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Defining the Contours of Combined Stressed,
Anomaly Elastic and Anomaly Densed

Hierarchical Inclusions Located into a Block
Layered Medium by Wave’s Data of Active
Acoustic and Electromagnetic Monitoring

Olga Hachay1(&), Andrey Khachay2, and Oleg Khachay2

1 Institute of Geophysics Ural Branch of Russian Academy of Sciences,
Yekaterinburg, Russia

olgakhachay@yandex.ru
2 Ural Federal University, Yekaterinburg, Russia

Abstract. A new approach to the interpretation of wave fields has been
developed to determine the contours or surfaces of composite local hierarchical
objects. An iterative process has been developed to solve a theoretical inverse
problem for the case of determining the configurations of 2D hierarchical
inclusions of the l-th, m-th, and s-th ranks located one above the other in
different layers of the N-layer medium and various physical and mechanical
properties for active acoustic monitoring with sources of longitudinal and
transversal waves. When interpreting the results of monitoring, it is necessary to
use data from such observation systems that can be configured to study the
hierarchical structure of the environment. Such systems include acoustic (in the
dynamic version) and electromagnetic monitoring systems. The hierarchical
structure of the geological environment is clearly visible when analyzing rock
samples taken from ore mines. On the other hand, the more complex the
environment, the each wave field introduces its information about its internal
structure, therefore, the interpretation of the seismic and electromagnetic fields
must be conducted separately, without mixing these databases. This result is
contained in the explicit form of the equations of the theoretical inverse problem
for a 2D electromagnetic field (E and H polarization), as well as for the prop-
agation of a linearly polarized elastic wave when excited by an N-layer con-
ducting or elastic medium with a hierarchical conducting or elastic inclusion
located in the m-th layer. In the present work, the inverse problem for a com-
plicated hierarchical model of inclusions is considered. It can be used when
conducting monitoring seismic and acoustic borehole studies to monitor the
fluid return of oil fields, to analyze the dynamic state of a mountain range of
deep-seated deposits which are under various mechanical effects.

Keywords: Combined hierarchical environment � Acoustic and
electromagnetic field � Iterative algorithm � Equation of the theoretical inverse
problem
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An important role for understanding the formation and development of a hierarchy of
structural levels of deformation in solids is played by theoretical and experimental
results obtained on samples (Panin et al. 1985). With their help, an approach has been
developed that uses ideas about dissipative structures in noneqiulibrium systems
(Nikolis and Prigozin 1979), for which self-organization processes take place at each of
the hierarchical levels. As shown in Nikolis (1989), self-organization occurs when
there is a hierarchical structure. This approach can be applied to the study of such
natural and man-made systems, such as rock massifs, which are in the process of
mining. The model of an open dynamic system (Nikolis and Prigozin 1990) is appli-
cable for their description. Analysis of the manifestations of self-organization processes
can give an idea of the stability of the system and contribute to the development of
criteria for the stability of the state of the array as a whole regarding the dynamic
phenomena of a given energy class. This satisfies the statement expressed in (Goldin
2002), which consists in the hypothesis about the divisibility of medium scales. While
the destruction of smaller scales fits into the concept of a nonstationary random pro-
cess, for which the prediction of individual events is not possible.

In Hachay (2004), Hachay et al. (2003), using 3D electromagnetic induction space-
time monitoring (Hachay 2007; Hachay et al. 2001), it was possible to show that the
model of a hierarchical discrete environment is applicable to describe the structure of
an array of rocks of different material composition. Within the framework of a specific
modification of the method, it was possible to trace two hierarchical levels. The zones
of disintegration (Shemjakin et al. 1986; Shemjakin et al. 1992) in the near-working
space are located asymmetrically in the soil and roof, which may be evidence of a non-
equilibrium state of the system. These zones are located discretely, i.e. there are
intervals of their total absence in the near-working space. The maximum changes in the
massif, which is under the anthropogenic influence, manifest themselves in the change
over time of the morphology of the spatial position of these zones (Fig. 1 (a–d)).

At present, theoretical results on modeling the electromagnetic and seismic field in
a layered medium with inclusions of a hierarchical structure are in demand. Simulation
algorithms are constructed in the electromagnetic case for the 3D heterogeneity, in the
seismic case for the 2D heterogeneity (Hachay and Khachay 2016a; Hachay and
Khachay 2017; Hachay et al 2018a, b; Hachay et al. 2015; Hachay et al. 2016; Hachay
et al. 2017a). It is shown, that with the increase of hierarchy degree of the environment,
the degree of spatial distribution nonlinearity of the seismic and electromagnetic fields
components increases also. That corresponds to the detailed monitoring experiments
conducted in the hazardous mines of the Tashtagol mine and SUBR. The theory
developed demonstrated how complex the process of integrating methods using an
electromagnetic and seismic field to study the response of a medium with a hierarchical
structure. This problem is inextricably linked with the formulation and solution of the
inverse problem for the propagation of electromagnetic and seismic fields in such
complex environments. In Hachay and Khachay (2015), Hachay and Khachay (2016b),
Hachay et al. (2017b), the problem of constructing an algorithm for solving an inverse
problem using the equation of a theoretical inverse problem for the 2D Helmholtz
equation was considered. Explicit equations of the theoretical inverse problem are
written for cases of electromagnetic field scattering (E and H polarization) and scat-
tering of a linearly polarized elastic wave in a layered conducting and elastic medium
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Fig. 1. The manifestation of the process of self-organization in the morphology of the zones of
disintegration identified according to the data of electromagnetic induction monitoring
(a) Geoelectrical section according to ort 19, horizon –350, frequency 20 kHz, observations
2002; (b) Geoelectrical section of the ort 19, horizon –350, frequency 20 kHz, observations
2003; (c) Geoelectrical section ort 8, horizon –210, frequency 10 kHz, observations 2002;
(d) Geoelectrical section in line 8, horizon –210, frequency 10 kHz, observations 2003.

Defining the Contours of Combined Stressed, Anomaly Elastic 3



with a hierarchical conducting or elastic inclusion, which are the basis for determining
the contours of misaligned inclusions of the l-th rank of a hierarchical structure.
Obviously, when solving the inverse problem, it is necessary to use observation sys-
tems set up to study the hierarchical structure of the environment as the initial moni-
toring data. In Hachay et al. (2018a), a modeling algorithm was constructed for the

Fig. 1. (continued)
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acoustic monitoring data of a hierarchical two-phase geological environment with
different physical and mechanical properties. In this paper, we construct an algorithm
for reconstructing the contours of hierarchical composite structures associated with
disintegration zones according to active acoustic monitoring using a source of longi-
tudinal waves.

1 Algorithm for Solution of the Inverse Problem of 2-D
Sound Diffraction in N-Layered Medium with Composite
Hierarchical Inclusions

The inverse problem of the diffraction of a linearly polarized elastic shear wave by a
two-dimensional elastic heterogeneity of a hierarchical type located in a layer m of an
N-layered medium was solved in Hachay et al. (2017b). Here we consider this problem
for a source of a longitudinal wave in the framework of a complicated model: the
anomalously stressed hierarchical heterogeneity of the l-th rank will be located in the
layer m − 1, the maximum value of the l-th rank is L, the initial value of the l-th rank is
ll = 1; the anomalously elastic hierarchical heterogeneity of the m-th rank is located in
the layer m, the maximum value of the m-th rank is M, the initial value of the m-th rank
is mm = 1, and the anomalously densed hierarchical heterogeneity of the s-th rank is
located in the layer m + 1, the maximum value of the s-th rank is equal to S, the initial
value of the s-th rank is ss = 1. We consider the algorithm for recovering 2D surfaces
of hierarchical heterogeneities in the case when L < M < S. Let us write the equation
of the theoretical inverse problem (Hachay et al. 2017b) for the scalar Helmholtz
equation, to which our problem for the layer m − 1 reduces:

2pU þ ðM0Þ ¼
Z

@D

ððU þ
m�1ðMÞþU1

m�1ðMÞÞð@G
aðM;M0Þ
@n

� ðbm�1=biÞ
@GðM;M0Þ

@n
Þ

� bm�1ð@U
þ
m�1

@n
þ @U1

m�1

@n
Þðð1=baÞGaðM;M0Þ � ð1=biÞGðM;M0ÞÞÞdl;

ð1Þ

By this bm�1 = nm�1; bi = ni; baðm�1Þl = naðm�1Þl; l = ll ð2Þ

nm�1; ni; naðm�1Þl; qm�1; qi; qaðm�1Þl- the values of the elastic parameter Lamé k and the
density in the (m − 1) -th layer, in the layer where point M0 is located inside the
heterogeneity in the layer, with:

naðm�1Þl ¼ kðm�1Þal; nm�1 ¼ km�1; ni ¼ ki; qm�1 ¼ qaðm�1Þl;

U þ ¼ uþ ; U þ
m�1 ¼ uþ

ðm�1Þ; U
1
m�1 ¼ u1

ðm�1Þ ð3Þ

Where ~u ¼ gradu, if l = 1, then u1
ðm�1Þ is equal to the potential by absence of

heterogeneities in the layered medium; if l > 1, then u1
ðm�1Þ ¼ uðm�1Þ (see the value

calculated by formula (21).
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GðM;M0Þ ¼ GSPðM;M0Þ;GaðM;MÞ ¼ Ga
SPðM;M0Þ; @D; dL;

k21aðm�1Þl ¼ x2 qaðm�1Þl
naðm�1Þl

; k21ðm�1Þ ¼ x2 qðm�1Þ
nðm�1Þ

; k21i ¼ x2 qi
ni
;

ð4Þ

The algorithm for calculating the Green function is written in Khachay (2016a, b).
Thus, the equation of the theoretical inverse problem is written in the form:

2puþ
ðm�1ÞlðM0Þ ¼

Z

@Dl

ððuþ
ðm�1ÞlðMÞþu1

ðm�1ÞðMÞÞð@G
al
SPðM;M0Þ
@n

� ðnðm�1Þ
�
niÞ

@GSPðM;M0Þ
@n

Þ

� nðm�1Þð
@uþ

ðm�1Þl
@n

þ
@u1

ðm�1Þ
@n

Þðð1�naðm�1ÞlÞGal
SPðM;M0Þ � ð1=niÞGSPðM;M0ÞÞÞdL;

ð5Þ

Solving Eq. (5) with respect to the function describing the contour, we calculate the
functions: uðm�1Þ; um; u

þ
ðm�1Þl; u

1
ðm�1Þ by the algorithm for solving the direct problem

(Hachay et al. 2017a) inside and outside the heterogeneity placed in a layered medium.

ðk21ðm�1Þl � k21ðm�1ÞÞ
2p

ZZ
S1cl

ulðMÞGSP;ðm�1ÞðM;M0ÞdsM þu1
l�1ðM0Þ ¼ ulðM0Þ; M0 2 S1Cl

qðm�1Þlðk21ðm�1Þl � k21ðm�1Þ
qðM0Þ2p

ZZ
S1cl

ulðMÞGSP;ðm�1ÞðM;M0ÞdsM þu1
l�1ðM0Þ ¼ ulðM0Þ; M0 62 S1Cl;M0 2 Pm�1

ð6Þ

qðmÞlðk21ðmÞl � k21ðmÞÞ
qðM0Þ2p

ZZ
S1cl

ulðMÞGSP;ðmÞðM;M0ÞdsM þu1
l�1ðM0Þ ¼ ulðM0Þ; M0 62 S1ClM

0 2 Pm

ð7Þ

Pm- region of the layer m, Pm�1- region of the layer m − 1.
Let us write the equation of the theoretical inverse problem (Hachay et al. 2017b)

for the scalar Helmholtz equation, to which our problem for the layer m reduces,
m = mm:

2pU þ ðM0Þ ¼
Z

@D

ððU þ
m ðMÞþU1

m ðMÞÞð@G
aðM;M0Þ
@n

� ðbm=biÞ
@GðM;M0Þ

@n
Þ

� bmð@U
þ
m

@n
þ @U1

m

@n
Þðð1=baÞG

aðM;M0Þ � ð1=biÞGðM;M0ÞÞÞdL;
ð8Þ

By that bm = nm; bi = ni; baðmÞm = naðmÞm; ð9Þ

nm; ni; naðmÞm; qm; qi; qaðmÞm- values of the elastic parameter k Lame and density in the (m)
-th layer, in the layer where the point M0 is located and inside the heterogeneity in the
layer m, by that:
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naðmÞm ¼ kðmÞam; nm ¼ km; ni ¼ ki; ni ¼ ki; qm 6¼ qaðmÞm
U þ ¼ uþ ; U þ

m ¼ uþ
ðmÞ; U

1
m ¼ u1

ðmÞ
ð10Þ

calculated by the formula (7);
where~u ¼ gradu, u is the potential of the acoustic field excited by a longitudinal wave
for the selected model.

GðM;M0Þ ¼ GSPðM;M0Þ;GaðM;MÞ ¼ Ga
SPðM;M0Þ; @D; dL;

k21aðmÞm ¼ x2 qaðmÞm
naðmÞm

; k21ðmÞ ¼ x2 qðmÞ
nðmÞ

; k21i ¼ x2 qi
ni
;

ð11Þ

Thus, the equation of the theoretical inverse problem is written in the form:

2puþ
ðmÞmðM0Þ ¼

Z

@Dm

ððuþ
ðmÞmðMÞþu1

ðmÞðMÞÞð@G
am
SP ðM;M0Þ
@n

� ðnðmÞ�niÞ
@GSPðM;M0Þ

@n
Þ

� nðmÞð
@uþ

ðmÞm
@n

þ
@u1

ðmÞ
@n

Þðð1�naðmÞmÞGam
SP ðM;M0Þ � ð1=niÞGSPðM;M0ÞÞÞdL;

ð12Þ

Solving the Eq. (12) with respect to the function rmðuÞ describing the contour @Dm,
we calculate the functions: uðmÞ; u

þ
ðmÞm; u

1
ðmÞ by the algorithm for solving the direct

problem (Hachay et al. 2018b) inside and outside the heterogeneity located in the
layered medium.

ðk21mm � k21mÞ
2p

ZZ
S2Cm

umðMÞGSP;mðM;M0ÞdsM þ qma
qmm

u1
m�1ðM0Þ � ðqma � qmmÞ

qmm2p

Z

C2m

GSP;m
@um

@n
dc

¼ /mðM0Þ;M0 2 S2Cm;

qmmðk21mm � k21mÞ
qðM0Þ2p

ZZ
S2Cm

umðMÞGSP;mðM;M0ÞdsM þu1
m�1ðM0Þ � ðqma � qmmÞ

qðM0Þ2p
Z

C2m

GSP;m
@um

@n
dc

¼ umðM0Þ;M0 62 S2Cm

ð13Þ

qðmþ 1Þmðk21ðmþ 1Þm � k21ðmþ 1ÞÞ
qðM0Þ2p

ZZ
S2Cm

umðMÞGSP;mþ 1ðM;M0ÞdsM þu1
m�1ðM0Þ

� ðqðmþ 1Þa � qðmþ 1ÞmÞ
qðM0Þ2p

Z

C2m

GSP;mþ 1
@um

@n
dc ¼ umðM0Þ;M0 62 S2Cm;2 Pmþ 1;

ð14Þ

We write the equation of the theoretical inverse problem (Hachay et al. 2017b) for
the scalar Helmholtz equation, to which our problem reduces, for the layer m + 1,
s = ss:
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2pU þ ðM0Þ ¼
Z

@D

ððU þ
mþ 1ðMÞþU1

mþ 1ðMÞÞð@G
aðM;M0Þ
@n

� ðbmþ 1=biÞ
@GðM;M0Þ

@n
Þ

� bmþ 1ð
@U þ

mþ 1

@n
þ @U1

mþ 1

@n
Þðð1=baÞG

aðM;M0Þ � ð1=biÞGðM;M0ÞÞÞdL;
ð15Þ

By that:

bmþ 1 ¼ nmþ 1; bi ¼ ni; baðmþ 1Þs ¼ naðmþ 1Þs; ð16Þ

nm; ni; naðmÞs; qm; qi; qaðmÞs- values of the elastic parameter Lame k and density in the
(m + 1) -th layer, in the layer where point M0 is located and inside the heterogeneity in
the layer (m + 1):

naðmþ 1Þs ¼ kðmþ 1Þas ¼ ki; nmþ 1 ¼ kmþ 1; ni ¼ ki; qi 6¼ qaðmþ 1Þs

U þ ¼ uþ ; U þ
mþ 1 ¼ uþ

ðmþ 1Þ; U
1
mþ 1 ¼ u1

ðmþ 1Þ ¼ uðmþ 1Þm ð17Þ

GðM;M0Þ ¼ GSPðM;M0Þ;GaðM;MÞ ¼ Ga
SPðM;M0Þ; @D; dL;

k21aðmþ 1Þs ¼ x2 qaðmþ 1Þs
naðmþ 1Þs

; k21ðmþ 1Þ ¼ x2 qðmþ 1Þ
nðmþ 1Þ

; k21i ¼ x2 qi
ni
;

ð18Þ

Thus, the equation of the theoretical inverse problem is written in the form:

2puþ
ðmþ 1ÞsðM0Þ ¼

Z

@Ds

ððuþ
ðmþ 1ÞsðMÞþu1

ðmþ 1ÞðMÞÞð@G
as
SPðM;M0Þ
@n

� ðnðmþ 1Þ
�
niÞ

@GSPðM;M0Þ
@n

Þ

� nðmþ 1Þð
@uþ

ðmþ 1Þs
@n

þ @/1
ðmþ 1Þ
@n

Þðð1�naðmþ 1ÞsÞG
as
SPðM;M0Þ � ð1=niÞGSPðM;M0ÞÞÞdL;

ð19Þ

Solving the Eq. (19) with respect to the function rsðuÞ describing the contour @Ds,
we calculate the functions: uðmþ 1Þ; u

þ
ðmþ 1Þs;u

1
ðmþ 1Þ by the algorithm for solving the

direct problem (Hachay et al. 2017a) inside and outside the heterogeneity placed in a
layered medium.

ðk21ðmþ 1Þis � k21ðmþ 1ÞÞ
2p

ZZ
S3Cs

usðMÞGSP;ðmþ 1ÞðM;M0ÞdsM þ qðmþ 1Þa
qðmþ 1Þis

u1
s�1ðM0Þ

� ðqðmþ 1Þa � qðmþ 1ÞisÞ
qðM0Þ2p

Z

C3s

GSP;ðmþ 1Þ
@us

@n
dc ¼ usðM0Þ;M0 2 S3Cs;

ð20Þ
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If the rank l� L, uðm�1ÞðM0Þ is calculated by the formula (21):

qðm�1Þisðk21ðm�1Þis � k21ðm�1ÞÞ
qðM0Þ2p

ZZ
S3Cs

usðMÞGSP;ðm�1ÞðM;M0ÞdsM þu1
s�1ðM0Þ

� ðqðm�1Þa � qðm�1ÞisÞ
qðM0Þ2p

Z

Cm

GSP;ðm�1Þ
@us

@n
dc ¼ usðm�1ÞðM0Þ;M0 62 S3Cs 2 Pm�1;

ð21Þ

ll = ll + 1 and we go to (1). If the rank is l > L, and m�M, then uðmÞðM0Þ is calculated
by the formula (22):

qðmÞisðk21ðmÞis � k21ðmÞÞ
qðM0Þ2p

ZZ
S3Cs

usðMÞGSP;ðmÞðM;M0ÞdsM þu1
s�1ðM0Þ

� ðqðmÞa � qðmÞisÞ
qðM0Þ2p

Z

Cm

GSP;ðmÞ
@us

@n
dc ¼ usðmÞðM0Þ;M0 62 S3Cs 2 Pm;

ð22Þ

mm = mm + 1 and we go to (8). If the rank is m > M, then uðmþ 1ÞðM0Þ is calculated
by the formula (23):

qðmþ 1Þisðk21ðmþ 1Þis � k21ðmþ 1ÞÞ
qðM0Þ2p

ZZ
S3Cs

usðMÞGSP;ðmþ 1ÞðM;M0ÞdsM þu1
s�1ðM0Þ

� ðqðmþ 1Þa � qðmþ 1ÞisÞ
qðM0Þ2p

Z

Cm

GSP;ðmþ 1Þ
@us

@n
dc ¼ usðmþ 1ÞðM0Þ;M0 62 S3Cs 2 Pmþ 1;

ð23Þ

ss = ss + 1 and we go to (15). If the rank is s > S, then /ðmþ 1ÞðM0Þ is calculated by the
formula (24) in all layers: m ¼ 1; . . .N.

qðmÞisðk21ðmÞis � k21ðmÞÞ
qðM0Þ2p

ZZ
S3Cs

usðMÞGSP;ðmÞðM;M0ÞdsM þu1
s�1ðM0Þ

� ðqðmÞa � qðmÞisÞ
qðM0Þ2p

Z

Cm

GSP;ðmÞ
@us

@n
dc ¼ usðmÞðM0Þ;M0 62 S3Cs 2 Pm;

ð24Þ

The result is the defining of all the nested surfaces of hierarchical heterogeneities
according to the ranks of their hierarchy and given physical and mechanical properties.

