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Abstract

Twenty-five uniaxial compression tests were performed to determine stress at onset of dilation, referred to herein as ‘‘the crack

damage stress,’’ in heterogeneous dolomites and limestones. A simplified model for crack damage stress (scd) is developed here

using porosity, elastic modulus, Poisson’s ratio and three empirical coefficients. The model shows that when porosity decreases

and elastic modulus increases, scd rapidly increases and approaches its maximum value. On the other hand, when porosity

increases and elastic modulus decreases, scd rapidly decreases and approaches its minimum value. The proposed model is

validated for six heterogeneous limestone and dolomite formations which are widely distributed in Israel. D 2002 Elsevier

Science B.V. All rights reserved.
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1. Introduction

Relations between uniaxial compressive strength

of heterogeneous rocks and porosity were reported

for sandstones (Dunn et al., 1973; Hoshino, 1974;

Vernik et al., 1993; Farquhar et al., 1994; Palchik,

1999), for granites and dolerites (Dearman et al.,

1978; Lumb, 1983), for basalts (Al-Harthi et al.,

1999), for dolomites (Hatzor and Palchik, 1998)

and for limestones (Palchik and Hatzor, 2000). The

general relation is that the uniaxial compressive

strength decreases with increasing porosity. It is

evident that in heterogeneous rocks, existing pores

are significant stress concentrators and therefore

strongly influence rock strength (e.g. Dunn et al.,

1973; Logan, 1987; Scott and Nielson, 1991; Teufel

and Rhett, 1991). Olsson (1974), Fredrich et al.

(1990), and Wong et al. (1996) have reported good

correlation between the inverse square root of mean

grain size and ultimate strength. These tests, however,

primarily concentrated on extremely homogeneous

samples in which the only textural variable was the

mean grain size. Hatzor and Palchik (1997) have

shown in heterogeneous dolomites that grain boun-

daries function as initial Griffith flaws (Griffith,

1921; Bieniawski, 1967) only in the very restricted

case of low porosity (3–4%) and small grain size

( < 10 mm).
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Palchik (1999) also showed that in porous hetero-

geneous sandstones, porosity has an effect on uniaxial

compressive strength, whereas the role of grain boun-

daries is negligible. In that study, it was shown that

the uniaxial compressive strength is a composite

function of porosity and elastic modulus. Palchik

and Hatzor (2000) have further shown in heteroge-

neous limestones that the role of grain to grain contact

lengths and porosity may be more significant in

strength prediction than the role of individual grain

size.

The objective of this paper is to develop an

empirical model to describe a characteristic and

important stress level—‘‘the crack damage stress,’’

using porosity and elastic parameters obtained from

tests performed on samples collected from six dolo-

mite and limestone formations which are widely

distributed in Israel. In the analysis, the treatment of

mean grain size is avoided since it is believed to be

less significant, (Hatzor et al., 1997; Palchik and

Hatzor, 2000), and because it is quite difficult to

measure. Porosity may be viewed as a bulk measure

of the void space in the rock, consisting primarily of

fissures, pores, and open cracks, which may function

as stress concentrators. Elastic modulus is a measure

of overall rock stiffness, including the stiffness of

grain to grain contacts (length of grain to grain

contacts and number of contacts per grain) and the

intergranular matrix (Hatzor et al., 1997; David et al.,

1998).

The crack damage stress, generally referred to as

the stress at onset of dilation, is a true rock material

property in rock mechanics. Until this stress level is

attained, the rock volume decreases. When the crack

damage stress is attained, the volume begins to

increase (Bieniawski, 1967; Schock et al., 1973;

Brace, 1978; Paterson, 1978; Brady and Brown,

1993). Martin and Chadler (1994) and Eberhardt et

al. (1999) have used the term ‘‘crack damage stress

scd’’ and have shown that brittle rocks become crit-

ically damaged at scd, which is significantly lower

than the failure stress. The mechanical significance of

scd, therefore, is quite obvious. For example, once

stress concentrations around underground openings

exceed scd, the permeability of the rock is expected

to increase and in situ crack growth may ensue.

Furthermore, the mechanical energy stored in a rock

which has been stressed up to that level, may be

sufficient in some cases to induce unstable fracture

propagation.

