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ABSTRACT

The paper presents the results of experimental investigations performed to deter-
mine the plain-strain fracture toughness K. and critical crack length a for |
concrete as well as to study the relationship between these parameters and differ /
ent factors, such as the crack length, type and size of aggregate, type of cemer |
concrete mix composition (by weight), size and type of specimens, age and tem-
perature of specimens being tested.

The aforesaid investigations have revealed the applicability limits of the Griffith— ‘
Imin classic theory and proved that in many cases Kjc is not a constant. The \
acy value of the order of the maximum size of aggregate turned out to be more
stable and practically independent of certain factors.
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INTRODUCTION

For many years now, the Griffith-Irnin classic theory has been successfully ap- |
plied to the analysis of fracture process in metals, polymers and silicates. How-
ever, the experience in its application to concrete and similar materials gained
since the time of publishing the first paper on the problem ( Kaplan, 1961) is re-
latively scarce. The concrete fracture studies from the viewpoint of brittle fracture
mechanics are being conducted at the B, E. Vedeneev All-Union Research Insti- |
tute of Hydraulic Engineering ( VNIG), Leningrad, from 1968 ( Khrapkov, Geinats, i
1968; Lamkin, Pashchenko, 1972; Pashchenko, Trapeznikov, 1973, 1975; Khrapkov,
Trapeznikov and others, 1978). Given below are some results of the experimental
investigations undertaken at the VNIIG over 1975-79. |

One of the main problems to be solved when applying the Griffith-Irwin theory to
concrete for practical purposes is the determination of actual values of the open-
ing mode fracture toughness Ki.. For this end and in order to determine the re-
lationship between this characteristic and various factors about 3000 of specimen- ‘

were subjected to tests. The tested specimens differed in type of cement ( portland v‘
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cement, portland blast furnace cement), type of aggregate (gravel, crushed stone),
size of aggregate (max. size of aggregate d . was 5, 10, 20, 30, 40, 60, 80,
100 mm), type ot specimens (the cylinder with a notch in the plane of compres-
sive forces; the centrally tensioned specimen with a single-edge notch; the t.en-
sioned prism with a central notch normel to the line ot forces). They also differed
in age, size and temperature at the moment of testing. Besides the concrete and
sand-cement mortar specimens the cement stone specimens were tested. As a rule,
the ratio between dpsx and the linear size of a specimen did not exceed 0.1.Most
of the specimens were large in size. Specifically, 904 cylinders were tested, out
of which 24 were 100 cm in diameter and 75 cm in height; the other 37, 292, 262
and 289 cylinders were 60 cm, 40 cm, 20 cm and 10 cm, respectively, both in
diameter and height.

RELATIONSHP BETWEEN FRACTURE TOUGHNESS AND
CRACK LENGTH

Knowing the crack length a and maximum stresses in the notched specimen
6 wit (these stresses are calculated from the ultimate load in the same manner
as for the specimens without a notch) the Kj. value can be determined by the

formula:
KIc=6ultVD f(%) )

where D is the linear size of the specimen and f is the dimensionless func-
tion which depends on the specimen configuration and the scheme of its loading.

The artificial cracks (notches) were made with the help ot 0,15-0.25 mm thick
oiled foil. Figure I shows the relationship between Kj. and the crack length a.
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Fis. 1. Relationship between Kj. and the crack length
a for cylinder specimens with 40 cm diameter:
l-experimental points; 2-arithmetical means.
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The tested specimens were concrete cylinders of 40 cm diameter and height aged
for 28 days; the maximum size of the aggregate (cmshed stone) was dmx=4o mm;
the "400" brand portland cement was used as a binder; the cylinders were manu-
factured of 1:1.8:4,2 concrete mix (by weight) having the water-cement ratio 0.5;
the crack length was taken as a = 20, 30, 40, 50, 60, 100, 120, 200, 280, 320 mm,

The diagram given in Fig, 1 can be divided into several characteristic portions.
At initial portion I (its length is of the order of dmax) the specimen behaviour
does not follow the Griffith-Irin theory regularities. If the crack length is less
than the length of this portion, the stable growth of the crack to the boundary
point between portions I and II is likely to take place prior to spontaneous rup-
ture of the specimen,

Portion II can be considered as a domain of the Griffith-Irwin theory, but with vary-
ing fracture toughness. If the crack length falls within this portion, the crack
growth gets unstable from the very beginning.