2 Conclusion

When solving the inverse problem, it is necessary to use observation systems set up to
study the hierarchical structure of the environment as basic monitoring data. On the
other hand, the more complex the environment, the each wave field introduces its
information about its internal structure, therefore, the interpretation of the seismic and
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electromagnetic fields must be conducted separately, without mixing these databases.
From the constructed theory it follows that with an increase in the degree of hierarchy
of the environment, the degree of spatial nonlinearity of the distribution of the com-
ponents of the seismic and electromagnetic fields increases, which indicates the
impossibility of using the methods of linearizing the task when creating interpretation
methods.
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Abstract. An imminent challenge currently being faced in Dubai is the
occurrence of soft rock underlying the quaternary aeolian sand deposits. One
such offender encountered, is the thinly laminated calcareous sandstone of the
Ghayathi Formation, which may occur as alternating beds of very dense sand
and extremely weak sandstone. The current accepted method for differentiating
between soil and rock is dependent on a UCS strength occurring below
0.6 MPa. Laboratory experiments performed on samples retrieved from the
Ghayathi Formation exhibit an average UCS, Point Load Index and E-modulus
of 0.71 MPa, 0.11 MPa and 1128 MPa respectively. However, strength and
deformation is controlled by inherent physical properties of the material such as
mineral composition, density, structure, fabric and porosity. Petrographic anal-
ysis of representative samples from the Ghayathi Formation shows the sand-
stone comprises of highly porous fine-grains with sporadic bands of coarser
material cemented together by a thin uniform crust around depositional grains
with some degree of compaction. Overall the mineralogical composition by
volume comprises of: calcite (80%) as a cementing agent and bioclasts, quartz
(16%), rare feldspars (2%), trace amounts of pyrite (1%) and igneous rock
fragments (<1%). Primary pore spaces remain unfilled and result in a high inter-
particle porosity of 27.69%, which is inversely proportional to the bulk and dry
densities exhibiting average values of 1968 kg/m3 and 1660 kg/m3 respectively.
The high inter-particle porosity resulted in the degree of saturation predomi-
nantly ranging between 40–80% but the inherent water content had minimal
influence on the strength of the samples. This petrographic analysis comparison
to laboratory results highlights some of the complexities currently being faced in
soft rocks research and further supports that improved sampling techniques,
laboratory testing methods and understanding of soft rock characteristics is
required for improved classification.

1 Introduction

The rapid rise and ever increasing demands placed on civil infrastructure development
in Dubai and the United Arab Emirates presents a challenging prospect to all
geotechnical professionals to judge their skills and abilities. One such challenge is the
occurrence of soft rock underlying the quaternary aeolian sand deposits of the Ghayathi
Formation. An initiative by Fugro Middle East (FME) is the continuous development
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of a geotechnical database of site investigations performed though out Dubai and the
region (Brouwers 2018). This paper presents a unique opportunity to investigate the
Ghayathi Formation sandstone by presenting a combination of petrographic and lab-
oratory test results in evaluating the influence physical properties such as mineral
composition, density, structure, fabric and porosity has on the recorded laboratory
results.

2 Geological Setting

The Arabian Gulf is a shallow elongated basin of late Pliocene to early Pleistocene age
and currently has water depths rarely exceeding 100 m. The basin is asymmetric, with a
gentle slope on the Arabian side and a much steeper slope on the Iranian side
(Alsharhan and Kendall 2003). The basin is bound on the northwest and along the
Iranian side by the Zagros mountain belt, which is the central part of the Alpine-
Himalayan chain. During the late Cretaceous, a large compressive event caused the
obduction of the Oman-UAE ophiolite on the eastern continental margin of the Arabian
platform (Macklin et al. 2012). Eustatic fluctuations of sea level during the Quaternary,
related to climate variations, resulted in shifting shorelines along the relatively flat
Arabian Gulf (Al-Sayari and Zötl 2012).

A generalised overview of the Arab peninsular and stratigraphy of geology in
Dubai is presented in Fig. 1. The near surface geology of coastal Dubai begins with
Quaternary marine, aeolian, sabkha and fluvial deposits overlying variably cemented

Fig. 1. Generalised overview of Dubai stratigraphy (after Macklin et al. 2012)
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Pleistocene calcareous sandstone and cemented sand deposits of the Ghayathi For-
mation (Macklin et al. 2012). Below this, is a thick succession of fluvial sediments
characterized by poorly sorted conglomerates and interbedded calcisiltites belonging to
the Barzaman formation probably formed during the middle Miocene to Pliocene age
(Styles et al. 2006). Underlying the Barzaman Formation is the Fars Group comprising
of thinly laminated to thickly bedded gypsum-carbonate rich siltstone and claystones
(Macklin et al. 2012). These rocks are currently experiencing on-going gentle defor-
mation from the anti-clockwise movement of the Arabian plate against the Eurasion
plate and localized deformation events from upwelling salt diapers.

The Ghayathi Formation was deposited during regression of sea levels and consists
of a mixture of carbonate-clastic sediments (Williams and Walkden 2002). Towards the
coast, it is dominantly composed of marine derived carbonates grains becoming pro-
gressively higher in quartz content inland. As the sea level retreated the sediments were
reworked into a barchans dunefield where an arid climate resulted in the sediments
remaining unconsolidated. Increasing wind speeds and changing wind directions later
reworked the barchans dunefield into seif dunes that later became lithified before sea
level transgression.

3 Results and Discussion

During data analysis of the compiled Fugro Middle East (2017) geotechnical database,
eight (8) boreholes contained petrographic analysis tests encountering the Ghayathi
Formation sandstone. In combination with the petrographic analysis, 26 Uniaxial
Compressive Strength (UCS), 12 UCS local-strain and 41 Point Load Index
(PLI) laboratory tests were performed in the same boreholes and a summary of these
results is presented in Table 1. From the UCS tests, according to British Standards
5930:2015, 18.42% and 21.05% classify as extremely weak and very weak respec-
tively. While the remaining 60.53% returned strengths less than 0.6 MPa and can be
classified as very dense cemented sand.

However, strength and deformation is controlled by inherent physical properties of
the material such as mineral composition, density, structure, fabric and porosity.
Therefor a 1 m selection buffer was enforced on laboratory results against petrographic

Table 1. Summary of laboratory test results

Moisture
content
(%)

Bulk
density
(Mg/m3)

Dry
density
(Mg/m3)

UCS
(MPa)

Elastic
modulus
(MPa)

Poisson’s
ratio

Point load index
(MPa)
I50 UCS

Correlatedi

Minimum 2.30 1.70 1.38 0.03 98.00 0.14 0.01 0.05
Maximum 32.00 2.20 1.92 3.90 6271.00 0.45 0.63 2.80
Average 17.57 1.97 1.66 0.71 1128.33 0.26 0.11 0.49

NOTE: i - Correlation factor of 4,5829 (Abbs 1985; Elhakim 2015)
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analysis sample depths; where this criterion could not be satisfied the nearest laboratory
results were selected and assumed as being representative. Laboratory results that
satisfied these criteria are shown in Table 2.

To assess if the selected laboratory results were representative of the Ghayathi
Formation sandstone: the UCS and correlated PLI were compared against all the
laboratory results for the eight boreholes. Figure 2 shows this comparison: triangles
represent selected representative petrographic lab results against UCS results, which are
represented by hatches and correlated point load index using a determined correlation
factor of UCS = 4.5829 � I50, which is in general agreement with Abbs (1985) and
Elhakim (2015), are represented by circles.

The laboratory results for the selected samples in near proximity of the petrographic
analysis show good agreement with remaining laboratory results, as seen in Fig. 2, and
are interpreted as being representative of the Ghayathi Formation sandstone.

Inspection under plane-polarised (Fig. 3a) and cross-polarised (Fig. 3b) light shows
the sandstone comprises of highly porous fine-grains with sporadic bands of coarser
material cemented together by a thin uniform crust around depositional grains with
some degree of compaction. The remainder of the primary pore spaces remain unfilled
resulting in a high inter-particle porosity. A summary of the mineralogical composition
for the petrographic samples is presented in Table 3, where overall, the mineralogical
composition by volume comprises of: calcite (80%) as a cementing agent and bioclasts,
quartz (16%), rare feldspars (2%), and trace amounts of pyrite (1%) and igneous rock
fragments (<1%).

The mineralogical composition can be used to gain a more quantitative assessment
of the inter-particle porosity (/) using bulk density (qbulk) and particle density (qdensity)
as shown in Eq. 1 below.

Table 2. Representative laboratory results of petrographic analysis samples

Petrographic
sample (m)

Closest
lab result (m)

UCS
(MPa)

Young’s
modulus (MPa)

Poisson
ratio

Point load index
(MPa)
I50 UCS

correlatedi

BH-A 20.55 19.04 0.80 – – –

BH-B 17.45 17.20 – – – 0.07 0.32
17.70 – – – 0.20 0.93

BH-C 28.50 28.00 0.20 – – – –

BH-D 32.40 31.50 0.30 – – – –

33.10 0.70 – – – –

BH-E 31.85 30.25 – – – 0.13 0.60
BH-F 34.10 35.00 0.06 323 0.22 – –

BH-G 34.35 33.50 – – – 0.04 0.18
33.60 0.20 – – – –

BH-H 19.50 19.20 – – – 0.21 0.96

NOTE: i - Correlation factor of 4.5829 (Abbs 1985; Elhakim 2015)
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/ ¼ 1� qbulk=qdensity
� � ð1Þ

To determine the particle density: the mineral density of each of the analysed
petrographic sample components where weighted and averaged by mineralogical
composition by volume. From this calculation it was determined that the average inter-
particle porosity for the Ghayathi Formation sandstones is 27.69%. Both the inter-
particle porosity and water content decreases with increasing dry density, as shown in
Fig. 4, indicating higher degrees of cementation.

Fig. 2. Representative petrographic sample comparison

Fig. 3. Representative petrographic analysis photomicrographs: (a) Plane-polarised light
showing bioclasts (D6), ooids (G2) and quartz (D8) (b) Cross-polarised light showing bioclasts
(A5/6), ooids (E2), quartz (B10) and feldspar (D7)
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The degree of saturation was calculated by determining the difference of saturated
and unsaturated pores using the calculated inter-particle porosity and water content.
Predominantly, the degree of saturation ranged between 40–80%, as shown in Fig. 5,
where the degree of saturation (left axis) is plotted simultaneously with bulk density
(right axis) against UCS results. The UCS shows no obvious relationship towards either
the degree of saturation or bulk density, indicating that neither the moisture content nor
the degree of cementation is a dominant factor influencing the strength of the rock.

Table 3. Summary of the mineralogical composition for the petrographic analysis samples

BH
ID

Depth
(m)

Calcite Quartz Feldspar Igneous rock
fragments

Pyrite Origin

Volume
(%)

Grain
size
(lm)

Volume
(%)

Grain
size
(lm)

Volume
(%)

Grain
size
(lm)

Volume
(%)

Grain
size
(lm)

Volume
(%)

Grain
size
(lm)

BH-A 20.55 75 50–400 20 20–200 2 20–100 <1 20–120 Primary

BH-B 17.45 81 50–400 16 20–200 2 20–100 <1 20–120

BH-C 28.50 83 50–380 13 20–190 2 20–100 <1 20–120 <1 20–130

BH-D 32.40 84 50–360 12 20–210 2 20–100 <1 20–130 1 20–120

BH-E 31.85 78 50–330 18 20–190 2 20–100 <1 20–130 1 20–130

BH-F 34.10 84 50–420 12 20–215 2 20–60 <1 20–120 1 20–110

BH-G 34.35 84 50–125 12 20–150 2 20–70 <1 20–120 1 20–130

BH-H 19.50 75 50–400 20 20–200 2 20–100 <1 20–120

Fig. 4. Water content and inter-particle porosity for Ghayathi formation sandstone
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Comparison of petrographic analysis and laboratory results highlight three main
challenges currently being faced in site investigations involving soft rocks:

– Sampling techniques
– Laboratory testing
– Classification schemes.

Due to the inherent lack of strength present for these rocks, current sampling
method techniques often retrieve minimal or no core recovery despite attentive effort
exerted to ensure this is not the case. The lack of sample or minimal retrieved sample
raises the uncertainty regarding the credibility of sampling being representative of
ground conditions where the rock mass may exhibit paradoxical stable conditions
during construction phase despite determined weakness. This challenge is further
compounded due to the currently available and recognized laboratory testing tech-
niques, where the results represent a bias selection of ground conditions for samples
that satisfy pre determined standards and requirements to be considered appropriate for
testing. Although the boundary between soil and rock is not clearly defined, as these
materials occur on a continuum, the current classification schemes available to
geotechnical professionals inhibit the evaluation of ground conditions, forcing the
engineer to depend predominantly on arduous experience gained through trial and error
dealings with such materials. Improved sampling, laboratory testing and specialised
classification systems to soft rocks/hard soils will accelerate the time frame required for
geotechnical professionals to confidently consider themselves competent in evaluating
all the risks and hazards present at any one site.

Fig. 5. Degree of saturation and bulk density vs. UCS results of the Ghayathi formation
sandstone
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4 Conclusion

An imminent challenge currently being faced in Dubai is the occurrence of soft rock of
the Ghayathi Formation sandstone displaying average UCS, Point Load Index and
E-modulus of 0.71 MPa, 0.11 MPa and 1128 MPa respectively for laboratory tests
conducted on samples in near proximity of petrographic analysis samples. Review of
the sandstones under increased magnification reveals the sandstone comprises a highly
porous fine-grains with sporadic bands of coarser material cemented together by a thin
uniform crust around depositional grains with some degree of compaction. Overall the
mineralogical composition comprises of calcite (80%) as a cementing agent and bio-
clasts, quartz (16%), rare feldspars (2%), and trace amounts of pyrite (1%) and igneous
rock fragments (<1%). The inter-particle porosity of the Ghayathi Formation sandstone
averaged at 27.69%, with the degree of saturation ranging between 40–80%. The
inherent water content and bulk density of the samples showed no obvious relationship
to UCS indicating neither is a dominant factor in determining strength. A combined
effort in understanding and improving sampling techniques, laboratory testing and
classification of soft rock/hard soils is required for the advancement of the geotechnical
profession.
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Abstract. The vulnerability of GIFT city from seismic hazards due to geo-
logical fault lines present in that region was assessed, and potential seismic
sources were identified. GIFT city lies in Zone 3 according to seismic zonation
maps of India and is nearby to the Zone 4. The past earthquake catalogue of
GIFT city region is prepared. All earthquakes in the radius of 500 km from the
GIFT city were taken (from United States Geological Survey), and the datasheet
was prepared according to the latitude, longitude, magnitude, time and date.
Spatial and temporal distribution of the foreshocks and aftershocks within 30
days from the main earthquake were analysed and declustering was done.
Magnitudes of all earthquakes were homogenized and taken in terms of Moment
magnitude (MW). Seismic tectonic map of GIFT city region was taken and
superimposed with these past earthquakes, and the effect of each fault line
nearby was studied. Previous earthquakes were assessed, and their sources were
identified. The Peak Ground Acceleration (PGA) and Ground motion attenua-
tion were calculated using these data. The fault lines that can cause tremors or
earthquakes in the GIFT city were assessed and studied.

1 Introduction

Earthquakes have a very adverse effect on human lives. They are very dynamic.
Earthquakes do not give any warnings, and there is no prediction system developed for
the earthquakes as of now. Though many research works are oriented to develop a
prediction system for earthquake warnings, none has proved to be fruitful yet. An
earthquake can prove to be catastrophic in such trend of globalization and industrial-
ization. So the best way to deal with it is to know the seismic vulnerability of that area
and to construct in that accordance. One such fast-growing state of India is Gujrat.
Gujrat is undergoing very fast industrialization, and hence a lot of construction work is
going on in Gujrat. One such place is Gujrat International Finance Tec-City (GIFT
City). It is a part of the Delhi-Mumbai Industrial corridor that is being set up by
Government of India with the assistance from Japan in this project. It is a business
district being promoted by Government of Gujrat. It is India’s first operational smart
city in Ahmedabad. GIFT city is spread across and area of approximately 3.99 sq. Km.
As two devastating earthquakes of magnitude (Ms) 8.3 and 7.7, it makes it more
important to study the seismicity of the GIFT city region. The Bhuj earthquake caused
mass destruction and raised questions on the building provisions. It caused the
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breakdown of the entire infrastructure. GIFT city is the latest upcoming infrastructure
project work in Gujrat. Therefore it made it mandatory to study the area and find the
seismic vulnerability of the region (Figs. 1a, 1b).

Fig. 1a. GIFT city master plan giving an overview of the city. (http://www.gujaratproperty.com/
gift-city/wtc/location.html)

Fig. 1b. GIFT city overview (http://www.gujaratproperty.com/gift-city/wtc/location.html)
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1.1 Seismicity and Tectonics of Gujrat

Gujarat has approximately 20,000 sq. Km area. The three failed rifts Kachchh, Cambay
and Narmada fall in the Gujrat region. The E-W rift of Kachchh region resulted in the
Kuchchh Rift basin. NE-SW Aravalli drifting trend resulted in the Cambay rift basin.
The Narmada rift basin extends from the Cambay region to the southern regions of
Saurashtra trend. Gujrat has very varying seismicity. A large part of Gujrat lies in
Zone V and Zone 4 of seismic zonation and the rest in Zone 3. A very small north-
eastern part of Gujrat lies in Zone 2. The Runn of Kachchh lies in the zone V, and a
fault line passes through it. So it makes Gujrat a seismically earthquake prone area. As
of March 2019, 202 earthquakes have happened in the region of 500 km from the
GIFT. There is a lot of fault line in Gujrat, making it seismic vulnerable. The occur-
rence of the 1993 Latur earthquake followed by the destructive earthquakes of 1997
Jabalpur and 2001 Bhuj raised questions on the validity of the seismic zonation
map. This further led to the revision of the seismic zonation map, and in 2002, only
four zones were identified: II, III, IV and V (Fig. 2).

Fig. 2. Seismotectonic map of Gujrat
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1.2 Earthquake Catalogue

A detailed earthquake catalogue is prepared to assess the seismic hazard. It is better to
include every possible data that can be collected to get precise results for seismic
vulnerability. The first step after preparing the catalogue is de-cluster it. With the main
earthquake event, fore-shocks and after-shocks also take place. Even these are con-
sidered in the earthquake catalogue. Though they account for the seismic vulnerability
they have lesser magnitude than that of the main earthquake. While calculating the
seismic hazards, we consider the maximum magnitude earthquake, so it is necessary to
de-cluster these fore-shocks and after-shocks from the earthquake catalogue as they are
not the main earthquake event that took place. Moreover the data is collected from
different sources so the data may repeat. So it is necessary to declutter the earthquake
catalogue. The filtering of data was done based on the temporal and spatial distribution
of the events. From a total of 202 events, 27 earthquake events were declustered based
on their spatial and temporal distribution (Fig. 3a).

Fig. 3. Contour map showing the maximum PGA values in and near GIFT city, with respect to
latitude and longitude.
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The next step is to homogenize the magnitude scales of earthquake catalogue. The
catalogue is prepared using old earthquake catalogues as well as data available on
USGS. The historic seismic data were collected from Oldham (1883), Milne (1911),
Turner (1911), Gubin (1968), Kelkar (1968), Gosavi et al. (1977) and Srivastava and
Ramachandran (1983). The instrumental data were obtained from different national and
international agencies like the Indian Meteorological Department (IMD), International
Seismological Centre (ISC), The Incorporated Research Institutions for Seismology
(IRIS), United States Geological Survey (USGS), Geological Survey of India (GSI),
National Geophysical Research Institute (NGRI) and Institute of Seismological
Research (ISR) (Figs. 4a, 4b).

The magnitude of the earthquakes was in different scales like Local magnitude
scale, Body wave magnitude (MB), Surface wave magnitude (MS) and Moment
magnitude (Mw). Unfortunately, the Richter scale and other magnitude scales, except
Moment Magnitude, saturate after a particular intensity making it very difficult to get
the exact intensity of the earthquake and making these scales unreliable. While
Moment magnitude does not saturate and gives us a better idea of the intensity of the
earthquake. So to compare the intensity of the earthquakes, we need to homogenize the
earthquake data in terms of Moment Magnitude. The most common scale to measure
the intensity of the earthquakes is the Moment Magnitude scale. The moment mag-
nitude scale is preferred as it does not saturate. There have been many relations to
homogenize the earthquake magnitude. Menon et al. (2010) developed a relation to
converting the intensity scale to moment magnitude scale for earthquakes in India. The

Fig. 3a. Seismic hazard contour map (colour model of Fig. 3)
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surface wave (MS) and body wave (mb) magnitudes conversion relation were also
given by Scordilis (2006), which were developed using the worldwide data. The
magnitude conversion relations developed by Kolathayar et al. (2012) were used in this
work. These relations are:

MW ¼ 1:08 �0:0152ð Þ Mb � 0:325 �0:081ð Þ ð1Þ

MW ¼ 0:815 �0:04ð Þ ML � 0:767 �0:174ð Þ ð2Þ

MW ¼ 0:681 �0:010ð Þ Ms � 1:993 �0:053ð Þ ð3Þ

Now the data is homogenized and worked on in the Moment magnitude scale.

Fig. 4a. GIFT city region overlap on the contour map
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1.3 Deterministic Seismic Hazard Assessment

The Deterministic Seismic Hazard Assessment (DSHA) is done for a particular
earthquake. DSHA uses the known data of sources to calculate the hazard. This
approach uses the known sources that are in the vicinity of the site and uses the historic
geological and seismic data available for the area and produces the models of ground
motion at the site. It produces the ground motion models for each source and each
seismic data that is taken for the study. DSHA consists of 4 steps: (a) identifying and
characterizing of all sources. Identification means to identify all the potential sources in
the vicinity of the site that can produce significant ground motion. Characterization
means to identify source geometry and establish the potential of the earthquake that can
be produced. (b) Selecting the source-site distance parameters (c) Selecting the con-
trolling earthquake: this is the mechanism to decide the faults which will cause or have
caused the earthquakes. (d) Defining the hazard for the controlling earthquake: this
means to typically estimate the magnitude of the earthquake that can be produced.

The Earthquake events that have happened were superimposed on the fault lines.

Fig. 4b. GIFT city region overlap on the coloured contour map
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1.4 Attenuation Relations

There are many ground motion attenuation relations developed by different researchers.
Different attenuation relation is developed for specific areas. For the study of Gujrat
region, we have used the attenuation relation by Kolathayar et al. (2012). MATLAB
code was used to analyse the seismic characteristics and calculate the ground motion of
the region due to the fault lines present in the vicinity. Ground motion is predicted and
estimated for the GIFT city for ‘0’ s time interval. For the analysis of the GIFT city, it
was divided into the grids of 100 m � 100 m. The centre point of each square box was
treated as the site, and the ground motion acceleration was calculated at that point.
A total of 11211 grids were made and analysed to calculate the ground acceleration.
Ground acceleration was calculated using two methods, namely, Point Source shield
and Fault Shield. Attenuation relations of Raghu Kanth and Iyengar (2007), Atkinson
and Boore (2006), Grazier (2016) were used for these two methods, and the maximum
ground acceleration was taken. It was found out that Raghu Kanth and Iyengar (2007)
gave the highest value of ground motion. Using this data, a seismic vulnerability
contour was plotted for the GIFT city and the area in the immediate vicinity. This
georeferenced map will provide with the seismicity of any required area in the GIFT
city and will help in taking the required recommendations and building provision to
construct safer infrastructure towards earthquakes.