Fig. 1. Axial stress versus axial, radial and volumetric strains for Beit-Meir dolomite sample (BM-2).
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2. Experimental programme

2.1. Specimen preparation

Twenty-five samples, including six of Bina Lime-

stone, five of Aminadav Dolomite, three of Yagur

Dolomite, three of Sorek Dolomite, six of Nekarot

Limestone and two of Beit-Meir Dolomite (Israel),

were tested under uniaxial compression. The samples

were retrieved from depths of up to 300 m.

Specimen preparation and testing were performed

in the Rock Mechanics Laboratory at Ben-Gurion

University under strict adherence to ISRM and ASTM

standards. The tests were performed on 54-mm-diam-

eter solid cylinders with roughness smaller than 0.01

mm, perpendicularity smaller than 0.05 rad, and L/D

ratio of approximately 2.0.

2.2. Testing

A stiff load frame (Terra-Tek model FX-S-33090)

was used which utilizes closed-loop, servo-controlled

hydraulic system with maximum axial force of 1.4

MN, and stiffness of 5� 109 N/m. Load was measured

by a sensitive load cell located in series with the

sample stack, having a maximum capacity of 1000

kN and a linearity of 0.5% full scale. The axial strain

cantilever set has a 10% strain range and the radial

strain cantilevers have a strain range limit of 7%, with

1% linearity full scale for both sets. The samples were

loaded in compression at a constant strain rate of

1�10 � 5/s and at ambient temperature. The total

volumetric strain (e) was calculated in these tests using
the sum of the component strains, i.e. e = ea + eR1 + eR2,
where ea is axial strain, and eR1 and eR2 are radial

strains. eR1 and eR2 were measured in orthogonal

directions. The crack damage stress (scd), which is

the stress level at which maximum volumetric strain is

attained, was determined using a plot of total volu-

metric strain versus axial compressive stress. Maxi-

mum volumetric strain (ecd) is the reversal point in the

slope of the total volumetric strain curve (Martin and

Chandler, 1994; Wong et al., 1997; Eberhardt et al.,

1999). For example, axial stress versus axial, radial

and volumetric strains is plotted in Fig. 1 for Beit-Meir

Dolomite (sample BM-2). Reversal in the volumetric

strain curve occurred at 40 MPa with a maximum

volumetric strain of ecd = 0.0362%. Failure of sample

BM-2 occurred at uniaxial compressive strength value

of sc = 72 MPa.

2.3. Physical and mechanical properties

The dry bulk density (r), initial porosity (n), and

elastic constants (elastic modulus, E, and Poisson’s

ratio, n) of the tested rocks are summarized in Table

1. The porosity (n) was calculated from measured

values of dry bulk density (r) and specific gravity of

solids, and ranged between 5.4% and 29%. The

precision of porosity estimation is 0.1%. The values

of elastic moduli range between 18,000 <E < 64,000

MPa with an average value of 40,000 MPa. Pois-

son’s ratio values have a range of 0.19 < n < 0.4 with

an average value of 0.25. The elastic modulus and

Poisson’s ratio were calculated using linear regres-

sion along the linear segment of the stress–strain

curve.

