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Fracture experiments were conducted at temperatures from 20 10 200 
C (68 to 392 F) to determine the dependence of che Mode I fracture 
energy of concrete on temperaTure as well as The specific water con
tent. The fracTure energy values were determined by testing geometri
cally similar specimens of si::es in the ratio /:2:4:8 and chen applying 
Bazanr's size effect law. Three-poinr bend specimens and eccenrric 
compression specimens are found to yield approximately the same 
fracture energies, regardless of temperature. To describe the temper
ature dependence of fracture energy, a recenrly derived simple for
mula based on the activation energy theory (rate process theory) is 
used and verified by cest results. The tempera;ure effect is deter
mined both for concrere predried in an oven and for wet (saturated) 
concrete. By inrerpolation, an approximate formula for the effect of 
moisture coment on fracture energy is also obtained. This effect is. 
found to be sma/l at room temperature but large at temperatures c/ose 
to 100 C (212 F). 

Keywords: concretes; cracking (rracturing); energy; humidiry; moisture con
tent; temperature. 

While heating in metals causes abrupt increases of 
fracture toughness, due to brittle-d ul:tile transitions 
which change the fracture mechanism, the fracture 
toughness of purely brittle materials such as glass, ce
ramics. graphite, and rocks is known to smoothly de
crease with increasing temperature l

.). For concrete, the 
determination of the influence of temperature on the 
fracture energy has been hampered by the fact that un
til recently an unambiguous definition and method of 
measurement of the fracture energy itself was unavail
able. The basic classical measurement methods. such as 
the work of fracture method proposed for concrete by 
Hillerborg et al. <.S and adopted by The International 
Union of Testing and Research Laboratories for Mate
rials and Structures (RILEM) or the methods based on 
compliance or crack opening displacement measure
ments. have not been found to yield the same fracture 
energy values when specimens of significantly different 
sizes or shapes were used. 

Recently, however, a fracture energy definition that 
leads to unique values has been proposed.l'·'o The frac
ture energy is the specific energy required for fracture 
growth in an infinitely large specimen. This definition 
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obviously requires knowledge of the size effect law 
which has to be used to extrapolate the test results to 
infinite size. Although the exact size effect law is un
known. the approximate Bazant's law ll has been found 
to be sufficient in view of the inevitable statistical scat
ter of concrete.6.7.10.12.1< 

Measurements of concrete fracture energy based on 
extrapolation to infinite size were made by Bazant, 
Kim, and Pfeiffer.9.lo Bazant and Pfeiffer 's experimen
tally demonstrated that specimens of very different 
types. including the three-point bend specimens, edge
notched tensile specimens. and eccentric compression 
specimens, yield approximately the same fracture en
ergy values, as far as the typical scatter exhibited by 
concrete permits one to discern. As for the effect of 
specimens size on fracture energy, none can be present 
due to the very nature of this fracture energy defini
tion. 

The availability of a measurement method that yields 
unique values of fracture energy makes it meaningful to 
study various factors that influence fracture energy. 
The objective of this study is to examine the effect of 
temperature as well as the related effect of humidity. 
The values of fracture energy need to be known to pre
dict brittle failures of concrete structures on the basis of 
fracture mechanics, which promises to give more accu
.rate results than the methods of limit analysis. 

EXPERIMENTAL INVESTIGATION 
The test specimens were beams of constant rectan

gular cross section loaded at three points [Fig. lea)]. To 
determine the size effect, geometrically similar speci
mens of various depth d were used. The depths were d 
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= 1.5, 3, 6, and 12 in. (38.1, 76.2, 152, and 305 mm), 
while the thickness was b = 1.5 in. (38.1 mm) for all 
the specimens. The length-to-depth ratio was L/ d = 
8:3 and the span-to-depth ratio was Ud = 2.5, for all 
specimens. One notch of depth d/6 and thickness 0.1 
in. (2.5 mm) (same for all specimens) was cut with a 
diamond saw three weeks after the specimens were 
stripped from the molds. 

