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In the present study, a new model is proposed to predict the permeability per fracture in the fault
zones by a new parameter named joint hydraulic factor (JH). JH is obtained from Water Pressure Test
(WPT) and modified by the degree of fracturing. The results of JH correspond with quantitative fault
zone descriptions, qualitative fracture, and fault rock properties. In this respect, a case study was done
based on the data collected from Seyahoo dam site located in the east of Iran to provide the permeability
prediction model of fault zone structures. Datasets including scan-lines, drill cores, and water pressure
tests in the terrain of Andesite and Basalt rocks were used to analyse the variability of in-site relative
permeability of a range from fault zones to host rocks. The rock mass joint permeability quality, there-
fore, is defined by the JH. JH data analysis showed that the background sub-zone had commonly <3
Lu (less of 5×10−5 m3/s) per fracture, whereas the fault core had permeability characteristics nearly as
low as the outer damage zone, represented by 8 Lu (1.3×10−4 m3/s) per fracture, with occasional peaks
towards 12 Lu (2×10−4 m3/s) per fracture. The maximum JH value belongs to the inner damage zone,
marginal to the fault core, with 14–22 Lu (2.3×10−4–3.6×10−4 m3/s) per fracture, locally exceeding
25 Lu (4.1×10−4 m3/s) per fracture. This gives a proportional relationship for JH approximately 1:4:2
between the fault core, inner damage zone, and outer damage zone of extensional fault zones in crys-
talline rocks. The results of the verification exercise revealed that the new approach would be efficient and
that the JH parameter is a reliable scale for the fracture permeability change. It can be concluded that
using short duration hydraulic tests (WPTs) and fracture frequency (FF) to calculate the JH parame-
ter provides a possibility to describe a complex situation and compare, discuss, and weigh the hydraulic
quality to make predictions as to the permeability models and permeation amounts of different zone
structures.

1. Introduction

Fractures pose a challenge in all types of engineer-
ing projects, especially in tunnels, dams, and quar-
ries. The studies carried out in this area showed
that the challenges were increased by fracture den-
sity, weak rocks, poor rock stability, and enhanced
fluid flow (Hoek and Bray 1981; Hoek 2000; Nilsen

and Palmstrom 2000; Blindheim and Ovstedal
2001; Gudmundsson 2011; Davoodi et al. 2013).
The hydraulic conductivity greatly depends on the
type of fractures (Pollard and Aydin 1988; Mandal
et al. 2000, 2004; Gudmundsson 2011; Baruah et al.
2013). The classification of fractures is convention-
ally based on the mode of rock deformation or dis-
placement, which represents a broad mechanical
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classification (Pollard and Aydin 1988): (I) Dila-
tant fractures, (II) Compaction fractures, and (III)
Shear fractures/faults. There are several models to
define ‘zones’, primarily focusing on fault zones.
Caine et al. (1996) present a conceptual model to
classify the conductivity structures in fault zones
(figure 1). A similar approach to define deforma-
tion zone architecture is adopted by Munier et al.
(2003). Both approaches define the zone as a core
area (fault core) with a transition zone (damage
zone) to the undisturbed host rock (protolith). The
brackets indicate the nomenclature used by Caine
et al. (1996). The established terminologies on fault
zone architecture in metamorphic and crystalline
rocks (Caine et al. 1996; Seront et al. 1998) are
the fault core, damage zone, and protolith. Fault
models outline a core that has undergone the main
part of displacement, and is therefore hosting fault
rocks. Deformation, moreover, is mainly accommo-
dated by fractures of the damage zone. The bound-
ary between the core and damage zone is typically
sharp, and is defined by slip surfaces (shear frac-
tures), whereas the transition between the damage
zone and protolith is marked by a decrease in frac-
ture intensity to a regional background frequency
level. These models predict a zoned permeability
field in fault zones in crystalline rocks (Caine et al.
1996; Evans et al. 1997; Wibberley and Shimamoto
2003; Walker et al. 2013), where a low permeability
fault core is typically surrounded by a more perme-
able damage zone towards pristine, lower or imper-
meable host rocks. Protolith rocks have negligible
primary porosity and permeability unless dam-
aged by brittle deformation (Norton and Knapp
1977; Morrow and Byerlee 1988; 1992; Morrow and
Lockner 1997).