2 Results and Discussion

The Peak ground acceleration was found out to be 0.113 g at the bedrock level. The
southern region of GIFT city was found out to be more seismically active with rest to
the rest. The seismic vulnerability decreases as we go towards the north-eastern zone of
GIFT city. This seismic activeness was found out to be more in the southern and
western region because there are more fault lines towards the southern and western
parts of Gujrat. The main Tec-city lies this relatively high zone of seismicity, so they
need to be much better planned with respective BIS Code provisions.

3 Conclusion

The seismically prone zones in a radius of 300 km from the GIFT city were found.
The GIFT city was seismologically analysed considering the fault lines and the past
earthquakes in that area. The GIFT city area into the grids of 100 m � 100 m and
calculated the peak Ground acceleration at the centre of each grid using different
attenuation relation suitable for the area. The contour map of the seismic vulnerability
was plotted using the maximum calculated magnitudes. A map showing all the
earthquakes that have happened was plotted and categorised according to their mag-
nitudes. The seismic vulnerability of the GIFT city, Gujrat was found out. The max-
imum ground acceleration was found out to be in 0.113 g at the bedrock level.
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Abstract. Rock characterisation is important to the feasibility of the Handlebar
Hill open cut mine at Mt Isa, Queensland-Australia, because of the complex
structural geology and the diversity of slope formations. The different rocks are
affected by complete and moderate oxidisations coupled with mining works,
giving rise to potential slope instability. Through the characterisation of these
rocks, there is more confidence in the prediction of their behaviors in terms of
failure mechanisms and slope stability. The objective of this research was to
evaluate the properties of the pit rock masses. The geotechnical engineering
practice approach was based on defining the parameters of the Hoek-Brown,
Barton-Bandis and Mohr-Coulomb failure criteria. A program involving
investigation that included field measurements, laboratory tests, hydrogeological
settings, empirical indices and findings using the RocLab program was applied.
The inputs help to analysis of pit slope stability and to understand the effects of
different pit configurations on slope performance to allow safe and economic
mining operations.

Keywords: Geological structures � Orebody deposits � Lithological domains �
Intact rock

1 Introduction

Handlebar Hill mine operation is located in Mt. Isa nearly 1,850 km NW of Brisbane,
Queensland, Australia, as shown in Fig. 1a. The mine was open pit mining to extract
zinc and lead deposits. The mining formally started in 2008. To date, the pit had two
stages of excavation with a further third stage involving expansion to the west planned
following improvements in mining methods and metallurgical performance (Fig. 1b).
This third stage of development involves a narrow cutback to the south of the pit that
will enable deeper ore from under the first two stages of development to be targeted.
This will add approximately 1 million tons of ore containing 8.7% zinc, 2.7% lead and
44 g/t silver to the Handlebar Hill open cut pit reserves (Glencore Coal 2012).
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The Handlebar Hill open pit is approximately 1 km in length, 0.5 km in width, and
between 170 m and 180 m in depth. The two cutbacks of the pit and the final pit shell
are shown in Fig. 2. The north wall has a maximum overall slope angle of 40°, the
south wall is 45°, the east wall is 40° and the west wall is approximately 45°. The mine
pit slopes have been very stable except at the west wall, which has experienced a few
local bench scale failures.

This paper describes the effects of different Handlebar Hill open pit configurations
on the slope performance as it relates to geotechnical, hydrological, geometrical and
many other environmental and engineering conditions. Furthermore, the influence of
slope stability on the economy and safety of mining the west wall of the pit are
assessed, and improvement opportunities are identified through detailed geotechnical
investigation and implementation.

Fig. 1. (a) Location map of the Handlebar Hill mine in Mt Isa and (b) extent of the Handlebar
Hill open pit for stages 1 and 2 (after AGE 2007)
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1.1 Orbody Resources

The location, orientation and geometry of orebodies play a major role in the pit slope
design and the process of ore extraction. According to Neudert (1983), in the vicinity of
the economic deposits (Mt Isa-copper, silver, lead and zinc; Handlebar Hill, Hilton and
George Fisher-silver, lead and zinc), the mineralisation is predominantly located within
the Urquhart Shale, which tends to dip southwards and westwards with susceptible
stratigraphy.

A cross-section of the orebody corridors within the Handlebar Hill open pit at
4,760 N is illustrated in Fig. 3. This image shows the zinc orebody (orange) with
another five orebodies that comprise the mineral resources. The faults geometries and
leached zones are identified by dashed red lines (after Rosengren 2007).

The Handlebar Hill orebody corridors are elongated and dip sub-vertically to the
west of the pit. These orebodies extend close to the surface and to a depth of more than
500 m. The final pit has reached a depth of 180 m (Fig. 3). Since the Handlebar Hill
open pit operation was opened, mining rates have been between 40 and 80 mtpa, with
ore production of 17 mtpa at 0.77 g/t gold and 0.18% copper. The ore reserve was 120
mt at 0.79 g/t gold and 0.17% copper (Glencore Coal 2012).

The characteristics of the orebodies of the Handlebar Hill open pit are largely
determined by the geological conditions of the rock masses. Therefore, it would be
advisable to investigate the geological context of the rocks surrounding the pit
excavation.

Fig. 2. The current Handlebar Hill open pit with two cutbacks, looking south
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2 Geological Contexts

Geological and geotechnical data relating to the Handlebar Hill open pit was collected
between 2006 and 2009. This data was verified and used over the past six years for
mine tasks ranging from the project evaluation to the present production.

The Handlebar Hill open pit is an up dip extension of the George Fisher deposit
stereography. Core logging operations encountered several rock domains in the Mt Isa
group. There are six distinct groups of rocks including Eastern Creek Volcanics,
Magazine Shale, Kennedy- Spears Siltstone, Urquhart Shale and Native Bee Siltstone.
Figure 4 illustrates the general surface geology of the Handlebar Hill open pit.

Chemical weathering of the Handlebar Hill open pit rocks is generally shallow: the
Eastern Creek Volcanics are extremely weathered, the Magazine Shale is slightly
weathered, and the largest parts of the Spears Siltstone and Uquhart Shale are fresh.
Oxidation has altered the zone that extends from the surface to the base of complete
oxidation (BOCO), which is defined in Fig. 3 by a dashed orange line. BOCO is where
the rock is still largely intact but is decomposed and may disintegrate. This zone is
variable in depth, with a minimum of approximately 30 m over the Kennedy-Spear
Siltstone and a maximum of approximately 120 m over portions of the mineralised
Urquhart Shale. Oxidation and leaching affect only the uppermost 50 m of the west
wall, but weak expressions are present at shallower levels that are associated with small
to medium structures and contact between geological units.

Fig. 3. Cross-section at 4,760 N showing the typical lithology, orebody deposits and major
geological structures of the Handlebar Hill final open pit shell (after Rosengren 2007)
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Rocks that are deeper than the level of BOCO have been identified to be moderately
leached within the footwall of the Urquhart Shale, which is defined in Fig. 3 by a
dashed purple line. The base of moderate leaching (BOML) is where 50% or less of the
rock is decomposed and may disintegrate into soil, but is still largely fresh and has not

Fig. 4. Lithological domains intersecting Handlebar Hill open pit (after HH feasibility study
2007)
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changed colour. At the east and in the middle of the pit, this zone of leaching extends to
the final floor of the pit.

Valenta (1988) described the Mt. Isa rock group in terms of the formation of
mineralisation and the major geological structures of the region. He recognised mul-
tiple stages of rock displacement and described major changes that have occurred in
compression and extension of the rock masses in the region. Therefore, different groups
of major faults developed at Handlebar Hill during the regional deformation processes.
Faulting is the primary geological structure within the Handlebar Hill open pit mine
and is classified as followings.

Strike Slip Faults
Three large-scale geological structures can be classified as strike slip faults, and each is
separated by a major transverse fault. The entire mining area is enveloped by major
strike slip faults. The major strike slip faults that have been recognised in the Handlebar
Hill open pit are as follows:

• The Paroo fault is a commonly highly deformed zone of substantial shearing fabrics
and is up to 200 m wide. The fault is of N-S orientation and dips within 70° to the
west of the deposit.

• The Barkly Shear zone is highly sheared zone of 20–60 m wide. The zone is of N-S
orientation and dips within 60°–70° to the west.

• The hangingwall fault is a combination of several separated faults. The orientation
is variable but is mostly to the N-S and dips to the west within 60° to sub-vertical.

Transverse Faults
The major deposit scale transverse faults that have been identified as follows:

• The 4–6 Shear is a sheared weak zone of 10 m wide that is orientated to NE-SW
and dips within 60°–70° to the NW.

• The Offset fault is a mostly sheared zone that dips steeply towards NW-SE within
70° south of the deposit.

• The South Barkly Splay fault is a sheared weak zone of 10 m wide that is orientated
to NW-SE with a steep dip within 70°–75° to the south.

The details of pit discontinuities have been obtained by outcrop and geological
surface mapping surveys, laboratory tests of rock specimens, and analysis of diamond
core logging samples of weathered and fractured rocks, and assessing the nature of the
surfaces of the geological structures. A description of the general geological structures
is shown in the two-dimensional architecture of the pit surface in Fig. 5. Based on these
large-scale geological structures, slope domains were described and used for the
evaluation of the geotechnical design domains and are discussed in the next section.
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Fig. 5. Schematic description of the general geological structures showing the two-dimensional
architecture of major geological structures of the Handlebar Hill open pit (after Valenta 1988)
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3 Geotechnical Characterisation

Characterisation of pit rock involves identifying the properties of the current state of
intact rock and geological structures. Characterisation of pit rock encompasses rock
mechanics and rock engineering as well as describing the standard procedures that are
used to obtain physical and mechanical strength properties following core.

3.1 Intact Rock Properties

Over 4,000 specimens were tested from the zone around Handlebar Hill. Laboratory
tests included the intact rock’s uniaxial compressive strength (UCS) and the dynamic
modulus, density and tensile strength for both weathered and fresh rocks. Tables 1 and 2
summarise the UCS and dynamic modulus for lithological units in the area of study. In
the UCS tests, failures were controlled by weak planes, the cohesion value ranged from
0 to 20 MPa, and the frictional angle ranged from 6° to 65° (Seville 1981).

Table 1. UCS and dynamic modulus data of oxidised and leached rock (after Seville 1981)

Domain Number of
samples

UCS (MPa) Dynamics modulus (GPa)

Mean
value

Standard
deviation

Max.
value

Min.
value

Mean
value

Standard
deviation

Max.
value

Min.
value

Eastern Creek
Volcanics

101 36.4 21.2 102.0 4.3 48.4 19.6 97.7 15.3

Spears
Siltstone

18 26.3 15.5 77.6 7.7 30.4 16.1 58.7 11.0

Urquhart Shale 186 32.7 32.5 207.6 1.9 41.0 24.6 165.8 7.3

Table 2. UCS and dynamic modulus data of fresh rock at IMB (after Seville 1981)

Domain Number of
samples

UCS (MPa) Dynamic modulus (GPa)

Mean
value

Standard
deviation

Max.
value

Min.
value

Mean
value

Standard
deviation

Max.
value

Min.
value

Judenans 34 123.9 58.8 327.8 45.1 71.5 13.6 99.4 40.6
Eastern Creek
Volcanics

320 55.5 35.9 211.5 4.6 63.9 21.9 110.6 16.4

Magazine
Shale

10 31.8 17.5 58.0 5.3 50.7 10.1 66.9 38.3

Spear Siltstone 709 111.1 81.9 401.8 2.8 75.4 11.9 135.1 12.1

Urquhart Shale 1102 107.9 78.8 450.9 3.1 87.5 21.0 230.3 14.1
Native Bee
Siltstone

301 131.2 66.4 305.5 6.3 80.2 9.3 116.3 38.5

Breakaway
Shale

73 125.9 81.9 333.0 8.5 58.7 10.7 79.9 37.1
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3.2 Methods of Characterisation

The determination of the generalised Hoek-Brown strength parameters of a rock mass
(mb, s and a) is based on obtaining, the UCS parameter of intact rock, the rock mass
deformation modulus (Erm), the intact rock parameter (mi), the rock mass geological
strength index (GSI) and the blasting disturbance factor (D).

Statistically analysis of the results obtained from tests of UCS was used to derive
the generalised Hoek-Brown intact uniaxial compressive parameter (rci) with the
empirical material value of Hoek-Brown constant (mi), as shown in Table 3.

The rock mass deformation modulus (Erm) requires the intact rock deformation
modulus (Ei), the blasting disturbance factor (D) and the rock mass geological strength
index (GSI) as input data. The simplified Hoek and Diederichs (2006) is then used to
obtain the value of the rock mass modulus of deformation (Erm).

In practice, the qualities of rock masses in the Handlebar Hill and George Fisher
areas were classified according to Bieniawski’s rock mass rating system. The values of
the GSI were directly estimated from (Bieniawski 1989), after setting the water table
and the adjustment of joint orientations and ranged from 32 to 20 for poor rocks.

The advantage of the generalised Hoek-Brown failure criterion in the RocLab
(Rocscience 2014) software is that the estimates of rock mass strength parameters
appear to be realistic (Simmons and Simpson 2006). The equivalent Mohr-Coulomb
strength envelope was obtained by implementing the same approach. For a specific
generalised Hoek-Brown failure envelope, through this approach, Mohr-Coulomb
envelope equivalent to the Hoek-Brown envelope over the slope stress ranges was
calculated. Hoek et al (2002) conducted a related slope analysis study, using Bishop’s
circular failure method for including a variety of rock mass properties and slope
geometries, as given in Eq. (1):

r
0
3max ¼ 0:72 � r0

cm
r

0
cm

cH

� ��0:91

ð1Þ

where r
0
3max is the major effective principal stress at slope failure (which presents the

equivalent of Mohr-Coulomb strength to the generalised Hoek-Brown envelope over
the slope stresses), (H) is the height of the slope, (c) is the unit weight of the slope rock
mass, and ðr0

cmÞ is the rock mass strength, which can be calculated from Eq. (2):

r
0
cm ¼ rci

ðmb þ 4s� a mb � 8sð ÞÞðmb
4 þ sÞa�1

2ð1þ aÞð2þ aÞ ð2Þ

Where mb is the reduced value of mi, which is the intact rock material constant, and
s and a are rock mass constants. The shear strength parameters of different rocks at the
pit slopes were described using this method. To calculate the cohesion and the internal
friction angle of the Mohr-Coulomb equivalent to the generalised Hoek-Brown
envelope of the fresh Eastern Creek Volcanics rock, the space between the linear model
and the Hoek-Brown curve was minimised. This involves the geometrical fitting of the
Mohr-Coulomb envelope in which the area above the line of the Mohr-Coulomb
envelope is equal to the area below the line as illustrated in Fig. 6, for fresh Eastern
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Creek Volcanics rock with unit weight 28.3 KN/m3, height of 180 m, r
0
3max = 3.5

MPa, rci = 55 MPa, GSI = 43, mi = 4.07 and D = 0.7. The Mohr-Coulomb strength
parameters can be estimated for the same model and are presented in Fig. 6.

For the slope stability analysis, UCS test results showed a significant decrease in
rock strength when using samples of larger sizes (Hoek and Brown 1997). Sjoberg
(1997) found that during an investigation of rock mass strength at the Aznalcollar open
cut mine in Spain, there was good agreement between the estimated GSI value and the
strength value calculated from back analysis of rock failures in the footwall of the pit.
Caia et al. (2007) suggested that the reduction in the estimated GSI is reasonable.
Therefore, for the slopes of the Handlebar Hill open pit, it is important to emphasise the
variation in strength estimates obtained from tests of different disturbed rock samples. It
is expected that different locations on the slope have endured different degrees of
weathering, stresses re-distribution and discontinuities in orientation. This uncontrolled
problem resulted in unrealistic strength values being obtained from laboratory work.
Eventually, the back analysis of a bench rock failure at the west slope of the Handlebar

Fig. 6. Principal stresses plot of Mohr-Coulomb and Hoek-Brown criteria for fresh Eastern
Creek Volcanics rock
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Hill open pit, showed shear strength values that were lower than those obtained from
laboratory-tested rock samples.

A series of studies based on the UCS test have been performed on Hilton mine
rocks. Results of many tests of samples of Urquhart Shale showed that the UCS value
decreased with an increase in sample diameters (Review of Hilton Mine 1981).
Medhurst and Brown (1996) tested four different sizes of coal samples from the Moura
mine in Queensland and the triaxial compression testing showed different shear
strength results for the rock specimens of different diameters.

For further geotechnical information about Mt Isa and Hilton mine rock charac-
terisations, a variety of samples have been subjected to the laboratory direct shear test.
The mechanical behaviours of the samples showed different values for shear and
normal stresses for the same rock. Typical results of the application of direct shear tests
to Urquhart Shale rock specimens from the Hilton mine are shown in Fig. 7.

3.3 Results and Conclusion

The rock mass properties are summarised in Table 3. The rock mass Hoek - Brown
parameter, mb, ranges from 0.12 to 0.52, s is nearly 0.0 and a ranges from 0.508 to
0.515. The cohesion varies from 0.5 to 4.2 MPa and the frictional angle ranges from
12.11° to 14.37°. The rock mass modulus of elasticity, Em, ranges from 1,398 to
5,577 MPa, tensile strength ranges from 29 to 305 kPa and compressive strength
ranges from 279 to 2191 kPa.

Fig. 7. Direct shear testing results showing the distribution of values for shear and normal
stresses obtained for 512 samples of Urquhart Shale from the Hilton mine at Mt Isa (after review
of Hilton Mine 1981)
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The Handlebar Hill open pit rock strengths range from high (UCS > 131 MPa) to
low (UCS < 26 MPa). Rock mass shear strength is typically determined by RocLab
(Rocscience 2014), and was used to characterise the rock mass strength in this paper.

4 Geological Structures Properties

The mechanical properties of the major and minor geological structures of the rocks
from Mt Isa region were obtained from numerous tests of rock cores by mining
researchers over more than 30 years. More recently, most of laboratory work at
Handlebar Hill open pit has focused on testing the properties of intact rocks. The
properties of different structures used in the slope stability analysis of the pit are based
on both back-analysis and geological analysis of diamond core logging samples.
Oxidised and moderately weathered specimens from all domains that can alter the
mechanical properties of the rock were tested and specifically measured. The borehole
locations for geotechnical diamond core drilling at the Handlebar Hill open pit are
shown in Fig. 8, with a legend listing the borehole site code, date and depth.

The shear strength of the Handlebar Hill open pit’s geological structures is mostly
based on test results summarised by Tarrant and Lee (1981) of typical Urquhart Shale
formation discontinuities and in particular low strength bedding planes; they reported
the following classes of geological structures:

• For very rough joints and dolomite veins, the maximum cohesion (c) is 31 MPa and
the maximum friction angle (u) is 51°.

• For smooth graphitic bedding planes, the minimum c = 2 MPa and the minimum
u = 12°.

Unconfined compression tests have been used to assess the shear and normal
stresses that failed on a fracture that corresponded with the triaxial strength of the rock
mass and the shear strength of the weakest fractures in the specimen. The data analysed
by Tarrant and Lee (1981) was collected over 50 years for typical Mt. Isa regional
rocks.

Table 3. Rock mass strength parameters

Rock
Formation

Green
stone
oxidated

Spear
Siltstone
oxidated

Urquhart
Shale
oxidated

Green
stone

Magazine
Shale

Spears
Siltstone

Urquhart
Shale

Native
Bee
Siltstone

Hoek –

Brown
Criterion

mb 0.122 0.145 0.120 0.178 0.175 0.116 0.470 0.520

s �10−5 9.59 15.8 9.59 26.1 26.1 31.9 35.3 31.9

a 0.515 0.512 0.515 0.509 0.509 0.508 0.508 0.508

Mohr –
Coulomb
Fit

c MPa 0.628 0.499 0.560 1.170 0.666 2.007 3.311 4.166

/ ° 12.22 13.19 12.13 14.37 14.27 12.11 20.58 21.31

Rock mass
parameters

rt MPa −0.029 −0.029 −0.026 −0.081 −0.047 −0.305 −0.081 −0.081

rc MPa 0.311 0.299 0.279 0.832 0.477 1.856 1.904 2.191

rcm MPa 1.556 1.259 1.386 3.015 1.713 4.968 9.559 12.192

Erm MPa 1,852 1,398 1,568 3,589 2,848 4,604 5,577 4,897

40 M. A. Mandalawi et al.



In slope stability analyses of Handlebar Hill open pit, the cohesion of structures
ranged from 6 to 18 MPa and the friction angle ranged from 13° to 25°. From these
analyses, the behaviours of the shear strength of the geological structures can be
presented using Barton-Bandis and Mohr-Coulomb failure criteria.

The presence of groundwater can have a major effect on the stability of a pit slope
due to the groundwater’s influence on rock’s mechanical parameters, which are derived
from core logging and measured in the laboratory. The definition of the hydrological
characterisation of the pit is, therefore, an important step in this investigation.

5 Hydrological Condition and Impacts

It has long been recognised that rainfall and groundwater levels critically influence the
stability of slopes in several ways. Rainfall at the Handlebar Hill open pit can occur at
any month during wet season, but mainly occurs during the wet season from November

Fig. 8. Borehole locations for geotechnical core drilling undertaken at the Handlebar Hill open
pit with a legend listing the site code, date of drillings and depth of each borehole (after
Rosengren 2007)
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to March. Average monthly rainfall and pan evaporation data for the period from 1932
to 2004 is summarised in Table 4 (AGE 2007). Evaporation significantly exceeds
rainfall in the area, and there is more than 90 mm of rainfall in both January and
February every year. This seasonal rainfall has trigged slope instability and preceded
some of the localised bench failure in the west slope. Therefore, during production in
2011, the Handlebar Hill open pit site was shut down for 12 h after every rainfall event
of 15 mm or more in one day.