To check for a possible effect of specimen type, ad
ditional specimens of the same shape were tested in ec
centric compression. These specimens, which had two 
symmetrical notches of depth d/6 and thickness 0.1 in. 
(2.5 mm) [Fig. l(b»), included only specimen sizes d = 
1.5, 3, and 6 in. (d = 12 in. would not fit the available 
oven). 

From each batch of concrete, one specimen of each 
size as well as three control cylinders for compression 
strength, 3 in. (152 mm) in diameter and 6 in. (305 mm) 
in length, were cast. The means and standard devia
tions of the compression strengths after 28 days of 
moist curing are given in Table 1. 

All specimens were cast with the side of depth d in 
the vertical position. using a water-cement ratio of 0.6 
and a cement-sand-gravel ratio of 1 :2:2 (all by weight). 
The maximum gravel size was d. = 0.5 in. (12.7 mm) 
and the maximum sand grain size was 0.19 in. (4.8 
mm). The aggregate consisted of crushed limestone and 
siliceous Illinois beach sand (Lake Michigan). Portland 
cement C 150 (ASTM Type I), with no admixtures and 
no air-entraining agents, was used. 

The fracture specimens were removed from the ply
wood forms after one day and subsequently cured until 
about 2 hr before the test in a moist room with 95 per
cent humidity and a temperature of 25 C (77 F). Three 
identical specimens were cast simultaneously from each 
successive batch for each type of test. The age of the 
specimens at the time of the test was 28 days, except for 
the specimens tested in the hot water bath. For these, 
the tests had to be postponed to the age of 41 days due 
to certain scheduling problems. 

The fracture tests were carried out at two types of 
humidity conditions - dry and wet. The dry tests in
cluded both the three-point loaded specimens and ec-
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Fig. I-Tesl specimens used: (a) lhree-point bend spec
imens; and fbI eccentric compression specimens 

Table 1 - Compression strength of concrete (on 
3 x 6·in. cylinders) in psi* 

I 
Mean Standard 

Test series f: deviation s 
I 

3-poim bend. dry, 20 C 5550 36 
3-potnt bend, dry, 65 C I 5585 139 
3-poim bend. dry, 120 C 4975 90 
3-point bend, dry. 200 C I 5000 95 

Eccentric compression, dry, 20C I 5410 78 
Eccentric compression, dry, 65 C 

I 
5250 59 

Eccentric compression, dry, 120 C 5075 117 
Eccentric compression, dry, 200 C 5075 90 

3-point bend, wet, 6S C ! 5770 55 
3-point bend, wet, 90 C' 5n5 84 

• 1 PSI " 6895 Pa. 
• Corrected for age; measured was J: = 6035 psi. s ,. S8 psi at 41 days. 
: Corrected for age; measured was f: ,. 5990 psi. s = 88 psi at 41 days. 

centric compression specimens. The temperatures in 
these tests were 20 C (68 F), 65 C (149 F), 120 C (248 
F), and 200 C (392 F). Each of the tests started with 
preheating under no load in an oven. The temperature 
in the oven was raised gradually over a period of about 
1 hr to the temperature of 120 C, which was then kept 
for 3 hr. The specimens were not sealed and may be ex
pected to have lost all their evaporable water. After this 
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Fig. 2-Arrangement of tests: (a) in an oven; and (b) in 
a water bath 

3 hr peri9d, the temperature was gradually raised or 
lowered at the average rate of about 50 C/hr (90 F/hr), 
until the desired temperature of the fracture test was 
reached. The specimen was then loaded to failure while 
in the oven [Fig. 2(a)]. The loading shaft of the ma
chine protruded through the wall of the oven, and the 
thermal insulation around the shaft caused no appre
ciable friction. 

According to the linear heat .:onduction equation and 
the known thermal diffusivity of concrete, it was cal
culated that, after a sudden exposure to a different 
constant temperature, not more than I hr is needed for 
the temperature to become uniform within the speci
men of thickness 1.5 in. (38.1 mm). Therefore, the 
heating times used must have been sufficient. The heat
ing time in the oven must have also sufficed, since a 
uniformly dry state throughout the specimen thickness 
was obtained. This is not only well known empirically 
but is also justified by the measurements and theory in 
Reference 16, in which it was found that the diffusivity 
of moisture in concrete increases about 200 times when 
the temperature exceeds 100 C (212 F). 