Table 1

Density, porosity and elastic constants of studied rocks

Rock Sample r (g/cm3) n (%) E (MPa) n

Bina Limestone BINA-1 2.63 6.1 60,450 0.23

BINA-2 2.36 15.7 34,400 0.25

BINA-5 2.42 13.6 38,700 0.24

BINA-6 2.51 10.4 24,800 0.27

BINA-7 2.4 14.3 25,000 0.2

TH5-15 2.42 13.6 37,700 0.27

Aminadav Dolomite AD-43 2.65 5.4 64,000 0.27

AD-5 2.62 5.8 56,000 0.37

AD-15 2.19 20.9 29,000 0.26

AD-80 2.62 6.4 58,500 0.28

AD-83 2.37 15.4 18,000 0.25

Yagur Dolomite CA-3541 2.57 8.2 54,000 0.19

CA-5631 2.56 8.6 46,400 0.21

CA-5671 2.33 16.8 35,500 0.19

Sorek Dolomite BZ5-16 2.31 17.5 24,300 0.22

BZ2-61A 2.42 13.6 22,300 0.2

BZ2-35A 2.36 15.7 16,200 0.26

Beit-Meir Dolomite BM-2 2.32 17.1 38,100 0.4

BM-3 1.98 29 21,400 0.215

Nekarot Limestone GN2-1B 2.48 8.3 47,000 0.23

GN2-4A 2.43 10.1 44,600 0.25

GN2-5B 2.49 7.6 48,600 0.25

GN3-2A 2.45 9.3 44,800 0.24

GN3-2C 2.42 10.4 44,400 0.25

GN3-3A 2.47 8.4 49,000 0.28

Legend: r = dry bulk density, n= porosity, E = elastic modulus,

n =Poisson’s ratio.
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Crack damage stress (scd), uniaxial compressive

strength (sc), and maximum total volumetric strain

(ecd) are summarized in Table 2. Crack damage stress

ranges between 22 < scd < 274 MPa, uniaxial com-

pressive strength values have a range of 32 < scd
< 274 MPa, and maximum volumetric strain (ecd)
varies from 0.0362% to 0.236%.

2.4. Petrographic description

The petrographic analysis was performed using

petrographic and scanning electron microscopes.

Grain size distribution, percent calcite, porosity and

nature of contacts between grains were analyzed.

SEM analysis was performed on thin sections of size

3� 5 mm, which were cut from near the failure zone

in each sample after loading. The mean grain size

values range between 6 < dm < 50 mm and 7 < dm < 12

mm for dolomites and limestones, respectively.

Detailed petrographic description (including micro-

graphs and grain size distribution curves, proportion

between the mosaic textures, etc.) of the studied

rocks is presented elsewhere (Hatzor et al., 1997;

Hatzor and Palchik, 1997, 1998; Palchik and Hatzor,

2000).

3. The effect of microstructural parameters

3.1. Typical axial stress–volumetric strain curves

Typical stress–volumetric strain curves of uniaxial

compression tests for two limestone samples (BINA-1

and BINA-6) and two dolomite samples (AD-43 and

AD-15) are presented in Figs. 2 and 3, respectively.

The uniaxial compressive strength is represented by

point (A), whereas crack damage stress is represented

by point (B). In Fig. 2, sample BINA-1 exhibits crack

damage stress (scd) of 170 MPa, 2.62 times greater

than the scd of sample BINA-6 (65 MPa). The crack

damage stress (scd) is attained at 0.91 sc and 0.73 sc
in samples BINA-1 and BINA-6, respectively. The

stronger sample (BINA-1, E = 60,450 MPa,

n= 6.07%) exhibits higher elastic modulus (E) and

lower porosity (n) with respect to the weaker sample

(BINA-6, E = 24,800 MPa, n = 10.36%). In Fig. 3

crack damage stress (scd) is attained at 1.0 sc and

0.85 sc in samples AD-43 and AD-15, respectively.

Sample AD-43, with an extremely high level of

scd = 274 MPa, exhibits very high elastic modulus

(E = 64,000 MPa) and relatively low porosity

(n = 5.4%). On the other hand, scd of sample AD-15

is relatively low (57 MPa) and this sample exhibits

low elastic modulus (E = 29,000 MPa) and relatively

high porosity (n= 20.9%). It is clear that the differ-

ence between scd values of samples BINA-1 and

BINA-6, AD-43 and AD-15 is due to the differences

in matrix stiffness and porosity. In general, a lower

porosity and higher elastic modulus corresponds to a

higher value of scd.
The relationships between crack damage stress

(scd), elastic modulus (E), and porosity (n) are dis-

cussed below.