Another factor that can influence the stability of the west slope of the pit is the
increasing of infiltration of rainfall into the rock masses. Along the natural hill adjacent
to the west wall, water can flow onto the west slope as a result of direct precipitation
run on from the top of the hill. The water infiltration increases the pore pressure, softens
rock and may cause erosion to rock slopes (Moshab 1999). In 2010, this direct pre-
cipitation was controlled and surface flow was diverted from the adjacent hill through
two channels before reaching the pit wall.

At the west wall, groundwater pressure behind the slope was highlighted when
seeping water was visible between RL3,400 and RL3,380. Rosengren (2008) suggested
a design for a depressurisation system to be installed along the toe of the RL3,400 and
RL3,380 face. Another extension of drainage through the major Paroo Fault into the
Eastern Creek Volcanics was suggested to determine whether water inflow is
increasing in this rock mass.

Oxidation and leaching limits within the Handlebar Hill open pit, specifically in the
Magazine Shale, Spears Siltstone and Urquhart Shale, have formed permeable areas
within these rocks (Fig. 9). Mapping of the base of complete oxidation and the base of
moderate leaching are integral to the geological model that forms a major component of
the assessment of the extent of aquifer units (AGE 2007). The most important factor to
be considered for slope stability analysis is the position of the base of complete oxi-
disation, which is within the pit at some irregular depth. The base of complete oxi-
disation influences the mineralogy and rock mass properties (McKnight 2015) and has
been mapped because of its significance in several areas, including processing and
possibly pit design.

Table 4. Climate data for Mt Isa mines (after AGE 2007)

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Mean
Annual

Average monthly
rainfall (mm)

91 91 60.7 15.3 17.2 10.3 6.7 3.4 7.1 19.9 28.6 60.2 411.4

Average daily pan
evaporation (mm)

9.9 9.2 9.1 8.1 6.2 5.1 5.3 6.6 8.6 10.3 11.2 11.2 8.4

Average monthly pan
evaporation (mm)

306.9 259.9 282.1 243 192.2 153 164.3 204.6 258 319.3 336 347.2 3,066.5
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Previous geological studies conducted by Mt Isa mines identified three discrete
water aquifers defined by the contact between different geological domains. The
unconfined aquifers are the ore-zone, which is the main aquifer; the footwall aquifer,
which is contained within the leached zones of the Native Bee Siltstone; and the
hangingwall aquifer, which is situated in the quartzite of dominated Judenan beds
(AGE 2007).

Fig. 9. Oxidised and leached zones in the pit stratigraphic intersections map (after Rosengren
2008)
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A manual analytical valuation was undertaken to estimate the water level in the pit
and the probability of water overflowing or groundwater discharge (AGE 2007). The
initial groundwater sources are the rainfall and the run-off accumulation. Therefore, the
pit water table level will be higher than in the aquifers. This will result in water flow
from surrounding areas towards the pit. Over a long period, the pit may turn to a
groundwater sink.

The result of this analysis is presented in Fig. 10. The maximum recharge scenario
of high groundwater inflow is at an equilibrium level of 3,326 m RL. This is equivalent
to 124 m below the ground surface and will be reached in more than 150 years. The
minimum recharge scenario and an equilibrium level of 3,296 m RL is equivalent to
154 m below the ground surface and may be reached in more than 200 years.

The pre-mining water tables indicated that there is an acceptable capacity for the pit
system to absorb a substantial volume of water with no risk of over-flowing or
groundwater discharge. During the next decades, increased evaporation from the pit
will result in a reasonable reduction in the pit groundwater level to the equilibrium
levels shown in Fig. 10.

The Handlebar Hill open pit hydrogeological conditions are complex and are
controlled by large-scale structures, as explained in the geotechnical section. Generally,
dry conditions in winter increase pit water evaporation and reduce the groundwater
level. The average groundwater inflow in the area north of the pit is around 17.4L/s. In
many events, and particularly after the circular-toppling failure that occurred on the
west slope 80 m below the ground surface at RL3368, the inflow of water was visible
on the slope’s surface. Most of the rock failure events were localised and followed
heavy rainfall.

Fig. 10. Recovery of aquifers of Handlebar Hill open pit and George Fisher mines (after AGE
2007)
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6 Pitt Wall Blasting

In many slope excavations, pre-splitting blasting was conducted in fresh rock masses or
as a blasting course prior to trim blasting. The Spear Siltstone at the west slope is
basically fresh and pre-splitting was first carried out followed by trim blasting on the
face below.

Trim blasting involves leaving 20–25 m of material against the final wall and
blasting this to a free face using smaller blast hole diameters and reduced powder
factors (Rosengren 2008). Generally, trim blasting works well on the weak or highly
fractured rock masses and results in smooth blasting.

7 Pit Slope Monitoring

7.1 Visual Monitoring

Because open pit slope failures often occur after rain, visual monitoring directed by
geotechnical staff is a common method of evaluating pit slope stability after rainfall.
Most failures occur where there is prior evidence of cracking, mostly on the berms. At
the Handlebar Hill open pit, each of the accessible berms in the pit is walked on after
every rainfall to be checked for evidence of cracking. The inspection was recom-
mended to be conducted on a weekly basis, even when there is no rain. The
geotechnical engineer marks each visible deformation crack using red spray paint, but
monitoring pin installation on either side of the crack is preferred. A verbal notice is
then directed to the staff and operators of equipment around the area to bring the risk of
the cracks to their attention. In cases where major cracking develops, or a large area of
the slope is affected, more sophisticated monitoring such as automated crack-meters or
extensometers needed to measure the rock deformation. Up to now, none of automated
methods have been used for in situ measurements. SiroVision software has been used
to obtain three dimensional digital photographs and is broadly used on slopes to
identify high-risk areas and apply the correct visual monitoring systems.

The Ground-Probe Slope Stability Radar
Ground-probe slope stability radar was installed at the east monitoring station of the
Handlebar Hill open pit in June 2008 to monitor rock movements on the west wall. The
west monitoring station is operated by laser scanning against the stable east slopes. The
locations of the two base stations and monitoring prisms are shown in Fig. 11. Results
of radar monitoring are telemetered to a central computer in the mine geologist’s office.
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Fig. 11. Prism network locations and monitoring set-up fitted in July 2008 at Handlebar Hill
open cut pit (after Rosengren 2008)
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8 Handlebar Hill Open Pit Slope Design and Implications
of Mining

The Handlebar Hill open pit was designed for two stages of excavations with pro-
gressive cut-backs and a maximum depth of 170–180 m. Due to the geometrical,
geological and geotechnical conditions at the site, the west slope of the pit was divided
into three sections, each with its own geotechnical characteristics (Read 2001). These
characteristics control the stability of the pit depending on the orientation of structures
in terms of slopes and different geotechnical domains.

The geotechnical design of the pit slopes is based on local lithology and estimation
of the probable modes of failure, including those controlled by, rock mass properties
and geological structures. Geological structures are normally the controlling factor, and
in the case of fresh rocks, the slope orientation may influence the design criteria. As
such, the structures in a particular geotechnical domain may have a greater potential for
structurally controlled instability when combined with a particular slope orientation.
For a different slope orientation in the same domain, the potential for structurally
controlled instability may be different. Therefore, based on results of kinematic anal-
yses, a further subdivision of the west slope into sectors may be required. The historical
performance of pit slopes and failure events can assist the design work. The design
sectors can also be defined based on geometrical considerations. For instance, a slope
with a nose or haul ramp requires different stability parameters than a slope with the
same geotechnical domain but different geometry. The subdivision of domains into
design sectors can reflect control at all levels, from bench scale, where minor structures
provide the main control up to the overall slope scale, where a particular major
structure may influence a range of slope orientations within a domain. Three dimen-
sional views of the major geological structures that intersect the current pit shell are
shown in Fig. 12a–f.

The slope’s geometrical design was planned as a series of batters separated by
berms. This original design has been substantially reviewed since the mining operation
began. A decrease in the overall slope angles was necessary during the first stage of
excavation to eliminate slope instabilities.

Because leaching occurs below the surface and the excavation intersects major
faults and many lesser faults and shears, it would be impracticable to assume that steep
slopes can be used in the Handlebar Hill open pit design (Rosengren 2007). Realistic
interamp and bench slope angles with pit slope design parameters resulting from the
design work are specified in Table 5.

The 24 m high bench faces are applicable only on the west slope, which contains
the fresh rock. The 12 m slope height is appropriate for oxidized rock mass, and 9 m
wide berms are specified throughout because it will be very difficult to maintain berm
crests in the weak and highly structured rock. The berms are not narrower than 9 m
because the potential for failure is likely to be higher for a narrow rather than a wide
berm or slope toe.
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Fig. 12. Major geological structures expressed in three dimensional against the Handlebar Hill
open pit shell, (a) Barkly shear fault, (b) Paroo fault, (c) Offset fault, (d) Hangingwall, (e) SBS
shear and (f) 4–6 shear

Table 5. General parameters of slopes (after Rosengren 2007)

East and West Slopes Oxidised Leached Fresh

Bench height (m) 12 16 24
Bench slope (°) 65 65 65
Berm width (m) 9 9 9
Interamp slope (°) 39.4 44.2 49.9
North and South Slopes Oxidised Leached Fresh
Bench height (m) 12 16 24
Bench slope (°) 65 70 70
Berm width (m) 9 9 9
Interamp slope (°) 39.4 47.2 53.5
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The steeper slopes at the north and the south of the pit reflects the N-S orientation
of the bedding and the majority of the faults and shear strikes. These slopes are oriented
at right angles to the strike and will have a higher stability. During the two stages of
excavation, the lower part of the haul road has been located on the west slope. This
design has reduced the interamp and overall slope angles in this zone. At the end of the
first stage of excavation, the second haul road loop was located on the toe of the slope.
However, the haul road may be less stable because of the leached rock mass located
below the haul road, and the angle of the upper slope needs to be reduced.

The details superimposed onto the pit design in Fig. 9 are the interpreted limits of
oxidation and leaching rock masses within the pit slopes, and the interpreted geology
and structure of the Handlebar Hill open pit is shown in Figs. 4 and 5. The cross-
sections of the west wall geometries related to the existing slopes at the west of the pit
are modelled by considering the structures and the domains with its final depths
(Fig. 13).

Figure 9 shows that approximately 80% of the slopes for both stages of excavation
are positioned in oxidised and leached zones. The fresh rock is exposed in the central
part of the west slope and in some fresh upper Urquhart Shale on the middle of the
northern slope. This rock mass mainly consists of Shear Siltstone. The whole of the
east slope, half of the northern and southern slopes and the pit floors are located within
the oxidised or leached zones, which has lower values of rock mass strength
parameters.

9 Conclusions

The final slope design of the Handlebar Hill open pit has been reviewed based on data
generated from a geotechnical computer program, in-situ slope performance and field
investigation. The geotechnical characterisation, underground water resources assess-
ment and stability monitoring addressed issues of the in situ condition. Several key
issues that affect the geotechnical design of the final pit have been identified and are as
follows:

Fig. 13. Cross-sections of the Handlebar Hill open pit west slopes: (a) southern-west slope,
(b) middle-west slope and (c) northern west slope
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• The upper part of the west slope is located within oxidised, leached and fresh
Eastern Creek Volcanics, with the Paroo Fault dipping steeply back into the slope.

• The Magazine Shale in the pit is exposed in a narrow band at the southern-west
corner of the west slope. This has caused unstable areas within the leached
Magazine Shale and the benches could be at risk after heavy rainfall.

• The Spear Siltstone is the main element in the centre of the west slope and the upper
Urquhart Shale is in the lower part.

• The lower Urquhart Shale covers the entire east slope within stage 1 of the exca-
vation. The central Urquhart Shale forms the northern part of the east slope in stage
2 of the excavation.

• The Barkly Shear zone does not intersect the east slope of both pit stages but is
closely adjacent to it. This is an important result because the major fault that forms
the hangingwall did not coalesce with the Barkly Shear zone.

• Field investigation of the discontinuities found that the surfaces of the joints and
bedding planes are generally smooth, but the surfaces of the faults and shear zones
varies from smooth to very rough. Joint spacing is less than 250 mm, (i.e. mod-
erately to closely jointed) and the infills are oxides, calcite or clay. In summary, the
rock masses would be of poor to fair surface conditions and of very blocky
structure.

• There are slopes, such as the SW slope, that consists of four different geological
units that present with different degrees of weathering. The north slope consists of
two geological units. This can lead to slope instability and therefore, this zone
requires drainage and reinforcement to improve slope stability.
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Abstract. Slopes in open pits exhibit fracturing around excavations, often
initiated by extension strain which results from a combination of principal
stresses adjacent to the slope boundaries. This extension strain is commonly
described using minimum principal strain or minimum principal stress equa-
tions. These equations show that the extension strain can expand and fracturing
occurs if the extension strain exceeds a critical value. Anisotropic rock masses
with multiple and complex structures increase the potential of the development
and coalesce of cracks with pre-existing discontinuities for further potential
failure.
This paper presents finite element analysis to model the extensions strain

implementing the criterion of Stacey (1981). The distributions of extension
strain are predicted around slope of Handlebar Hill open pit mine at Mt Isa,
Queensland, Australia. Around the pit wall, fracturing near the excavation
boundary is often the result of extension strain of the rock. Through the mining
activities, fractures in the slope face can manifest into slabbing and spalling.
Extension strain may develop circumferential fractures close to the slope sur-
face, the closer to the excavation perimeter, the more open the cracks. The result
of the extension strain distribution simulated in this paper is in accord with
failure events observed on site. The numerical modelling and the discussion of
this study focused on the prediction of potential fracturing zones within the
critical values of the extension strain around the slope.

Keywords: Extension strain � Stacy criterion � Rock slabbing � Numerical
modelling

1 Introduction

Extension strain in rock can cause minor cracks (initially microscopic crack in rock)
that initiated under tensile or minimum compressive stress. It may extend within the
elastic zone and become an observable fracture as a result of changing in-situ stress
conditions or natural softening material deformation. Deformation and strain are clo-
sely related distinct terms. Deformation describes the complete manifestation from
initial to final geometry of rock, the strain describes the alterations of points in rock
relative to each other.
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Laboratory tests detected two main types of fractures in brittle materials including
the extension fractures or so-called opening modes and shear fractures (Ramsey and
Chester 2004). Other approaches with more experimental studies on rocks showed that
a pre-existing fracture does not extend as a single flaw within the rock mass. For
example, Brady and Brown (2006) reported that fractured rock should include a large
number of very minor extensional fractures that developed before the process of the
final propagating.

The transition of extension strain from tensile to shear fracture as being a function
of confining stress by a unique laboratory uniaxial compression tests was described by
Hoek (1968). It illustrates the estimated fracture condition for rock including the
extension of the strain from the initiation, until the complete rock fracturing.

Stacey and de Jongh (1977) reported that the Griffith and Mohr-Coulomb criteria in
terms of fracturing initiation were ineffective to predict the extent of fractures associ-
ated with underground boring in hard rock mass. An equation to calculate the extension
strain magnitudes of different rocks was required. The equation has to be effective in
predicting the extent of fracturing zones together with the localised orientation of these
fractures around slope and underground excavations.

The rock failure criteria included only the major and minor principal stresses in
their equations, in which the failure dominated by shear stress. But, in many open pit
slopes and underground tunnels it was noticed there were parallel fractures near
excavations like spalling or splatting. Ndlovu and Stacey (2007) reported that this rock
failure shows tensile nature, but not related to shear fracturing. Several criteria were
suggested to determine the rock critical strain e.g. Sakurai (1981) in underground
excavation and Stacey (1981) in excavated slopes which accounts for the three prin-
cipal stresses. Therefore, this criterion included that tensile failure can occur even if the
applied stresses are compressive.

In studies focusing on the mechanisms of compound rock failures, Eberhardt et al.
(2004) argued that processes relating to extension strain, internal degradation of rock
mass strength, brittle fracture damage and shearing are also instrumental in the kine-
matics of step-path failure in massive rock slopes. Many studies Liang (2003), and
Yang et al. (2008) presented results of triaxial extension experiments on rocks show
that a continuous transition from extension strain to shear fracture with an increase in
confining pressure, which formed under compression. This combined fracture mech-
anism has been considered under compressive and tensile stress states at critical angles
to the maximum principal compressive stress.

Kwasniewski and Takashashi (2010) presented a new strain criterion to calculate
the mean normal strain for conditions of low confinement. They found that the highest
extension strain (the least principal strain) at strength of failure is changeable under
triaxial compression with different values of confining pressure used in triaxial com-
pression laboratory tests.
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The source of stress in the slope is a combination of the pre-existing tectonic
stresses and the stress reduction normal to the slope as well as stress concentration in
some locations of the slope. The extensional fracturing occurs when the intermediate
and major principal stress components are large enough or the minor principal stress is
small enough to result in minor principal strain component to be extensional and in
which exceeds a critical value.

Fracturing possibly occurs at the stage that the bench is a part of the floor, ramp or
the toe of the slope. Conditions for extensional fracturing are expected within the
benches in the slope when they are close to the haul road and the toe. Rock masses of
fresh quality, which is existed at the west slope of the open pit, would be more
susceptible to extensional fracturing.

Extension strain can be described by all three principal stresses, therefore, sug-
gesting that tensile strain will occur when all stresses are compressive. This criterion
proposed that the extension can occur through indirect tension if the tensile strain goes
beyond a value, which is reliant on the condition of the rock units. While, the failure
criteria developed by many authors, e.g., Mohr-Coulomb (Coulomb 1779) and gen-
eralised Hoek-Brown criteria (Hoek et al. 2002) included only major and minor
principal stresses in their equations involving the rock failures by shear deformation.

Due to its development and flexibility, the finite element stress method is pro-
gressively being applied to slope stability analysis (Mahtab and Goodman 1970) and
(Stacey et al. 2003). Non-linear finite element models using elastic-perfectly plastic
material strength have been used to obtain factor of safety of slopes, which offers a
number of advantages over general limit equilibrium method (Hammah et al. 2004).

This paper studies the application of finite element stress method to the determi-
nation of the extension strain of rock slope in open pit for which rock strength is
modelled by the generalised Hoek-Brown failure criterion. The paper first utilises the
standard finite element method used for slope stability analysis of Hoek-Brown slopes.
It then demonstrates the distributions of extension strain through application of the
method, and uses the user defined data dialog to inputs mathematically the extension
strain equation of Stacy.

One of the major advantages of Phase2 finite element slope stability is the analysis
parameters can be customised if required. Using the user define data after the inter-
pretation of the finite element model to illustrate contour of user data. This code is able
to create a new user data definition for variable inputs with plotting results of defined
equations to solve complex non-linear problems.

Figure 1 shows a view of the Handlebar Hill open pit at Mt Isa, Queensland,
Australia. The extension strain and the influence of their distribution on the stability of
the pit slope stability are modelled using the finite element stress method implementing
the criterion of Stacey (1981) of principal stresses.
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2 Review of Extension Strain Criterain Proposed by Stacey
(1981)

The extension strain criterion is a fracturing initiation criterion and not a shear strength
criterion of ultimate strength. It explains that the confining stress does not cause the
fracturing. Confining stress always works against the generation of rock fractures. The
extension strain criterion, in fact, states that it is the lack of confining stress will result
in extension strain within elastic limit of rock material. Once the extension strain
exceeds a critical value, tensile fracturing can develop plastically. Therefore, the high
level of confining stress detects the threshold of rocks, grain size porosity and min-
eralogy. This will inhibit the initiation of extension strain and, subsequently, the
developments of cracking events.

Stacey (1981) described the first empirical criterion for extension strain and frac-
turing initiation of brittle rock. It was a new method proposed to obtain the critical value
of extensions strain from many laboratory tests by plotting axial strain against lateral
strain. He applied his criterion in two cases: in an open cut pit for haulage road side-wall
bulging and in underground mine for rock spalling. His work proved that the extension
strain could occur when the major principal stresses are compressive stresses. The ini-
tiation of a fracture in the rock mass will occur in a direction normal to the extension
strain and corresponds to the least compressive stress path, when the strain exceeds a
critical value, which is rock type reliant. The expression of this criterion is as follows:
e > ec where (ec) is the critical or limiting value of extension strain for the rock. The
extension strain may expand in different directions within rock slopes. When strain
exceeds a critical value, which is a characteristic of that rock mass, imitation of extension
strain will occur and the developments of these fractures are likely (Stacey 1981).

Fig. 1. View of Handlebar Hill open pit, photo taken from the south in February 2011
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However, the critical magnitudes of extension strain in rock masses could be evaluated
by this criterion. This way of obtaining the extension strain can be designated crack
initiation by strain as this corresponds to the stage at which the crack starts within the
rock. Louchnikov (2011) stated that it has to be noted that the first term of the extension
strain criterion was limiting tensile strain criterion, hence emphasising the tensile nature
of the extension strain.

The criterion of Stacy for a linear elastic material is an out of plane strain analysis
to define the minimum principle strain ðr3Þ which calculates the three principal stresses
by using the following three dimensional elastic equations:

e3 ¼ ½r3 � tðr1 þ r2Þ�=E ð1Þ

Where r1, r2 and r3 are the three principal stresses

Ɛ3 = Extension strain, which is the strain in the direction of the minor principal
stress
t = Poisson’s ratio
E = Modulus of elasticity.

This criterion allows defining the three-dimensional principal stress directions,
including stress, displacement and strength factor and, therefore, the results are more
accurate compared to the plane strain assumption. Stead et al. (2007) stated that Stacey
et al. (2003) and Stacey (2006) used 3D elastic extension strain criterion in the analysis
of large scale open cut slopes to present the significance of considering the extension
strain as a potential rock fracture. Ndlovu and Stacey (2007) reported that this
extension strain criterion can be implemented for a wide range of rocks, from strong,
brittle to soft rock such as coal. Furthermore, extension strain is not limited to deep
open pits and high slopes, the effect will be more noticeable in brittle rock condition in
which fractures can develop rapidly (Stacey, personal communication, June 2 2015).

