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Abstract. Based on data reflecting size effect of 

soil clod strength, and on theoretical computation of clod 

strength, an approach was suggested for evaluation of 
crack net connectedness and critical stress-intensity factor 

for a given soil. For validation of the suggested approach 
published soil clod strength data were used. The results 
show the possibility of computing clod size distribution 
after tillage, which can then be used as an initial state for 

the next processes, e.g., erosion, and also enables comput- 

ing internal clod cracking and magnitude of related par- 

ameters. 
Keyword s: soil mechanics, clods, cracking, 

strength, scale effect 

INTRODUCTION 

Cloddiness of air-dry soil after tillage is 
an important characterisation of the initial soil 

state for following processes, e.g., erosion. In 

[5] a mathematical model predicting soil clod- 

diness formation after tillage was suggested 

and validated on published data. Soil cloddi- 

ness is determined by the average cracking 

(average number of cracks of a size x in a vol- 

ume of the same size) [2,3]: 

I(x) = In (K* +1) c (x/d)* exp(-x/d) 0) 

where K* is critical value of mean distance be- 

tween microcracks (in units of their charac- 

teristic size [9,10], which is determined by soil 

microstructure). Here, the mean distance is 

understood as reciprocal of cube root of mean 

volume concentration of microcracks [9,10]. 

For rocks and soils K* 5 [9,10]. Parameter d is 
the mean spatial distance between cracks, 

which occur chaotically in the volume under 

consideration. In frames of the model d=x,,/4, 
where x,, is maximal clod size in the given 
clod size distribution. The dimensionless fac- 

tor c, which must not surpass one, describes 

the extent of crack coalescence in a given 

crack net [4]. Hereafter the factor is referred to 

as crack net connectedness (CNC). The CNC 

determines the volume share f,, of the clods, 
delineated, or nearly delineated, by the cracks, 

which form the given clod size distribution: 

1, =1-ехр (-Г (х„)) =1-ехр (- 8.4 с). (2) 

The remaining part of a soil consists of 

very large clods (huge-clods), which are es- 

sentially conglomerates of clods, which are 

not completely divided in smaller sizes. 

For practical application of the model [5] 

it is necessary to know the CNC-value for a 

given soil. The main purpose of the article 

presented is to suggest an approach to estimate 

the CNC-value, on the basis of clod strength 

data determined by use of compression frac- 

ture tests. For a practical demonstration and 

validation of the suggested approach, the data 

of Hadas and Wolf [6] were used.
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Moreover the approach under consider- 

ation enables attainment of an appraisal for 

mode I crack tip critical stress-intensity factor 

K,, (according to fracture mechanics the mag- 

nitude determines crack development resist- 
ance of a brittle material by normal rupture 

and has value characteristic of the material) 

suitable for air-dry soil. The K, -value can be 
used in describing the future crack develop- 

ment in clods, as a result of their swelling and 

shrinkage. The critical stress-intensity factor is 

proportional to the square root of the specific 

surface energy, estimation of which for air-dry 

soils has been partially carried out based on 

clod strength data of two soils [6]. However, 

the analysis in [6] used the Griffith’ expres- 

sion for clod strength. This expression does 
not depend on the body’s size, that contains 
the crack, and suits only cases where the clod 
size is large enough in comparison with crack 
size. In the following presentation this limita- 
tion has been removed. 

THEORY 

For computing clod strength the concepts 

of Chertkov’s work [4] are used. A soil clod is 
characterised by one size x, and the longest 

crack inside it is characterised by size x’, and 

x>x’. The number of cracks in a clod is large, 

and their distribution in the clod’s volume is 

supposed to be homogeneous, and their orien- 

tation distribution is taken to be isotropic. 
Then it may be assumed that by tensioning the 
clod there will exist a maximum crack, which 

is normal to tensile stresses applied. Two cases 

are possible: a) a crack is an edge crack (sign 

*+’); and b) a crack is an internal crack within 

the clod (sign °-’). The realisation probability 

for the first case is estimated by the following 

function: 

9, (x /x) =x’ /x (3) 

and for the second case by the function: 

QO (W/x)=1-—x'/x. (4) 

The tensile strength for the first case is ap- 

proximated by applying an expression corre- 

sponding to the tensioning of a strip of a width 

x with an edge crack of length x’, which is 

normal to the external tensile force (and to the 

strip) [1], and is given by: 

o,WIj=K, (nx)? 

