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List of symbols

UCS Uniaxial compressive strength

E Young’s modulus

PLI Point-load index

TS Tensile strength

x Water content

Mps Mass of rock sample under partially saturated

condition

Md Mass of dry rock sample

r Radius of the sample

H Hydraulic diffusivity

k Permeability

B Skempton’s coefficient

K Bulk modulus

g Fluid viscosity

a Biot’s coefficient

P Maximum applied load measured during the

point loading

D Distance between two pointers (conical

platens) in diametral point-load test which is

also the core sample diameter

L Length of the core sample

F Peak load measured during the Brazilian or

indirect tensile test

T Thickness of the sample measured at the center

rn Nominal strength such as UCS, E, PLI, TS

a, b and

c

Material constants in Hawkins and McConnell

(1992) model

1 Introduction

Mechanical properties of intact rocks, such as uniaxial

compressive strength (UCS), Young’s modulus (E) and

tensile strength (TS), are the key factors in rock engi-

neering and are commonly the first parameters to be

characterized for any designing process. In many projects,

point-load index (PLI) is measured to indirectly estimate

the UCS of the intact rock. The influence of water on the

mechanical behavior of rocks can be problematic for the

stability of rock mass in different civil and mining struc-

tures. Many studies have attempted to address these effects

experimentally and analytically (Duda and Renner 2013;

Erguler and Ulusay 2009; Fischer and Paterson 1992;

Hawkins and McConnell 1992; Lisabeth and Zhu 2015;

Nicolas et al. 2016; Ojo and Brook 1990; Rutter 1974;

Wong and Jong 2014; Zhou et al. 2016), and it has been

confirmed by different researchers that an increase in water

content can lead to a decrease in the strength of intact rock

(Baud et al. 2000; Chenevert 1970; Lashkaripour and

Passaris 1995; Li and Reddish 2004; Lia et al. 2012; Tör-

öka and Vásárhelyib 2010; Vásárhelyia and Vánb 2006;

Zhou et al. 2016).

Previous studies constrain general trends for sandstones.

Hadizdeh and Law (1991) reported strength reduction of

55% in Pennant sandstone. Vásárhelyia (2005) showed a

reduction in strength of 45 sandstone samples in the pres-

ence of water. Yet, Gosford sandstone (also known as

Hawkesbury or Sydney sandstone) has not been specifi-

cally tested for its mechanical properties at different water
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contents and under various testing conditions including

uniaxial compression, point loading and indirect tension or

Brazilian test. Gosford sandstone is commonly excavated

in civil construction and coal mining across the Sydney

Basin and is used for civil construction throughout Aus-

tralia. Predictive findings regarding the mechanical prop-

erties of Gosford sandstone would therefore be beneficial to

effective design and operations of many projects.

In this research, the effect of water content on the

mechanical properties of Gosford sandstone is examined

mainly from experimental viewpoint. It is shown that UCS,

E, PLI and TS reduce with an increase in water content. An

empirical model proposed by Hawkins and McConnell

(1992) is then fitted to these mechanical parameters at

varying water contents. Finally, it is shown that the pre-

diction of the empirical models agree well with the

experimental data.

2 Material and Testing Procedures

Gosford sandstone forms a unit within the massive (290 m

thick) Triassic Hawkesbury sandstone of the Sydney Basin,

New South Wales, Australia (Ord et al. 1991). In this

study, a number of experiments were performed on sam-

ples of Gosford sandstone including uniaxial compressive,

point-load and Brazilian tests according to International

Society for Rock Mechanics (ISRM 2007). Cylindrical

samples with a diameter of 42 mm were cored from blocks.

The rock samples were homogenous and free of any col-

oring or macroscale defects. Masoumi et al. (2016b) per-

formed X-ray diffraction analysis on the same batch of

Gosford sandstone used in this study and found that it

consists of 86% quartz, 7% illite, 6% kaolinite and 1%

anatase. Also, Masoumi et al. (2016b) estimated the max-

imum grain size of this sandstone to 0.6 mm. Sufian and

Russell (2013) and Roshan et al. (2016) reported a total

porosity of this sandstone at about 18% based on X-ray

computed tomography scans. Sufian and Russell (2013)

also showed that the density distribution of the pre-existing

micro-cracks within the matrix of Gosford sandstone is

homogenous.