The fracture intensity shows a significant increase
in frequency from the background level towards the
fault core in the damage zone (Caine et al. 1996;

Braathen et al. 1998). Not only the frequency but
also the length of fractures is of interest. As a
key conclusion drawn from simulation of flow in
fracture systems, long fractures will conduct more
water than short fractures, due to higher connec-
tivity (Odling 1997; Babiker and Gudmundsson
2004; Masumoto et al. 2007; Mitchell and Faulkner
2012). Detailed analyses of the damage zones reveal
subzones characterized by distinct fracture sets and
populations, as outlined in Braathen et al. (2004).
They describe a core of fault rocks surrounding
lenses of host rock with a dense network (20–100
f/m) of short fractures. The damage zone which is
connected by shorter fractures has an inner part,
5–50 m wide, dominated by fault-parallel, mode-
rate frequency long fractures. This, in total, gives
an appropriate connectivity. The outer part of
the damage zone shows decreasing frequency of
fractures, which vary in length and orientation,
demarcating the transition from damage zone to
background fracture level.

Permeability models of faults combine numerical
simulations with laboratory permeability measure-
ments (Morrow and Byerlee 1988, 1992; Morrow
and Lockner 1997; Seront et al. 1998; Faulkner and
Rutter 2001). Recent studies confirm that the per-
meability of rocks and fractures is reduced with
depth, i.e., with increasing effective pressure in
10 m below the surface or the parts 100 m deeper
(Morrowand Byerlee 1988, 1992; Morrow and
Lockner 1997; Gudmundsson 2011). The findings
are supported by studies on permeability studies
aimed to examine faults at shallow depth show-
ing that the lowest permeability is found in the
fault core, as addressed by Seront et al. (1998). The
results of laboratory and field studies reveal that
the damage zone is characterized with greater fluid
conduction due to its higher permeability rates,
which are several times greater than those of the

Figure 1. Conceptual scheme for conductivity structures in ‘zones’ modified according to Caine et al. (1996).
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protolith and the core (Babiker and Gudmundsson
2004). These results are undermined by Faulkner
and Rutter (2001), who questioned the value of the
results of the laboratory test in which the natural
fault rocks are not intact with in situ fabrics. How-
ever, Evans et al. (1997) conclude that there is a
permeability contrast between fault core and dam-
age zone to the magnitude of 10–104, with a maxi-
mum contrast of 106. Furthermore, they argue that
the permeability field is anisotropic to an order of
104, with the highest permeability parallel to the
fault.

Most of the problems in rock permeability analy-
sis require reliable knowledge of hydro-mechanical
properties of the joint plane to be solved. The
permeability of the rock mass was calculated in
the sections per meter of the length regardless of
the characteristics of the joints. Hydraulic tests,
for example, were performed in sections of equal
length. It was found that some sections were tight
while others were conductive. Consequently, it is
necessary to modify water pressure tests on the
basis of a number of conductive fractures. In this
study, fault rock descriptions related to polyphase
activities during faulting and unroofing were com-
bined with damage zone fracture properties based
on technical data. The uniqueness of the follow-
ing study lies in the connection between structural
observations linked with joint hydraulic factor (JH)
in Seyahoo dam. A different JH quality type was
observed in the fault zone. The paper presents
permeability analysis based on JH which predicts
permeability of fracture in the fault zone, which
opens for in situ considerations of the permeability
structure of fault zones.

2. Joint hydraulic factor (JH) concept

From a grouting perspective, the joint system of
the rock mass is conductive, rather than the intact
rock. Figure 2 illustrates the approach. A bore-
hole section is either considered tight or conduc-
tive. The hydraulic quality is defined by the joint
hydraulic factor (JH). In this respect, hydraulics
of the water paths (N h) have a special impor-
tance. The joint trace length and hydraulic aper-
ture are perhaps significant properties of the joint
plane in the quality of the JH. A sheer number
of studies on conductive joints (N h) in relation to
the total number of joints (FF) were performed in
bore holes by Axelsson and Turesson (1996). The
frequency of conductive joints was reported to be
between 5 and 25% (N h = 5–25% FF) and the best
trend line was N h = 0.977FF0.59 (Rostami Barani
2013).

