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The paper aims at connecting in a quantitative way the engineering behaviour of plain 
concrete subjected to uniaxial compression to the main features of microcracking. The 
selected structural level conceives the concrete as a two-phase material, the smallest 
structural dimensions of which could be measured in millimetres. It is shown that 
geometric probability theory provides the basis for an elegant and general framework 
for the quantification of microcracking, and yet the image analysis procedures described 
rely exclusively on simple counting operations. Crack length (in a plane) and particularly 
specific crack surface area in connection with the specific surface area of the grains 
reveals information with respect to the intensity of structural loosening in the various 
load stages. The minor influence of the loading level is demonstrated to be reflected also 
by the small degree of orientation of the cracks. A simple concept for spacing is de- 
veloped. Application shows the growing order in the crack structure under increasing 
load. Finally, the average crack length is determined. Since the probability density of 
crack length in a plane was shown to be governed by a simple exponential function, the 
maximum crack length could be determined in an equally simple way. 

Notation 
P,. (= P/L) Number of intersections of 

cracks in a section with a 
superimposed system of 
randomly distributed lines 
per unit of line length. 

PL (0) ~ Number of intersections of 
(PL)I = PL (0 = 7r/2) / cracks in a section with a 
(PL)II = PL (0 = O) line grid composed of 

straight parallel lines posi- 
tioned in such a way that 
it successively encloses an 
angle O,O=rr/2 and 0 =  
O, respectively, with the 
axis of symetry. 

LA (=L/A) Total crack length in a 
section per unit of area. 

(LA) or Oriented portion of LA. 
Because of the assumption 
of linear orientation these 
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cracks all run parallel to 
the axis of symmetry. 

Sv (= S/I 0 Total crack surface area 
per unit of volume. 

(Sv)o, Oriented portion of Sv, 
composed of cracks run- 
ning parallel to the axis of 
symmetry. 

( S v ) T P  Total projected area Of Sv 
onto a plane. 

Vv (= V/V) Volume fraction. 
X, A2 Mean free spacing and 

average nearest neighbour 
distance in a plane, respect- 
ively. 

NA (=N/A) Number of cracks in a 
section per unit of area. 

x, 2 Crack length and maximum 
crack length, respectively. 
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co2 = (LA) or/La ] Degree of orientation. 
c~3 (Sv)  o~ /Sv  ; 

A bar over a symbol indicates an average value. In 
general, the division sign is omitted in stereological 
literature; the numerator refers to the crack system 
and the denominator to the sampling system. 

1. Introduction 
In order to understand the actual fracture be- 
haviour or to interpret a mechanical test in terms 
of service behaviour, one has to leave the engineer- 
ing level, where concrete is assumed to be homo- 
geneous, isotropic, thus structureless, and to 
descend to the underlying microstructural level. In 
doing so, the process of structural loosening under 
increasing loads can be disentangled into local 
events. 

The details and average characteristics of this 
process of disrupture have constituted the subjects 
of our studies for many years [1 -4 ] .  In addition, 
a methodological framework for structural 
analyses has been developed [1,2, 5] and applied 
to solve various engineering and structural problems 
[6 -8] .  As for the latter, we have so far obtained 
relevant information with respect to the operating 
crack mechanisms on the microstructural level 
[1 ,9] .  

In this paper we will focus on the dependence 
of the average features of the process of structural 
loosening, as revealed on an engineering level, on 
the average structural changes due to micro- 
cracking. This way of tackling the problem offers a 
structural interpretation of volumetric changes. 
More generally, insight is acquired in the micro- 
mechanical behaviour of concrete under mech- 
anical loading. 

A study of the microcracking phenomenon in 
concrete specimens has to be based upon a 
quantitative image analysis of sections taken from 
these specimens. The information available, there- 
fore, is of a two-dimensional character. As a 
consequence, one should look for relationships in 
geometric probability theory which could facilitate 
a three-dimensional interpretation of the data. The 
very part of science that deals with the formu- 
lation of these statistico-geometrical relationships 
is called stereology. Stereology is defined as a 
system of methods to obtain information about 
three-dimensional structures from two-dimensional 
images (sections or projections). 