(1—x'/x)/ (LAL +5 (x’/x)* ). (5) 

For second case (neglecting any effect of 

crack position in a clod) the tensile strength is 

approximated by an expression corresponding 

to the tensioning of a strip of width x with a 

central crack of length x', which is normal to 

the external tensile force (and to the strip) [7] 

and is given by: 

0_(I)=K,. (n xy! 

(6) 

Averaging the strength on the basis of 
possible positions of the maximum crack in 
the clod leads to the replacement of the o, and 

6_ functions, Eqs. (5) and (6) respectively, by: 

(2cos ((r/2) (x’/x)))'”. 

o(x,x)=5 9,(X/x) 0, (X ,x)+ 

(7) 

The strength of a clod with the size x, 

which is additionally averaged on the basis of 

the possible sizes of the maximal crack being 
present in it, is determined by the expression: 

Q- (x /x) O- (x’, x). 

(д =| в”, х) Р(х, да 0) 
0 

where P(x’ ,x)dx’ 1s the probability that the lar- 

gest crack with a size between x’ and x’ + dx’ 

of any possible orientation and position exists 
in a clod of size x. Using Eq. (1) one obtains 
the following expression for P (x’, x) (see [4]): 

PQ x) = 

(old?) e * "exp (— (e* 4-e*"4) cx3/d?) 
1 — ехр (- (1-е 9) cx3 / a) 
  - (9) 

According to the Eqs. (3)-(9) one can then
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write down the expression for the tensile 

strength of soil clods of size x: 

o(x)=K,, d~"? S(c,x/d) (0) 

where dimensionless S-function does not de- 
pend on K,,. The scale effect in the strength- 

Clod size relation, which depends for a given 

d-value only on the crack net connectedness, 

is given by Eq. (11), where x, is a reference 

clod size: 

o(x) ! o(x,) = S (c, x/d) IS (c, x„id). (11) 

The CNC-value for a given soil may be 

estimated by matching experimental data of 

strength scale effect (that is the left side of Eq. 

(11) as function of x for a certain x,) with a set 

of theoretical dependencies, computed for a 

number of CNC - values (that is the right side 

of Eq. (11) as function of x for the same x,- 

value). Herewith one ought to consider and 

handle the occurrence of large scatter of 
strength data. For this comparison one may 

use the compressive strength data too, because 

the strength scale effect depends only very 

slightly on the strength test type if at all. 
The critical stress-intensity factor is a cha- 

racteristic of a given soil. K,.-values should 
not depend on clod size, this point is essential 

for the transition from Eq. (10) to Eq. (11). 

The problem of the critical stress intensity fac- 
tor independence on clod size is discussed in 

the next paragraph. K,-values can be esti- 

mated by using expression (10) for the same 

data after determining the CNC-values and for 

a known d-value. Herewith it is assumed that 
tensile and compressive strengths are propor- 

tional each other. 

RESULTS: ESTIMATION OF CNC- AND Ki--VALUES 

For validation and demonstration of the 

suggested approach use of data of Hadas and 

Wolf [6] (Fig. 1a, b) is made. In their work 

compressive strength 6, (by definition this is 

Stress at rupture of soil aggregate) was me- 

asured following the method reported by Ro- 
gowski et al. [18]. There the strength data for 

two soil types were obtained. Three cases were 

examined - a nonswelling sandy loam soil (soil 1) 

in a virgin state and after cultivation for 27 

years; and a swelling type clay soil (soil 2) 

after 45 years of cultivation (detailed physical 

and chemical properties for both soils are 

given by Hadas and Wolf [6]). In their work 

Statistical correlations of the form y=ax 

were established between the compressive 

strength and the clod size (Fig. la, b; solid 

curves), of both soils. 

In the present work upper and lower boun- 
daries of the experimental data field were 

plotted (Fig. la, b; dotted curve) for each of 

the three cases. The values of the scale effect 

M,, were computed on the basis of the 
measured strength (marked by index ‘m’) as: 

M,, = 9, (x) /6, (x,) (12) 

for a number of x - values and x, = 1 mm. One 

obtains maximum values of M,,,, by selecting 

the compressive stress at rupture o, (x) from 

the upper dotted curve and o, (x,) from the 

lower dotted curve. Herewith possible M, max 

-values larger than one are fictitious for ob- 
vious reasons and must be substituted by a 

value of M = 1. It is clear, that M m max m min - 

values match the opposite choice: the com- 

pression stress at rupture 6, (x) from the lower 

dotted curve and 6, (x,) from the upper dotted 

curve. For the three soil conditions under 
study the computed values of M,,,:,, and 

Ми тах аге given in the Table I for a selected 

number of x - values and x, = I mm. Thus for 

each soil condition the measured scale effect 

values occupy a certain strip in the 'clod size- 

scale effect’ plane. 