Figure 2. Illustration of the JH factor concept obtained from
water pressure test (WPT).

3. Methods and datasets

A combination of field, micro structural, and exper-
imental static permeability characterizations is
used to determine fault permeability structure evo-
lution in fault zones. Presented datasets include
scan-lines, drill cores and water pressure tests of
boreholes in Seyahoo dam. The general character-
istics of the rock mass are described as follows:

3.1 Measured fracture frequency (FF)

The main dataset on structures is obtained from
drill cores, which implies the classification of the
rock mass quality and its subordinate part is based
on this dataset. Note that the fracture frequency
(FF) in drill cores is regarded higher than in situ
FF due to the applied stress during drilling. Mea-
suring true aperture or orientation of fractures in
the drill cores was not viable due to mobility of the
cores during drilling and within the storage boxes.
Furthermore, the drill cores are not oriented. The
coverage of drill cores is locally variable and drill
cores have not been collected and/or stored, espe-
cially along stretches of unfractured host rock. In
addition, where the rock is of poor quality, as in
fault cores, core loss is a common phenomenon.
To quantify the rock zones, and for plotting pur-
poses, class values of FF were pre-set for occurrence
of (noncohesive) fault rocks, representing breccia
(50 f/m) or gouge (70 f/m). All frequencies below
these thresholds are measured, and values below
this level represent actual FF.

3.2 Calculated permeability

The water pressure test (WPT) (in which pres-
surised water is injected into the borehole) is an
effective field test of rock mass permeability and is
mostly conducted using the Lugeon method. The
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water take (discharge) is measured under increas-
ing (loading) and decreasing (unloading) pressure
steps (the amount of pressure changed) at proper
time intervals along the borehole. The packer test
is used for isolated sections between expandable
double packers or between a single packer and the
bottom of a borehole. To seal off a test section
from other parts of the borehole, packer rubbers
should be pressurized and then expanded against
the borehole wall. Water is injected into the test
section and then the water pressure is measured.
The following factors influence the test results:
the presence of the fractures or a fracture zone,
the fracture distribution pattern, the length of
test interval, and the effect of the artificial water
table, streams, lakes or rivers. The test fails if
leakage from packers takes place, the borehole is
improperly flushed, head loss is not accounted for,
or hydraulic fracturing occurs (Mollah and Sayed
1995). The water pressure test or Lugeon perme-
ability test is the most common and appropriate
method in order to determine rock mass perme-
ability due to the presence of weak planes, such as
faults, bedding planes, joints, fissure, etc. (USACE
1993; Lashkaripour and Ghafoori 2002). According
to Nonveiller (1989), the Lu value may be:

Lu =
V Ps

TPiL
, (1)

where V is the water takes (L), Ps is the standard
injection pressure (981 kPa), T is the injection time
(min), P i is the injection pressure used (kPa), L
is the length of grout section (m) and Lu is the
Lugeon coefficient: water absorption (l/min/m).

At present, it is broadly accepted that the water
pressure test can induce modifications in the degree
of jointing (Shibata 1981; Kutzner 1996; Foyo
et al. 2005). In rock layers deeper into the under-
ground, the cracks are narrow and comparatively
do not take in water because of the greater tectonic
stress in lower elevation. The results of this in situ
test are strongly related to the geometric charac-
teristics and weathering degree of the water paths
(Ewert 1997a; Karaguzel and Kilic 2000). The core
drilling permits the evaluation of the joint-opening
through which water flows, but it does not allow
for the definition of the joint continuity. On the
other hand, the degree of jointing in the core of
boreholes defined by FF constitutes the main ref-
erence to predict the test section behaviour under
WPT. This index is often employed to decide if
the test is necessary or not. The degree of joint-
ing and the water-absorbed quantity should be in a
direct relation. However, the rock mass areas hav-
ing a low jointing degree (fracture frequency) show
high water takes, and even a reverse situation is
possible.

Obviously, the WPT is not accurate to determine
the intact rock permeability. The final objective
is to guarantee the accurate sealing of the water
paths. In this sense, the hydraulics of the water
paths (Nh) has a special importance (Dalmalm
2004). The hydraulic quality is defined by the JH.