In order to represent engineering (i.e. average 
microstructural) features the section or projection 
should be of representative size. In dealing with a 
macroscopically heterogeneous material like 
concrete the so called representative volume 
element (RVE) is an imaginary unit of macro- 
scopical size representing to a defined and arbitrary 
probability the heterogeneity of the material. In 
the same way we can define a representative area 
element (RAE) for quantitative image analysis 
[1 ,5] .  

Crack "initiation", as a structure-sensitive 
property, will be governed by the complete 
configuration of grains (gravel, sand) in concrete. 
This is most pronounced in low-stressed specimens, 
where the density of the cracks is relatively low. 
Since the linear dimensions of an RAE for con- 
figuration homogeneity surpass those for compo- 
sition homogeneity by, roughly, one order of 
magnitude [5 ,6] ,  this may lead to very large 
specimens or numerous "identical" specimens, 
when the cracking phenomenon is surveyed. 
Fortunately, virgin specimens have long left 
behind this stage of crack initiation under 
conditions of moderate temperature and humidity, 
because of rather intense shrinkage cracking, 
causing the influence of the load intensity on the 
crack structure over the complete loading range 
to be strongly decreased [10, 11]. 

The structural level, selected for our exper- 
iments, conceived the concrete as a two-(or multi-) 
phase material, the smallest structural dimensions 
of which still could be measured in millimeters. 
This implies that only grains or cracks having 
linear dimensions in excess of 1 to 2mm were 
considered, which defines the level of the micro- 
structure taken into consideration. The stereolo- 
gical approach to be described will supply average 
characteristics of microcracking. It will reflect 
the mean features of local cracking behaviour, 
i.e. crack formation around inclusions embedded 
in a matrix. Since information on this very topic 
had been obtained by microscopical observations 
in previously performed tests [1, 3], the data 
produced by the image analysis process could also 
be evaluated in this sense. 

2. Historical background 
Although stereology is a recently established 
discipline [13], stereological techniques for image 
analysis are based upon coverage techniques which 
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date back as far as two centuries. Nevertheless, 
quantitative image analysis started as an empirical 
technique in petrography halfway through the 
previous century [14]. Moreover, despite a wide- 
spread use of various quantitative image analysis 
techniques in metallurgy and biosciences, it was 
not until the end of the Second World War that 
Saltikov presented his directed and random secants 
techniques applied in our investigations. These 
latter techniques are superior compared to other 
techniques in vogue at that time, in the sense that 
they are far less time-consuming. Saltikov's 
solution is quite similar, however, to the one 
given by Buffon in 1776 for the "needle problem" 
[1, 15,161. 

We have previously reported [1 ] further details 
of the historical background. For applications of 
stereology in the field of concrete technology, the 
most common one of which is the determination 
of the pore (size) distribution, see [1,6, 7]. 

3. Stereological framework for the 
examination of microcracking 

'Microcracking manifests itself in sections as lineal 
features in a plane. The methods proposed by 
Saltikov are based on coverage of the sample plane 
by a line grid. Either a uniformly spaced grid of 
straight lines can be used in the case of the directed 
secants technique, or a randomly positioned and 
oriented set of lineal elements can be super- 
imposed on the crack pattern. Both methods ask 
only for a count of the number of intersections, 
P, with the lineal features. Dividing through by the 
total line length, L, will yield P/L = Pg (Fig. 1). 

Figure 1 Application of  the method  of  directed secants. 

Many of the interesting three-dimensional charac- 
teristics of the structure of the material (in this 
case the cracks in concrete) can be derived from 
these primary data as demonstrated earlier [ 1,2, 6]. 

A two-dimensional analysis of the crack pattern 
- t h e  normal approach in concrete technology 
[17] - can be based upon the relationships 

7r -- 
LA = ~ PL (1) 

where Pg, as defined above, is determined by 
means of a system of random secants, and L A is 
the total crack length per unit of sampled area. 