Although concrete drying by heating in an oven has 
been a standard practice in the investigations of creep 
and other properties, this procedure might, neverthe
less, cause some damage such as microcracking and, 
thus, possibly affect the fracture test results. However, 
the fact that after such drying, the fracture energy of 
concrete becomes much higher than for a wet specimen 
at the same elevated temperature suggests that possible 
damage due to heating is probably not serious. The al-
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ternative to drying the specimens without heating is 
hardly feasible. Simplified calculations showed that the 
previously mentioned heating rates were slow enough to 
avoid development of high thermal stresses. 

The wet tests included only three-point bend speci
mens. Each test started by placing the specimens into a 
water-filled tank [Fig. 2(b)] with the water at room 
temperature. The temperature of the water in the tank 
was raised gradually, at the rate of about 50 C/hr (90 
F Ihr), to the desired test temperature and was then kept 
constant for 1 hr before the fracture test in water was 
started. 

The temperatures of the wet tests were 65 C (149 F) 
and 90 C (194 F). No wet tests were conducted at room 
temperature, since the response of wet specimens at 
room temperature may be assumed to be the same as 
that of previously tested unsealed and undried speci
mens, loaded right after curing. This assumption is jus
tified by the fact that at room temperature the mois
ture diffusion is so slow that the environmental humid
ity cannot affect the state of concrete in the bulk of the 
specimen during the short time of exposure. At 120 C 
(248 F), by contrast, the diffusivity of moisture in con
crete is abom 200 times higher than it is at 90 C (194 
F), and about 3000 times higher than at 20 C (68 F).l6 

Therefore, the environmental relative humidity quickly 
spreads through the entire specimen. 

No wet tests could be carried out at temperatures 
over 100 C; (212 F), since the specimen could not be 
kept wet unless a pressure chamber was used. How
ever, this would represent a different type of test. 

All the tests were carried out in a closed-loop MTS 
machine. Only the maximum load values w.ere needed 
to calculate the fracture energies. The loading rate was 
such that the time to failure was 3 to 5 min for all spec
imens. 

All the dry tests were performed under stroke-con
trol at a constant displacement rate. For certain extra
neous reasons, the wet specimens had to be tested ur> 
der load control; therefore, they failed right at the 
maximum load. Impossible though load-controlld 
testing is for other types of fracture tests (e. g., RI
LEM's work of fracture test), it is nevertheless accej:'t
able for the present method since the post-peak re
sponse is not needed to determine the fracture energy. 
Theoretically, if the specimens exhibit high statistical 
heterogeneity, load-controlled tests can yield a lower 
maximum load than the displacement-controlled tests, 
but, according to the analysis of Batant and Panula," 
the differences that may reasonably be expected in the 
maximum load value are insignificant (under 3 per
cent). On the other hand, if the objective were the post
peak descending load-deflection curve, then load-con
troUed tests would of course be impossible. 

The measured maximum load values P are given in 
Table 2 and the 28-day compression strengths f: for in
dividual batches of concrete in Table 1. The 28-day f.~ 
values for the wet tests were not directly measured but 
were calculated from the compression strength f.~ (41) 
measured at the time of these tests, at which the age of 
concrete was 41 days. The adjustment for age was 
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based on the approximate formula!S 

f~ (t) = I: (28) [I + O.277log(tl28)] 
from which I; (28) "'" 0.9561: (41) 

CALCULATION OF FRACTURE ENERGY FROM 
SIZE EFFECT 

The size effect is the most important difference of 
fracture mechanics from the failure theories based on 
plastic limit analysis. The size effect is understood as 
the dependence of the nominal stress at failure C1", on a 
characteristic dimension of the specimen d when geo
metrically similar specimens or structures are consid
ered (C1 v = Plbd, where P = maximum load and b = 
specimen thickness). For stress-based failure theories 
such as the plastic limit analysis or elastic allowable 
strength design, there is no size effect, i.e., C1.v is con
stant. For classical linear elastic fracture mechanics, C1 ... 