2.1 Water Saturation Technique

All samples were oven-dried for 24 h at a temperature of

105 �C to assure that they were completely dry prior to

testing. The suggested method by ASTM (2010) was

modified to rapidly saturate the rock samples. The core

samples were soaked in de-ionized water in an acrylic

chamber, and a vacuum pump was used to minimize the air

inside the core. The saturation process was considered to be

complete when the release of air bubbles from the cores

ceased. The saturation of the core samples at lower levels

was achieved by trial and error where the duration of the

saturation was less than that of the full saturation. Results

showed that there was an exponential increase in saturation

levels up to an approximately 50%. Longer soaking time

was necessary for higher saturation.

The saturation technique used in this study was similar

to that employed by Zhou et al. (2016) and Yao et al.

(2016) who studied the effect of water content on the

mechanical properties of a fine-grained sandstone and a

coal, respectively. Such a technique led to a non-uniform

distribution of water inside the core samples (particularly at

lower saturation levels) which was designed to replicate the

natural water content condition of rock blocks in civil and

open cut mining projects. The rocks at the ground surface

are typically affected by seasonal rainfalls where the water

soaks the rocks from the surface into the deeper layers

resulting in non-uniform saturation. This condition was

applied here, and all the samples were saturated

heterogeneously.

The water content was calculated based on the suggested

formula by ISRM (Franklin et al. 1979; ISRM 2007) which

was employed by Zhou et al. (2016) and Yao et al. (2016).

The change in the mass of the rock sample was used to

estimate the water content of the samples at different sat-

uration levels according to:

x ¼ Mps �Md

Md

� 100 ð1Þ

where x represents the water content expressed as per-

centage, Mps is the mass of rock sample under partially

saturated condition, and Md is the mass of dry rock sample.

2.2 Uniaxial Compressive Test

The core samples for uniaxial compressive tests were

prepared with the length-to-diameter ratio of 2.5 as rec-

ommended by ISRM (2007). A total of 25 samples were

tested under uniaxial compression at varying water con-

tents (ranging from completely dry to about 7% water

content) using a servo-controlled loading frame with a 150-

ton maximum loading capacity. The strain rate was set at

3 9 10-5 s-1 to allow the samples reach failure within 5–

10 min (Bieniawski and Bernede 1979; ISRM 2007). From

each test, the complete stress–strain curve was recorded to

determine UCS and E (Fairhurst and Hudson 1999; ISRM

2007). The uniaxial compressive tests were nominally

conducted under drained condition where the samples were

not jacketed. However, during the experiment some water

may remain far from the pressure equilibrium at the center

of the sample since the imposed strain rate may be too fast

compared to the time scale of pressure diffusion. In that

case, the condition might be considered undrained in the
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sense that pore pressure is not constant everywhere inside

the sample. In order to confirm whether the tests were

under drained or undrained condition, a simple quantitative

analysis is performed similar to that employed by Nicolas

et al. (2016). The fluid diffusion time can be approximated

according to Nicolas et al. (2016):

t � r2

H
ð2Þ

where H is the hydraulic diffusivity and r is the radius of

the sample which is the minimum distance from the center

of the sample to a free surface. H can be approximated

using the following equation (Kumpel 1991):

H � kBK

ga
ð3Þ

where k is the permeability of the porous material, B is

the Skempton’s coefficient, K is the bulk modulus of the

porous material, g is the viscosity of fluid, and a is the

Biot’s coefficient. Roshan et al. (2015) reported the per-

meability of Gosford sandstone used in this study at

13.4 9 10-5 m2, g for water is about 1 9 10-3 Pa s, and

K for this sandstone is 7.8 GPa according to Masoumi

et al. (2016a). If B and a are assumed unity similar to

Nicolas et al. (2016), then for the tested samples where

r = 21 mm, the resulting fluid diffusion time (t) is

approximately 4.2 9 10-13 s. This is a very short time

compared to the testing period (between 5 and 10 min)

utilized here which confirms that the experiments were

conducted under drained condition.