The extension strain criterion can be described in three dimensional strain space
within a cubic state boundary surfaces condition as illustrated in Fig. 2. The inner cube
presents the extension strain initiation and the outer cube describes the manifestation to
crack damage strain. The principal strains are defined in terms of in plane by Ɛ1 and Ɛ3,
and the out of plane strain by Ɛ2 as shown in the cubic strain spaces. Principal strains
are Ɛ1, Ɛ3 and Ɛ2 (major, minor and intermediate principal strain) are oriented with
respect to stresses redistribution by excavation. In the three dimensions cubic, Ɛ3 is not
necessarily the minor principal strain, if the value of Ɛ2 is less than Ɛ3 at the same
location, then the in plane Ɛ3 is the three dimensional intermediate principal strain.
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3 In Situ Observations

The following examples of rock failures occurred at Handlebar Hill open pit, where the
extension strain expected to be developed and initiated the slope face failures. These
failures included rock spalling from the face of the slope (Fig. 3), and sidewall slabbing
below the ramp (Fig. 4), which involved a thin extent of detached rocks.

The fractures of rocks will progress as far as allowable by the distribution of
extension strains, and their existence inhibited by the compressive confining stress. It
follows that the presence of extension strain is likely to be limited to the proximity of
openings in stressed rock. This happens in excavated locations of rocks and, hence,
prediction of rock fracture is necessary (Stacey 1981). The extension strains then
developed to rock fractures, and these fractures propagated to slope faces failure, and
slabbing in the sidewall on the least compressive stress extent.

Martin et al. (1999) stated that slabbing and splatting in a rock may occur in a stable
manner or violently in the form of tensile strain bursts in underground tunnels having
low confining pressure similar to that at an excavated slope. These slabs can range in
thickness from a few millimetres to several square metres in surface area, and the
formations and thicknesses of these slabs could be related to strain energy.

The propagation of cracks extends into rock masses and may coalesce through pre-
existing discontinuities during stress loading. In a heterogeneous slope, tensile cracks
that propagate in their own plane and out of plane are normal to confining pressure

Fig. 2. Extension strain failure criterion in three dimensional cubic strain spaces (after Wesseloo
2000)
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Fig. 3. Sidewall spalling in the face of the pit bench, photo taken from the south in February
2011

Fig. 4. Side-ramp failure (slabbing) at the open pit ramp, photo taken from the south in Feb.
2011
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direction (the minimum principle stress). Tensile cracking could be initiated, also, by
compressive stress. Therefore, adding compressive stress on the rock masses, the
possible shear movement on rock plane with less strength zones would be a potential
mode of tensile failure. Hoek (1968) indicated that the tight connection of asperities can
increase the differential shear stress displacement that results in the propagation of
existing vertical cracks, which lead to vertical tensile rupture.

3.1 The Source of Extension Strain in Open Pit and the Orientation
of Potential Fractures

The increases of confining stress inhibit fracture propagation and should induce a move
of the rock towards the ductile field (Valenta 1988). In an underground mine when rock
is exposed to an applied differential stress in deeper excavation, the tight connection of
asperities and increased differential shear stresses can arise. The geological structure
where dilation is normal to the sliding surface is restricted by adjacent blocks under
high confining stresses. This confining stress is presented by several hundred meters of
overlying rock resisting block mobilisations.

In open cut mines, all of the earth’s crust is in a state of three dimensional stresses.
When an excavation is made, it changes the stress distribution locally and usually there
is some stress concentration around the openings. It is these stresses that contribute to
the confinement, or lack of it around the excavation. With regard to open pits, the
geometry of the slopes in plan and section will influence the redistribution of stresses.
The materials of the geological units can also influence local stresses, for example,
stronger beds will attract more stress than the weaker or more ductile layers, which
could lead to localised failure. In such cases, stress redistribution will extend deeper
into the rock mass unaffected by blasting. However, at low confining stress, rock will
be brittle and tends to crack sooner (Nelson 2003).

Extension fractures in rocks form in planes normal to the direction of the extension
strain that corresponds with the direction of the minimum principal stress. In excavated
slopes the directions of the minimum principal stresses are normal to the confining
pressure of slope and because of the direction of the confining pressure being normal to
the slope surface. Therefore, the orientations of fractures are likely to be sub-parallel to
the slope surface behind the slope face and the inclined extension fractures can
propagate near the slope toe. The simulated levels of extension strain contours make
the development of extension fractures possible and that could considerably reduce
slope stability.

3.2 Extension Strains Around Two Dimensional Numerical Models

This section describes the numerical modelling of the extension strain zones and tensile
failure around the first and the second stage of slope excavation. The existence of
extension strain indicates that the rock masses have the potential to expand in one or
more directions in the slope. Critical extension strain will be calculated according to
Stacey criterion (1981), which proposes that rock fracture can be developed from
extension strains that exceed the critical value of –0.0003 or greater. The pit depth is
180 m, overall slope angle of 45° and (K) ratio, which is the horizontal to the vertical
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in situ stresses ratio values of 0.6 for in-plane and 0.86 for out of plan stress ratio, a
value of 0.2 for Possion’s ratio, and rock mass modules of 8,248.32 MPa.

Two dimensional finite element stress elastic analysis modelled the results using
Phase2 software. The simulation of the two excavation stages slope shows zones of
extension strain near the slope toe and the floor of the pit. Zones of extension strain
occur alongside the lower benches of the slope and upper benches located above the
ramp. The extension strain is concentrated around the benches located above the ramp
and behind the slope crest (Fig. 5).

The model in Fig. 6 illustrates the development of strain near the toe and along the
floor surface, and zone of strain extend behind the crest of the first stage of excavation.

Although the extension strain values obtained are low, due to the limited height of
pit slope, the extension strain will act normal to the foliation planes and stimulating
extension fracturing (opening up deformations) on these rock planes (Stacey et al.
2003). These predicted extension strains in the pit, at any stage of excavation may
change through mining operation to develop more fractures.

Fig. 5. Extension strain distribution around slope of 45o angle and 180 m height of the two
stages of excavations

Fig. 6. Extension strain distribution around slope of 45o angle and 180 m height of one stage of
excavation
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3.3 Tensile Stress around Two Dimensional Numerical Models

The condition of stress distribution is conductive to the propagation of the extension
fracturing adjacent to the slope. The two dimensional analyses allowed modelling the
tensile stress distributions and magnitudes around the slope. Zones of tensile stress are
concentrated near the crest and adjacent to the upper benches of the slope of two stages
of excavation as shown in Fig. 7. The tensile stress distribution within the first stage of
slope excavation of 80 m height is shown in Fig. 8. The tensile stress is concentrated
near the upper benches, but no tensile zones presented near the toe of both stages of
slope excavation.

Fig. 7. Tensile stress distributions around slope of 45o angle and 180 m height of two stages of
excavations

Fig. 8. Tensile stress distribution around slope of 45o angle and 80 m height of one stage
excavation
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3.4 Combined Failure Mechanism in Open Pit Slopes

Several types of slope failures are often attributed to the development of the extension
strain have other causes. In open cut pit slopes, extension strain can be considered as a
contributor to slope failures. Complex rock failure involves mechanisms related to
extension strain initiation around a slope, which propagates to the fracturing of intact
rock and the deformation along geological structures. An example of large scale rock
failure involving the extension strain in a complex mechanism of failure is the two
massive rock-slides of the 1991 Randa town cliff in Switzerland. While some
geotechnical investigations did not refer to the role of extension strain in the complex
failure mechanisms in Randa rock failure, Sartori et al. (2003) did not identify whether
these series of rock mass failure events combined, acted as an exceptional failure
trigger. On the other hand, Eberhardt et al. (2004) pointed out that the results showed
that the rock slope failure of Randa involved the initiation and propagation of brittle
tensile fractures driven by extensional strain that interacted with natural pre-existing
discontinuities to form internal shear planes.

If the role of extension strain is over emphasised, then this may lead to missing the
real cause of slope failure. This suggests that more than onemechanism of rock behaviour
may contribute to final slope failure. This failure is a function of combined mechanisms,
namely the extension strain imposed around excavations, may, manifest itself and notch
expansion through faults and joints. It is the strain, which is stored within the elastic limit
of the rock. Because of the low confining pressure around slopes of an open pit, the
extension strain will progress and extend to one or more directions and develop a network
fracturing in the rock masses. This extension may interact with the natural large scale
discontinuities to form a critical failure in the slope surface and increase slope instability.
The extension strain may coalesce with minor or major geological structures in rock mass
and this will possibly lead to a localised slope failure (Louchnikov 2011).

Joint sets often have deep impacts on elastic and strength properties in rock masses
and then on open pit slope stability (Pariseau et al. 2008). In slopes of jointed rock mass,
the extension strain is influenced remarkably by the joint orientations. Then, the joint
spacing can coalesce with the opening of extension strains, and propagates within the
orientations of joints. In heterogeneous rock excavations subjected to stresses, tensile
cracksmay not propagate in their own plane, but theymay propagate near the joint surface
and spacing. The extension strain that progresses to brittle fracturing in intact rock will be
associated with the opening of joints. Hence, this provides the deformation of rock along
the orientations of joints, bedding, geological contacts or any other discontinuities.
Significant cohesion loss could occur along this path, which possibly could result in the
formation of different scales of blocks, which disadvantages the slope stability.

As confining pressure decreases in excavated slope, rock permeability increases.
This explains the common incidence of reducing porosity and permeability of rocks
with the pit depth in sedimentary basins (England et al. 1987). Joint spacing and cracks
opening escalating in response to the decreasing of applied normal stress (Brown and
Scholz 1986). Rock permeability increases at highly strained slopes due to micro-
cracking of extension strain at low effective pressure, therefore, slope stability could be
sensitive to the growth of pre-existing micro-cracks, joints, and faults relative to the
principal stresses.
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4 Conclusions

This paper discussed the modelling of extension strain in the slope of Handlebar Hill
open pit at Mt Isa, Queensland, Australia. The extension strain around two dimensional
finite element elastic models is applicable using the criterion of Stacey (1981). This
paper demonstrates that extension strain is the most probable starting point for the
fracturing mechanisms. It was shown that the extension strain develops around the toe
presenting in a larger magnitude behind the crest and is limited in the upper benches.

There is an agreement on the influence of the extension strains on slope stability
between the in-situ observations and the predicted fracturing distributions of this study.
As presented, the out-of-plane principal stresses extension strain criterion assist in
understanding the probable initiation and orientation of extension fractures in the pit
rock slope.
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thetical observations on the rock failure mechanisms occurring at the pit slopes, and being
available for helpful comments.
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Abstract. In rock slopes prone to topple, mechanical, physical or chemical
weathering might degrade the rock mass properties and compromise the stability
of that rock slopes. However, the nature of the joints distribution and the degree
of continuity is extremely important in determining the stresses magnitude and
sign inside the rock masses. This is mainly due to the stress concentration and
distribution near the joint tips inside the rock slope if rock bridges exist. In this
paper, a man-made rock slope is numerically modeled and investigated under
two types of joint sceneries; out-dipping persistent joint and non-persistent joint
models. One point, near the crest, inside the rock slope were used to monitor and
measure the major and minor principal stresses as the excavation at the toe of the
slope progressed step by step. To generate the two models, the discrete element
method with the Voronoi tessellation joint pattern was utilized. One of the
advantages of this modeling approach is that it al-lows for generating non-
persistent joint as well as persistent joint patterns inside the rock slope. The
results of this numerical study show that in large rock slopes such as the one
examined in this study, the stress concentration in the non-persistent model is
three to four times larger than the stresses at the same point in the persistent
joints model. The minor principal stresses in both modeling cases were negative
tensile stresses and up to several MPa in magnitude.

1 Introduction

In natural or man-made rock slopes, many discontinuities such as joints, flaws, and
faults exist to weaken the rock mass strength. These rock discontinuities can be either
persistent or non-persistent joints. This degree of continuity affects the stress magni-
tudes and type inside the rock slopes (Alzo’ubi 2016a). Alzo’ubi (2016a) discussed
thoroughly factors affecting rock slope movement styles, some of these factors are;
rock mass characteristics, joints orientation, and joints degree of continuity. This paper
discusses a rock slope, susceptible to toppling movement, to study the effect of degree
continuity on the stress magnitude and type inside large rock slopes where the con-
finement stresses are not high as in the underground environment. To investigate this
issue, two geological settings, of the same rock slopes, were examined; a first model
with persistent joint set and the second model with a non-persistent joint model.

In the 1970’s De Freitas and Watters (1973), presented toppling to describe rock
slope instability where rock columns bend forward. Later, Goodman and Bray (1976),
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showed three movement styles associated with toppling; flexural, block toppling, and
block-flexural toppling. More recently, Alzo’ubi et al. (2010) showed that toppling is
mainly controlled by tensile strength as long as sliding is allowed between the rock
columns that dip into the slope. How-ever, they did not discuss the type of stresses in
rock masses containing non-persistent rock joints. This paper introduces the difference
between large rock slopes with persistent joints and large rock slopes with non-
persistent joints.

The High Valley Copper (HVC) mine is located in British Columbia, it consisted of
two pits; the Lornex Pit and the Valley Pit. The rock slope in this paper is an open pit
mine is the southeast wall of the Lornex pit. This slope was discussed by Tosney
(2001) by using conventional discrete element approach to create the model and to
simulate the two sets of joints as continuous ones. Moreover, he assumed a tensile
strength of 0.1 MPa for all the rock units’ constitute the rock slope. Probably, he used
this low value to have an acceptable agreement between the displacement in the
numerical model and the displacement in the field. In addition, he did not consider the
non-persistent nature of the rock joints out-dipping of the open pit slope.

The southeast wall of the Lornex pit at the HVC was also modeled by using the
UDEC-DM (Alzo’ubi et al. 2007). This UDEC-DM is utilized in this paper because it
enables the modeler to create persistent and non-persistent joint sets and allows for rock
mass fracturing once shear and/or tension exceeds the rock mass strength. More
importantly, this added degree of freedom in the discrete element method allows for
stress concentrations to develop freely around joint tips of non-persistent rock joint
model. This stress concentration in the rock bridges area may cause tensile stresses to
rise and cause intensive fracturing as we will see in the following sections.

2 Geological Setting

In this case history, the geological investigation of this rock slope revealed two major
sets of joints; a persistent set of joints that dips into the slopes at angles between 70°
and 80° from the horizontal with a spacing between 20 and 40 m. And a second non-
persistent joint set that dips in the direction of the slope face at angles between 50° and
60° with spacing between 10 m and 20 m. The bridge length between the non-
persistent joint ranges between 15 and 20 m. This paper aims to model the geological
model; the persistent joint set and the non-persistent one by using a discrete element
damage model developed by (Alzo’ubi 2009). This model allows for stress concen-
tration to evolve and initiate shear/tensile fractures inside a rock mass.

This slope suffers from toppling in the range of meters. In order to determine the
rock mass properties as shown in Fig. 1, the engineers utilized the RMR classification
system (Bieniawski 1976). Furthermore, Tosney 2001 used the Hoek-Brown criterion
(Hoek and Brown 1988) to determine the Mohr-Coulomb strength properties to be used
to conduct the numerical analysis (Table 1). The site engineers assumed that the tensile
strength, of all rock units forming this pit, is 0.1 MPa, which is at the low end of the
tensile strength range for such rock units, in reality, this value can be up to 5 MPa. The
low tensile strength value of 0.1 MPa was used probably to facilitate the stability
analysis of the slope by using conventional discrete element modeling (Tosney 2001).
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The numerical simulation in this study, modeled the slope in two different modes to
investigate the stress concentration; the first model assumes persistent out-dipping joint
set and the second model assumes non-persistent out-dipping joint set. The major
principal stress and the minor principal stress were monitored and compared. Table 2
shows the properties of the two joint sets that are used in these simulations.

Fig. 1. The RMR classification of the pit around the selected section (Tosney et al. 2004)

Table 1. Mohr-Coulomb strength properties based on the RMR rating used

RMR 76 u ð�Þ C (MPa) E (GPa) G (GPa) K (GPa)

40 29 0.7 5.6 2.2 4.7
60 43 1.0 17.8 6.8 14.8
80 54 2.1 56.2 21.6 46.9

Table 2. The in-dipping and out-dipping joints properties used in the simulation, Alzo’ubi et al.
(2012)

Parameter In-dipping faults Out-dipping joints

Orientation (°) 70 125
Normal Stiffness (GPa/m) 4 4
Shear Stiffness (GPa/m) 1 1
Cohesion (kPa) 6.0 0
Friction (°) 12 25
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3 Displacement and Movement Modes

To maintain safe operation at the mine, the engineers installed a monitoring system
capable of capturing the displacement location as well as its rate. More details about
this system can be found at Newcomen et al. (2003), I utilized these displacements to
verify the numerical model by comparing the numerical results along with the actual
field measurements as the mining operation continued at the pit. The background
movement, not related to the mining steps, was subtracted from the total displacement.
Three modes of movements were observed at this section (Alzo’ubi 2009); toppling,
sliding, and bulging at the toe of the slope.

4 The Numerical Models

Alzo’ubi et al. (2007), developed a discrete element approach called the UDEC-DM,
this modeling procedure simulates the rupturing of rock masses through generating
flaws inside the rock mass. The approach can simulate two models; persistent joint
pattern as well as non-persistent joint pattern. The Lornex pit southeast wall is modeled
in this paper by using the two joint patters to quantify the major-minor principal
stresses.

The details of the model were discussed by Alzo’ubi et al. (2012); the general the
geometry of the model and the actual mining steps conducted in the mine is shown in
Fig. 2. To generate the mine two joint sets as discussed above, two models were
created as shown in Figs. 3 and 4. The first model (Fig. 3) consists of two joint sets; the
in-dipping joints with an angle of 70° and spaced at 30 m and the out-dipping per-
sistent joint set at an angle of 55° from the horizontal and spaced at 15 m. In the second
model (Fig. 4); the first joint set is the in-dipping joints with an angle of 70° and spaced
at 30 m, while the second out-dipping joint set is a non-persistent one at an angle of 55°
from the horizontal and spaced at 15 m. The bridge length between the joint tips was
set at 20 m.

Fig. 2. Blocks excavation sequence at Lornex southeast wall (from Alzo’ubi 2009)
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The area susceptible to toppling was divided by the Voronoi pattern with a 1.4 m
edge length. This Voronoi joint pattern created polygonal blocks, see the inset of
Fig. 5.

During the numerical simulation, blocks 1 to 15 were mined while monitoring the
slope displacement and compared the results with the field measurements. The mining-
induced deformation was monitored by Slope Monitoring Prisms (SMP) at the location
of the chosen section. To calibrate the model, it was brought to a stable condition by
using high strength properties. Following that, the model was assigned realistic strength
properties and was calibrated. The displacement of SMP #413 (Alzo’ubi 2009) was
utilized at two mining stages. To get better agreement between the field and numerical
displacements, the normal and shear stiffness were varied until a good agreement was
achieved at the properties shown in Table 3.

Fig. 3. The persistent joint model along with the RMR classification

Fig. 4. The non-persistent joint model along with the RMR classification
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To study the stress path in the two models, persistent vs non-persistent models,
point A near the top of the slope was chosen, see Fig. 5. This point is located near the
joint in the persistent joint model and near the joint tip in the non-persistent model.
Each block (Fig. 2) were excavated numerically, the minor and major principal stresses
were recorded at equilibrium (were displacement became constant).

5 Results and Discussion

The simulation started by the excavation of blocks 1 to 15, one block at a time while
monitoring the rock mass fracturing and more importantly the stress changes at point
A. The results revealed that stress concentration was much higher in the non-persistent
model once compared with the persistent model. This behavior was observed by
Alzo’ubi (2016b) in the finite element method as well. As shown in Fig. 6, the major
principal stresses at the two models showed similar values, however, the minor prin-
cipal stress in the non-persistent joint model is 4 times the magnitude of the minor
principal stress in the persistent model. The minor principal stress in the two models
was tension as shown in the Figure. This shows that tensile stresses will develop in the
model and will cause tensile fracturing as observed by Alzo’ubi (2016a, b). Tensile
strength has a major role in the stability of rock slopes but also more important if the

Table 3. Normal and shear stiffness resulting from the calibration process

RMR 76 Normal Stiffness (GPa/m) Shear Stiffness (GPa/m)

40–44 11 3.5
45–49 14 4.5
60–64 34 11

.A

Fig. 5. The UDEC-DM and the details of the generated flaws
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joint sets are non-persistent ones. In the case were tensile stresses exceeds the tensile
strength of the material fracturing will occur in either model. In the field, the tensile
strength of the material needs to be accurately evaluated and the geological model need
not be simplified by assuming a persistent joint model while the actual one is non-
persistent.

6 Conclusions

In this research, a rock slope was modeled by using two geological models; the first one
with persistent joint model and the second one with the non-persistent joint model. The
UDEC-DM was utilized to generate the two models, this modeling approach is capable
of modeling persistent and non-persistent joint sets. The major and minor principal
stresses were monitored as the mining process occurred at the toe of the mine.
Although the minor principal stresses in both models were negative, the stress con-
centration magnitude at the non-persistent model was almost four times higher than the
negative stress magnitude in the persistent model. This shows that tensile strength in of
the intact rock can be as high as several mega Pascal and the stress concentration at the
joint tip in rock masses can fracture the rock.
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Abstract. In recent years, using helical piles as deep foundations for different
types of structures has been increased considerably. In this paper, by using finite
element software (ABAQUS), the compressive and tensile load capacities of
helical piles screwed in sandy and clayey soils have been studied numerically
and corresponding load-displacement curves are presented. For this purpose,
different geometrical aspects of the helical pile element (including the pile
length, the main shaft diameter, the helix diameter and the internal helix spac-
ing) have been taken into account for different soil properties conditions. In
modeling efforts, a disturbed zone around the pile element is also considered for
better catching the effect of the soil disturbance during pile installation
procedure.
Based on the obtained results, it is observed that for both types of the studied

soils, increasing the helix diameter leads to an increase in load capacities. In
addition, it is observed that by increasing the internal helix spacing up to three
times of the helix diameter, the ultimate load capacities were increased and then
remained almost unchanged. Similar trend was obtained from parametric study
on the main shaft diameter. However, increasing the pile length was shown to
have consistent increasing effect on the ultimate load capacities.
In this paper, to verify the obtained results, some experimental records are

also considered and compared statistically with corresponding load capacities
from numerical simulations. Comparisons show very good agreement between
the numerical results, the experimental records and analytical solutions.