6o2 = (La)or/L a -- {(eg)• -- (PL)II }/ 

{(PL)• + 0.571 (PL)II } (2) 

tn which (LA)or equals the oriented portion Of LA 
and 602 is the degree of orientation. 

According to Equation 2 6o2 can be calculated 
from two intersection counts with a line array 
perpendicular and parallel to the symmetry (orien- 
tation) axis, respectively. 

Repeating the procedure for a number of 
successive values of 0, representing the angle 
enclosed by the axis of the system of directed 
secants and a reference axis, will yield PL (0) data. 
This information can be used to construct a polar 
figure, also termed the rose of the number of 
intersections, that reflects the actual crack orien- 
tation distribution in the sampled plane (see 
Fig. 7). 

In conclusion it can be stated that LA, on the 
one side, and Pg (0) and 0)2, on the other, can be 
used to analyse inhomogeneity (or segregation) 
and anisometry (causing anisotropy) in the sample 
plane, respectively. 

A framework for a three-dimensional analysis 
can similarly be developed. A measure for the 
specific surface area of the cracks, Sv,  is obtained 
by extending the averaging procedure of the 
intercept count over two independent spatial 
angles {0, ~}. Hence 

s v  = 2PL (3) 

where the bar indicates a volume average. 
In order to keep the procedure manageable it is 

necessary (i.e. to avoid preparing a random set of 
sections) to assume the partially oriented crack 
system to manifest a linear orientation. This 
implies that the real system can be separated in a 
random and a completely ordered portion. This 
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type of order is such that all elements are oriented 
in one direction. In this case the analysis can be 
limited to a single section of a cylindrical (or, 
approximately, a prismatic) specimen, parallel to 
the axis of symmetry. As was shown previously 
[1, 6],  one can make use of the relationships 

Sv = 0.429 (PL)II + 1.571 (PL)I (4) 

6o3 = (Sv)or/Sv = {(PL)_L -- (PL ),i }/ 

{(PL)• + 0.273 (PL)II } (5) 

in which (Sv)or represents the oriented portion of 
Sv. 

It can be concluded that a complete three- 
dimensional analysis of inhomogeneity and ani- 
sometry of the crack structure in a concrete 
specimen can be performed on the basis of two- 
dimensional observations in a single axial section. 
These observations simply consist of counts of 
the number of intersections corresponding to two 
predescribed positions of a uniformly spaced linear 
array 

An investigation of the spatial orientation 
distribution of the cracks of equal simplicity as 
compared to the two-dimensional case is not 
possible. It can be shown that PL (0) constitutes 
only a biased estimate for it [18]. Yet, starting 
from the two-dimensional rose, reflecting the 
crack orientation distribution in an axial section, 
Hilliard[19] described a more complicated 
mathematical procedure which, finally, yields a 
system of simultaneous equations from the 
solution of which the spatial distribution can be 
derived. For details one is referred, however, to 
the original literature [20-22] .  

4. Stereological spacing concept 
Regardless of size, shape and distribution, the 
mean free spacing of dispersed discrete objects will 
be described by [1,23] 

X = 4(1 - Vv)/Sv. (6) 

Assuming the volume fraction Vv ~ 1 we find 
upon substitution of Equation 3 

x = 2/PL. (7) 

X constitutes a real three-dimensional spacing 
parameter (although it is the same in a random 
section), defining the average unobstructed surface- 
to-surface distance between particles (in this case, 
the crack surfaces). Equation 7 facilitates deter- 
mination of the crack spacing by performing a 
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counting operation in a single section. In that case 
Equation 4 instead of 3 is substituted in Equation 
7. 

When cracks having a specific surface area Sv 
are randomly distributed, it can be shown that 
50% of Sv is oriented in the direction of an 
arbitrary plane [6]. Hence 

(Sv)TP = 0.5 Sv. (8) 

(Sv)wP can also be conceived as the total projection 
of Sv on the plane in question. The corresponding 
mean free spacing of this part of the cracks is, of  
course, twice as large as that of the random 
system. 