2.3 Point-Load Test

In total 44 samples were tested by point loading including

23 under axial direction and 21 under diametral orientation.

The length-to-diameter ratio of the samples was one

(Franklin 1985; ISRM 2007).

According to ISRM (Franklin 1985; ISRM 2007) the

diametral point-load index is defined from the following

equation:

PLI ¼ P

D2
ð4Þ

where P is the maximum applied load measured during the

test and D is the distance between two pointers (conical

platens) which is also the diameter of the sample. The load

is applied at least 0.5 D from one end of the sample as

suggested by ISRM (Franklin 1985; ISRM 2007).

For the axial test, the point-load index is calculated

according to:

PLI ¼ P

4LD=p
ð5Þ

where LD is the minimum cross-sectional area of a plane

through the pointers and P is the applied load. In this

condition, the loading is applied at the center of the end

surfaces as specified by ISRM (Franklin 1985; ISRM

2007).

2.4 Indirect Tensile or Brazilian Test

For Brazilian test, ISRM (2007) has specified a length-to-

diameter ratio between 0.3 and 0.6; thus, 0.5 was selected

as an appropriate ratio in this study. The tensile strength

(TS) is calculated using the following formula (Bieniawski

and Hawkes 1978; ISRM 2007):

TS ¼ 2F

pDt
ð6Þ

where F is the peak load at failure, D is the diameter, and

t is the thickness of the sample measured at the center. A

total of 25 tests were conducted under indirect tensile

condition as specified by ISRM (2007).

Table 1 Uniaxial compressive strength (UCS) and Young’s moduli

data obtained from uniaxial compressive tests

Sample no. Water content (%) UCS (MPa) Young’s

modulus (GPa)

UG 1 0.00 43.98 6.58

UG 2 0.00 49.23 7.36

UG 3 0.00 47.01 7.04

UG 4 0.00 46.76 7.02

UG 5 0.00 49.46 7.36

UG 6 0.00 42.05 6.15

UG 7 1.07 26.17 4.90

UG 8 1.52 23.74 5.86

UG 9 1.61 24.53 4.12

UG 10 1.65 26.04 4.66

UG 11 2.24 27.07 4.78

UG 12 2.32 26.32 4.89

UG 13 2.29 28.13 5.21

UG 14 2.42 32.35 5.85

UG 15 2.48 25.14 4.09

UG 16 3.28 23.94 4.82

UG 17 3.81 20.26 4.06

UG 18 4.27 20.82 4.12

UG 19 4.74 19.20 3.89

UG 20 6.66 14.59 3.67

UG 21 6.79 14.10 2.94

UG 22 6.83 15.04 3.13

UG 23 6.87 10.94 2.11

UG 24 6.88 13.61 2.88

UG 25 6.90 11.69 1.98
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3 Experimental Results and Comparison
with Previous Work

To estimate the variation of the mechanical parameters

(UCS, E, PLI and TS) with water content, the model

developed by Hawkins and McConnell (1992) was

employed which utilizes the simple relationship as follows:

rn ¼ ae�bx þ c ð7Þ

where x was already defined in Eq. (1), rn is the nominal

strength (e.g., UCS, PLI, TS or E), and a, b and c are

material constants.

All the tested mechanical parameters decrease with an

increase in water content (the detailed results are given in

Tables 1, 2 and 3). Also the resulting parameters from

fitting Eq. (7) to the experimental data are presented in

Table 4 at 99 and 95% confidence intervals. The experi-

mental observations are reasonably fit by Eq. (7) for all

data including UCS, E, PLI and TS (see Figs. 1, 2, 3 and

4). The validity range of the fitting parameters was esti-

mated, and the upper and lower limits are also plotted in

Figs. 1, 2, 3 and 4.

The estimation of constants a and b was sufficient to

attain the best fits of Eq. (7) to the mechanical parameters

of Gosford sandstone at varying water contents. In other

words, a good fit was obtained without the constant c,

resulting in a simpler and more versatile approach to

applying the Hawkins and McConnell (1992) empirical

model.