JH =
Lu

Nh

. (2)

4. Results and discussion

4.1 Investigation site

The Seyahoo dam, which is a zoned earthfill clay
core dam, is 32 m high and 352 m long. The dam
is located in the east of Iran in South Khorasan
province and is managed by the South Khorasan
Water Agency. It provides a barrier for water from
the Seyahoo River. The catchment area is approx-
imately 3028 km2 and the reservoir is 15×106 m3.
The dam is flood controlled and capable of supply-
ing the water needed for the regions of downward
lands and 700 hectares of Doroh lands (T-MAECO
2013).

A geological cross-section of the dam site was
prepared using information from exploration holes
(figure 3). The dam foundation is Andesite, and
is generally associated with Basalt. Discontinuity
planes are constituted by joint sets, faults, and
irregular fractures. During the foundation excava-
tions, it was observed that the thickness of fault
cores ranges from a few 1–3 m. Fault surfaces are
smooth and slicken sided and are composed of fault
gouge and breccias. Fracture openings are predom-
inantly filled with clay and calcite. This chronology
is confirmed in outcrops of faults on the Seyahoo
and in the region, which reveals several types of
fault rocks, ranging from semi-ductile mylonites to
cataclasites and noncohesive breccias and gouge.

4.2 Fault zone structure characteristics

All faults intersected by the dams show a fault zone
60–80 m wide, where the FF commonly increases
towards the core of the fault (figure 4). Further,
a polyphase history characterized the studied
faults, with fault products including impermeable
mylonites and cataclasites, which are reworked
in porous breccias and gouge. In the Seyahoo
dam, the fault cores are narrow in general, seldom
exceeding 3 m wide, and characterized by cata-
clasites superimposed by noncohesive fault rocks.
The detailed descriptions of the major faults tran-
sected by the dam revealed common fault rocks
surrounding intensively fractured rock lenses in
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Figure 3. Geological cross-section map of the foundation site of the Seyahoo dam.

Figure 4. Visualization of fracture frequency (FF) for the profile-section in axis Seyahoo dam.

the core. Encountered FF in these lenses are com-
monly around 50 f/m, but can locally reach 100
f/m before the rocks disintegrate to breccias. In
the surrounding damage zones, networks of frac-
ture sets can be divided into two parts, one made
up of fairly high frequencies (20–30 f/m) and the
other made up of lower frequencies (<20 f/m).
The part with the higher frequencies is mostly
found as a narrow zone marginal to the core (inner
damage zone), whereas the lower frequency part
covers the stretch outwards to background frac-
ture level (outer damage zone). Outcrop studies
by Braathen et al. (1998) suggest that the high
frequency subzone has longer, fault subparallel
structures, whereas the latter subzone is charac-
terized by more diverse fracture orientations and
lengths. This difference has significant implica-
tions for the permeability field in the damage zone
because longer fractures will conduct more water
than the short ones, due to higher connectivity
(Odling 1997). Hence, due to higher frequencies

and longer fractures in the inner damage zone the
subzone of faults should show higher JH values
compared to the outer damage zone.

4.3 Fault zone permeability

Packer permeability tests were also carried out to
determine the permeability of the rock masses of
the dam’s abutments and its foundation. The water
pressure tests (WPT) were conducted at 586 inter-
vals (including 148 WPT in 18 Exploration bore-
holes and 438 WPT in 63 Control boreholes) for
the drilled boreholes using five-step water pressure
loading and unloading (Ewert 1994, 1997b;
Kutzner 1996). This process generated five sets of
water pressure (P) and water discharge (Q) values,
one for each of the five steps. The borehole dia-
meter is 76–86 mm. The tests were carried out with
a simple packer system in descending sequence.
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Mostly, the test section length ranges from 3.00 to
5.00 m.