In addition to X, which can be understood to 
characterize the overall composition, one can use 
the average nearest neighbour distance in a plane 
A2, which is more closely related to configuration. 
It can be demonstrated that [1, 11] 

Az = 0.5/U~ 2 (9) 

Na being the number of features (cracks) per 
unit of sampled area. Az presents a measure for 
the average centre-to-centre distance of randomly 
dispersed nearest neighbours in a plane. Application 
only requires counting the number of cracks in 
a section. 

For partly ordered systems, the coefficient 0.5 
in Equation 12 has to be increased [1,24].  

5. Crack size analysis 
Unfortunately, a three-dimensional size concept as 
simple as the spacing concept cannot be developed. 
First, one should construct a model from which 
the relation between the observed crack length, x, 
in a section and the spatial crack size, r, of the 
crack surfaces cut by the section plane can be ob- 
tained. Secondly, r should be connected with R, 
representing the size of the crack surfaces in the 
specimen. The latter problem can be tackled by 
applying the theory of statistics of extremes. The 
solution of the first sampling problem, however, 
is limited to relatively simple crack shapes, e.g. 
discs. For this case the author has developed a 
three-dimensional size concept [25]. 

In the present paper we will follow, however, 
the common way in concrete technology, i.e. a 
two-dimensional size analysis. The average crack 
length, 2, is obviously given by 

.2 = LAIN A. (10) 

Following Fisher and Hollomon [26] one can 
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Figure 2 Two-dimensional crack size distribution for an 
axial section of a prismatic specimen subjected to uniaxial 
compression up to load level 9 (see Fig. 4). The histogram 
reflects the measurements, while the continuous curve 
corresponds to the theoretical prediction due to Equation 
11. 

assume the size distribution of the cracks to be 
described by 

�9 (x) = exp(--x/Y)/~.  (11) 

By means of an automatic scanner (Quantimet 720) 
we have verified Equation 11 for the test series to 
be described. It is demonstrated by Fig. 2 that the 
probability density function q~(x) constitutes a 
suitable prediction for the actual two-dimensional 
crack size distribution as revealed by sections of 
uniaxially compressed specimens. 

The maximum crack size, 2, corresponding to 
selected confidence limits for ~ follows through 
simple integration of Equation 11. Hence 

2 (95%) = 3.0 Y 

2 (99%) = 4.7 Y 

~? (99.95%) = 7.7 ~. 

The last confidence limit roughly corresponds to 
the situation in our experiments where only the 
size of a single crack in the section area will 
surpass this limit. 

To solve the crack size problem two separate 
counting procedures (for PL and NA) are sufficient 
to generate the relevant information. 

6. Accuracy 
For the two methods involved, the one based on 
an intersection count (P) the other on a profile 
count (N), it is possible to calculate the number of 
counts necessary to achieve a given accuracy in the 
surface fraction (Sv),  the specific crack length 
(LA) , the spacing factors (2~2 and X) and the size 
parameter (2). For that purpose it is assumed that 
both cases are governed by a Poisson field. For 
non-contiguous particles occupying a small volume 
fraction (say, < 15%) Hilliard gives as an estimate 
for the relative standard deviation of the specific 
surface area obtained by sampling with a line grid 
[27] 

o(Sv) /Sv  = (2//0) 1/2, (13) 

in which P is the total number of intersections. 
On substitution of Equations 1 and 3 into 

Equation 13 it follows that 
/ \ 1 / 2  

O(LA)/L A = t 8 / P )  . (14) 

It should be mentioned that Equations 13 and 14 
are only valid when the number of intersections 
does not exceed the number of profiles (cracks). 

To attain a coefficient of variation of 10% for 
the specific crack length, it can be demonstrated 
that a sample area of about 100ram x 100mm 
will be sufficient in the case of the crack density 
data met in our experiments. 