Portion III starts at a crack length a, equd to about (2-2,5) Ayhaxe Within this por-
tion the Ky, (8) curve tends to become a horizontal straight line. This is the do-
main of the crack theory classic version (the linear fracture mechanics) . The

length of portion I in our case amounts to 40% of the specimen diameter.

‘The testing of the cylinders having relatively long cracks made it possible to dis-
tinguish one more portion (IV) where the KIc value increases again.,

Figure 2 illustrates the relationship KIc (a) for the specimens in the form of
prisms of 10 cm height and 5x5 sq cm cross section with internal cracks. The
prisms were made of 1:3 sand-cement mortar with the water-cement ratio 0.53; the
maximum size ot the aggregate (sand) was x =5 mm. The "500" brand portland
cement and "300" brand portland blast furnace cement were used as binders.
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Fig., 2, Relationship between K;. and the central notch length a for

prismatic specimens of %x5 cm? section and 10 cm height:
l-experimental points for specimens with portland cement; 2-arithmetical
means for specimens with portland cement; 3-experimental points for
specimens with blast furnace portland cement; 4-arithmetical means for
specimens with blast furnace portland cement.
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By the time of testing the age of specimens prepared with portland cement and
portland blast furnace cement was 90 days and 180 days, respectively. The artifi-
cial crack length a was taken as 5, 10, 15, 20 and 30 mm, As it is seen from
Fig. 2 at a/D 0.6 the KIc(a) diagram is similar to that in Fig, 1. At portion I,
however, the abnormal behaviour of specimens with small a-values is caused in
this case by some other reasons: the specimens collapse most probably due to
the formation of initial surface cracks since they prove to be more sensible to
structure surface defects than to central notches, That is why the Ki. value deter-
mined for the specimen with a small central notch is to be considered as a con-
ventional value.

The K. values at portion Il are of major practical interest. The limits of the do-
main governed by the laws of linear fracture mechanics can be determined direct-
ly, based on the notched specimen strength values without defining Kj.. From for-

mula (1) it follows that at K. = const
[ a
6 ut, Bl
e _ D
6' = a (2)
ult, £(_1)
D

Compared in the above formula are two specimens equal in size and having
notches of length a, and & and strength 6' ;. and 6' ulty+ The validity of re-
lationship (2) can be illustrated by the following example. For two cylinders
containing 100 and 200 mm notches (Fig. 1) the strength ratio calculated by for-
mula (2) is equal to 1.80. The test arithmetical mean is 1,75, the confidence
interval of mean values varying from 1.66 to 1.84 at the confidence limit 95%.
This indicates that the calculated ratio falls within the above interval. The fact
that portions I, Il and IV are available on KIC(a) test curve (Figs 1 and 2)
suggests that the fracture toughness wvaries with the crack length and, generally
speaking, is not a constant.

It is to be noted that the KIc(a) curve of Fig. 1 has a qualitative agreement
with that predicted by the two-parameter fracture model proposed by Trapeznikov
(1979a, 1979b, 1979c).

RELATIONSHIP BETWEEN KIC AND MAXIMUM SIZE
OF AGGREGATE

When testing concrete specimens in laboratory conditions an aggregate of not
more than 20-40 mm size is often used. However, concrete for hydraulic struc-
tures is characterized by dgx values running as high as 120-150 mm. That is
why it is of interest to study the relationship between K. and dpyx at maximum
possible size of aggregate.