The overall differences in structural characteris-
tics between faults in the Seyahoo dam may affect
porosity and permeability properties. If this is the
case, the faults with narrow cores and less abun-
dant porous fault rock and lower FF in damage
zones should in general see less JH. On the con-
trary, faults with wide cores have both porous
breccia and impermeable gouge, as well as higher
FF compared to the damage zones. Despite the
above-mentioned opposing examples, the general
results from this study conformed to the results
presented by, for example, Evans et al. (1997),

which show that the damage zone has the highest
permeability (figure 5). Figure 6 visualizes the
analyzed data of JH for the profile section of
Seyahoo dam axis. When the results of the two
faults in Seyahoo dam, as presented in figure 5,
are compared, the datasets from the damage zones
verify the assumption presented above. There is
a slightly higher JH value for damage zones of
the F1, with 7–23 Lu (1.2×10−4–4×10−4 m3/s)
per fracture compared to 7–18 Lu (1.2×10−4–
3×10−4 m3/s) per fracture for F2. Fault core JH
is also fairly similar, in the range of 0.5–9 Lu
(1×10−5–1.5×10−4 m3/s) per fracture. In other
words, the resolution of the datasets (see next

Figure 5. Visualization of Lugeon value (Lu) for the profile-section in axis Seyahoo dam.

Figure 6. Visualization of joint hydraulic factor (JH) for the profile-section in axis Seyahoo dam.

Table 1. The amount of JH factor and its characteristics in different subzones: The fault core (C), the inner damage zone
(ID) and the outer damage zone (OD) of two faults in the Seyahoo dam.

Fault core (C) Inner damage zone (ID) Outer damage zone (OD)

JH FF Width JH FF Width JH FF Width Ratio Ratio Ratio

Faults (L/min) (max/m) (m) (L/min) (max/m) (m) (L/min) (max/m) (m) (ID/C) (OD/C) (ID/OD)

F1 0.5–9 60–70 3 14–23 25–45 12–20 7–14 5–15 15 3.9 2.2 1.8

F2 0.5–8 70 2 14–18 30–35 18–25 7–10 10–20 20 4.2 2 1.9

Average 4.5 17 9 4 2 2
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paragraph) is not sufficient for the detailed com-
parison of the permeability characteristics of the
individual faults (table 1).

4.4 Permeability models of faults
in crystalline rocks

Porosity calculations and permeability assessments
are generally challenged by the heterogenic nature
of fracture aquifers, which will flavor interpreta-
tions of injection data in a swarm of drill holes.
For example, a single long and highly permeable
fracture may conduit cement, and thereby trig-
ger injection in a large volume of porous, frac-
tured rocks. Without this fracture, the volume of
available porous rock would be significantly smaller
(Danielsen and Dahlin 2006, 2009). Also, the local
stress field, which controls fault reactivation and
permeability in the fault zone, depends much on
the mechanical properties of the rocks that con-
stitute the core and the damage zone. This is
analyzed in detail by Gudmundsson et al. (2010)
who show that the local stresses inside the fault
zone can be widely different from those outside
the fault zone. However, even with these uncer-
tainties it is likely that large-scale in situ JH data
better represents rock porosity and permeability
fields than the up-scaled result of laboratory mea-
surements of selected structures within major rock
zones (Wibberley and Shimamoto 2003), where the
flow characteristics of rocks are established through
numerical models.

In this dataset (figure 7), the outer damage zone
has the average JH of 9.5 Lu (1.6×10−4 m3/s) per
fracture, and FF within the range of 5–15 f/m. For
the inner damage zone, the JH is in the range of
18 Lu (3×10−4 m3/s) per fracture; with a width
of the subzone from 12 to 30 m which has an FF
in the range of 25–45 f/m. The average thickness
of the fault core is about 2 m, with a peak FF in
rock lenses hosted by fault rocks of 60–70 f/m, and
an average JH of 3 Lu (5×10−5 m3/s) per frac-
ture. This gives a JH average ratio of inner dam-
age zone and fault core of approximately 4:1, core
and outer damage zone ratio of 1:2, and inner and
outer damage zone ratio of 2:1.

As outlined, most detailed outcrop studies of
fault zones show an increase in FF towards the
fault core (figure 8), in some cases even supporting
a difference in the fracture distribution between
a wider hanging-wall and a narrower footwall
(e.g., Caine et al. 1996; Braathen et al. 1998;
Gudmundsson et al. 2001; Micarelli et al. 2003;
Berg and Skar 2005).

