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1. Introduction

The compressive and tensile strength of rocks are important design parameters in rock
engineering. The uniaxial compressive strength may be obtained via correlation with
the point load strength index (D’ Andrea et al., 1965; Broch and Franklin, 1972; Pells,
1975; Hassani et al., 1980; Haramy et al., 1981; Kahraman, 2001). In very porous
rocks however, porosity has been shown to control the mechanical behavior (e.g. Dunn
et al., 1973; Hoshino, 1974; Dearman et al., 1978; Hatzor and Palchik, 1998; Palchik,
1999; Al-Harthi et al., 1999; Palchik and Hatzor, 2002). Porous chalks are quite
heterogeneous (Bowden et al., 1998; Bell et al., 1999; Risnes, 2001) and therefore
the ultimate strength and deformability typically change within the same formation.

The objective of this paper is to determine the uniaxial compressive strength, point
load strength, and indirect tensile (Brazilian) strength of a very porous chalk forma-
tion — the Adulam Formation in Israel (n=18-44%), and to study how porosity
influences the magnitude of and relationship between these mechanical properties.
The obtained results are compared with ISRM suggested methods (ISRM, 1985) for
determining point load strength.

2. Experimental Procedures and Results

Specimens for uniaxial compression were surface ground to a roughness smaller than
0.01 mm; specimen ends for point load, Brazilian tests and porosity measurements were
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Fig. 1. The relationship between specimen axis, bedding plane direction, and loading direction: a uniaxial
compression test; b point load test and indirect tension (Brazilian) test

ground to a roughness of up to 0.25 mm. Cylinder perpendicularity of all studied speci-
mens was within 0.05 radians. All specimens were cored such that their axis was parallel to
bedding (see Fig. 1). All specimens were oven dried at a temperature of 110 °C for 24 h.

2.1 Uniaxial Compressive Strength

Twelve compression tests were performed on 52 mm diameter cylindrical specimens
with length/diameter ratio of approximately 2.0 (Fig. la). A stiff load frame
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Table 1. Results of uniaxial compression tests and porosity calculations for 12 specimens of 52 mm diameter

Sample E, MPa v o, MPa Pd>» g/cm3 n, %
RC1 17400 0.23 53.2 2.12 21.5
RC2 9300 0.2 20.9 1.85 31.5
RC3 16000 0.26 51 2.07 23.3
RC4 11700 0.2 31.9 1.93 28.5
RC6 19250 0.26 63.3 2.14 20.7
RC7 9500 0.21 32.9 1.89 30

RC8 17300 0.2 60.3 2.11 21.9
RC9 20500 0.27 63.1 2.17 19.6
ST1A 16200 0.31 50.9 2.15 20.5
STI1B 15400 0.23 53.7 2.16 20.2
ST2A 14300 0.2 52.25 2.14 20.7
ST2B 10700 0.22 374 2.06 23.7

E elastic modulus, v Poisson’s ratio, o, uniaxial compressive strength, p; dry bulk density, n calculated

porosity (at Gy = 2.7).

332(Terra-Tek, model FX-S-33090) was used which utilizes a closed-loop, servo-
controlled hydraulic system with maximum axial force of 1.4 MN and stiffness of
5%x10°N /m (for load frame details refer to Hatzor and Palchik, 1997). Results of the

uniaxial compression tests are presented in Table 1.

Two radial strains were measured in orthogonal directions in a plane normal to the
specimen axis (see Figs. 1a and 3a). A comparison between the outputs of radial strain
€r1 and radial strain €, for all 12 specimens tested under uniaxial compression is plotted

Radial strain (g,4), %

-0.07 -0.06 -0.05 -0.04 -0.03 -0.02

bedding plane

-0.04 -

-0.05

-0.06

-0.07

-0.08 -

Radial strain (g,,), %

¢ RC1 mRC2 A RC3 XRC4 X RC6 @ RC7 + RC8 O RCY =ST1A ¢ ST1B 0 ST2A A ST2B

Fig. 2. Comparison between radial strains ¢,; and &, for 12 specimens tested under uniaxial compression
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in Fig. 2. The obtained linear regressions between ¢, and e, are good (R2 =
0.95-0.99). The symbols reflect radial strain measurements obtained from 0 load to
the elastic limit of the stress-strain curve. Consider angle «, defined here as the angle
measured on a plane normal to specimen axis, between the bedding plane trace and the
axis of g1 (see Figs. laand 2). In our tests the angle o« ranged from 0 to 90° — namely, we
did not attempt to align the £, axis with the bedding plane direction. Nevertheless, the
output of the two radial strain transducers was nearly identical in all but one (outlier)
case (sample ST1A). Specimen ST1A had initial cracks or veins which probably dis-
torted the radial strain distribution under the applied load. The calculated value of the
mean slope is 1.02 with a small standard deviation of 0.1, hence we can establish that the
radial strains measured in orthogonal directions are identical. This result suggests
transverse isotropy in a plane normal to bedding (or to specimen axis).