Keywords: Helical pile � Numerical study � Geometrical parameters � Sand �
Clay � Experimental verification

1 Introduction

Implementing deep foundations are necessary when the subsurface layers are weak to
carry the superstructure loads, and in the depths, there is a soil with higher resistance.
Wooden and metal piles, cast-in-place concrete piles, driven piles, and helical piles are
several common types of deep foundations. In recent years, using helical piles, as a
kind of deep foundation, have been increased significantly. These piles are usually
installed by imposing a driven torsion moment at the pile head. One of the most
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significant advantages of helical piles is the capability of their installation under desired
dip angle. In addition, they can provide high resistance against tensile forces compared
with another types of deep foundations.

Initial views on evaluation of the helical pile capacity included the testing of the
behavior of shallow helixes. Some researchers with physical model testing showed an
ideal disconnection cone in an experiment of a helical pile (Mors 1959; Turner 1962).
Physical modeling by Ghaly et al. (1992) indicated overloading on the sand surface
results in increasing the load capacity of the helical piles that by increasing the burial
depth, it will be diminished. Rao and Prasad (1993) studied the final load capacity of
helical anchors in terms of the shear strength parameters of the soil and indicated that
the helix spacing affects the load capacity, firmly.

Livneh and El Naggar (2008) compared the full scale test results of 19 numbers of
the helical piles load tests by conducting finite element modeling with PLAXIS 3D and
suggested that the final compressive capacity of the helical piles should account for a
pile settlement equal to 8% of the helix diameter plus the elastic deformation of the pile
shaft. Salhi et al. (2013) investigated the effect of helix diameter and spacing on the
final load capacity by performing 2D FEM modeling with ABAQUS and reported that
the optimized ratio of the helix spacing to the helix diameter (S/Dp) varies between 1.5
to 2. In addition, it was observed that helixes with smaller diameters usually had more
considerable effects on the pile capacity. George et al. (2017) examined the load
capacity of the helical piles with different S/Dp in driven in loose clayey soils with
different densities by performing numerical simulations using PLAXIS 3D software.
Results showed that increasing the relative density of the soil leads to an increase in
compressive and tensile ultimate load capacities. Furthermore, the load capacity
increases by increasing the installation depth and shaft diameter, which the former has
much considerable influence.

In this paper, a parametric study has been performed on the compressive and tensile
ultimate bearing capacities of the helical piles by conducting both FE numerical sim-
ulations using ABAQUS and implementing an analytical solution. Accordingly, load-
displacement curves have been obtained from FE analyses as well as the ultimate
bearing capacities form analytical solution. Then, by implementing the results from
field tests in sandy and clayey soils, the numerical and analytical results are verified.
Results showed good agreement between the predicted and the experimental load
bearing capacity values.

2 Method of Analysis

The soil parameters and the geometrical aspects have the most important roles on the
load capacity of the helical piles (Garakani 2019). In current research, to examine the
aforementioned factors, several numerical simulations have been conducted on helical
piles with several geometric features using a FE software, ABAQUS.

During installation of the helical piles, due to shaft penetration and helix collision
with the surrounded soil, a disturbed zone is created around the pile element (Fig. 1). In
modeling efforts in this research, this disturbed zone is modeled by assuming a
cylinder-shaped region having a diameter of two times of the helix diameter and a
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length equal to the pile length. In disturbed zone, soil parameters (i.e., frictional angle,
cohesion and elastic modulus) were reduced in accordance with Buduh (2011).

In addition, typical sandy and clayey soil types were assessed with different geo-
metrical aspects of the pile. For a helical pile driven in undrained saturated clayey soil,
the water table was considered at the ground surface, and the rate of the imposed load
was considered as fast to invoke the undrained soil condition. Accordingly, the Pois-
son’s ratio of 0.49 was assumed for the analysis of the saturated clay (Elsherbiny and El
Naggar 2013). Further, the adhesion between the pile and the clayey soil was taken as
25 kPa (Canadian Foundation Engineering Manual 2006). In this paper, the sandy and
clayey soils were modeled by considering Mohr-Columb (MC) constitutive framework.
Accordingly, the elastic behavior is described by Poisson’s ratio, m, and Young’s
modulus, E, and the plastic behavior of the soil is defined by taking into account the
residual friction angle, /r, the dilation angle, w. Also, material hardening is defined by
the cohesion yield stress, c. In Table 1, soil parameters are shown.

To investigate the role of the geometrical aspects of the helical piles on the com-
pressive and tensile bearing capacity values, the pile length (H), the shaft diameter (Ds),
the helix diameter (Dp), and the internal helix spacing (S) were examined. These
parameters are given in Table 2.

Disturbed Soil

Disturbed Soil

Soil

Ds

Ddisturbed

Ddisturbed = 2 Dp

Disturbed Soil
Ds

Dp

Sec A-A

A

Shaft

Dp

Soil Surface

Helix

Helix

Stick out

A

Shaft

Soil

Fig. 1. A schematic view of the helical pile, disturbed and undisturbed soil zone
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In this study, a displacement equal to 5% of the helix diameter is considered as the
corresponding pile displacement at failure as suggested by Elsherbiny and El Naggar
(2013).

3 Verification of the Numerical Simulations

The numerical modeling procedure and obtained results should be verified by con-
sidering the field-test data, the laboratory testing data, or the analytical solution results.
Therefore, firstly, the field test results under compressive loading for two helical piles
in sandy and clayey soils was chosen from Elsherbiny and El Naggar (2013). Studied
piles were executed in two sites: site (A) that is located in northern Alberta, Canada,
and is mainly composed of sand; and site (B) that is located in northern Ontario,
Canada, and represents clay soil primarily. Two axial compressive load tests were
conducted at sites (A) and (B). The soils properties for sites (A) and (B) and the piles
properties are presented in are shown in Tables 3 and 4, respectively. Additional
descriptions on these field testing are detailed by Elsherbiny and El Naggar (2013). The
load-displacement curves for numerical modeling and field testing data in the sites
(A) & (B) are shown in Fig. 2. It is observed that numerical results are in good
agreement with the load test results respecting the soil properties, the helical pile
characteristics for piles PA-1 and PB-1.

Table 1. Soil parameters used in this study

Soil parameters Undisturbed
sandy soil

Disturbed
sandy soil

Undisturbed
saturated
clayey soil

Disturbed
saturated
clayey soil

Residual friction
angle (/r)

33 27 – –

Dilation angle (w) 5 0 – –

Cohesion (kPa) – – 60 50
Adhesion (kPa) – – 30 25
Young’s modulus
(Mpa)

30 15 35 35

Unit weight
(kN/m3)

18 17 18 18

Table 2. Summary of helical piles geometric parameters

Pile length
(m)[ft]

Shaft diameter
(in)[mm]

Helix diameter
(in)[mm]

Internal helix
spacing (in)[mm]

Helix
numbers

4, 8, 12
[13.1, 26.3,
39.4]

6, 9, 12, 15
[152.4, 228.6,
304.8, 381]

12, 18, 24
[304.8, 457.2,
609.6]

24, 48, 72
[609.6, 1219.2,
1828.8]

3
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Secondly, a comparison of ultimate loading capacity between field-testing data,
FEM results, and analytical solutions were done (Fig. 3). By two approaches can
determine the ultimate bearing capacity of a helical pile; i.e., individual and cylindrical
shear method. Based on the individual capacity method, ultimate bearing capacity, Pu1,
is the sum of individual bearing capacities of n helical bearing plates plus adhesion
along the shaft, provided by

Table 3. Soil parameters of site A and B

Site name A B
Depth soil
(m)

0–5 5–9 0–3 3–7

Description Sand
(Compact)

Sand
(Compact)

Sandy silt
(Compact)

Silty Clay (Very
Soft)

/r (deg) 24 21 – –

w (deg) 10 10 – –

Cu (Kpa) – – 36 9
Ca (Kpa) – – 34 9
Friction
factor

0.44 – – –

c (kN/m3) 20 20 17 17
kS 0.55 0.55 1.0 1.0
m 0.3 0.3 0.49 0.49
E (Mpa) 50 50 24 7

Table 4. Tested piles configurations for site A & B

Site
name

Pile depth
(m) [ft]

Stick out
(m) [ft]

Number of
helixes

Helix diameter
(in) [mm]

Shaft diameter
(in) [mm]

Installation
torque (KN-m)

A 5.5 [18] 0.3 [1] 1 24 [609.6] 10.75 [273] 25.9
B 7.2 [23.6] 0.4 [1.3] 3 24 [609.6] 7 [177.8] 9.5
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Fig. 2. Load-displacement curve for a calibration modeling, (a) PA-1 pile in sandy soil, and
(b) PB-1 pile in clayey soil
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Pu1 ¼
X

n

qultAn þ aH p dð Þ ð1Þ

Where

qult is the ultimate bearing pressure
An is the area of the nth helical bearing plate
a is adhesion between the soil and the shaft
H is the length of the helical pile shaft above the top helix, and
d is diameter of a circle circumscribed around the shaft.

Also, ultimate bearing capacity of a helical pile according to the cylindrical shear
method, Pu2, is determined by considering the sum of shear stress along the cylinder,
adhesion along the shaft, and bearing capacity of the bottom helix provided by

Pu2 ¼ qult A1 þ T n� 1ð Þ s pDavg þ aH p dð Þ ð2Þ

where:
A1 is the area of the bottom helix, T is the soil shear strength, H is the length of

shaft above the top helix, d is the diameter of the pile shaft and, the term (n − 1) s is the
length of soil between the helices.

Finally, bearing capacity of a helical pile is a minimum of Pu1 and Pu2. The perfect
spacing of helices is corresponded to the condition that the bearing capacity results
from individual and cylindrical shear methods become the same. To calculate the
bearing capacity based on above equations, some researchers have presented relations
for the implemented parameters. In this paper, Perko (2009) equations were used as
primary considerations for both individual and cylinder failure mechanisms. Figure 3
shows that the ultimate compressive capacity has a good fitting for all three cases
(namely, analytical, numerical and experimental cases).
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Fig. 3. Ultimate load capacity of helical piles by field testing, FEM and analytical solution
methods
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4 Results

Numerical simulations were performed under 3D condition, and long-term behavior of
the soil was considered. The mesh dimensions are chosen in such a way that the
domain and mesh size geometry do not influence the obtained results. Figure 4 shows a
schematic mesh pattern for the constructed model.

4.1 Compressive Loading Simulations

Pile Length Effect
The pile length effects on helical piles compressive capacity are examined in three
different lengths of 4, 8, and 12 m, in sandy and clayey soils (Fig. 5). Generally, in
helical piles, by increasing the pile length, the ultimate loading capacity increases. That
is because of the increasing in the buried part length of the pile and consequently, the
increase in the load capacity of the pile shaft due to the increase in the frictional contact
surface with the soil. It is also observed that for the undrained saturated clay, the piles
have reached to the ultimate state under about 10 mm total displacement, while this
value for sandy soils slightly increases.

Helical pile

Disturbed soil Undisturbed soil

Fig. 4. A schematic configuration of the F.E mesh for modeling a helical pile problem
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Shaft Diameter Effect
Data presented in Fig. 6 reveal that the shaft diameter has a considerable influence on
the pile compressive capacity. In sandy soil, it is observed that as the shaft diameter
increases, the load capacity is increased significantly. However, by changing the shaft
diameter form 12 to 15 in, there is almost no significant change observed. By exam-
ining the contours of the shear stress around the pile, it can be noticed that this
parameter remains almost constant through the buried depth of the pile (Fig. 7).
Figure 7 also indicated that by increasing the shaft diameter, the resilient force has
increased.
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Fig. 5. Load-displacement curve for a helical pile on compressive loading in three pile lengths,
(a) sandy soil, and (b) clayey soil
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Fig. 6. Load-displacement curve for a helical pile on compressive loading in four shaft
diameter, (a) sandy soil, and (b) clayey soil
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Helix Diameter Effect
To assess the effects of the helix diameters on the compressive capacity of a helical
pile, a numerical case with H = 8 (m), Ds = 15 (in), and S = 72 (in) has been examined
with three different helix diameters. The results are shown in Fig. 8. It is observed that
by increasing the helix diameter (Dp), the compressive load capacity increases as well
in both sandy and clayey soils. In both soil types, in the range of small displacements,
the load capacity values are almost the same, however, by increasing the pile tip
displacements, variations are much considerable. The reason is that at smaller dis-
placements, the pile capacity is controlled by the friction along the soil cylinder formed
around the helixes and highly dependent on Ds, but at large displacements, failure
mechanism is ruled by the bearing capacity of the helixes.

Fig. 7. Shear stress contour for a helical pile on compressive loading in sandy soil for shat
diameter of, (a) 6 in, (b) 9 in, (c) 12 in, and (d) 15 in
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Internal Helix Spacing Effect
Usually, the factor of S/Dp has a significant effect on the helical pile capacity.
Therefore, in this study, for studying the influence of the internal helix spacing on the
compressive capacity, a case with H = 8(m), Ds = 15 (in) and Dp = 24 (in) has been
investigated with three different condition of S = 24, 48 and 72 (in) (S/Dp = 1, 2 and 3)
as illustrated in Fig. 9. In accordance with the data shown in Fig. 9a, it is noticed that in
sandy soil, by increasing S/Dp, the ultimate compressive capacity increases as well, but
its rate decreases with increasing S/Dp. Therefore, it is estimated that in S/Dp = 4, the
compressive capacity has remained almost unchanged. Its main reason is in lower S/Dp

values where the failure mechanism occurred in form of a “cylinder shape,” but by
increasing the S/Dp, the failure mechanism is almost of an “individual failure” case
(Perko 2009; Elsherbiny and El Naggar 2013). This observation is almost valid for
clayey soils, too (Fig. 9b). However, under smaller S/Dp values the individual failure
mechanism is happened.
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Fig. 8. Load-displacement curve for a helical pile on compressive loading in three helix
diameter, (a) sandy soil, and (b) clayey soil
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Fig. 9. Load-displacement curve for a helical pile on compressive loading in three S/Dp,
(a) sandy soil, and (b) clayey soil
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4.2 Tensile Loading

In some previous researches, it is mentioned that the tensile capacity of the helical pile
is almost 85% of its compressive capacity (Elsherbiny and El Naggar 2013; Perko
2009; Livneh and El Naggar 2008; Tappenden and Sego 2007). In addition, it is
frequently reported that the helical pile length has a significant effect on the tensile load
capacity. Accordingly, in this study, the helical pile length effects on the tensile loading
capacity has been analyzed, as the results are depicted in Fig. 10. Figure 10 shows that
in both sandy and clayey soils, by increasing the pile length, the pile tensile capacity
increases, similar to compressive load capacity. Also as shown in Table 5, it is
remarked that the ratio of the tensile loading capacity to the compressive loading
capacity for the helical piles studied in this research varies between 0.78 to 0,96 that
shows a good agreement with previous studies. However, in clayey soil this ratio is
obtained close to unity for both load conditions.

5 Conclusions

In this paper, by implementing a Finite Element Software, ABAQUS, a parametric
study has been carried out on some geometrical aspects of the helical pile elements
driven in sandy and undrained saturated clayey soils. Accordingly, corresponding
features (consisting pile length, shaft diameter, helix diameter, and internal helix
spacing) have been taken into account. The obtained results from numerical modeling
showed that:
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Fig. 10. Load-displacement curve for a helical pile on tensile loading in three pile lengths,
(a) sandy soil, and (b) clayey soil

Table 5. Ratio of the tensile loading to the compressive loading capacity

Pile length (m) Sandy soil Undrained saturated clayey soil

4 0.78 0.90
8 0.82 0.92
12 0.86 0.96
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1. By increasing the helical pile length, in both studied soils, the ultimate compressive
capacity increases.

2. Increasing the shaft diameter leads to an increase in ultimate load capacity, how-
ever, its effect diminishes by reaching the shaft diameter.

3. It is noted that by increasing the S/Dp up to 3, the ultimate load capacities were
raised and then almost remain unchanged.

4. By increasing the helix diameter, similar trends have been obtained from the
parametric study and the ultimate load capacity has been increased.

5. Tensile loading capacity of a helical pile is obtained as (80% to 90%) and (90% to
100%) of the compressive loading capacity in sandy and undrained saturated clayey
soil conditions, respectively.

Some experimental records are also scrutinized and compared with corresponding
load capacities from numerical and analytical solutions. Comparisons show perfect
agreement between the field tests, FEM results, and analytical solutions.
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Abstract. Strength and deformation behavior of jointed rock is essential in the
viewpoint of design of slopes, construction of tunneling and mining projects due
to the presence of natural hair cracks, fissures, bedding planes, faults, etc. In
order to avoid problems like loss of strength due to cracks during construction,
strength and deformation characteristics of various rock matrices is helpful to
simulate such cracks and to give a reliable solution. For this purpose, experi-
mental based study was conducted on laterite rock procured from Kutch, Gujarat
to evaluate the shear parameters of the proposed rock mass matrix having two
horizontal cuts (at H/4 and H/2 height of the specimen) with 0°, 10° and 30°
inclination with horizontal. Stress-strain characteristics and strength behavior
was studied using Mohr-Coulomb strength theory and results were compared
with intact rock and various jointed rock matrix specimens. Results derived from
Mohr-Coulomb strength theory were also compared with the Hoek-Brown
strength theory. Results demonstrated that the orientation of the rock matrix
shows little increase in cohesion value and decrease in angle of internal friction
with increasing inclination of cut from zero to 30° with respect to horizontal.
Failure pattern was observed in jointed rock matrix specimens comprises of
axial failure, block rotation, splitting of blocks through joints and shear failure.

1 Introduction

Rock differs from most other engineering materials as it contains discontinuities such as
joints, bedding planes, folds, sheared zones and faults which render its structure dis-
continuous. For practical purposes, rock mechanics is mostly concerned with a rock on
the scale that appears in engineering, mining and tunneling work, and so it might be
regarded as the study of the properties and behavior of accessible rock due to changes
in stresses or other conditions. Singh and Rao (2016) studied the strength and defor-
mation behavior of the jointed rock matrix. Arzua et al. (2014), Shah and Patel (2017)
studied shear parameter of intact and different rock matrix form specimen. Shah and
Joshi (2016) analyzed the effect of the full circular opening with varying sizes on a
shear parameter of sandstone. The behavior of discontinuities between the intact rocks
is a subject of investigation of many researchers since it is not possible to deal with the
same theoretical considerations as intact rock materials (Huang et al. 2015). It is
probable that the dilation angle will be at its maximum value just at the instant when
peak strength is passed. From the experimental investigations on non-planar joints,
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it has been observed that at low normal stress, a non-planar joint continues to dilate
with increasing shear displacement but at reduced angle, while at high normal stress a
non-planar joint might cease to dilate altogether after passing its peak strength, if the
normal stress is very high, dilation may not take place at any stage (Barton 1973).
However, very less amount of experimental study was carried out in past in this
direction especially for understanding the shearing behavior of rocks. Thus this
research work has provide better understanding in this field especially related to cracks
and joint openings for intact rock mass and one with various jointed rock matrix. Scope
of the study includes conducting triaxial axial test of cylindrical rock specimen under
laboratory environment for various confining pressure and constant strain rate to study
the actual shear parameters and behavior of failure pattern with stress and axial strain
characteristics of intact rock and various jointed rock matrix. Strength behavior of
jointed rock matrix were then compared with the strength of intact rock specimen.
Stress-strain behavior were also compared with Mohr-Coulomb strength theory and
Hoek-Brown strength theory. Laterite types of rock was used for present investigation.

2 Sampling

Samples were prepared from the chunk of the rock which was procured from the Kutch
district, Gujarat, India. Cylindrical samples were cut out from chunk of the procured
rock with help of the core cutting machine in L.D. College of engineering Ahmedabad,
Gujarat. The core cutting of cylindrical rock core was carried out as per IS-9179-2001
and cylindrical specimens with aspect ratio 1:2 was used to make intact and different
type of rock matrix patterns.

Various types of matrixes used in this experimental investigation were as shown in
Fig. 1. Rock cutter machine was used to cut the intact rock with various matrix form
viz., I) Intact rock specimen with l/d ratio as a 2, II) two inclined cut at H/4 distances
from both end with 30˚ inclination (2I_H/4_30˚) as shown in Fig. 2, III) two inclined cut
at H/2 distances from both end with 30˚ inclination (2I_H/2_30˚) as shown in Fig. 3, IV)
two inclined cut at H/4 distances from both end with 10˚ inclination(2I_H/4_10˚) as
shown in Fig. 4, V) two inclined cut at H/2 distances from both end with 10˚ inclination
(2I_H/2_10˚) as shown in Fig. 5, VII) Two inclined cut at H/4 distances from both end
with 0° inclination (2I_H/4_0°) as shown in Fig. 6, IX) Two inclined cut at H/2 dis-
tances from both ends with 0° inclination (2I_H/2_0°) as shown in Fig. 7.

Fig. 1. Various rock matrix pattern
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Fig. 2. 2I_H/4_30° rock matrix

Fig. 3. 2I_H/2_30° rock matrix

Fig. 4. 2I_H/4_10° rock matrix
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To join cutting pieces of the cylindrical specimen, cement paste was used as
binding material to assemble rock block matrix. The end surface of the samples were
kept flat and smooth which would helpful for making the good contact between loading
pad of testing machine. Assembling of the rock matrix has been done with the use of

Fig. 5. 2I_H/2_10° rock matrix

Fig. 6. 2I_H/4_0° rock matrix

Fig. 7. 2I_H/2_0° rock matrix
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portland cement paste. Cement paste used for assembling the matrix has 40% of water
content. Jointed matrix form was kept in water for curing purpose for 28 days (Fig. 8).

3 Methodology

3.1 Index Properties

Index properties for rock specimen includes specific gravity, void ratio, dry density,
water absorption and water content were performed as per IS: 13030:1991.

3.2 Rock Triaxial Test

The rock triaxial test was performed by electronic rock triaxial testing machine as per
IS 13047:2010. It mainly consists of closed triaxial cell, a loading frame and a con-
fining pressure generating device as shown in Fig. 12 and the shear parameters were
obtained from experimental study. Series of tests were performed with different con-
fining pressures varying from 1 MPa, 2 MPa, 3 Mpa & 4 MPa for intact and different
rock matrix patterns specimens of laterite rock at the constant strain rate of
0.115 mm/min. Different types of confining pressure were generated using constant
pressure system.