3.2. Effect of matrix stiffness

The relationship between elastic modulus (E) and

crack damage stress (scd) is shown in Fig. 4 for all

Table 2

Stress levels and maximum volumetric strain of studied rocks

Rock Sample ecd (%) scd (MPa) sc (MPa)

Bina Limestone BINA-1 0.142 170 187

BINA-2 0.136 77 77

BINA-5 0.1 80 80

BINA-6 0.12 65 89

BINA-7 0.132 64 64

TH5-15 0.095 78 84

Aminadav Dolomite AD-43 0.21 274 274

AD-5 0.06 85 98

AD-15 0.09 57 67

AD-80 0.134 174 174

AD-83 0.07 43 62

Yagur Dolomite CA-3541 0.149 174 174

CA-5631 0.168 105 186

CA-5671 0.14 60 60

Sorek Dolomite BZ5-16 0.162 64 78

BZ2-61A 0.137 50 86

BZ2-35A 0.084 22 32

Beit-Meir Dolomite BM-2 0.0362 40 72

BM-3 0.089 46 46

Nekarot Limestone GN2-1B 0.236 177 184

GN2-4A 0.165 141 141

GN2-5B 0.197 162 162

GN3-2A 0.161 150 150

GN3-2C 0.186 163 163

GN3-3A 0.171 175 178

Legend: ecd =maximum total volumetric strain, scd = crack damage

stress, sc = uniaxial compressive strength.
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samples. It can be seen that crack damage stress

increases with increasing elastic modulus (E). Using

the least squared fit method, we found that the relation

between scd and E follows power (R2 = 0.7596),

exponential (R2 = 0.7433) and second-order polyno-

mial (R2 = 0.7569) laws. Elastic modulus (E), which is

Fig. 2. Two stress–volumetric strain curves for limestone samples (A—peak strength; B—crack damage stress).

Fig. 3. Two stress–volumetric strain curves for dolomite samples (A—peak strength; B—crack damage stress).
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measured along the linear segment of the stress–strain

curve, is a manifestation of rock stiffness which

influences rock strength as discussed by Hatzor and

Palchik (1998), Palchik (1999), Palchik and Hatzor

(2000). Rock stiffness in granular rocks depends on

the length of stiff grain to grain contacts and on the

number of contacts per grain. David et al. (1998) and

Digby (1981) have shown that granular rocks are

stiffer when the contact length is larger.

3.3. Effect of porosity

Fig. 5 illustrates the relationship between porosity

(n) and crack damage stress (scd) for all samples.

Clearly, crack damage is inversely related to porosity,

and this result confirms our assumption that initial

pores are significant stress concentrators. Similar

pronounced effects of porosity, but with respect to

uniaxial compressive strength, were obtained by Far-

quhar et al. (1994), Dunn et al. (1973), Hoshino

(1974) and Vernik et al. (1973) for heterogeneous

sandstones, and by Dearman et al. (1978) for dolerite

and granite. These studies have shown exponential

relationships between uniaxial compressive strength

and porosity. Results obtained through this study,

however, suggest that the relationship scd� n may

be better described by a second-order polynomial law

(R2 = 0.6801).

4. An empirical model for crack damage stress

4.1. Combinations of dependencies scd�E and scd�n

It was shown in the preceding section that the

relationship between scd and E (Fig. 4) can be

described by a power, exponential or second-order

polynomial law, since the obtained values of squared

regression coefficients do not differ significantly

(R2 = 0.7596, 0.7433 and 0.7569, respectively). For

this study, power (scd = k1E
k2) and exponential

(scd = k1exp(k2E)) laws were chosen since these laws

are simpler than the second-order polynomial law. It

was also found that the scd� n relationship (Fig. 5)

best follows a second-order polynomial law (R2 =

0.6801), i.e. scd = k3n
2� k4n + k5. In these functions,

k1,. . .,k5 are empirical coefficients. However, exami-

nation of the above-mentioned combinations using

power or exponential functions for scd = f(E) and a

second-order polynomial function for scd = f(n), does

Fig. 4. Correlation between elastic modulus and crack damage stress.
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not lead to an explicit form of a composite model

scd = f(E, n) with a reasonable regression coefficient.

We obtained the best fit scd =E
k1/(k2n

2� k3n + k4)

with a weak squared regression coefficient (R2 =

0.73); such a composite model requires four empiri-

cal coefficients (k1 = 0.8; k2 = 0.3, k3 = 2.3 and

k4 = 26.7).

This fact suggests that an empirical model for

scd = f(E, n) cannot be developed based exclusively

on the correlation between scd, E and n.