- d-". Due to the influence of a relatively large mi
crocracking zone that blunts the crack front in con
crete, the size effect is intermediate between plasticity 
and linear fracture mechanics and represents a transi
tion from the former to the latter as the size is in
creased. This transition may be approximately de
scribed by Bafant's size effect law:" C1.v = Bf' (1 + d/ 
~a)-' in which B, Ao = empirical constants and d. = 
maximum aggregate size. According to this law, the 
plot of Y = (f: I C1v)2 versus X = did. (relative size) 
should be a straight line Y = AX + C, with C = 1/ B2 
and the slope A = CFA.). Thus, a linear regression of 
the test results in the plot of Y versus X may be used to 
determine A and C, from which the size effect law pa
rameters may then be calculated as B = C- ';' and Ao = 
CIA. 

These regression plots also yield statistics of the er
rors, i.e., the deviations of the measured data points 
from the size effect law. The coefficient of variation, 
defined as wyix = W:O-;est - Y;)2]/(N - 2)},,'IY where 
1';'" - Y. are the vertical deviations of data points 1';trI 
from the regression line, N is the number of all the data 
points, and Y = (!: Y)/ N = mean of all measured Y" 
is given in Fig. 3, 4, and 5, as is the correlation coeffi
cient r. 

From the size effect law, it follows8.!O that the frac
ture energy C j , defined as the energy release rate re
quired for crack growth in an infinitely large specimen, 
may be calculated from the formula 

(1) 

in which ao = 0 01 d; 0 0 = notch length; d = beam 
depth; Ec = modulus of elasticity of concrete; I: = di
rect tensile strength of concrete; A = 1/(B2Xo) = slope 
of the regression line as already defined; g(ao) = non
dimensional energy release rate of the specimen ac
cording to the linear elastic fracture mechanics, which 
can be found for the basic specimen geometries in 
textbooks!9.:o and handbooks,2! and can be, in general, 
determined by linear finite element analysis. For the 
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Table 2 - Maximum loads at failure 
Load at failure 

P,lb 
Type of test Depth. in. 1 2 3 Average P, Ib 

Three-point bend 1.5 390 420 375 395 
Dry, 20 e 3.0 645 690 675 670 

. 6.0 990 1035 1080 1035 
12.0 1710 1689 1729 1709 

Three-point bend 1.5 51S 37S 440 443 
Dry. 65 e 3.0 71S 565 670 650 

6.0 1090 955 1155 1066 
12.0 1595 1430 1600 1542 

Three-point bend 1.5 348 384 366 366 
Dry, 120 e 3.0 530 594 486 537 

6.0 954 840 864 886 
12.0 1296 1368 1332 1332 

Three-point bend 1.5 304 322 320 315 
Dry,200e 3.0 540 480 510 510 

6.0 792 744 S16 784 
12.0 I1S0 1190 1200 1190 

Eccentric compression 1.5 67S 665 690

1 

677 
Dry, 20 e 3.0 1180 1160 1260 1200 

6.0 2040 2195 1945 2060 

Eccentric compression 1.5 S5S 715 S94 721 
Dry, 65 e 3.0 1280 1223 10S0 1194 

6.0 2100 2010 1740 1950 

Eccentric compression 1.5 740 77S 680 732 
Dry, 120 e 3.0 1140 1240 1215 119S 

6.0 1860 1920 1720 1833 

Eccentric .:ompression 1.5 648 684 720 6S4 
Dry. 200 e 3.0 960 960 900 940 

6.0 1545 1705 1625 1625 

Three-point bend 1.5 342 390 40S 380 
Wet, 65 e 3.0 545 546 5S6 559 

6.0 811 780 732 774 
12.0 1250 120S 1210 1222 

Three-point' bend 1.5 290 
3501 

290
1 

310 
Wet. 90 e 3.0 560 520 575 552 

6.0 640 690 74~1 692 
12.0 1055 106011010 1042 

I in. '" 2SA mm. I lb. = 4.448 N. 

three-point specimens used, g(ao) = 6.37, and for the 
eccentric compression specimens, g(ao) = 1.68. 