The split tests were conducted on cylinders of diameter D = 40 cm and height
H = 40 cm with & 40 mm. For dygx > 40 mm the cylinders of 60 cm
height and diameter were used. The specimens were made of 1:1.8:4.2 concrete
mix (by weight) with the water-cement ratio 0,5. The "500" brand cement was
used as a binder, For specimens of different series the maximum size of gravel,
which was used as an aggregate, varied from 10 to 100 mm (10, 20, 30, 40, 60,
80, 100 mm). The notch length a was taken as 60 and 70 mm for d =10 mm;
4Oand80mm—ford‘6mx=20m.m;60and80mm—for = 30 mm; at
dnax = 40, 60, 80, 100 mm the notch length was 30, 150, 200 and 250 mm, re-
spectively, The age of specimens at the moment of testing was 3 months; the
total amount of specimens numbered 51. The values of K; K were obtained from
(1). The Ki./dmax dependence disagrem is presented in Fig. 3. It is evident from
the diagram that for concrete of constant weight composition and water-cement
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Fig. 3. Relationship between the parameters of concrete

and the maximum size of aggregate (arithmetical
means) (ﬁgures on curves denote numbers of
specimens): 1 - acrjd“max; 2 - Kp; 3 ~ su.lt'

ratio the values of Kj. are independent of dnax &t dmax > 30 mm, At d <<

30 mm the values of K. are inferior to those obtained at dmax > 3dna

INVESTIGATIONS OF KIc FOR FROZEN CONCRETE

The 'investigations were performed with two types of specimens. The first type
specimens of sand-cement mortar had the shape of prisms of 5x5 sq. cm section
and 10 cm height and tested for axial tension. The second type specimens were

made of concrete, had the form of cylinders 20 cm in height and diameter and
were split tested.

The weight composition of the first type models was 1:3, the water-cement ratio -
0.53; the "500" brand portland cement was used for tests. The major part of

prisms contained central cracks of length a = 10, 15, 20 and 30 mm.
were formed in advance with the use of 0.05 mm thick foil normally to the longi-

tudinal axis of the sample. The load was transferred to the sample through metal
plates, glued upon the prism ends.

The cracks

The test cylinders were made of concrete mix with 1:2:1 or 1:2:3 weight composi-
tion and 0.5 water-cement ratio. The maximum size of aggregate (gravel) was

20 mm; the "400" brand portland cement was used as binder. Part of the samples
contained 60 mm long cracks located in the plane of split forces.

’Iheospecimens were frozen in a cooling chamber, Cooling rate varied within
2=7 .C/hr depending on temperature to which the specimen was cooled. After the
required temperature was reached, the specimens were kept in a cooling chamber

at the prescribed temperature for up to 3 hours,

The prisms were tested at temperatures -40C, -12PC, -20°C, and -27°C and the
cylinders - at temperature -20°C,
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For comparison the specimens of both types were also tested at a above zero
temperature (+200C). The moisture content of the specimens was approximately
4% by weight. As a whole 328 prisms and 60 cylinders were tested.

Figure 4 presents the values of }<[c for the prisms tested at the age of 28 days.

K, MPa-m":
°
@
8
s 03
\ L]
o i 5 .
o=
T T et s bt etmesil] eia
RN i ek T
N \l\_,fy;—~__ W
I 0z ? ST
-""/'Z' ‘
H bl o | °
| Avi i O ¢
______ 3
| ;
-30°C -0° -10° 0° 0° 27

Fig. 4. Relationship between Kj_. and temperature of
specimens during testing:
1-experimental points; 2-arithmetical means;
3-confidence intervals of arithmetical means at
95% confidence.

Besides the experimental points and arithmetical means of Kj. the limite of their
confidence intervals obtained for the 95% confidence level are also given. Accor-
ding to the diagram the decline of temperature to -4°C, then to -12°C results in
some decrease in the critical value of the plane strain fracture toughness, but
further cooling to -27°C brings about the 30-45% rise of Ky.. Table 1 summa-
rizes the data obtained on the cylinders tested at the age of 90 days.

It follows from the Tuble that the values of K as well as 6 3t = Reppt (ulti-
mate stress obtained on specimens without a notc'n) cannot be regarded as con-
stants of concrete. Similarly to the case of sand-cement mortar, the values ot
the above pammeters for cylinders tested at sub-zero temperatures exceed the
same values for cylinders tested at above zero temperatures. They show consid-
erable change with the variation in concrete weight composition. It should be also
noted that the KIc/6 ult retio is practically invariant with respect to the weight
composition of concrete mix.