4.2. Model scd =f(E, n/ecd)

Since scd was shown to be directly related to

the elastic modulus (E) and inversely related to

porosity (n), we can try to use the ratio (E/n) for

simple description of the combined influence of E

and n:

scd ¼ f
E

n

� �
: ð1Þ

Porosity, n =Vp/V is a measure of void space (pores

and open cracks) and presents the ratio between void

space (Vp) and bulk volume (V). The latter is the

initial volume of the sample before loading, and

therefore it does not reflect the change in volume

due to compression. We believe that it would be

appropriate to use the ratio between the volume of

voids and change in bulk volume due to compression

since such ratio reflects the mechanical behavior of

the rock matrix. This ratio is given by n/ecd = (Vp/V)/

(Vc/V) =Vp/Vc, where Vc is the maximum decrease in

sample volume (maximum compaction of sample),

which is attained at the reversal point in the slope of

total volumetric strain. Thus, n/ecd is the ratio

between the volume of voids and the maximum

compaction of rock sample. If we insert the n/ecd
instead of n in expression (1), we obtain an implicit

form:

scd ¼ f E
ecd
n

� �
: ð2Þ

In order to determine the explicit form of Eq. (2),

values of scd were linked with values of E(ecd/n) for
each of the 25 samples. We examined linear, power,

exponential, logarithmic, and second-order polyno-

mial correlations between scd and E(ecd/n) using the

least squares fit method. As a result, we obtained a

Fig. 5. Relationship between porosity and crack damage stress.
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linear law between E(ecd/n) and crack damage

stress:

scd ¼ aE
ecd
n

þ b ð3Þ

where scd is crack damage stress (MPa), ecd is

maximum total volumetric strain (%), n is porosity

(%), E is elastic modulus (MPa), a and b are empirical

coefficients (a = 0.08 for all dolomite formations, 0.07

for Bina Limestone, and 0.1 for Nekarot Limestone;

b = 40 and 50 MPa for n >15% and n < 15%,

respectively). Coefficient b is the minimum value of

scd when porosity is at its maximum and the elastic

modulus is at its minimum.

It can be seen from Table 2 that the minimum value

of scd (i.e. coefficient b) in the tested samples

achieves 40–50 MPa, excluding an initially cracked

sample BZ2-35A (Sample BZ2-35A contained several

evident fractures and therefore its strength was very

low: scd = 22 MPa, sc = 32 MPa).

In Fig. 6, comparison between calculated (Eq. (3))

and observed crack damage stress for all samples

(excluding sample BZ2-35A) shows that the obtained

linear squared regression coefficient (R2 = 0.9329) is

good.

Eq. (3) is an empirical model for scd in terms of E

and the ratio ecd/n. However, the practical application
of Eq. (3) is impossible since there are two unknown

quantities (scd and ecd). For calculation of scd and ecd,
it is necessary to obtain an additional equation for

these unknown quantities.

4.3. Model scd =f[E/(1�2n),ecd ]

In order to obtain an additional relationship for scd
and ecd, we generalize the ratio scd/ecd with respect to

the elastic expression E/(1� 2n), which is often used

in theory of elasticity. For example, Martin and

Chandler (1994) and Hatzor and Palchik (1997) have

used this elastic expression to calculate the ratio

between crack initiation stress and volumetric strain

at crack initiation. It is established in this study that

the ratio scd/ecd increases polynomially with increas-

ing value of E/(1� 2n) in all samples. Hence, the

additional equation has the following form:

scd
ecd

¼ c
E

1� 2v
� d

E

1� 2v

� �2

ð4Þ

where c and d are empirical coefficients (for the

studied rocks c = 0.0124 and d = 3e� 08).

Fig. 6. Comparison between calculated (Eq. (3)) and observed scd (R
2 = 0.9329).
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The ratio scd/ecd in each of the 25 unconfined

compression tests is plotted against E/(1� 2n) in

Fig. 7, where a reasonable polynomial correlation

(R2 = 0.835) is obtained.