2.2 Point Load Strength

Eighteen cylindrical specimens of 52 mm diameter were prepared for diametral point load
tests with length/diameter ratio greater than 1.0 (Fig. 1b). Point load testing was performed
using a standard Point load /uniaxial Tester (SBEL model PLT-75). A schematic diagram of
the point load test assembly is presented in Fig. 3b. The test results are presented in Table 2.

2.3 Indirect Tensile (Brazilian) Strength

Twenty cylindrical specimens of diameter 52 mm were prepared for Brazilian tests. The
thickness of the specimen was approximately equal to the specimen radius (Fig. 1b).
Indirect tensile (Brazilian) strength was obtained using the same Point load/uniaxial

Table 2. Results of point load tests and porosity calculations for 18 specimens
of 52mm diameter

Sample Pa» g/ cm’® n, % I4, MPa
PL1 1.89 29.9 2.86
PL2 2.1 22.2 3.54
PL3 2.18 19.1 4.28
PL4 2.09 22.6 3.25
PL5 1.93 28.7 2.58
PL6 1.76 35 1.85
PLAI 1.84 32 2.31
PLA2 1.78 34.2 1.72
PLA3 1.76 35 1.83
PLBI1 1.65 39 1.69
PLB2 1.7 37 1.78
P1 2.09 22.5 3.11
P2 1.67 38.3 2.27
P3 2.06 23.6 2.82
P4 2.05 23.9 2.97
P5 2.19 18.9 3.37
P6 1.93 28.6 2.98
P7 1.73 36 1.84

pa dry bulk density, n calculated porosity (at Gy = 2.7), 14 point strength.



336 V. Palchik and Y. H. Hatzor

Table 3. Results of Brazilian tests and porosity calculations for 20 specimens
of 52 mm diameter

Sample pa» &/ cm’® n, % oy, MPa
BT1 2 26.1 7.49
BT2 2.06 23.6 8.58
BT3 2.04 24.4 5.49
BT4 1.86 31 4.47
BTS 1.93 28.4 3.59
BT6 1.87 30.7 4.36
BLAI 1.65 38.9 5.17
BLA2 1.52 43.9 2.85
BLA3 1.92 28.7 6.9
BLBI1 2.02 25.3 8.01
BLB2 2.13 21.2 8.74
BLB3 1.86 31.1 6.35
Bl 1.68 37.6 39
B2 1.76 35 4.4
B3 1.53 434 2.5
B4 2.03 24.7 5.6
B5 1.91 29.4 5.04
B6 1.7 37.2 4.96
B7 1.69 37.6 2.92
B8 2.06 23.8 6.48

pa dry bulk density, n calculated porosity (at G, =2.7), o, tensile
(Brazilian) strength.

SBEL Tester (model PLT-75). Here however, loading was applied by two diametrically-
opposed concave loading jaws (Fig. 3c). Since the isotropy of the studied chalk in a plane
normal to bedding was confirmed in the uniaxial tests discussed above, there was no need
to align the conical platens or loading jaws with the trace of bedding planes in point load or
Brazilian tests, respectively. Indirect tensile strength results (o) are presented in Table 3.

3. Porosity
3.1 Porosity Calculation

The porosity of 50 dry specimens from Tables 1-3 was calculated prior to mechanical
testing. The porosity (n) of the solid-cylinder chalk specimens was obtained by the
expression n = [l — pg/(Gypy)] * 100% using measured values of dry bulk density
(pd, g/cm3), water density p,, = lg/cm?, and assumed specific gravity of Gy = 2.7
which is typical for calcite. The G, assumption was validated using porosimeter
measurements (Section 3.2 below). The calculated porosity values ranged between
18% and 44%. The precision of the calculated values is to be within 0.1%. Bulk
density and porosity values for all 50 specimens are presented in Tables 1-3.

3.2 Porosity Measurement

A Helium porosimeter (CoreTest Inc., model PHI-220) was used to confirm the
validity of the porosity estimations. In order to determine the porosity of the studied
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Table 4. Bulk volume, dry bulk density, grain volume observed in Helium porosimeter PHI-220, and
calculated porosity of 10 specimens (diameter of 25.4 and 38 mm)

Sample Vbulks Cm3 Pd> g/Cm3 vgrains Cm3 Nporosim» % n, %
PS125.4) 11.43 2.13 9.09 20.4 21.2
PS255 4 10.87 2.13 8.68 20.1 21.1
PS35.4) 11.55 2.13 9.13 21 212
PS4025.4) 11.61 1.72 7.65 34.1 36.1
PS5(25 4 11.78 1.9 8.37 29 29.8
PS6(25.4) 11.95 2 8.93 253 26

PS7 25 4 12 1.83 8.17 31.9 324
PS825 4 11.82 1.96 8.64 27 27.3
PM1 35, 40.9 2.28 34.9 14.7 15.6
PM3 g, 41 2.26 343 16.3 16.3

(25.4) and (38) specimen diameter in mm, Vi, bulk volume, p, bulk dry density, Vi, grain volume,
Tporosim POrosity observed using Helium porosimeter, n calculated porosity (at G, = 2.7).

chalks, eight specimens of diameter 25.4 mm and two specimens of diameter 38 mm
with length of 25.4 and 38 mm, respectively, were examined. The determination of
pore volume was not performed by direct measurement because direct pore volume
measurement requires previous determination of the so-called “dead volume” in the
porosimeter. Measurement of ‘“dead volume” requires an additional apparatus
(a coreholder) which was not used in this research. Therefore, we used the porosimeter
to determine the grain volume, and then calculated the pore volume using the mea-
sured bulk volume (with 10 micrometer resolution calipers) and the measured grain
volume (using the porosimeter). The obtained porosity is referred to as ‘measured’
porosity below.

