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본 연구에서는 지반공학 및 지질공학적 측면에서 단층핵의 거동을 이해하기 위해 화강암, 퇴적암 및 화산암 단층대에
서 채취된 단층핵 시료를 대상으로 물리적 특성(각력 및 점토함량, 단위중량, 공극률, 함수비)과 마찰 특성(내부마찰각,
점착력)의 관계를 분석하였다. 실내시험으로부터 산정된 물리적 특성을 분석한 결과, 단층핵 내 각력은 단위중량과 양(+)
의 상관관계를 가지고, 점토함량, 공극률 및 함수비와는 음(-)의 상관관계를 가진다. 직접전단시험으로부터 산정된 내부
마찰각과 점착력에 대한 사분위수 범위(IQR)는 각각 16.7-38.1°, 2.5-25.3 kPa로 나타났다. 또한, 단층핵의 마찰특성에 미
치는 물리적 특성의 영향을 분석한 결과, 마찰각은 모든 암종에서 각각 각력함량 및 단위중량과 양(+)의 상관관계를 가
지고, 점토함량, 공극률 및 함수비와 음(-)의 상관관계를 보인다. 대조적으로, 단층핵의 점착력은 각력함량 및 단위중량과
음(-)의 상관관계를 가지고, 점토함량, 공극률 및 함수비와 양(+)의 상관관계를 보인다. 

주요어 :암종, 단층핵, 물리적 특성, 마찰 특성, 상관관계

To understand behavior of fault cores in the field of geotechnical and geological engineering, we present an inves-

tigation of the physical properties (breccia and clay contents, unit weight, porosity, and water content) and friction char-

acteristics (internal friction angle and cohesion) of fault cores, in granitic, sedimentary, and volcanic rocks in South Korea.

The breccia contents in the fault cores are positively correlated with unit weight and negatively correlated with clay con-

tent, porosity, and water content. The inter-quartile ranges of internal friction angles and cohesion calculated from direct

shear tests are 16.7–38.1o and 2.5–25.3 kPa, respectively. The influence of physical properties on the friction char-

acteristics of the fault cores was analyzed and showed that in all three rock types the internal friction angles are positively

correlated with breccia content and unit weight, and negatively correlated with clay content, porosity, and water content.

In contrast, the cohesions of the fault cores are negatively correlated with breccia content and unit weight, and positively

correlated with clay content, porosity, and water content. 

Key words : host rock type, fault cores, physical properties, friction characteristics, correlation

1. Introduction

Fault cores are sections of faults where the largest

slip occurs during rupture, and are generally composed

of cataclasite, breccia and gouge (Chester and Logan,

1986; Caine et al., 1996; Heynekamp et al., 1999;

Faulkner et al., 2003; Shipton and Cowie, 2003;

Gudmundsson, 2004). In fault cores, the host rock
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structure is largely destroyed due to the friction

during faulting and, in sections affected by the

largest fault slip, clayey and weak materials such

as gouge are produced (Caine et al., 1996). In

addition, fault cores have different characteristics

from the country rocks, and have relatively low

strength due to the severe deformation and

alteration (Bieniawski, 1993; Riedmüller et al.,

2001; Kahraman and Alber, 2006; Stille and

Palmström, 2008). In particular, fault gouge is a

major factor in reducing rock strength (Blenkinsop,

1991; Blanpied et al., 1992; An and Sammis, 1994;

Scuderi and Collettini, 2016, Morrow et al., 2000).

However, even if the strength of a fault core is very

low, the friction characteristics may be complex

due to the metamorphic and tectonic history of the

rocks, subsequent diagenesis, and how the fault

cores formed (Matula et al., 1981). In addition,

friction characteristics of fault cores are affected by

factors such as particle size, shape, and mineral

components (Morrow et al., 2000; Saffer and

Marone, 2003; Moore and Lockner, 2004; Ikari et

al., 2007, 2009; Haines et al., 2013). The presence

of breccias in fault cores is also a major factor that

affects shear strength. In a study that analyzed the

friction characteristics of fault breccias, Henderson

et al. (2010) used particle size analysis and ring

shear tests to show the shear strength of particle-

supported breccias was higher than that of matrix-

supported breccias. Moon et al. (2014) and Yun et

al. (2019) presented regression models between

breccia and clay contents, and normal stress and

shear strength, and proposed that shear strength

was positively correlated with the breccia content

and negatively correlated with the gouge content.

Heilbronner and Keulen (2006) showed that the

irregular shapes of fault core grains are a major

factor that reduces shear strength. Kim et al.