4 Theoretical Development

4.1 Mohr Coulomb Strength Theory

The shear parameters of intact and jointed rock specimens were calculated by fallowing
equation.

Fig. 8. Electronic rock triaxial setup
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s ¼ rtan£þ c

The major principle stresses of intact and jointed rock specimens were calculated
by Mohr-Coulomb strength theory.

r1 ¼ 2c � cos£
1� sin£

þ r3 1þ sin£ð Þ
1� sin£

Where,

r1 = Major principle stress
r3 = Major principle stress
c = cohesion
/ = Angle of internal friction

4.2 Hoek-Brown Strength Theory

The Generalized Hoek-Brown failure criterion for jointed rock masses is defined by:

r1 ¼ r3þ rci mi � r3
rci

� �
þ s

� �0:5

Where,
‘r1’ and ‘r3’ are the major and minor principal stresses at failure, ‘mi’ is the value

of the Hoek-Brown constant ‘m’ for the rock mass, ‘s’ is constants which depend upon
the rock mass characteristics, and ‘rci’ is the uniaxial compressive strength of the intact
rock pieces.

In order to use the Hoek-Brown criterion for estimating the strength and
deformability of jointed rock masses, three properties of the rock mass have to be
estimated. These are: (i) uniaxial compressive strength rci of the intact rock pieces,
(ii) Value of the Hoek-Brown constant mi for these intact rock pieces, (iii) Value of the
constant S for rock.

5 Experimental Investigation

5.1 Properties of Laterite Rock

The cylindrical specimen of intact rock and different rock matrix having 45 mm
diameter and 90 mm height were obtained as per IS 13030-1991 and tested to evaluate
physical properties of intact laterite rock specimen. Table 1 shows physical properties
of intact rock.
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5.2 Results and Analysis

Triaxial test results in terms of shear parameter (c and ɸ) and modulus of elasticity are
demonstrated in Table 2. From Fig. 9, it was observed that the percentage decrement in
cohesion (c) for various rock matrixes 2I_H/4_30°, 2I_H/2_30°, 2I_H/4_10°,
2I_H/2_10°, 2I_H/4_0°, and 2I_H/2_0° were 18.68%, 10.49%, 5.24%, 29.50%,
43.60%, and 17.37% respectively with respect to L_I rock. As shown in Figs. 10, 11,
the value of angle of internal friction (ɸ) for various matrixes 2I_H/4_30°, 2I_H/2_30°,
2I_H/4_10°, 2I_H/2_10°, 2I_H/4_0°and 2I_H/2_0° was found to be decreased by
24.5%, 26.43%, 18.35%, 20.81%, 10.02%, and 4.60% respectively with respect to L_I
rock. The increase in strength of various horizontal cuts specimens were moderate as
with increase in confining pressure because the rock blocks came more close to each
other at high confining pressure and it requires more normal load to deform them. The
percentage increment in modulus of elasticity (E) for 2I_H/4_30°, 2I_H/2_30°,
2I_H/4_10°, 2I_H/2_10°, 2I_H/4_0°, and 2I_H/2_0° were 17.28%, 12.44%, 7.60%,
5.76%, 0%, and 0.57% respectively with respect to L_I rock as presented in Fig. 12.
The modulus of elasticity of jointed rock matrix specimens were increases as the
numbers of cut increases. The modulus of elasticity decreases as the confining pressure
increases for the same number of horizontal joints.

Table 1. Properties of laterite rock

Properties Values

Dry Density (gm/cm3) 3.18
Porosity (%) 7.66
Unconfined compressive strength (Mpa) 21.5
Water content (%) 0.592
Specific gravity 3.50
Void ratio (%) 8.29
Water absorption 2.726

Table 2. Measured values of cohesion and angle of internal friction of different types of rock
matrices

Matrix pattern with notation Shear
parameters

Modulus of
elasticity

C (Mpa) U (˚) E (Mpa)

Intact rock specimen, L_I 3.05 48 8.68
2-Horizontal cut with 30° inclination at H/4, 2I_H/4_30° 2.48 36.24 10.18
2-Horizontal cut with 30° inclination at H/2, 2I_H/2_30° 2.73 35.31 9.76
2-Horizontal cut with 10° inclination at H/4, 2I_H/4_10° 2.89 39.19 9.34
2-Horizontal cut with 10° inclination at H/2, 2I_H/2_10° 2.15 38.01 9.18
2-Horizontal cut with 0° inclination at H/4, 2I_H/4_0° 1.72 43.19 8.67
2-Horizontal cut with 0° inclination at H/2, 2I_H/2_0° 2.52 45.79 8.73
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Fig. 9. Comparative plot, cohesion vs. types of matrix as compare to intact.

Fig. 10. Comparative plot, angle of internal friction vs. types of matrix as compare to intact.
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6 Stress Strain Characteristics

Stress-strain characteristics of the rock matrix were compared with the intact rock
specimen. Results depicts that with constant confining pressure, stress values for dif-
ferent angle cut matrix’s were decreased as compare to the intact rock specimen. Stress
strain characteristics of the different rock also gives the value of modulus of elasticity
and from that slight increases in modulus of elasticity for rock matrix’s was observed as
compare to the intact rock specimen.

Figures 13, 14, 15 and 16 shows the comparative plots of stress vs. strain for
jointed rock matrix with two inclined cut with inclination of 0°, 10°, and 30° at H/4

Fig. 11. Comparative plot, modulus of elasticity vs. types of matrix as compare to intact.

Fig. 12. Comparison of stress-strain of jointed rock matrix pattern (two inclined cut at H/4
distance from both end with inclination of 0°, 10°, and 30°) at 1 Mpa
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height from both ends patterns at 1 MPa, 2Mpa, 3Mpa, and 4 MPa confining pressure
respectively. The percentage decrement in stress with respect to intact rock observed is
52.11%, 49.51%, and 41.68 for 1 MPa, the percentage decrement in stress with respect
to intact rock is observed as 37.07%, 21.19%, 22.29% for 2Mpa, the percentage
decrement in stress with respect to intact rock is observed as 38.65%, 12.20%, 65.62%
for 3Mpa, and the percentage decrement in stress with respect to intact rock is observed
as 37%, 7%, 64% for 4 MPa respectively.

Fig. 13. Comparison of stress-strain of jointed rock matrix pattern (two inclined cut at H/4
distance from both end with inclination of 0°, 10°, and 30°) at 2 Mpa

Fig. 14. Comparison of stress-strain of jointed rock matrix pattern (two inclined cut at H/4
distance from both end with inclination of 0°, 10°, and 30°) at 3 Mpa
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Figures 17, 18, 19 and 20 shows the comparative plots of stress vs. strain for
jointed rock matrix with two inclined cut with inclination of 0°, 10°, and 30° at H/2
height from both ends patterns at 1 MPa, 2 Mpa, 3 Mpa, and 4 MPa confining pressure
respectively. The percentage decrement in stress with respect to intact rock observed is
15.62%, 44.28%, and 49.51 for 1 MPa, the percentage decrement in stress with respect
to intact rock is observed as 21.37%, 10.59%, 23.83% for 2 Mpa, the percentage
decrement in stress with respect to intact rock is observed as 1.02%, 6.08%, 22.37% for
3 Mpa, and the percentage decrement in stress with respect to intact rock is observed as
11.20%, 1.93%, 15.37% for 4 MPa respectively.

Fig. 15. Comparison of stress-strain of jointed rock matrix pattern (two inclined cut at H/4
distance from both end with inclination of 0°, 10°, and 30°) at 4 Mpa

Fig. 16. Comparison of stress-strain of jointed rock matrix pattern (two inclined cut at H/2
distance from both end with inclination of 0°, 10°, and 30°) at 1 Mpa
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There were 28 numbers of specimens (4 each of different matrix patterns and intact
rock) tested under triaxial compression test under different confining pressure. The
failure patterns of each specimen were observed and their corresponding strength
values and failure mode is presented in Table 3.

Fig. 17. Comparison of stress-strain of jointed rock matrix pattern (two inclined cut at H/2
distance from both end with inclination of 0°, 10°, and 30°) at 2 Mpa

Fig. 18. Comparison of stress-strain of jointed rock matrix pattern (two inclined cut at H/2
distance from both end with inclination of 0°, 10°, and 30°) at 3 Mpa
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Fig. 19. Comparison of stress-strain of jointed rock matrix pattern (two inclined cut at H/2
distance from both end with inclination of 0°, 10°, and 30°) at 4 Mpa

Fig. 20. Comparison of Mohr-coulomb and Hoek-brown strength theory for INTACT rock

Table 3. Failure pattern observed in different rock matrix

Sr. no. Rock matrix type Failure pattern

1 INTACT Axial failure
2 2I_H/4_0° Axial and shear failure
3 2I_H/2_0° Axial and shear failure
4 2I_H/4_10° Axial and splitting failure
5 2I_H/2_10° Axial and block failure
6 2I_H/4_30° Shear failure
7 2I_H/2_30° Axial and shear failure
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7 Comparision of Results

Major principle stresses were calculated based on Mohr-Coulomb strength theory and
Hoek-Brown strength theory and comparison between them were tabulated in Table 4.

From Fig. 21, 22, 23 and 24, it was observed that stress values for 1 Mpa, 2 Mpa,
3 Mpa, and 4 Mpa confining pressure was estimated as 9.36%, 4.10%, 4.60% and
4.60% respectively for INTACT types of rock calculated using Mohr-Coulomb

Table 4. Comparison of Hoek Brown strength vs. Mohr-Coulomb strength theory

Sp. no. Rock
matrix type

Mohr-coulomb strength

r1 ¼ 2c�cos£
1�sin£ þ r3 1þsin£ð Þ

1þ sin£ð Þ

Hoek-brown Strength

r1 ¼ r3þ rci mi � r3
rci

� �þ s
� �0:5 Error

(Mpa) (Mpa) (%)

1 Intact 15.16 15.73 3.62
2 19.66 20.92 6.02
3 23.16 24.32 4.76
4 28.66 29.25 2.01
6 2I_H/4_0° 14.27 15.42 7.45
7 20.60 21.34 3.46
8 24.94 25.93 3.81
9 28.27 29.88 5.38
11 2I_H/2_0° 17.38 17.57 1.08
12 24.44 23.11 5.75
13 28.49 27.83 2.37
14 36.50 32.06 12.31
16 2I_H/4_10° 15.99 16.74 4.48
17 22.22 22.29 0.31
18 26.44 27 2.07
19 31.66 31.20 1.47
21 2I_H/2_10° 14.14 15.73 8.20
22 19.38 20.71 6.42
23 23.33 24.99 6.64
24 27.55 28.83 2.85
26 2I_H/4_30° 15.16 15.73 3.62
27 19.66 20.92 6.02
28 23.16 24.32 4.76
29 28.66 29.25 2.01
31 2I_H/2_30° 13.99 14.51 3.51
32 18.77 18.94 1.06
33 22.55 22.79 1.05
34 26.05 26.27 0.82
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strength theory. These values are higher than Hoek-Brown strength theory. On other
end for different rock matrix having inclined cut with variable inclination viz.
2I_H/4_0°, 2I_H/2_0°, 2I_H/4_10°, 2I_H/2_10°, 2I_H/4_30°, and 2I_H/2_30°, the
stress values from Mohr-Coulomb strength theory are found to be lower than Hoek-
Brown strength theory for 1 Mpa, 2 Mpa, 3 Mpa, and 4 Mpa confining pressure
(Fig. 25).

Fig. 21. Comparison of Mohr-coulomb and Hoek-brown strength theory for 2I_H/4_0° rock
matrix

Fig. 22. Comparison of Mohr-coulomb and Hoek-brown strength theory for 2I_H/2_0° rock
matrix
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Fig. 23. Comparison of Mohr-coulomb and Hoek-brown strength theory for 2I_H/4_10° rock
matrix

Fig. 24. Comparison of Mohr-coulomb and Hoek-brown strength theory for 2I_H/2_10° rock
matrix
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8 Conclusion

Discrete rock mass behavior under Tri axial compressive stresses and confining stresses
is simulated through this experimental work. Following conclusions can be drawn from
this study.

• Cohesion (c) for various matrixes 2I_H/4_30°, 2I_H/2_30°, 2I_H/4_10°,
2I_H/2_10°, 2I_H/4_0°, and 2I_H/2_0° was observed to be decreased by 18.68%,
10.49%, 5.24%, 29.50%, 43.60%, and 17.37% respectively compared to L_I rock.
Because as number of joints and angle of joints changes, cohesion value decreases
between jointed samples compared to intact rock.

• Values of angle of internal friction angle (/) for various matrixes 2I_H/4_30°,
2I_H/2_30°, 2I_H/4_10°, 2I_H/2_10°, 2I_H/4_0°, and 2I_H/2_0° were found to be
decreased by 24.5%, 26.43%, 18.35%, 20.81%, 10.02%, and 4.60% respectively
with respect to L_I rock.

• By comparing experimental results with Mohr-Coulomb strength theory and Hoek
Brown strength theory, it was observed that Mohr-Coulomb strength theory would
give higher stress value for intact rock whereas Hoek-Brown strength theory would
give higher stress results for rock matrix’s.

In situ natural rock mass is confined by various types of stresses such as material
density, geological composition and physical-chemical bonding of rock particles.
A cylindrical intact specimen when substitute by various rock matrix, transformation of
stresses from one joint to another with this complex phenomenon and required amount
of energy which the intact specimen possess is very high even if it is compared to a
smaller rock matrix. The dissipation of energy creates number of failures into rock
masses either through joints, fissures, bedding planes, hair cracks, etc. and the resis-
tance to this energy is simulated into various rock matrix patterns. It is noted that the
rock matrix and its orientation with respect to vertical and horizontal direction plays a

Fig. 25. Comparison of Mohr-coulomb and Hoek-brown strength theory for 2I_H/4_30° rock
matrix
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vital role in the development of deformation shapes and sliding of tiny rock blocks into
the weakest plane of failure. Though the good comparison of results were witnessed
using Mohr-Coulomb strength theory, more mathematical models based on actual
failures of rock is still needed.
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Abstract. Iglas and Beswan are the towns in Aligarh district in of Uttar Pra-
desh, India. These are located along Aligarh- Mathura high way at 24 km from
Aligarh. These are located at 27°43′ N 77°56′ E. It has an average elevation of
178 m. The town area extends from Karban River (towards Mathura) to old
Canal (towards Aligarh). In the present study Groundwater samples were col-
lected from Iglas and Beswan town. The samples were collected without any air
bubbles. These bottles were rinsed before collection of water samples which are
sealed labelled and transported for Laboratory analysis. The dissolved oxygen
was measured in situ.
Results showed that pH level in the study area was 7.10 in Iglas and 7.79 in

Beswan. The total alkalinity 476 mg/L in Iglas and 350 mg/L in Beswan.
Similarly total hardness was 570 mg/L in Iglas, and 210 mg/L in Beswan. The
concentration of calcium was 82.50 mg/L in Iglas, and 120 mg/L in Beswan,
Magnesium concentration was 145.50 mg/L in Iglas and 90 mg/L in Beswan.
Conversely turbidity 0.31 mg/L in Iglas and 0.84 mg/L in Beswan. The con-
centration of chloride was 52 mg/L in Iglas and 368 mg/L in Beswan are
respectively. Overall, the results showed that groundwater sources in Iglas and
Beswan are suitable for drinking, except for high Cl in Iglas. Although, no
health based guideline value is suggested for Cl in drinking water. Cl concen-
trations above 250 mg/L can give rise to detectable taste in water. This study has
shown that Groundwater is comparatively suitable for drinking. However,
broader studies evaluating Groundwater over wider spatial and temporal scales
are recommended, since this analysis was based on few parameters and limited
spatial scale.
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consumption
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1 Introduction

The clean water is one of the essential requirements for living. The availability of the
clean water is decreasing day by day due to increase in anthropogenic activities that are
harmful to Groundwater aquifers. These include urbanization, agriculture and indus-
trialization. Therefore, water analyses are very essential for public health studies
(Rafiullah et al. 2012; Bakraji et al. 1999; Kot et al. 2000; Bheshdadia et al. 2012). This
study has been carried out to assess the water quality by studying its physico-chemical
characteristics. This aquifer receives recharge from in filtering rainfall, which may
dissolve and transport effluents which may pollute the groundwater aquifers.

In India, most of the population is dependent on damp water as the major source of
drinking water supply. The groundwater is believed to be comparatively much cleaner
and free from pollution than surface water. But prolonged discharge of industrial
effluents, domestic sewage and solid waste dump in the landfills are the causes the
groundwater pollution, which results into health problems. The rapid growth of urban
areas has further affected groundwater quality due to over exploitation of resources and
improper waste disposal practices. Hence, there is a need for and concern over the
protection and management of surface water and groundwater quality. Heavy metals
are priority toxic pollutants. In some places the water is more turbid and hard at levels
above the permissible limits. Some physicochemical parameters are very much
responsible for the water borne diseases, which led to a life crippled in many villages of
India and so as Uttar Pradesh. At some places, the water cannot be used for domestic
and industrial purposes.

The Government of India has emphasized the objective of safe drinking water
supply to the population and so desired by Aligarh district. State Government is
responsible for undertaking. Water quality assessment of all the groundwater sources
used for public water supply schemes. Drinking water sources have excessive fluoride,
chloride, nitrate and salinity, (Groundwater report, Aligarh, 2011). The State govern-
ment had taken the cognizance of the problem and an immediate action was taken for
the corrective measures through water quality assessment of all the ground and surface
water sources for improved drinking water supply in the Aligarh district. The physic-
chemical parameters and trace metal contents of water samples from town of Iglas and
Beswan were assessed. The consequence of urbanization and industrialization leads to
pollution the water sources in these areas.

For agricultural purposes Groundwater is explored in rural areas especially in those
areas where other sources of water like dam and river or the canal is not available.
During the last decade, it was observed that the surface water gets polluted drastically
because of increased human activities. Aligarh District which is situated in the heart of
India has become an important village because of the natural resources found around it.
There are various existing industries and industrial estates.

These industries use huge quantity of water for processing and release most of the
water in the form of effluent. The wastewater being generated is discharged into the
nearby water channels. Similarly, the geochemical and morphological structure chan-
ges and for other subsequent uses. Considering the above aspects of surface water
contamination, the present study was undertaken to investigate the impact of the
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Groundwater of Iglas and Iglas Aligarh district. Thus, in this research work an attempt
has been made to assess the physical and chemical parameters of Groundwater
parameters including pH, total dissolved solids (TDS), total alkalinity (TA), chloride
(Cl), was determined. The analyzed data were compared with standard values rec-
ommended by WHO 2011.

1.1 Study Area

Iglas and Beswan are the towns in Aligarh district of Uttar Pradesh, India. These towns
are located along Aligarh- Mathura high way at a distance of 24 km from Aligarh
shown in Fig. 1.

It is located at 27°43′ N 77° 56′ E. It has an average elevation of 178 m. The town
area extends from Karban River (towards Mathura) to old Canal (towards Aligarh) are
shown in Fig. 2.

Fig. 1. Location map of Iglas to Beswan Town.

Fig. 2. Map showing Drainage and Rivers in Aligarh District. (Source: Based on national
Informatics Centre Maps-2011).
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In the present study Groundwater samples were collected. The samples were col-
lected in clean bottles without any air bubbles. These bottles were rinsed before tightly
sealed after collection and labelled in the field. The dissolved oxygen of the samples
was measured in the field itself at the time of sample collection.

2 Geological Setting

Aligarh district falls in Central Ganga Plain which lies in the interfluvial tract of Ganga
and Yamuna. The Ganga Basin is the biggest groundwater repositories of the world. It
is situated between the northern fringe of Indian Peninsula and Himalayas. It extends
from Delhi Haridwar ridge in the west to Monghyr-Saharsa ridge in the east. In the
study area the bed rock is encountered at a depth of 340 m below ground level.
Hydrogeological data indicates that the area is underlain by moderately thick pile of
quaternary sediments, which comprises of sands of various grades clays and kankar
shown in Table 1.

Alluvial sediments overlies Vindhyan group of rocks in an unconformable manner.
The thickness of deposits varies from 287 to 380 m. Older Khan and Khurshid/
alluvium occupy the upland of the district while the newer alluvium occupies low land
area along the courses of Ganga Yamuna and their tributaries and paleo channels of the
Ganga and Kali rivers.

2.1 Hydrogeological Setup of the Study Area

In the study area three to four tier aquifer systems is found. Aquifer seems to merge
with each other and developing a single bodied aquifer.

Table 1. Geological succession of Aligarh District, Uttar Pradesh, India.

Group Age Formation Lithology

Quaternary Recent to Upper
Pleistocene

Newer/Younger
alluvium

Fine sand silt clay admixed
with gravels

Upper Pleistocene Older alluvium Clay with kankar and sand of
different grades

Unconformity
Paleozonic Cambrian Upper Vindhyans

(Bhawder Series)
Red sandstone & Shale

106 H. Priyadarshi et al.



2.1.1 First Aquifer Group
This is the most potential aquifer group generally occurring between the depth ranges
of 0–122 m below ground level (mbgl) and covering almost the entire area below soil
capping. The lithology comprised fine to medium grained sand is found and Kankar is
associated with clay formation. At some places it occurs below the surface soil.
Groundwater is mainly found under water table in semi-confined conditions. The
quality of formation water of this aquifer group is generally fresh. This aquifer group is
the main source of water supply to open wells, hand pumps and shallow tube-wells,
Government tube-wells that have been installed in this aquifer zone.

2.1.2 Second Aquifer Group
This aquifer group is separated with the overlying shallow aquifer group by thick clay
and it occur at the depth range of 100 to 150 m below ground level. The aquifer
material consists of medium grained sand but at some places blend of fine to coarse
grained sand is found. Groundwater is brackish to saline in nature in this aquifer group
which is also confirmed by the packer test in this aquifer group. Total clay content of
this aquifer group ranges from 30–40%.