Results of bulk volume (Vpux), dry bulk density (pg4), grain volume (Vgrain),
‘measured’ porosity (npomsim), and calculated porosity (n, with G; = 2.7), for all speci-
mens tested in the Helium porosimeter are presented in Table 4. Since a very good linear
correlation (R? =0.99) is found between the calculated and ‘measured’ porosity
values, we conclude that the assumption of G; = 2.7 is justified for the studied chalks.

4. Discussion
4.1 Point Load and Brazilian Strength

The effect of porosity on point load strength (I4) and Brazilian tensile strength (o) is
presented in Fig. 4a from which three trends may be inferred:

1. Both point load and Brazilian strength indices are inversely related to porosity.

2. The correlation between porosity and point load strength is good: point load
strength rapidly decreases with increasing porosity. The relationship follows an
exponential law with a reasonable squared regression coefficient (R = 0.84)
which can be described by:

Ij=ce ™™ (1)

where ¢ and d are empirical coefficients which for Adulam chalks are: ¢ = 7.74,
d =0.039.
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Fig. 4. Influence of porosity on mechanical strength: a point load strength (I4) and Brazilian strength (o¢); b
uniaxial compressive strength (o)

3. The correlation between Brazilian strength (o) and porosity is somewhat weaker
(R? = 0.66). Therefore, a mathematical model for this dependence is not suggested
here, although a trend clearly exists. Similarly, an explicit model for I /o, = f(n) is
not suggested here.
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4.2 Uniaxial Compression

The relationship between uniaxial compressive strength and porosity is shown in
Fig. 4b, which displays results from all 12 uniaxial compression tests. A good correla-
tion is obtained which follows an exponential law (R? = 0.87):

o =ae™™ (2)

where a and b are empirical coefficients which for Adulam chalks are: a = 273.15,
b =0.076.

4.3 The Ratio Between Uniaxial and Point
Load Strength (o./1)

The point load test may be used as an index property in rock engineering applications
where in fact the true uniaxial compressive strength is sought. This is because obtain-
ing point load strength data is by far simpler than obtaining actual uniaxial compres-
sion test data, which requires strict adherence to sample preparation standards and
sophisticated testing techniques. Therefore, it has become standard practice to rely on
published correlations for predicting uniaxial strength from point load data. For
50mm diameter core samples the typical correlation is: o./I =20-25 (ISRM,
1985).

In this section we explore the role of porosity and how it influences the correlation
between point load and uniaxial compressive strength. In Eq. (1) the influence of
porosity on point load index was given and in Eq. (2) the influence of porosity on
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Fig. 5. Calculated effect of porosity on the ratio between uniaxial compressive strength and point load
strength, for studied chalks
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true uniaxial compressive strength was described. Using Eq. (1) and Eq. (2) we can
write a new expression for the ratio between uniaxial compressive and point load
strength, as a function of porosity:
Oc
I
where k; and k, are empirical coefficients which can be calculated from coefficients
a, b, cand d: k; =a/c =353,k =b—d=0.037.

The empirical relationship suggested in Eq. (3) is plotted in Fig. 5, where it is
shown that the ratio o./Iq decreases exponentially from 18 to 8 with increasing
porosity (n) values from 18% to 40%. Hence, an increase in porosity by a factor of
2.2 leads to decrease in the ratio o./Ig by a factor of 2.25.

We can conclude therefore that the ratio between uniaxial compressive strength
and point load strength within the same heterogeneous chalk formation may not be
constant, but is porosity dependent. Furthermore, it may be inferred from Fig. 5 that
weaker (higher porosity) chalks have a lower o./l4 ratio, whereas stronger chalks
(lower porosity) have a higher o./I4 ratio.

kje~*en (3)

5. Conclusions

Point load strength, indirect (Brazilian) tensile strength, uniaxial compressive strength
and porosity of Adulam chalk in Israel were studied using dry cylindrical specimens
with the same orientation (specimen axis parallel to bedding). The validity of the
porosity calculation was confirmed by measuring grain volume using a Helium
porosimeter.

It was established that the point load strength and uniaxial compressive strength in
porous Adulam chalks decrease with increasing porosity, while the same effect of
porosity on Brazilian tensile strength was present but not significant. Two exponential
models relating porosity to uniaxial and point load strengths are proposed.

Our observations also show that the ratio o./I4 between uniaxial compressive
strength and point load strength is not constant (range 8—18), but is porosity depen-
dent. An increase in porosity from 18 to 40% leads to decrease in o./I4 from 18
to 8. The difference between the observed ratio (8—18) and standard practice
(0./1q4 =20-25), according ISRM suggested method (ISRM, 1985) can be as high
as 127%.
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