(2016) analyzed the sphericity and roundness of

clasts in fault breccias with computerized tomography

(CT), and demonstrated that internal friction angles

decrease when the breccia fragments become more

spherical. In addition, the mineralogy and fault

core texture affect its friction characteristics (Tsige

et al., 1994). In a study of natural and synthetic

clay-rich gouge, Saffer and Marone (2003) showed

that samples with higher illite than smectite contents

had high friction coefficients, because of the

difference in swelling between the two minerals.

Ikari et al. (2009) concluded that fault cores with

montmorillonite contents higher than those of illite

and chlorite had high friction coefficients. In

addition, Holdsworth (2004) and Carpenter et al.

(2012) showed that phyllosilicate and clay mineral

alignment (i.e., foliation) along the San Andreas

Fault leads to very low shear strength. Tesei et al.

(2012) also noted that dry fault gouge containing

phyllosilicate minerals and a foliation has low

friction coefficients, and identified that the effect of

fluid pressure on friction are negligible comparing

with the results of other researchers.

The aforementioned studies have shown that the

friction characteristics of fault cores are affected

by diverse factors, such as particle size, shape, and

mineralogy. However, these studies have not

focused on the physical properties of fault cores and

evaluated these effects on friction characteristics. In

this study, the physical properties of fault cores in

South Korea were reviewed, and the effects of

these factors on the friction characteristics were

analyzed. The samples were classified according to

the fault core host rocks (i.e., granitic, sedimentary,

and volcanic rocks), and laboratory analyses of the

physical properties and direct shear tests were

conducted on individual samples. Based on the

laboratory tests, the relationships between the

physical properties (breccia and clay contents, unit

weight, porosity, and water content) and friction

characteristics (internal friction angle and cohesion)

were determined. These results provide the effect of

the physical properties on friction characteristics

and may be useful data to understand fault

behavior.

2. Fault Zone Lithologies and Outcrops

Fig. 1 shows the locations of the studied fault

zones, sample locations, and representative outcrops.

A total of 56 samples were collected from 39 fault

zones in South Korea. The collected samples were

classified according to the host rock type into

granitic (n = 23), sedimentary (n = 18), and volcanic

rocks (n = 15). The sedimentary rocks are clastic in

nature and are mostly mudstones and shales. The

volcanic rocks are mainly andesites and tuffs.

The granitic fault core samples collected from

the Andong fault zone are ca. 20-cm-wide reddish

gouge (Fig. 1b). Some breccias surround the gouge
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zone, and slickensides and slickenlines (i.e., striations)

are clearly evident in the gouge. The granitic fault

cores shown in Fig. 1c were collected from the

intrusive granite zone in the NE–SW-trending

Okcheon belt that crosses the central part of South

Korea. The fault cores in this fault zone are narrow

with widths of ca. 10 cm, but contain large amounts

of whitish gouge. In particular, slickensides and

slickenlines are well developed in the fault cores,

and microbreccias (<1 mm particle size) consisting

mainly of quartz and feldspar are observed in the

slickensides. The fault core in sedimentary rocks

of the Yangsan fault zone, which is one of the

major fault zones in South Korea, is composed

mainly of reddish gouge and cataclasite with ca. 1-

cm-sized breccia in a fault core that strikes N50oE

and dips 60oSE (Fig. 1d). In addition, ca. 30-cm-

wide silicic dikes have penetrated the fault core

zone, and severely crushed damage zones are also

observed on the left side of the reddish cataclastic

zone. Although the damaged zones generally

surround the fault cores, they are also present as

mixed zones (contained within fault cores) as

shown in Fig. 1d (Caine et al., 1996; Faulkner et

al., 2003; Shipton et al., 2006). The fault cores in

sedimentary rocks along the Ocheon Fault have

clear boundaries characterized by reddish and

greenish gouge (Fig. 1e). Breccias are rare in the

fault cores and reddish and greenish cataclastic

zones are present on the right side of the fault

gouge zone. The fault cores in volcanic rocks

(Figs. 1f, g) are located along the Yeonil tectonic

line and Beomgok Fault in southeastern South

Korea, respectively. The fault zone along the

Yeonil tectonic line comprises andesitic tuff host

rock and 50-cm-wide whitish gouge and breccia

Fig. 1. Representative outcrop photographs of fault cores in different host rock types. (a) Simplified geological map
showing the sampling locations and medium–large-scale fault zones in South Korea. (b,c) Fault gouges in granites with
slickensides and slickenlines. (d,e) Intermixed gouges and breccias with thicknesses of cataclastic zone 30–50 cm formed by
faulting in sedimentary rock. (f,g) Variably coloured gouges and breccias in volcanic rocks.
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intermixed with grayish gouge (Fig. 1f). The

damage zone located on the left side of the fault is

severely crushed andesitic tuff. The fault core

along the Beomgok Fault consists of intermixed

reddish and thin greenish gouge, and the fault gouge

clearly exhibits slickensides and slickenlines (Fig. 1g).