The tensile strength was not measured but was esti
mated from the formulaf' "'" 6(j;),,' where/: andl: are 
in psi, I: = compression strength. A possible error in 
the f'-value. however, has no effect on Cf since the A
value obtained by regression is proportional to/: l if the 
ordinate is taken as Y=f'2/~". 

Fig. 6 is a photograph of a typical set of specimens 
of different sizes. Fig. 7 shows typical specimens in
stalled in the heating oven, and Fig. 8 shows typical 
specimens installed in the water bath. 

The maximum loads measured are plotted in Fig. 3 
through 5. The plots on the right demonstrate that the 
measured C1.v agrees quite well with the size effect law, 
which is shown as the solid curve. This agreement jus
tifies the use of the size effect law. The plots on the left 
show the linear regressions that yield the optimum val
ues of parameters Band Ao. The fracture energy values 
calculated according to Eq. (1) from the Slopes A of 
the regression lines given on the left of Fig. 3 through 
5 are tabulated in Table 3. 

Since the wet specimens had to be tested at the age of 
41 days rather than 28 days, a correction for the age 
difference became necessary. The fracture energy val
ues were transformed to 28 days according to Bazant 
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Fig. 3-0ne set of three-point bend specimens tested 

and Oh's approximate formula;~ G: = (2.72 + 0.0214 
fi ) };'2 d.lE. The values in Tables 1 and 3 as well as 
those plotted in the figures are all transformed to 28 
days. 

ACTIVATION ENERGY FORMULATION 
It is generally accepted that fracture is a thermally 

activated rate process. This means that the atomic bond 
ruptures that constitute the mechanism of fracture are 
provoked by the energies of thermal vibrations.23 These 
energies are statistically distributed, as described by 
Maxwell distribution, and a rise in temperature in
creases the probability (or frequency) that the atom's 
energy would exceed the activation energy barrier of the 
bond. Therefore, a rise in temperature causes an in
crease in the rate of growth of fracture, which gener
ally follows a formula of the type a = j(K) exp( - VI 
RT),J where V = activation energy of bond rupture; R 
= universal gas constant; T = absolute temperature; K 
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= stress intensity factor; and ;rAJ = empirical mon0-
tonically increasing function. Recently, Evans:J and 
Thouless et al. 25 verified for certain ceramics a special 
form of this formula 

a = Vc (KIKcl" e -U/RT (2) 

in which Yo and n may be approximately considered as 
constants characterizing the given material and Kc = 
critical value of K (fracture toughness). Since concrete 
is a ceramic material, Eq. (2) may be expected to apply 
also. This equation is not exact but approximate only, 
for two reasons: 1) the proportionality of a to K" is 
empirical; and 2) more than one mechanism of atomic 
bond rupture, with different activation energies, might 
be involved, and the type of this mechanism might 
change with temperature. 

Due to the relations K = (GEJ'; and K,. = (GJEY', 
where G = rate of energy release from the structure 
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Fig. 4-Test results jor dry eccentric compression spel'imens 

into the fracture process zone,19.2O Eq. (2) may be re
written as 

a = Vc (~)ni2 exp [ - i(~ - ~)] (3) 

where To = chosen reference temperature (normally 
To = 298 K) and G; = value of fracture energy Gf at To. 
With regard to the finite size of fracture process zone 
in concrete, the relation K = (GEJ!1 might at first be 
deemed inconsistent since it is based on linear elastic 
fracture mechanics. It is nevertheless consistent since, 
according to the size effect law, G is defined as the 
fracture energy of an infinitely large specimen, for 
which linear elastic fracture mechanics does apply. 

Eq. (2) or (3) may serve as the basic relation for 
crack growth in time. Although the time-dependent 
fracture description in terms of the crack growth rate is 
no doubt physically more fundamental, the time-inde-
ACI Materials Journal I July·August 1988 

pendent fracture description prevails in applications. In 
fact, what is known as fracture mechanics is a time-in
dependent theory. So, deduction of the consequences of 
Eq. (2) for time-independent fracture description is 
needed. This was done in Reference 8. 