Knowing the variance in the values of Sv and 
L a it is possible to estimate the accuracy with 
which the spacing and size parameters can be 
obtained that are connected with either Sv or L a .  
The relative standard deviation of the profile 
density is obviously given by 

o (NA)/N a = N -112. (15) 

which yields for A 2 

O(A2)/& 2 = O.5N -v2. (16) 

7. Results 
The primary purpose of the experimental survey is 
to illustrate the applicability of the m e t h o d o l o -  
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gical and theoretical concept for the solution of 
technological problems. On the other hand, the 
investigation of the crack development process was 
undertaken to look for the characteristic features 
of microcracking which underly the engineering 
behaviour. In the uniaxial compression tests we 
have particularly tried to interpret the different 
stages in the macromechanical behaviour under in- 
creasing loads in terms of those features which ob- 
viously were of dominant influence. From previous 
tests (including microscopical [1, 28] as well 
as holographic interferometrical observations 
[3, 4] ) we were able to construct a model for local 
crack formation around inclusions (gravel and 
sand grains). This facilitated a bridge over the 
dimensional gap between the engineering behaviour 
and the local fracture mechanisms successively in 
action under increasing loads. The results 
presented concern a study of the cracking pheno- 

Figure 3 The pattern of surface cracking is visualized by 
means of the filtered particle method [28-30] .  The 
surface crack pattern of a specimen loaded up to level 
9 is shown at the left. Further, the cracks visible with the 
unaided eye are copied. Two of the patterns are pre- 
sented below, the left one corresponding to the zero- 
loading stage and the right one to loading stage 9, at 
which the test was stopped (see Fig. 4). The uniaxial 
compressive stress equalled 32Nmm -2 at that stage. 
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TABLE I Aggregate grading of concrete 

Sieve opening (ram) Sieve rest (%) 

23 
11.2 32 
5.6 28 
2.8 18 
1.4 10 
o.6 6 
0.3 4 
0.15 1 

< 0.15 1 
Total 100 

menon in three similar concrete prisms (110 mm x 
l l 0 m m x  500mm) subjected to uniaxial com- 
pressive loadings. The aggregate grading is shown 
in Table I. The PC-content (type A) was 
375 kgm -3 and a W/C ratio of 0.48 was used. The 
specimens were wet-cured for 1 month and sub- 
jected for about 2 months to the test conditions 
(50% r.h., 20 ~ C). 

Two of the tests were load-controlled, the third 
one being displacement controlled. The data to be 
presented refer, however, exclusively to the latter 
test condition. The load or displacement was 
adjusted to the required level and maintained for 
some time to allow the fluorescent dye to penetrate 
into the cracks and to dry (Fig. 3). Finally, the 
load was removed and the specimen transported 
to the photographic apparatus, where the crack 
patterns were recorded. In this way, successively, 
the various load stages were scanned. The relevant 
axial stress-strain cycles and the levels selected for 
further structural elaborations are shown in 
Fig. 4. The three axial stress-transverse strain 

cycles, corresponding to the selected levels 6, 8 
and 9, are shown if Fig. 5. Quite obviously the 
deformations in the transverse direction reflect 
two different development processes in the 
internal cracking, a transition "point" being 
roughly located at 2 6 N m m  -2. Thus, the selected 
load levels represent one state below and two 
beyond this point. More specifically, level 8 is 
taken close to the maximum in the stress-strain 
curve, while level 9 is situated well over this "top".  

The crack patterns have been copied manually - 
the result of which is shown at the bottom of Fig. 
3 - a n d  analysed by the described stereological 
techniques. In addition, an alternative method 
was applied. This method consists of super- 
imposing an ellipse-like curve in a prescribed 
position on the pattern of cracks [20,21].  A 
single count of the number of intersections 
suffices. Dividing through by twice the length 
of the minor axis yields a result that can be com- 
pared directly with that of Equation 4. 

