 743 667 658 662 684 

62S 750 676 658 663 C35 

635 756 63lr 659 638 

650 731 710 660 667 

659 7g9 719 663 670 699 

676 312 741 671 680 707 

C92 :331 ],-0 :;)u 676 683 715 

70n 8!t2 765 6g1 692 723 

~;;;:!i'-':1t 

{j 21L. 

6218 

6214 

6217 

6221 

6218 

6222 

6227 

6225 

6226 

6226 

6228 

6230 

~235 

I 

I 

I 

N 
Q'\ 
\..oJ 



Cycle 

Q 

1 

2 

3 

4 

5 

9 

10 

11 

15 

16 

20 

25 

JQ 

'r~\DLl~ Il.2 O;\~I(JI~L:\L ;1,1 ,~~f rJ.:\.'".r~\ 

2.enri!= D2 Prestress Lcv~l 500 psi 

I"? ~r Y1 
v Y3 ~l ~>'l .:\~ "'\.3 .. 'J 

~ 

I'l n I, 45 I 'I (',0 I, 6 t • jl...r _. 'i \) .... :- ... 2.0723 2.0747 2.0708 '2.06!i0 2.0718 

447 731 757 718 652 727 

451 866 7f,3 763 727 659 735 

452 874 751 776 731 661 735 

L~53 881 759 73G 663 737 

[loSS 892 769 795 741 666 7ft l 

457 920 800 329 750 674 748 

458 931 812 3!,0 756 680 752 

459 939 820 850 759 631 754 

460 961 8'1·6 880 769 684 764 

461 972 353 893 778 692 770 

461 1001 839 926 796 709 783 

463 lOll~ 903 933 310 721 793 

4GI: 1021 912 9!~ 7 317 7')Q _t_J 799 

63!,9 

6354 

G355 

6357 

6360 

6360 

6364 

6365 

6366 

63G3 

6369 

6370 

6373 

J 
I 
I 

N 
C' 
~ 



CycL:3 

G 

1 

2 

3 

4 

5 

9 

10 

11 

15 

16 

20 

25 

3fJ '.' 

TATILE F. 3 O::'IGl~7~'.L TIL\,.': DA'I~\ 

:~C;:1.Ll 7:~ ~3 Prestress Level son osi 
-.~,..-

'"'! I -.;- y Y3 '·:'1 .-,? "\.-3 2 

Ii) :JJ?3 I ? :lsno ~., - - .......... ~ '1 (',t:' ~:" 
..... "J\)J I ? nr

, n ...... t)..LU 2.06,SS 2.0Gt',l 2.060'3 

320 614 GO!. 635 693 6l~8 609 

322 630 G17 652 I 700 655 618 

323 GJ7 62G (;64 7011, 656 623 

325 647 639 676 704 657 623 

32/} 7 (;43 6G7 7()S 661 623 

327 "'lja 
Ow.;;, 682 724 713 667 625 

328 693 692 73!t 715 669 626 

329 702 696 738 713 669 630 

331 730 723 772 721 673 632 

331 733 736 782 7'1n .::..u 679 635 

330 7G3 7C~4 309 733 633 6l~1 

331 789 789 3J0 7l}3 693 6/:0 

333 n )7 809 846 751 696 649 

-: 

(j251 

6247 

6245 

62ft 5 

6246 

6253 

6256 

6251 

6258 

6259 

6260 

6265 

6263 

6267 

1',,) 
C"I 
\.n 



Tl',;)I,r: r.!, Or:,IGL;..:\.I .. DEL'f DXi,:\ 

}jean r Eft Pres tress Le~Jcl ----

L.1 ~- ,~ y ,,~ 

Cjr clc 4'''1 -''-3 1 "-2 

0 In (1 .... '11 I ., 0:-c:1' ,. • u.J ,) .:.. • \ .J -' ,) 2. OGl~l 2. 05~'}1 2.0C),)7 2.07l~2 

1 372 603 649 600 696 752 

2 365 613 612 703 759 

J 3(;4 t''") .... U_J 665 623 70!+ 764 

4 364 630 673 635 712 769 

5 360 635 678 644 71G 773 

9 356 655 699 672 721 773 

10 355 662 706 678 723 777 

11 353 669 717 6("'.1'" 00 725 779 

15 353 685 730 704 731 7 [J!~ 

16 350 69!} 733 714 736 790 

20 349 719 760 736 750 801 

25 350 741 781 752 765 GIG 

30 3l~9 756 795 7ei3 777 825 

YJ 

2.0790 

814 

825 

829 

035 

839 

841 

8!~5 

846 

852 

356 

869 

031 

r;no 
,J,) ~' 

.,,:,', 

6209 

6212 

6213 

6214 

6216 

6218 

6219 

6220 

6220 

6222 

6223 

6226 

6227 

6229 

N 
0\ 
0\ 



:GeaT:1 1,; 

Cycle 
..,. 

~:l "I 

U 10. O/~::::7 2.0712 

1 419 728 

2 419 748 

3 418 7[..') v ... 

4 418 779 

5 [.17 792 

9 412 325 

10 413 841 

11 410 853 

15 408 879 

16 409 398 

20 406 953 

25 402 1020 

J() 401 1']31 

TABLE F. 5 O:-:IGLL\L nEA'r DATi\. 

T"r 
1..) ~.) 

-"2 

2.0647 

662 

G83 

693 

707 

719 

772 

7"'''' 00 

819 

SltO 

900 

971 

IOJ!., 

~~ AJ 

2.0C03 

625 

6l~1 

GSa 

662 

673 

709 

722 

731 

766 

732 

334 

393 

95J 

Prestress Level 1000 Dsi . 