The choice of the reference temperature To in Eq. (3) 
is arbitrary. If temperature T is chosen as the reference 
temperature, then according to Eq. (3) the crack growth 
rate il at temperature T is simply expressed as 

(4) 

(because liTo - liT = 0 in this case). Gf represents 
the fracture energy at temperature T, while Gj is the 
fracture energy at temperature To. 

The crack growth rate expressions referred to To or to 
T must be equivalent. Equating the expressions in Eq. 
(3) and (4), one obtains Bazant's8 approximate formula 
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Fig. 5-Test results jor wet three-point bend specimens 

Fig. 6-0ne set oj three-point bend specimens tested 

(5) 

in which 

r = 2UlnR (6) 

'Y is a constant charact<!rizing the given material. 
Eq. (5) allows a simple determination of material pa

rameters since it may be written in the form Y = IX 
+ b where Y = In C;; X = liT; b = In G; - liTo. 
So the values of 'Y and b may be found as the slope and 
the Y-intercept of the regression line in the plot of In Cf 

versus liT, and Cj = exp(b+,ITo)' 
The values of activation energy U cannot be deter

mined from the present types of experiments. Accord
ing to Eq. (6), one would also need to determine expo
nent n. This would require measuring the rate of 
growth of the crack length at various load values. 

The fracture energy values obtained experimentally at 
various temperatures are plotted in Fig. 9(b) as the data 
points. The linear regression plot, shown in Fig. 9(a), 
demonstrates that the present test results indeed fall 
quite close to a straight line in this plot. This confirms 
the validity of Eq. (5). The diagram on Fig. 9(b) shows 
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the curves of Eq. (5) plotted for the optimum material 
parameter values of I and Cf obtained by linear regres
sion. These values are (1 N/m = 0.005710 lb/in.): 

Three-point bend, dry: CJ = 34.48 N/m, 1 = 581 K 
Eccentric compression, 

dry: 
Average of dry tests: 
Three-point bend, wet: 

CJ = 38.39 N/m, 'Y = 623 K 
Gj = 36.38 N/m, 1= 602 K 
C7 = 33.03 N/m, , = 1S75 K 

Note that the differences between the two specimen 
shapes (dry tests) are statistically insignificant, in view 
of the usual scatter for concrete. They are :t 5.5 per
cent for Grand :t 3.5 percent for l' reiative to the 
means. Since there is no significant difference between 
the eccentric compression and three-point :"'end dry 
tests, a combined line for both is plotted ;1: Fig. 9(b), 
according to Eq. (5). The fracture energy G ... 1," at ref
erence temperature To = 20 C (68 F) is obt:llDed by lin
ear regression using the combined data of both tests. 

The portion of the wet specimen curve [har lies above 
the temperature of 100 C (212 F) in Fig. 9(a) is strictly 
hypothetical because concrete cannot hold evaporable 
water above 100 C (unless the test was made in a pres
surized chamber, but that would change Gf as well). 
Therefore, wet fracture energy for static loading above 
100 C is physically meaningless. 

For wet concrete at temperatures below about 20 C, 
Eq. (5) is probably inapplicable since the wet specimen 
curve in Fig. 9(a) would pass above the dry specimen 
curve. This would contradict the fact that the presence 
of moisture is known to weaken the bonds in hydro
phylic porous solids. 

Based on the previous results, the effect of the eva
porable water content of concrete w per unit volume of 
concrete may be estimated. Let 10 and 11 be the values 
of 1 at w = 0 (dry state) and at w = WI = saturation 
water content (wet state). As a crude estimate, we may 
assume a linear variation of 'Y as function of w. This 
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yields for any water content the approximation 

(7) 

According to the results shown 'Yo = 602 K and 'YI = 
1875 K for the concrete tested. 