Before proceeding to the theoretical esti- 

mate of the scale effect it is necessary to re- 

mark about the choice of the mean clod size 

value. In the work of Hadas and Wolf [6] 

Clods with a size range up to 200 mm were 

tested. For clods larger than a size of 80 mm 

one may approximate the strength by zero, 

considering the dispersion of its values. The
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Fig.1. Stress at fracture (kPa) under compression as function of aggregate diameter (clod size, mm) (after Hadas and 

Wolf [6]). 

decrease in strength of these clod sizes jus- and, hence, for the mean clod size the value 

tifies the assumption that these clods are the d= x,, /4= 20mm. 

very large clods mentioned at the beginning The theoretical values of the strength scale 
and are essentially conglomerates of not com- effect (marked by index *t') given by: 

pletely divided clods of smaller sizes. So, for 

the soils under stud _ y one may take the value M,=S (c, xld) / S (c, x, ld) (13) 

X,, = 80 mm as the maximum clod size, deter- 

mined by the cracking according to expression (1) were computed according to Eqs. (3)-(11) for a
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Table 1. Maximum (above) and minimum (below) values of measured strength scale effect as dependent on soil type, 

soil use and clod size (on basis of Hadas and Wolf data [6]) 

  

  

  

Soil Soil usage and duration Clod size (mm) 
No. of mechanized cultivation 

5 10 20 40 70 80 

1 Virgin soil 1 1 1 0.86 ‚ 0.64 0.55 0.55 

0.50 0.35 0.28 0.20 0.15 0.15 0.15 

Cultivated 1 1 1 0.90 0.60 0.32 0.30 
for 27 yr 0.43 0.25 0.17 0.08 0.05 0.03 0.03 

2 Cultivated 1 1 1 1 0.71 0.59 0.59 
for 45 уг 0.46 0.37 0.29 0.18 0.12 0.11 0.11 
  

number of CNC- and x-values (x, = Imm, d = 
20 mm) and presented in Table 2. 

Comparison of the Tables 1 and 2 enables 
us to chose a certain value of the crack net 

connectedness for each soil type and soil usage 

under consideration. The CNC-value for each 

soil is uniquely determined as follows. The 
maximum value is chosen from the values that 

meet simultaneously following two conditions: 

- computed scale effect values for a given 

CNC must be inside the measured values 

strip in the range of all clod sizes; 
- computed scale effect values for a given 

CNC must be at least 1.5 or 2 times larger 

than the measured minimum scale effect in 

the clod size range larger 20 mm. 

The first condition is evident. The second 
is related to the fact that, with the clod size 

range larger than 20 mm, the measured mini- 
mum scale effect is considerably less than the 

measured maximum scale effect (see Table 1). 

And finally the maximal CNC-value is chosen 

from a number of possible values following 

simple physical considerations. Cracking must 

result in complete stress relaxation in the 

clods. The larger the CNC-value, the more 

cracking (see formula (1)) and the more stress 

relaxation. The results of the CNC-value esti- 

mation for each soil condition are presented in 

the Table 3, together with the clod volume 

share for clod sizes less than 80 mm, according 

to Eq. (2). The complimentary values (1 - f,,) 

give the volume share of the very large clods. 

The critical stress-intensity factor was es- 

timated for each soil (by known CNC- and d- 

values) using the relationship given by Eq. (10): 

K,.=o(x) 41/5 (с, ма. (14) 

For each soul the values of the dimensionless 

S-function was previously known for a num- 

ber of x-values after determination of the 

CNC-value. During practical computation the 

tensile strength values were replaced by the 

proportional compressive strength values for 

the soils under consideration [6]: 

O(x) = 6, (x) /9.2. (15) 

Choosing the strength values under com- 

pression for a given soil according to the upper 

T able 2. Computed strength scale effect as dependent on crack net connectedness and clod size 
  

  

  