An interesting finding from the axial point-load tests

was associated with the invalid failure patterns observed

for all samples saturated at different water contents. This

is a novel observation which has not been reported pre-

viously. It is hypothesized that while the saturation pro-

gresses from the end surface of the sample inward, the

sample edges become the weakest points due to the

presence of water (Baud et al. 2000) resulted from

heterogeneous saturation. Thus, when the stress increases,

cracking propagates toward this weak zone rather than the

dry zone at the center of the sample. In addition, the end

surfaces flaws of the rock samples which are induced

during the sample preparation process can contribute to

this behavior as reported by Masoumi et al. (2016b).

Figure 5 illustrates the failed samples under axial loading

where a number of partially saturated samples resulted in

invalid failures.

Table 2 Point-load index (PLI) data obtained from point-load tests

Sample no. Water content (%) PLI (MPa)

PG 1 0.00 3.65

PG 2 0.00 3.85

PG 3 0.00 3.78

PG 4 0.00 3.68

PG 5 0.00 3.69

PG 6 2.23 2.48

PG 7 2.42 2.18

PG 8 2.40 2.30

PG 9 2.47 2.36

PG 10 2.56 2.23

PG 11 4.28 1.85

PG 12 4.35 1.82

PG 13 4.49 1.70

PG 14 4.56 1.71

PG 15 4.76 1.84

PG 16 6.20 1.20

PG 17 6.38 1.47

PG 18 6.50 1.22

PG 19 6.54 1.18

PG 20 6.59 1.14

PG 21 7.43 1.10

Table 3 Tensile strength (TS) data obtained from Brazilian tests

Sample no. Water content (%) TS (MPa)

BG 1 0.00 4.98

BG 2 0.00 4.38

BG 3 0.00 4.40

BG 4 0.00 3.78

BG 5 0.00 4.27

BG 6 1.90 2.80

BG 7 1.90 2.30

BG 8 1.90 2.96

BG 9 1.90 3.52

BG 10 1.90 3.27

BG 11 2.85 2.12

BG 12 3.04 1.85

BG 13 3.02 2.15

BG 14 3.19 2.11

BG 15 3.17 2.19

BG 16 4.25 2.45

BG 17 4.75 1.71

BG 18 4.72 2.06

BG 19 4.88 1.90

BG 20 5.03 1.99

BG 21 6.73 1.92

BG 22 6.98 1.82

BG 23 6.91 1.84

BG 24 7.04 2.02

BG 25 7.38 1.88
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Table 4 Estimated Hawkins

and McConnell (1992) model

constants for different data sets

Data sets Resulting model constants 99% Confidence intervals 95% Confidence intervals

a (MPa) b c a (MPa) b a (MPa) b

UCS 43.63 0.20 0 ±4.34 ±0.05 ±3.20 ±0.04

E 6690 0.13 0 ±600 ±0.04 ±440 ±0.03

PLI 3.69 0.17 0 ±0.14 ±0.02 ±0.11 ±0.01

TS 4.12 0.15 0 ±0.51 ±0.05 ±0.37 ±0.03
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Fig. 1 Uniaxial compressive
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model fitted to the data along
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The above analysis provides a tool with which to esti-

mate the UCS of Gosford sandstone from a relatively

simple and quick diametral point-load test. Also, it is

important to note that by measuring the water content in a

core sample of Gosford sandstone, a realistic estimate of

the mechanical properties such as UCS, E, PLI and TS can

be obtained from the predictive empirical models presented

in this study.

4 Conclusions

This research has established a comprehensive set of

empirical relationships for the effects of water content on

the mechanical properties of Gosford sandstone. It was

observed that all the mechanical parameters decreased with

an increase in water content. The role of water content can

be explained through its effects on some intrinsic strength
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range of the fitting parameters
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parameters of rock samples such as friction coefficient,

fracture toughness and initial damage which all contribute

to micromechanical and macroscale failure of rock. Also, it

was found that the axial point loading on the partially

saturated Gosford sandstone samples leads to invalid test

results.

A set of predictive empirical models were obtained for

the mechanical properties of Gosford sandstone based on

the original empirical model proposed by Hawkins and

McConnell (1992). It was shown that there is a good

agreement between the empirical model predictions and the

experimental data.
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