The dependence of 'Y on w may be physically ex
plained by a dependence of the activation energy U on 
w. Such a dependence is reasonable to expect since it is 
known that the activation energy of concrete creep de
pends on w. According to Eq. (7), we have 

(8) 

with 

(9) 

The linearity of Eq. (7) and (8) with respect to w is 
of course a hypothesis. To determine 'Y at intermediate 
water contents would be more difficult than the present 
tests. Providing control of the environmental relative 
humidity at arbitrary temperature would not be diffi
cult; however, creating and maintaining a uniform 
value of some intermediate water content in the speci
men would. It takes a very long time to dry a specimen 
to a uniform moisture coment, and due to the coupling 
of temperature and humidity changes, it appears rather 
difficult to maintain a constant and uniform moisture 
content during the test. It would probably be necessary 
to make inferences from tests. on specimens that are in 
a transient hygrochermal stace. The advantage of the 
tests at either perfect saturation or perfect dryness is 

Fig. 8-Loaded specimens in the water tank 
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that a uniform moisture state is easily obtained and 
easily maintained at temperature changes. 

That the activation energy sho,:,ld depend on the 
moisture content is not surprising. It is well established 

ZiA+&A 

--.---.-.,~ 

....... U-=== 

-'-.'r"'" 
:gJf$+$1_ 

.--_. __ .. 

~ -.: .T.,,-. .t -s.~ : -. -' .. -... 

Fig. 7-Loaded specimens in an oven, installed in the 
testing machine 
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Fig. 9-Experimental results and theoretical formula 
for the effect of temperature on fracture energy for 
both dry and wet specimens: (a) linear regression lines; 
and (b) fracture energy versus temperature ("'I = acti
vation temperature in degrees K, G; :: fracture energy 
at reference temperature To = 20 C in Nlm) 

that t> activation energy of concrete creep strongly 
varies wi!h the moisture content, and the same is true 
of oth~~ porous hydrophylic materials such as wood. 
Also, [r:': creep activation energy is known to depend 
on w ne3.riy linearly. 

The physical explanation of the dependence of U on 
w lies probably in the very high disjoining pressures 
caused by layers of hindered adsorbed Water or inter
layer water within the finest pores of the cement gel. 
These pressures are superimposed on the stresses due to 
load, thus lowering the energy barrier for bond rup
tures. A mathematical model based on this mechanism 
would no doubt be of help for determining the depen
dence of U on w more accurately and for interpreting 
test results at intermediate values of w. 

CONCLUSIONS 
1. The size effect law is applicable not only at room 

temperature but also at elevated temperatures up to 200 
C (392 F). Its parameters depend on temperature as 
well as specific water content of concrete. 

2. The Mode I fracture energy of concrete signifi
cantly depends on temperature T. It decreases mono-
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Table 3 - Fracture energy values obtained from 
tests, N/m* 

Test Age 
20CI 6SC I 90C I I~OC! 200C 

(68 F) , (149 F) (194 F) (2~8 F) I (392 F) 

3·point bend, dry 28 35.24 I 25.58 - 20.87 16.39 

Eccentric compression. dry 28 39.01 ! 28.42 - 22.06 17.36 

3·point bend. wet 28' 33.30'! 13.72' 9.79' - -
3·point bend, wet 41 - I 1457 10,40 - -

• 1 N/m .. 0.005710 Ib.lm . 
• Corrt:1:ted from age ~I days. 
: From BaZan! and Pfeiffer, not in water bath but in air immediately after 

removal from moist room. 

tonically and smoothly as T increases. For concrete 
near saturation water content, this dependence is more 
pronounced than for predried concrete. 

3. The effect of specific water content on the frac
ture energy is small at room temperature but grows as 
temperature increases and is very large at temperatures 
close to 100 C (212 F). 

4. The measured dependence of Mode I fracture en
ergy on temperature agrees with Bazant'st formula [Eq . 
(5)J based on the activation energy theory (rate-process 
theory). 

5. Very different types of specimens such as the 
three-point bend and eccentric compression specimens 
yield approximately the same fracture energy values at 
various temperatures. This indicates that the present 
results for. the fracture energy should represent true 
material properties. 
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