Crack net Clod size (mm) 

connectedness 2 5 10 20 40 70 80 
0.01 0.72 0.47 0.36 0.29 0.26 0.23 0.22 

0.035 0.72 0.47 0.36 0.29 0.24 0.18 0.15 

0.07 0.72 0.47 0.36 0.29 0.23 0.12 0.09 

0.1 0.72 0.47 0.36 0.29 0.22 0.09 0.07 

0.2 0.72 0.47 0.36 0.28 0.18 0.05. 0.04 

0.3 0.72 0.47 0.36 0.28 0.14 0.03 0.03 

0.6 0.72 0.47 0.36 0.26 0.08 0.02 0.01 

1 0.72 0.47 0.35 0.24 0.04 0.01 0.01 
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dotted curve (Fig. 1) one may obtain the maxi- 

mum values of the critical stress-intensity fac- 

tor from Eqs. (14) and (15). Analogously, the 

lower dotted curve, for the strength values 

under compression, gives the minimum values 

of the critical stress-intensity factor. Knowing 

the maximum and the minimum values, one 

may estimate the mean K,,-value as their half- 
sum and the deviations from it, for a number 

of values of the clod size for each soil under 

consideration. The results of such computa- 

tions are presented in Table 4. As expected for 
a given soil condition the K; -values practi- 
cally are not clod size depend and characterize 

the soil. The averaged K,-values for clod 
sizes are presented in Table 3. 

DISCUSSION 

Taking into account the physical meaning 
of each of the three computed soil parameters 

in Table 3, one can see that their values and 

trends of change agree with the transition from 

virgin to cultivated (soil 1), and from culti- 

vated for 27 years with rather small clay con- 

tent (soil 1) to cultivated for 45 years with 

high clay content (soil 2). According to Hadas 

and Wolf [6], clay content is 16 % of dry 

weight for soil 1, and 47 % of dry weight for 

soul 2. 

Consideration of the first of these transi- 

tions, in Table 3, shows that, on the one hand, 

there is observed an increase in the cracking 
and the crack net connectedness in the clods, 

and also a volume share growth of the clods 

less then 80 mm. But on the other hand, there 

iS an increase in critical stress-intensity factor 

and, hence, the crack growth resistance in the 

clods. The later can be attributed to cultivation 

induced soil compaction. 

Consideration of the second mentioned 
transition, in Table 3, regarding crack net con- 

nectedness and clod volume share with a clod 

size less then 80 mm, shows the strong in- 

fluence of clay content in suppressing soil 

cracking and fragmentation of large clods in 

soil 2, as compared to soil 1. And all that takes 

place in spite of the essentially larger duration 
of mechanized cultivation for soil 2. The 

growth of the critical stress-intensity factor for 
soil 2 as compared to soil 1 is also a natural 

manifestation of the simultaneous action of 

both the large duration of mechanized cultiva- 

tion, leading to soil compaction, and the large 

clay content. 

T able 3. Estimates of soil properties under investigation as affected by soil type and soil usage 

  

  

Soil Soil usage and duration Crack net Clod volume share for Criicial stress- 
No. of mechanized cultivation connectedness size less then 80 mm intensity factor 

kPa m? 
1 Virgin soil 0.01 0.08 0.18 + 0.02 

Cultivated 0.10 0.57 0.39 + 0.07 
for 27 yr 

2 Cultivated 0.35 0.25 3.6 + 0.5 
for 45 уг 
  

T able 4. Critical stress-intensity factor (kPa m2) as dependent on soil type, soil usage and soil size 

  

  

  

Soil Soil usage and duration of Clod size (mm) 
No. mechanized cultivation 2 5 10 20 40 70 80 

1 Virgin soil 0.16 0.20 0.21 0.19 0.16 0.16 0.16 
+ 0.05 + 0.08 + 0.09 + 0.08 + 0.06 + 0.05 + 0.05 

Cultivated 0.43 0.49 0.40 0.31 0.27 0.36 0.45 
for 27 yr + 0.18 + 0.27 + 0.20 + 0.21 + 0.18 + 0.21 + 0.25 

2 Cultivated 3.1 4.3 4.0 3.5 2.8 2.8 3.8 
for 45 yr + 1.1 + 1.9 + 1.6 + 1.5 + 1.4 + 1.4 + 1.5 
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CONCLUSION 

| An approach to evaluate the crack net 

connectedness and the critical stress-intensity 

factor for air-dry soil was suggested, and 

founded on the basis of a theoretical estimate 

of soil clod strength, and on fitting literature 

data [6]. 
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