The bottom part of Fig. 5 shows the develop- 
ment of the crack surface area per unit of  volume 
under increasing load. The crack pattern present in 
the virgin specimen obviously dominates the 
load-induced portion. The increase in the specific 
crack surface area over the complete loading range 
only amounts to 26.2%. A minor part of it 
contributes to the partial orientation as is de- 
monstrated by Fig. 7. In addition, it is shown that 
a two-dimensional interpretation of the sections 
can also reveal sufficient information to character- 
ize the process of structural loosening. The graph 
for L A as a function of the axial stress even 

Figure 4 The stress-strain regimes in 
uniaxial compression to which a pris- 
matic specimen is subjected in a displa- 
cement-controlled bench. The crack 
patterns have been analysed in the in- 
dicated positions (0 to 9). The results 
of 0, 6, 8 and 9 have been used through- 
out this paper. 
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Figure 5 The development of  the trans- 
verse strains in a uniaxially compressed 
prism, corresponding to the load cycles 6, 
8, and 9. Further,  the specific crack 
surface area, SV, is shown as a function of  
the axial stress e .  - .  �9 S V = 0.429 (PL)II + 
t .571 (PL)2 * e S v  = 2P L using an 
ellipse-like line system [ 2 0 - 2 2 ] .  

showed a slightly more pronounced increase 
beyond discontinuity as compared to the path of 
the Sv curve. An increase of 29% in crack length 
between load stages 6 and 8 could be observed 
[121. 

The information stored in the roses-of-the- 
number-of-intersections, corresponding to the 
crack distribution in a plane, PL (6), reflects the 
acting mechanisms and the average features of 
crack development (degree and direction of partial 

orientation). Fig. 6 illustrates that the load- 
induced portion of the crack surface area per unit 
of volume, z2~Sv, is closely connected with the 
volumetric changes on engineering level. Pheno- 
menological behaviour on macrolevel is thus 
directly related to the average structural changes. 

Rupture can now be interpreted in structural 
terms. A small but gradual, though discontinuous, 
rising of crack length and number is observed in 
the first stage of loading. During the second stage 

Figure 6 The mean normal strain, e = (e x + 
ey + ez)/3, corresponding to load cycle 8, is 
shown in its dependence on the applied axial 
stress. At the bot tom,  the accompanying in- 
crease beyond discontinuity in the internal 
specific crack surface area, ~Sv ,  is clearly 
demonstrated.  
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Figure 7 The rose-of-the-nuRber-of-intersections, PL (0), 
corresponding to the surface crack pattern of the speci- 
men loaded up to level 9. Cracking in the axial, loading, 
direction can be observed. The two- and three-dimensional 
values of the degree of orientation amount to 10.4% (~o 2 ) 
and 12.5% (co 3 ), respectively. 

the dominating mechanism consists in joining of 
cracks. This facilitates an increase in crack 
opening, however, producing only moderate 
increments in Sv values and even a final decrease 
in Na,  the number of cracks On a plane). As a 
consequence, on the engineering level macrocracks 
are being initiated which by subsequent propa- 
gation finally cause the specimen to break down 
under the applied load. 

All results are influenced, of course, by the 
degree of magnification. In our experiments we 
have taken into consideration only cracks in excess 
of about 1 mm long, which defines the level of  the 
microstructure. Comparing these results with those 
obtained in similar experiments described in [1] 
it becomes obvious that the higher the magnifi- 
cation during the procedure of  copying the cracks, 
the less pronounced is the oriented portion of the 
crack structure induced by the external loading. 
This is confirmed by results of  experiments 
performed by the author, in which the effect of  
the direction of pouring and vibration upon the 
orientation distribution of the cracks was studied 
(see Fig. 11 in [5] or Fig. 2 in [28]). It was 
found, for example, that the degree of orientation, 
co, was increased when the smaller cracks, present 
through the complete loading range, were omitted 
from the analysis. 

8. Discussion 
The relationship between the engineering behaviour, 
reflected in a quantitative way by the graph of the 
mean normal strain (Fig. 6) and microcracking can 
be provided with a further quantitative base by 
expressing the process of disrupture in terms of 
debonding. The degree of debonding of the gravel 

and sand grains is approximated by the ratio of 
the specific surface areas of the cracks and the 
sand and gravel grains at the same level of the 
microstructure. The total surface area of a mixture 
of spheres according to Popovics is given by [31 ] 

S = b nz R-L (17) 
i=l ,2 . . .d i  

where R i is the weight fraction on a sieve with 
opening d i. For smooth spheres b = 0.06. 