Yl YZ 

2.06GB 2.0532 2.0723 

672 541 729 

678 549 736 

67(3 551 737 

680 549 740 

GS2 551 741 

683 552 746 

686 554 747 

687 555 748 

695 55/. 753 

701 559 758 

713 565 763 

731 574 770 

7!r2 531 773 

P""" ,-,'-It I .:'-. ....... :... ... 

6Z18 

6223 

6224 

6229 

6230 

G232 

6235 

6236 

6239 

6233 

6240 

6244 

6246 

6252 

N 
0'\ 
-..J 



'7 

"'1 

0 110.0135 

1 129 

2 126 

3 12ft 

4 121 

5 121 

9 116 

10 114 

11 112 

15 III 

16 109 

20 106 

25 106 

30 108 

TADLE F. 6 O~)cIGL~1:,\L ~:"::j\: t DA'1A 

I~ean i! B 7 Prestress Level 1500 nsi --.--------

}:1 ::2 ". Y2 Y3 ~"J 

2 .. C63G 2 .. OSJ!f 2.0S'~S :2. ;',L::O 2.06~1 2. {J ;~lt:3 6273 

6l i9 603 663 832 649 65ft 6232 

660 615 681 8!i3 655 6G3 628!~ 

667 625 845 !:' • .J 6G3 6284 

677 636 703 3!.9 659 657 6286 

686 647 714 853 661 651 6286 

725 636 754 360 667 674 6289 

736 698 765 864 671 677 6290 

742 707 773 363 671 678 6292 

776 7/ .. 1 807 872 680 693 6293 

786 751 817 875 633 700 629lJ. 

809 774 342 882 693 719 6295 

825 792 858 890 700 729 6298 

834 8'')0 ~H;5 S9ti· 704 731 6299 

I 

I 

I 

I 

I 

N 
0"1 
cc 



Bcarl i:: 

eye12. Zl 

0 lO.Ol?G 2.0607 

1 186 

2 184 651 

3 181 663 

4 18? 678 

5 176 693 

9 172 741 

10 172 754 

11 170 766 

15 165 805 

16 165 821 

20 160 86ft 

25 153 909 

30 156 9!,6 

1,,\131,E F. 7 \)~·\.I(; I7';.\L BE1:\: I Dl\ T.L\ 

n(\ 
,.u·u 

,.\.~ 

2.05!+2 

557 

572 

5g!} 

594 

GO;? 

645 

658 

667 

706 

7'1,} 4_ 

761 

804 

841 

}:3 

2.0G92 

714 

731 

740 

753 

764 

306 

313 

829 

867 

831 

922 

962 

994 

Prestress Level i 

Yz Y3 

2.0722 2.0679 2.0633 

731 639 6!t5 

739 697 6';5 

7!}2 699 653 

746 705 6G3 

749 709 667 

754 717 681 

757 723 635 

759 725 688 

766 733 701 

771 739 706 

732 751 719 

792 762 730 

793 772 736 

\!ci~11t 

62l}9 

6253 

6255 

6257 

6256 

6257 

6260 

6261 

6262 

626ft 

626!} 

6'2G7 

6271 

6273 

N 
0'\ 
''':' 



Cycle 7 
141 

-L 

(\ 10.0162 v 

1 156 

2 154 

3 152 

4 152 

5 152 

9 150 

10 151 

11 150 

15 151 

16 152 

20 154 

25 153 

30 165 

TA;JLE F.:3 O;:I~j L:.:'.L Bl~.(.~l DAi'_', 

1)ea:1 t; £9 Prestress Lc'.~cl 1500 psi 

.,. 
V' Y "r Y3 --I -\'3 1 J. ') 

J... 

2.0627 2.0639 2.0573 2.0673 2.0599 2.0629 

637 655 5S9 634 610 639 

647 666 603 6G9 619 651 

653 674 6?Q _0 693 626 639 

657 6Sa 6!r6 693 635 666 

653 6S3 663 694 638 672 

675 707 709 697 650 684 

6S1 715 724 704 657 692 

6B5 719 732 707 662 697 

692 731 760 722 6S1 711 

699 739 772 734 693 721 

718 763 803 781 744 761 

731 779 823 361 822 826 

739 739 832 934 893 887 

\7eisht 

6231 

6233 

6240 

6240 

6240 

6236 

6236 

6240 

6242 

6239 

6241 

6244 

6247 

6250 

f\,.) 
....... 
. :::> 
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THE EFFECTS OF VARIOUS LEVELS OF COHPlmSSIVE STRESS fIELDS 

ON THE DETERIorATION PATE AND lIICROCHACKING OF PLAIN 

CONCRETE SUBJECTED TO FPJ~EZING AND TH.AHING 

by 

Lemuel Bembry nattIe, Jr. 

(ABSTRACT) 

TI1e effects of various levels of compressive stress fields on the 

deterioration rate and rnicrocrackinr. of plain concrete subjected to 

freezinr; and tha,·lin:; "Jere investiGated. Three levels of conpressive 

stress (prestress), 500. 1000, and 1500 psi. were applied by the post­

tensioning method to beams 3" x 3" x 14". The deep-seated (a8gre~ate 

[,enerated) type of frost danasc was investigated since the ce'r.1ent mortar 

matrix was protected by entrained air. 

It ,rns found that the deterioration rate in the lateral direction 

of the members increased as the level of the compressive stress field 

increased. The cOl1lpressive stress dircctionalized the disinte0ration in 

planes parallel to the direction of the applied stress. 

A five step theory is presented ~vhich explains the involved physical 

phenomena. The theory is based on tensile stresses existinr, at the crack 

tip and around the 8sgrerate particles. 