4.4. The final model scd=f[E/(1�2n), n]

The solution of the system of Eqs. (3) and (4), with

respect to scd provides the final model for crack

damage stress (scd) in terms of porosity (n), elastic

modulus (E), Poisson’s ratio (n) and three empirical

coefficients:

scd ¼ b 1þ 1
n

1�2n K1 � K2E
1�2v

� �
� 1

" #
ð5Þ

where b, K1 and K2 are empirical coefficients: b= 40

and 50 MPa for porosity n>15% and porosity

n < 15%, respectively; K1 = c/a and K2 = d/a are

presented in Table 3.

The test data are plotted against our model pre-

diction of scd (Eq. (5)) for the 24 tested specimens in

Fig. 8. The squared linear regression coefficient in

Fig. 8 is reasonable (R2 = 0.8314).

The root mean square error between observed and

predicted crack damage stress (for 24 samples

involved in predicting scd) is 18.8%, i.e. this error is

less than 20% that which is permissible for engineer-

ing computation. The root mean square error between

observed values and the predicted values has been

calculated as follows:

D ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn¼24

i¼1

ðsocdi � sPcdiÞ
2

n� 1

vuuuut
100 ð6Þ

where i = 1,2,3,. . .,n is the number of tested

samples; scdi
o is the observed value of scd in ith

Fig. 7. Polynomial correlation between scd/ecd and E/(1� 2n) in all samples studied.

Table 3

Empirical coefficients in studied rocks

Rock Formation K1 K2

Dolomite Aminadav 0.155 3.75e-07

Yagur

Sorek

Beit-Meir

Limestone Bina 0.177 4.28e-07

Nekarot 0.124 3e-07
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sample; scdi
p is the predicted value of scd in ith

sample.

5. Discussion

Our proposed model for crack damage stress (Eq.

(5)) consists of three mechanical and physical var-

iables: elastic modulus, Poisson’s ratio and porosity.

Consider the relation between variables E and n in

all samples shown in Fig. 9. It is clearly seen in Fig.

9 that the elastic modulus (E) increases with

decreasing porosity (n). Probably, the length of grain

to grain contacts and the number of contacts per

grain, a textural feature which directly influences

rock stiffness (David et al., 1998; Digby, 1981),

increases with decreasing void space. Note, however,

that the dependence E� n, which best follows a

second-order polynomial law, has a relatively weak

squared regression coefficient (R2 = 0.7497). This

observation suggests that the elastic modulus (stiff-

ness) only partly depends on porosity. This is not

surprising since mosaic texture, mineralogical com-

position and pore types also influence the nature of

contacts between grains in heterogeneous dolomites

and limestones (Roehl and Choquette, 1985;

Mazullo et al., 1992; Durrast and Siegesmund,

1999). Hence, there is no simple explicit dependence

(with reasonable regression coefficients) between E

and n, which can be inserted in the proposed model

(Eq. (5)).

Fig. 10 presents how the predicted crack damage

stress (scd) varies with elastic modulus (E) and

porosity (n) when naver = 0.25, baver = 45 MPa, K1

aver = 0.154 and K2 aver = 3.71e� 07. The values of

elastic modulus and porosity plotted on the vertical

axes in Fig. 10 are mutually dependent, and when

porosity on the right vertical axis decreases from

21.5% to 5.5%, the elastic modulus on the left vertical

axis increases from 18,000 to 64,000 MPa. The curve

sd = f(E, n) was plotted using Eq. (5). Note that the

correspondence between the values of E and n on the

vertical axes in Fig. 10 is an approximate average, as

it was determined by polynomial interpolation and

because no explicit function between E and n was

found as discussed. This correlation is only used to

show the expected trend and is not to be taken as

precise.

When porosity decreases and elastic modulus

increases simultaneously, the crack damage stress

rapidly increases and approaches its maximum value.

On the other hand, when porosity increases and elastic

Fig. 8. Predictive capability of the final model for scd (Eq. (5)) (R
2 = 0.8314).
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modulus decreases simultaneously, the crack damage

stress rapidly decreases and approaches its minimum

value.

Our empirical model (Eq. (5)), can be used to

predict crack damage stress (scd) in the studied lime-

stone and dolomite formations as long as the elastic

Fig. 10. Empirical model prediction for the influence of porosity and elastic modulus on crack damage stress.

Fig. 9. Influence of porosity (n) on elastic modulus (E) in the studied samples.
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parameters E and n and the porosity (n) are known.