We have accounted for deviations of the grains 
from the spherical shape by assuming them to be 
spheroids. Minimum and maximum dimensions 
were measured for a set of grains out of each 
sieve rest. A correction factor for the total surface 
area as given by Equation 17 was calculated in 
this way. The contribution of the larger grains 
( l m m ~ < d < ~ l . 4 m m )  contained by the sieve 
rest on the sieve with openings 0.6 mm was not 
taken into consideration. In doing so, the data 
collected in Table II were obtained. 

A comparison of these results demonstrates, 
again, the moderate rise in the degree of "de- 
bonding". Moreover, the crack mechanism of 
joining contributes to the creation of matrix 
cracks particularly under higher loads, thus even 
diminishing the tendency shown in Table II. A 
more precise value for the degree of debonding 
can, of course, be determined by optically 
distinguishing interface cracks from matrix cracks 
(see Shah and Slate [32] ), a procedure which will 
not impose any additional problem in the stereolo- 
gical analysis. With respect to crack spacing, 

TABLE II Degree of "debonding"or structuralloosening 

Load cycle Cracks Grains 100(Sv)c 
(x > 1 mR) (d > 1.4mm) 2(Sv)g 
(Sv)e(mm -~) (Sv)g(mm -1) (%) 

0 0.562 0.950 29.6 
6 0.652 0.950 34.3 
8 0.772 0.950 40.7 
9 0.903 0.950 47.6 

TABLE 1II The average nearest neighbour distance in a 
plane 2x2, the mean free spacing ~ the average length 
and the maximum length, 2, of cracks, respectively 

Load X(mR) A 2 (mm) ~(mm) 2(99.95%) (mR) 

0 7.1 1.45 1.77 13.6 
6 6.1 1.60 2.05 15.8 
8 5.2 1.70 3.40 26.2 
9 4.4 1.65 3.83 28.7 
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the successive application of Equations 10 and 
12 yields the results collected in Table III. 

The increased size of the cracks with rising load 
calculated by means of Equations 10 to 12 and 
also shown in Table III causes the number of free 
distances to be diminished. The distances to the 
more remote neighbours are, in particular, ob- 
structed. As a consequence X is reduced during the 
crack development process. On the contrary, the 
joining of nearest neighbours, by which Na is 
diminished, causes the distance between neigh- 
bouring cracks to be slightly increased. As a result, 
the crack pattern becomes more homogeneous. 

From the crack size distribution function of 
load cycle 9, shown in Fig. 2, it follows that the 
number of crack sections having a length of 
19 mm or more (being about the average grain size 
of the sieve rest on the sieve with the largest 
opening) is abou~ 1.8% of the total number of 
cracks. The majoir part of these cracks can be 
expected to run in the direction of loading. The 
average nearest neighbour distance of the centres 
of these crack sections in a transverse plane, there- 
fore, can be calculated to equal 13 ram, approxi- 
mately. On the other hand, the mean free spacing 
will be about 21 mm. This value can be calculated 
on the basis of the reasoning behind Equation 20 
and accounting for a different tangent height for 
the oriented cracks. The relatively small ratio 
of A2 and X points towards a still more uniform 
distribution of this portion of the cracks. More- 
over, these results roughly confirm the ex- 
perimental finding that the sub-macrocracks under 
relatively high uni-axial compressive loadings run 
parallel to the loading direction at a distance 
corresponding to the maximum grain size [33].  

9. Conclusions 
The geometric probability approach to describe 
microstructural characteristics suits interpretation 
of the process of disrupture of plain concrete 
specimens subjected to loading in terms of 
structural loosening, i.e. micro-fissuration. The 
complete image analysis procedures described 
rely exclusively on counting operations. The 
approach shares generality and simplicity. As 
such, the stereological framework can facilitate 
powerful tools to help solving structural problems. 
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