2.1.3 Third Aquifer Group
The disposition of this aquifer group ranges between 130 to 300 mbgl. This aquifer
group is regionally extensive and in confined state. It has the great quantitative
potential but the quality of formation water is brackish to saline. Cumulative thickness
of granular zone in this aquifer group varies from 50–100 m.

3 Material and Method

The Groundwater samples were collected from Iglas and Beswan town. The physical
parameters such as Turbidity, pH, Total alkalinity, and Total solids, Total Hardness
were determined. Similarly, chemical parameters including Calcium, Magnesium and
Chloride were estimated. The water samples from the hand pumps were collected in
plastic bottles. After the collection of samples, these bottles were labelled and trans-
ported to the Laboratory for Analysis. The samples were analysed for various water
quality parameters such as Turbidity (Nephlometer), pH (pH meter), Total alkalinity
(Indicator method), Total hardness, Ca and Mg hardness, Total dissolved solids (Fil-
tration method) and Chloride (silver nitrate method) following the standard procedures
described in W.H.O. 2011, Table 2 manual and Indian standard. The water quality
parameters values are in mg/L except pH and EC in µs/cm.
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4 Result and Discussion

4.1 Physicochemical Parameters

Analysis was carried out to investigate water quality over various parameters, Table 3.

Table 2. Table showing a comparative data collecting for qualitative study.

S. no. Parameters W.H.O.
Standard (2011)

Iglas
(Minimum-
value)

Beswan
(Maximum-
value)

1 pH 7.0–8.0 7.79 7.10
2 Turbidity (N.T.U.) 5.0 0.84 0.31
3 Total Alakalinity

(mg/L)
100 350 476

4 Total Hardness (mg/L) 100 210 368
5 Calcium (mg/L) 100 120 82
6 Magnesium (mg/L) 30 90 145.5
7 Chloride (mg/L) 200 52 368
8 Florides (PPM) 1.0 0.8 1.48
9 Nitrates 10 Nil 6.71
10 Dissolved Oxygen

(mg/L)
5.0 7.9 4.3

11 Biological Oxygen
Demand (mg/L)

6.0 7.2 12.8

Table 3. Physical parameters

Location pH Turbidity Total
alkalinity

Total
hardness

Electrical
conductivity

Total
dissolved solid

In front of
Manglayaan

7.79 0.84 350 210 1253.66 840

Manglayatan
University

7.8 1 528 232 835.67 880

Mohakampur 7.6 0 580 296 1074.66 560
Mathura-Aligarh
H.way

7.9 0 488 252 1522 420

Beswan
Chauraha

7.7 1 760 288 1880.23 660

Iglas 7.1 0.31 476 570 716.6 1420
Taau Bagh 7.6 0.62 760 440 668.23 1050
Iglas Market 7.4 0 520 510 334.56 950
Shiv dan school 7.9 0 488 633 733.67 668
Karas 7.2 1 610 588 660.66 970
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4.1.1 pH
High pH value induces the formation of trihalomethanes, which are toxic, while pH
below 6.5 starts corrosion in pipe thereby releasing toxic metals such as zinc, lead,
cadmium and copper (Shrivastava and Patil 2002). It was noticed that the pH value of
the water appears to be dependent upon the relative quantities of calcium, carbonates
and bicarbonates. The water tends to be more alkaline when it possesses carbonates
(Zafar 1966; Suryanarayana 1995). It can be seen all the sampling sites had pH level
falling with the recommended range of 6.5–8.5 (W.H.O 2011). The average pH value
of the samples in the study areas varied from 7.10 in Iglas and 7.79 in Infront of
Mangalayatan, Beswan respectively indicating slightly alkaline condition, Fig. 3.

4.1.2 Turbidity
Turbidity is an important parameter for characterizing Groundwater. Turbidity in water
may be due to wide variety of suspended materials, which range in size from colloidal
to coarse dispersions, depending upon the degree of turbulence. The turbidity in the
study areas varied from 0.31 N.T.U in Iglas and 1.0 N.T.U in Beswan Chauraha
respectively, Fig. 4.
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Fig. 3. Variability of pH in the study area.
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Fig. 4. Variability of turbidity in the study area.
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4.1.3 Total Alkalinity
The excess of alkalinity could be due to the minerals, which dissolved in water from
mineral rich soil. The various ionic species that contribute mainly to alkalinity includes
bicarbonates, carbonates, hydroxides, phosphates, borates, silicates and organic acids.
In some cases, ammonia or hydroxides are also accountable to the alkalinity (Sawyer
et al. 2000). It is value is above standard value hence causing Digestion, Malfunctions,
Metabolic abnormalities. The alkalinity in the study area ranged between 476 mg/L in
Iglas and 350 mg/L in Infront of Mangalayatan, respectively as CaCO3 indicated high
alkaline nature of water in the area, Fig. 5.

4.1.4 Total Hardness
Total hardness varies between Iglas (570 mg/L) and (210 mg/L) in front of Man-
galayatan, Beswan. Groundwater sources in Beswan are harder compared to Iglas.
Hardness in water is caused by certain salts held in solution. The most common are the
hardness may be advantageous in certain conditions; it prevents the corrosion in the
pipes by forming a thin layer of scale, and reduces the entry of heavy metals from the
pipe to the water (Shrivastava et al. 2002). Water can be classified in terms of degree of
hardness as shown in Table 4.

350 (mg/l)

528 (mg/l) 
580 (mg/l)

488 (mg/l)

760 (mg/l)

476 (mg/l)

760 (mg/l)

520 (mg/l) 
488 (mg/l)

610 (mg/l )

0

200

400

600

800

Total Alkalinity

Fig. 5. Variability of alkalinity in the study area.

Table 4. Table showing degree of Hardness.

Total Hardness in
mg/L

No. of
samples

% of
samples

Classification

0–75 Nil Nil Required for drinking
75–150 Nil Nil Required for drinking
150–300 6 60 Required for drinking
300–3000 4 40 Acceptable for drinking
>3000 Nil Nil Unhealthy for drinking and

irrigation
Total 10 100
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About 60% Groundwater sources in study area have TDS levels less than
500 mg/L. This is particularly required for drinking. About 40% of groundwater in
study area is acceptable for drinking base on TDS concentration, Fig. 6.

4.1.5 Electrical Conductivity
Electrical Conductivity is the measure of capacity of a substance or solution to conduct
electrical current through the water. EC values were in the range of 334.56 µmhos/cm
in Iglas Market to 1880.23 µmhos/cm in Beswan Chaurah. High EC values indicating
the presence of high amount of dissolved inorganic substances in ionized form, Fig. 7.
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Fig. 6. Variability of hardness in the study area.
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Fig. 7. Variability of Electrical Conductivity in the study area.
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Chemical Parameters: Chemical parameters are shown in Table 5 and discuss
below:

4.1.6 Calcium
Calcium is one of the most abundant elements found in natural waters. It is mainly
derived from rock minerals. Higher Level of calcium is not desirable in washing, bathing
and laundering while small concentration of calcium is beneficial in reducing the cor-
rosion in pipes. Calcium concentration was 82 mg/L in Iglas and 120 mg/L in Infront of
Mangalayatan, Bewan. The observed variability in Ca levels between the two settle-
ments perhaps is derived from the variability of the geologic materials. The study area is
basically of granitic terrain. Experts have opined that the difference in relative mobility
of calcium, magnesium, sodium and potassium is more distinct in the groundwater from
granitic terrain and the higher concentrations of calcium, magnesium, chlorides and
bicarbonates in several cases are probably due to their low rate of removal by soil
(Somashekar et al. 2000). High Ca level may be associated with increased risk of
Kidney stone, colorectal cancer, Hypertension, Stroke and Obesity. Calcium in the study
area Iglas and Beswan varied widely from 82 mg/L and 120 mg/L CaCO3, Fig. 8.

Table 5. Chemical parameter

Location Calcium Magnesium Chloride Fluoride Nitrates DO BOD

In front of Manglayaan 120 90 52 0.8 0.6 7.9 7.2
Manglayatan University 140 91 89 0.7 0.8 12.6 7.7
Mohakampur 112 185 169 0.9 0.12 14.7 8.4
Mathura-Aligarh H.way 108 144 149 0.67 0.19 11.8 7.7
Beswan Chauraha 80 78 176 0.97 0.7 10.8 9.6
Iglas 82 145.5 368 1.48 6.71 4.3 12.8
Taau Bagh 81 96 333 0.57 6.11 3.37 11.8
Iglas Market 110 188 390 0.5 7.1 8.4 14.7
Shiv dan school 116 136 410 0.9 8.9 11.6 12.8
Karas 210 74 116 0.67 5.9 9.6 7.8
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112 mg/l)108 (mg/l)

80 (mg/l) 82 (mg/l) 81 (mg/l)
110 (mg/l)116 (mg/l)

210 (mg/l)

0
50

100
150
200
250

Calcium

Fig. 8. Variability of calcium in the study area.
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4.1.7 Magnesium
Magnesium concentration in the study was 145.50 mg/L in Iglas and 90 mg/L in
Infront of Mangalayatan Beswan Fig. 9. Adaptable change in Bowel habits leading to
Diarrhoea.

4.1.8 Chloride
Naturally chloride occurs in all types of waters. The contribution of chloride in the
groundwater is due to minerals like apatite, mica, and hornblende and also from the
liquid inclusions of igneous rocks (Das and Malik 1988). The main diseases are
Vomiting and Nausea. The chlorides in the study area are varied widely from 368 mg/L
in Iglas and 52 mg/L in Infront of Mangalayatan, Beswan, Fig. 10.
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Fig. 9. Variability of Magnesium in the study area.
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Fig. 10. Variability of chloride in the study area.
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4.1.9 Fluorides
The fluoride values in the study area ranges from 1.48 mg/L in Iglas and 0.9 mg/L
respectively. Fluoride is beneficial for human beings as a trace element, this protects
tooth decay and enhances bone development, but excessive exposure to fluoride in
drinking-water, or in combination with exposure to fluoride from other sources, can
give rise to a number of adverse effect, Fig. 11.

4.1.10 Nitrates
Natural levels of nitrate are usually less than 1 mg/L. Concentrations over 10 mg/L will
have an effect on the freshwater aquatic environment. Nitrate concentration of 10 mg/L
is also the maximum concentration allowed drinking water. For a sensitive fish such as
salmon the recommended concentration is 0.06 mg/L. The Nitrates in the study area are
varied widely 6.71 mg/L in Iglas and 0.6 in Infront of Mangalayatan, Beswan
respectively Fig. 12.

0.8 (mg/l) 0.7(mg/l) 
0.9 (mg/l)

0.67 (mg/l)
0.97 (mg/l)

1.48 (mg/l)

0.57 (mg/l)0.5 (mg/l)

0.9 (mg/l)
0.67 (mg/l)

0
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

2

Fluoride

Fig. 11. Variability of fluoride in the study area.
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Fig. 12. Variability of Nitrate in the study area.
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4.1.11 Dissolved Oxygen
Dissolve Oxygen is an important physico-parameter in water quality assessment and
biological process prevailing in the water. The DO value indicates the degree of pol-
lution in the water bodies. The presence of DO enhance the quality of water and also
acceptability. This shows the high degree of pollution due to presence of bacteria and
minerals in water. DO under the area determined in the present study ranged between
4.3 mg/L in Iglas and 7.9 mg/L in Infront of Mangalayatan, Beswan, Fig. 13.

4.1.12 Biochemical Oxygen Demand
The BOD values indicating the degree of pollutants in the water bodies not good for the
existence of aquatic organism that play an important ecological role. Biochemical
oxygen demands in study area are 12.8 mg/L in Beswan and 7.2 mg/L in Iglas,
Fig. 14.
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Fig. 13. Variability of dissolved oxygen in the study area.
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5 Result and Discussion

Many of the parameters are going beyond the acceptable limit of good quality water.
As we have seen Diarrhoea and fever are the major diseases cause by imbalance nature.
Talking on the basis of data provided by Annual Health Survey (A.H.S.) conducted by
Government of Uttar Pradesh. In Aligarh District children suffering from Diarrhoea (%)
is about 7.5% and from Fever (%) is about 24.3%. Graphical representation of water
quality in this area also clearly indicates that the water quality at Iglas and Beswan is
very poor.

Parameters Such as pH, Turbidity, DO, Fluoride and Nitrate are found within the
standard ranges of W.H.O.-2011, but most of the parameters like Total Alkalinity,
Total Hardness, Calcium, Magnesium, Chloride, Dissolved Oxygen and Biological
Oxygen Demand are not fall in the standard.

6 Conclusion

The Rapid growth of population in the area increases its residences dependence more
on groundwater but the groundwater quality is not found up to mark. People must
become more aware about the utilisation of Groundwater and how their activities may
lead to contamination of groundwater sources. This study was carried out to assess the
quality of Groundwater in Iglas and Beswan, using some physicochemical parameters.
Results have shown that Groundwater varied markedly between the town locations.
Despite the observed variability, Groundwater sources in the study area are suitable for
drinking. Further this study employed limited number of parameters to evaluate the
groundwater chemistry and assess it overall suitability for drinking. Therefore, broader
studies analyzing Groundwater over wider spatial and temporal scales are
recommended.
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Abstract. The carbonated reservoirs, concentrated mainly in the Middle East,
contain about 50% of the world’s hydrocarbon resources, where the consider-
able challenge they represent for the sustainable development of oil resources
and the challenges posed by their production are commensurate with this
potential. The characterization of these reservoirs through the control of their
heterogeneities makes it possible to reduce the uncertainties on the quantifica-
tion of their reserves inorder to improve their productivity as well as their
recovery rate.
The recovery rates obtained today on the main carbonated fields are mainly

related to their sedimentary deposits and the very varied climatic conditions,
resulting in a very heterogeneous geology and represent difficult challenges to
overcome where the permeability is not the same, only condition for better
production. This can vary from less than 10% to more than 40% on medium
permeability deposits (10 to 100 md). To these parameters is added the diversity
of recovery mechanisms and development patterns, on which the dynamic
behavior of the deposit depends, which are far from being conditioned by the
single permeability factor.
Currently, in Algeria, the valorization of carbonated reservoirs, mainly

located at the level of South Eastern Constantinois reservoirs where most of
these reserves remain unexploited, are among the strategic and priority objec-
tives, because of their complexity.
Indeed, the study of stratigraphic heterogeneities, obtained from logging data

and core studies, applied to South-Eastern Constantinois reservoirs (Algeria),
shows that the results play an important role in the development of carbonate
reservoirs production in this area.

1 Introduction

Carbonate reservoirs are notoriously heterogeneous at scales ranging from pore throats
to deposition sequences (Kjonsvik et al. 1994; Palermo et al. 2010). The evaluation,
prediction and exploitation of hydrocarbon resources in carbonate reservoirs commonly
use reservoir modeling and flow simulation, but the range of complex deposits
(Kjonsvik et al. 1994; Shekhar et al. 2014) and diagenetics (Shekhar et al. 2014)
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Heterogeneities complicate predictive modeling of reservoirs. The variability of these
systems is controlled by a series of sedimentation and diagenetic factors, the influences
of which can accurately predict the characteristics of the production (for example, the
original oil in place [OOIP], the production rate cumulative production) that pose
challenges (Fitch et al. 2014; Shekhar et al. 2014).

1.1 Sedimentologic and Stratigraphic Context

The geologic foundation from outcrops and reservoir analogs provide a framework for
building the suite of simple, idealized geologic models. This suite of models attempts to
capture the essence of the influence of geological parameters and develops broadly
applicable understanding, without trying to reproduce one specific reservoir or outcrop
analog. As such, the geologic models capture the range of variability of possible
geologic heterogeneities. These heterogeneities are divided into three groups:

(1) Facies and stratigraphic geometry (e.g., clinoforms versus layer-cake geometries;
variable facies-stacking patterns and stochastically distributed properties),

(2) Diagenesis, which impacts connectivity between ridge sets (e.g., presence or
absence of permeability barriers or conduits, and different properties among ridge
sets), and

(3) Distribution of porosity and permeability within and among stratigraphic units. As
all of these geological variables use a variety of realistic geological values, the
models simulate a spectrum of geologically plausible scenarios that could exist in
subsurface reservoirs.

1.2 Methodology Modeling Framework

A suite of 25 geologic models, built in Petrel, reflect different aspects of the conceptual
model of carbonate shoreface deposits, and explicitly include several scales of
potentially influential geologic heterogeneities. Construction of facies models included
several major iterative steps. The first step is creating a relatively deterministic
framework, based on 36 facies- based pseudo-logs and predetermined surfaces. The
second step is defining zones. Most models use three shingled clinoformal zones,
constrained by surface inputs, mimicking three progradational ridge sets. Layering for
clinoform-based models follows the base or top surface for each zone to honor the
internal stratigraphic architecture of clinoform geometries. In addition to these clino-
form models, other contrasting facies models are layer-cake with parallel horizontal
layers.

1.2.1 Modeling Geologic Heterogeneities
This study models several scales of potentially influential geologic heterogeneities
(Fig. 1): (1) depositional geometry, (2) stratal architecture, and (3) petrophysical
property variance (Fig. 2), (3). The various scenarios are derived from combinations of
these heterogeneities, and in results are reported relative to a base case.
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1.2.2 Depositional Geometry
Depositional geometries for the majority of the facies models (Fig. 3) used low-angle
clinoforms that simulate prograding ridge sets (Handford and Baria 2007). Clinoform
dimensions are 1 km long, 20 m high, and 1º inclined, and are laterally offset (with no
topset aggradation; mimicking the outcrops). Within designated reservoir units, lay-
ering honors the inclined clinoform geometry, with an average layer thickness of 1 m.
Other models used simple layer-cake geometry.

1.2.3 Facies Architecture
Facies distribution was modeled using the TGSim algorithm because of the ordered
shallowing-upward trend in shoreface facies associations (MacDonald and Aasen 1994;
Deutch 2002; Handford and Baria 2007; Rankey 2014; Figs. 2 and 3). From base to
top, the three facies throughout the models include lower shoreface, upper shoreface,
and foreshore. Facies proportions are represented in the modeling nomenclature as a

Fig. 1.
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three-digit ratio for the relative vertical distribution of the three reservoir facies (in
order, foreshore: upper shoreface: lower shoreface). The majority of models, including
the base model use a facies proportion of 1:1:3, whereas selected models use facies
proportions of 1:2:2 and 1:3:1.

Select models exhibit a purely stochastic facies distribution using sequential
Gaussian simulation (SGS). These models evaluate the general absence of geologic
constraints. Facies proportions for these models are the same as the base model.

1.2.4 Diagenetic Surfaces and Bodies
Sub aerial exposure surfaces are common in Pleistocene and older carbonate strata
These sub aerial exposure surfaces represent periods of possible meteoric diagenesis
during relative falls.

Fig. 2.
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2 Results

2.1 Petrophysical Variability

Distribution of reservoir petrophysical parameters commonly is controlled by facies;
therefore, the models use a facies-based distribution of continuous properties (i.e.,
porosity and permeability) (e.g., Sahin et al. 1998; Eltom et al. 2012) (Fig. 3). Cells
were populated with synthetic porosity and permeability values derived from analog
reservoir values (Fig. 3) using sequential Gaussian simulation (SGS). Porosity distri-
bution used a normal distribution, whereas permeability had a log-normal distribution,
and, in Petrel, input parameters are simplified to mean and standard deviation values
(Figs. 2 and 3). Values and ranges of analog reservoir petrophysical parameters are
conditioned to the respective facies model. Several models used purely stochastic (not
facies-based) property population. Note that inherent uncertainty related to facies
modeling introduces additional uncertainty to porosity and permeability models (Eltom
et al. 2012).

2.2 Flow Simulations and Uncertainty

A common method for evaluating and quantifying the efficiency of geologic models is
to take them through reservoir flow simulations (e.g., Kjonsvik et al. 1994; Carrasco
et al. 2001; Jackson et al. 2009; Fitch et al. 2014; Shekhar et al. 2014). Flow simu-
lations enhance understanding and allow quantification of the role and relative impact
of static geologic heterogeneities impact production on the dynamic behavior of fluid
flow (Carrasco et al. 2001). This study evaluates the relative impact of heterogeneities
from the series of geologic models using OOIP (static), production rates and cumu-
lative production (dynamic) as metrics. Since this project is not simulating a particular
reservoir or outcrop analog, engineering parameters are held constant to isolate the role

Fig. 3.
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of geologic variability on production. Twenty five modeled geologic scenarios were
each taken through a set of 30 primary-recovery reservoir

3 Conclusions

Such geological controls as stratigraphy, facies, and diagenesis influence production
trends of carbonate reservoirs. Designed to capture a spectrum of potential geological
variability of carbonate shorefaces, a suite of simple geologic models carried through to
reservoir simulation permitted systematic and quantitative assessment of the influence
of these geological factors on initial production.

The data derived from these simulations illustrate how the influence of geologic
factors range in nature and scope on both static and dynamic production metrics. For
example, models with stochastic facies distribution (either with horizontal parallel
[layer cake] zones or with clinoform bounding surfaces; mean porosity, facies pro-
portions, etc. similar to a base model) have production rates and cumulative production
that differs from the base clinoform model by <2%. Analogously, depositional
geometries (i.e., clinoforms versus layer cake) alone do not have a marked impact on
OOIP or production rates. If associated with a continuous, impermeable barrier (e.g.,
cemented subaerial exposure surface or a flooding surface) that compartmentalizes the
reservoir, however, these bounding surfaces impactproduction. Although OOIP is not
impacted markedly (<1% change), production ratesand cumulative production can
decrease in excess of 7% as a function of the impact of one thin zone alone. This
influence can be emphasized if the impermeable barrier is linked to enhanced diage-
nesis (e.g., cementation that decreases porosity) to create adistinct stratigraphically
constrained diagenetic body (e.g., clinoform with distinct porosity) in underlying
deposits. Simulations suggest that this impact alone can result in decreases in OOIP (up
to 36%), and corresponding declines in production rate (up to 33%), and cumulative
production (up to 23%). Since facies include distinct petrophysical characteristics in the
models, changing facies proportions impactOOIP, production rate, and cumulative
production; greater proportions of high-energyporous and permeable upper shoreface
and foreshore strata result in increased OOIP and production.
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