4.5 Resolution in permeability model of
faults by JH

A major challenge in in-situ analysis of faults are
the different resolutions of available datasets. That
is, drill cores (fracture frequency) reveal results on
mm to meter scale, whereas permeability data com-
monly cover intervals on meter-scale. Hydraulic
conductivity is significantly affected by fracture

Figure 7. JH distribution correlated with the position of fault rock in Seyahoo dam. The fault zone is divided into subzones
(the fault core (C), the inner damage zone (ID), the outer damage zone (OD) and the protolith (P)).
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Figure 8. Conceptual model of faults in crystalline rocks, divided into subzones. The curves describe anticipated fracture
frequency (FF) of the damage zone and JH factor into the fault zone (the fault core (C), the inner damage zone (ID), the
outer damage zone (OD) and the protolith (P)).

networks in crystalline rocks which are character-
ized by fracture properties. The fracture proper-
ties depend on the tectonic history of rocks. It is
important to understand the relationship between
hydraulic conductivity and the fracture proper-
ties to quantify flow in fractured rocks. In this
sense, the permeability quality per fracture is
defined by the JH.

JH is related to such fracture characteristics as
fracture aperture and fracture length, fracture ori-
entation and angle, fracture interconnectivity, fill-
ing materials, and fracture plane features. In this
model, permeability is related to joint hydraulic
factor and the number of conductivity water paths
(Nh). Obviously, JH is closely related to the quality
of hydraulic per fracture than to the permeability
model.

Permeability is expressed in units of length. But
in terms of geology, the number of open joints per
unit length is different. The present study defines
permeability per fracture by JH factor. The JH fac-
tor shows the quality of hydraulic and permeability
per crack. Understanding JH factor for determin-
ing fault zones and treatment by grout is widely
used for optimization but the permeability per unit
length does not reflect the fracture characteristics.

The core of the fault zone does not cause large
inflow, since it usually contains impermeable fault

rocks such as gouge (clay rich). Large inflow is
commonly found in the damage zone of the fault,
where open fractures conduct water. However, the
pattern of the significantly increased permeability
in the inner damage zone is well documented above,
and can be explained by such an empiric model
through fracture characteristics as fracture fre-
quency (related by the number of conductive joints
(Nh)) and hydromechanical properties of the joint
plane (related by JH). In the bounding damage
zones, networks of fracture sets make up an inner
zone of fairly high JH factor (14–23 Lu) (1.2×10−4

– 4×10−4 m3/s) per fracture of fault-parallel, long
fractures connected by shorter fractures. An outer
zone has lower JH factor (<9 Lu) (1.6×10−4 m3/s)
per fracture and more diverse fracture orientations
and lengths. This difference has significant implica-
tions for the permeability field in the damage zone,
since longer fractures will conduct more water than
that of short fractures, due to higher connectiv-
ity. This sub-zone of faults, therefore, should show
higher JH factor values compared to the outer dam-
age zone as a result of higher aperture and longer
fractures in the inner damage zone.

Our combined study of quantitative fault zone
descriptions, qualitative fracture and fault rock
property assessments, as well as JH data sustains
the conclusion that there is much more treatment
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(cement injected) into the inner damage zone than
in the fault core and the outer damage zone.

5. Conclusions

This study of extensional fault zones in Andesite
combines datasets from Seyahoo dam, including
scan-lines, drill cores, and water pressure test val-
ues (WPT). Fault zones show an increase in frac-
ture frequency (FF) from the background fracture
level in protolith towards the fault core. Fault zones
can be divided into a core, inner damage zone, and
outer damage zone based on structural character-
istics. There is a substantial increase in JH values
in fault zones compared to areas with background
fracturing. Fault cores show clear reduction in
JH compared to the inner damage zone, possi-
bly caused by abundant impermeable fault rocks
in the core. High JH values in the inner damage
zone likely relate to a high frequency of long, fault-
parallel fractures with good connectivity, whereas
lower JH values in the outer damage zone are con-
trolled by lower fracture frequencies (FF) and more
variable fracture orientations and lengths. Aver-
age JH values of dam for the fault core, the inner
damage zone and the outer damage zone are 4, 17,
and 9. JH value has a proportionate relationship of
1:4:2 between fault core, inner damage zone, and
outer damage zone.
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