EXPERIMENTAL AND ANALYTICAL ESTIMATION OF
CRITICAL LENGTH OF A CRACK IN CONCRETE

According to the present-day concepts, fracture of concrete in tensile tests
initially assumes the character of microcracking; this is a steady process which
leaves the mechanical behaviour of a specimen unaltered, At a certain stress
level, however, the development of macrocracks is observed in the specimens.
Under certain loads this process may become unsteady and lead to a complete
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failure of specimens. The crack length at which the load increase would result in
spontaneous failure may be regarded as critical length &cr Of a crack in a con-
crete specimen.

Compare two identical specimens with and without a notch, assuming that the val-

ues of Ky, at the tip of a notch of length a and at the tip of a natural creck of

length a_, are equal. The folloning expression (Pak, Trapeznikov and others, 1977
1978) can be received from (1):

¥

6'
-1 ult
a, = Df e : f(%) (3)

Figure 5 presents the calculation results obtained in accordance with (3) for cyl-
inders of 40 cm diameter. The tip of a notch of length a was located within Por-
tion I (Fig. 1). In tests d,. varied from 20 to 100 mm. The number of experi-
mental points (w1th dmax = 20, 30, 40, 60, 80, and 100 mm) was 56, 11, 8, 16,
11 and 11, respectively.
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The test data treated statistically indicate that close correlation exists between
a., and dg.. The regression equation can be approximated by the expression:

S k dmax (4)

in which k = 1.32 at the kind of aggregate utilized.

Thus, for the specimens with aggregate 20 mm £ d £ 100 mm the critical
crack length is proportional to d and exceeds L value to some extent. It

. ._max . .
means that the acr/dm ratio is practically independent of the maximum size of
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aggregate., This can be also seen from Fig. 3 in which the dependence of

a, /dma on dmax is presented. Note that the dependence between a., and dpyay
cr X

stops to be linear at dyn = 10 mm.

TABLE 1

Weight composition of concrete mix and tempera-

ture
Parameters
of concrete 12:1 1:2:3
T= -20°C T=+20°C T=-20°C T=+20°C
R MPa 2,94 2,10 2,61 1.79
split’
KIp MPa+m )2 0.65 0.49 0,57 0.39
" 1/ 7.30 6,90 6,90
KIc/RSp]it’ mm/2 7,0 .
a, mm 2lrird 26,2 26.9 26,7
C
1.38 1.31 1.34 133
acr/dmax

This phenomenon observed in tests needs additional studies.

The fact that the acy value has the order of the maximt,.lm size of .agg:eg::i :k;liz-
ly corresponds to the essentials of the fracture mechémcs z'iccorc.img (o) Z e
strength of a specimen or structural element under .bnttle failure is gohvedmfe ctsy
the maximum defect size. In concrete with heavyfwe1ght aggregate tiuc efe il
are prinarily represented by weak zones at the interface between the aggreg
grains and the cement stone.

i i i and d, seems to
Coefficient k in the domain of hni::t' artjlatxon ltajtwiz;’;ﬁ_\ajgrvcﬂme rg?xlarge-Size
dependent not only on dpyax so on the r 1
ZZgregate in the concrete composition, However tests performed'on cylmd.er spec
imens (the total amount of the tested specimens numbers 41) \N.l.th the wexglf;tl ;‘?rsn-
position of concrete equal to 1:2:1, 1:2:3 (Msble 1) and 1:2:5 failed to reve
dependence.

SUMMARY AND CONCLUSIONS

i i i of cracking development in concrete in the light of c.la§sxcal
gliiﬁtl:fleri:lngattkllzzz permit to gestablish a number of pr'incil?les charafctensttlicmo(f)d_
the process, the dependence between ac{hand dpax Peing one o n:oi P
ant features. However, the assumption of the constancy of tl:xe param? e! tIeiIc;%l %
which, according to the Irwin-Griffith theory, defines the re.sxstancEe o,{aﬁi =y
crack propagation was not supported in a number of practlc:ally 1Tpo e o du.r-
Thus, proved to depend on the cmck. %ength, the specimen temperal
ing testing and the concrete weight composition.
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