The advantage of our model is that it predicts the

crack damage stress, but actual measurements of

volumetric strain during loading are not necessary,

provided that the elastic constants of the material and

the porosity are known. This advantage can be utilized

in the following cases:�When strain output is measured during loading at

a very small data acquisition rate, at conventional rock

testing laboratories, which perform routine tasks for

the industry. Slow acquisition rate may be sufficient to

determine the elastic modulus and Poisson’s ratio

quite accurately because of a substantial linear elastic

range in the studied rocks. However, the reversal point

in the volumetric strain output may be overlooked in

slow data acquisition modes in the non-linear region.

Moreover, the transition from decrease to increase in

total volume is often smooth and difficult to locate.

For example, see volumetric strain for Beit-Meir

Dolomite (sample BM-2) in Fig. 1, where scd = 40
MPa can be obtained using very rapid data acquisition

with acquisition time interval smaller than 3 s. This

testing capability is often available at university

research facilities, but is rare in the industry.�The elastic constants and the porosity for the

studied lithologies are already known from previous

testing.�The porosity is known and the static elastic

constants are estimated from dynamic (e.g. ultrasonic)

tests.

In all the cases mentioned above, we can calculate

the crack damage stress using E, n and n, and three

empirical coefficients: b = 45–50 MPa, K1, and K2

(Table 3). In the proposed model (Eq. (5)) grain size is

omitted and the elaborate laboratory research neces-

sary to determine grain size distribution using petro-

graphic or scanning electron microscopes is not

required.

The crack damage stress is indeed sensitive to the

value of the empirical coefficients. For example, at

n = 10%, n = 0.25 and E = 35000 MPa, scd (Eq. (5))

would be 81.7, 73.8 and 97.17 MPa for dolomites,

Bina Limestone and Nekarot Limestone, respectively,

depending on the value of the empirical constants.

The change in empirical coefficient values may lead

to a change in scd from 9.7% to 24 %.

We have only one limestone sample (Yanuah

Limestone), which was not involved in development

of our model (Eq. (5)). We can use sample Yanuah 1

in order to validate our model. Sample Yanuah 1

exhibits E = 37800 MPa, n = 0.4, n = 6.8% and

scd = 0.55 sc = 60 MPa, which were determined exper-

imentally in our laboratory. According to model (Eq.

(5)) (using K1 = 0.177 and K2 = 4.28e� 07 for Bina

Limestone), the predicted scd = 72 MPa. Thus, the

relative error is [(72� 60)/72]100 = 16.7%. Note, that

we used K1 and K2 for Bina Limestone since these

values for Yanuah limestone are unknown and cannot

be determined using only one sample, rather at least

three samples of the Yanuah Limestone are needed.

Verification of K1 and K2 for Yanuah Limestone will

allow to decrease the error between measured and

predicted scd.
In order to generalize this model to other hetero-

geneous limestones and dolomites, the values of E, n,
scd and n must be determined experimentally using a

relatively small number of tests with advanced testing

facilities. Then, the values of the empirical coeffi-

cients must be turned over to industrial laboratories

for further use.

The predictive capability of the proposed compo-

site dependence scd = f(E, n and n) is reasonable

(linear regression coefficient R2 = 0.8314). The pro-

posed empirical model is expected to be valid for

dolomites and limestones for the following range of

physical and mechanical parameters: 5.4 < n < 29%,

18,000 <E < 64,000 MPa and 0.19 < n< 0.4.

6. Conclusion

The work presented in this paper suggests that the

elastic stiffness (as defined by the elastic constants E,

n) and porosity (n) influence the onset of dilation,

otherwise known as the ‘‘crack damage stress’’. It is

argued that scd is a composite function of porosity and

the elastic stiffness. The crack damage stress at which

total volumetric strain attains maximum, is partly

related to elastic modulus and inversely related to

porosity. When porosity is decreased and elastic

modulus is increased, the crack damage stress

increases from its minimum to maximum value. Using

the proposed model it concluded that the elastic

constants (E, n) and the bulk porosity (n) would be

sufficient to calculate the crack damage stress (scd) for
the studied heterogeneous dolomites and limestones.
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