Silicic porphyries are distributed in the upper right

of the fault core, and andesitic tuff is present on

the lower left of the fault.

3. Analysis of Fault Core Physical Properties

The breccia and clay contents, dry unit weights,

porosities, and water contents were measured on

undisturbed fault core samples collected from the

fault zones. The fault core samples were collected

using ring samplers with a diameter of 10 cm and

height of 5 cm. This sample size is a sufficiently

large volume as representative elementary volume

(REV) for the analysis of the physical properties

of fault cores (Yun et al., 2018).

3.1. Analytical methods for physical

properties

Breccia and clay contents were first measured

using the sieve test method according to ASTM

D422-63 (2007), and the soil washing test method

according to ASTM D1140-17 (2017) was also

applied to prevent clay aggregation during drying

(Fig. 2a). Fault breccia size has numerous classifica-

tion schemes across a wide size range from 0.1 to

5.0 mm (Higgins, 1971; Twiss and Moores, 1992;

Snoke et al., 1998; Clark and James, 2003; Woodcock

and Mort, 2008). The unified soil classification

system (USCS), which is commonly used in civil

engineering studies and internationally benchmarked

by ASTM D2487-17 (2017), was used to classify

grains larger than 4.75 mm as breccia and smaller

than 0.075 mm as silt & clay (hereafter abbreviated

as clay).

As shown Fig. 2b, the dry unit weights were

measured according to ASTM D2216-10 (2010).

Drying was carried out at temperatures of < 60oC

to minimize chemical alteration of clay minerals

that can occur at higher temperatures. Porosity was

calculated from Equations (1) and (2) using the

relationship between the dry unit weight and void

ratio, after measuring the specific gravity using a

pycnometer according to ASTM D854-10 (2010)

as shown Fig. 2c.

(1)

(2)

where γdry is the dry unit weight of the fault core

(g/cm³), Gs is the specific gravity, e is the void ratio,

γw is the unit weight of water (g/cm³), and n is the

porosity (%).

The water content of natural fault core specimens

is not an intrinsic characteristic of the samples,

because it is a physical property that can vary

according to climate and region. Therefore, water

contents were calculated from the relationships

between the degree of saturation, void ratio, and

specific gravity using Equation (3), by assuming

the voids in the fault cores were completely water-

e
Gs

γdry

------- γW× 1–=

n
e

1 e+
---------=

Fig. 2. Photographs showing the laboratory tests used for determining the physical properties: (a) soil washing test, (b)
water content test, and (c) specific gravity test.
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saturated (i.e., 100%).

(3)

where S is the degree of saturation (i.e., 100%) and

w is the water content (%) under saturated conditions.

3.2. Results of physical properties

The physical property data obtained for the fault

cores are given in Table 1. Fig. 3 shows box-and-

whisker plots of the results. The inter-quartile

ranges (IQRs) of breccia contents are similar in the

S e w Gs×=×

Table 1. Physical properties of fault cores in granitic, sedimentary, and volcanic rocks. Abbreviations are as follows: granitic
(GR), sedimentary (SR), and volcanic rocks (VR). The water contents were calculated under saturated conditions

Physical 

properties

Breccia contents 

(wt.%)

Clay contents 

(wt.%)

Unit weight 

(g/cm³)

Porosity 

(%)

Water contents 

(%)

GR SR VR GR SR VR GR SR VR GR SR VR GR SR VR

Minimum 0.0 0.0 0.0 19.6 12.4 29.8 1.03 1.33 1.13 27.5 20.6 23.9 15.0 10.0 11.0

1st quartile 0.3 3.4 3.3 31.4 39.6 34.7 1.36 1.65 1.53 36.5 29.8 32.0 26.1 16.3 17.3

Median 4.3 8.9 8.0 40.4 45.6 45.8 1.51 1.76 1.63 41.9 35.0 39.5 28.0 19.5 22.5

3rd quartile 8.6 13.9 14.9 52.5 69.9 63.1 1.64 1.86 1.84 47.9 38.6 42.7 32.9 23.3 27.8

Maximum 14.4 22.0 28.6 91.9 97.4 79.2 1.88 2.13 2.09 52.1 46.6 48.2 58.0 64.0 42.0

Average 5.0 9.5 10.4 45.4 52.9 49.7 1.49 1.76 1.64 41.6 33.7 37.7 29.7 21.9 23.2

Standard deviation 4.8 6.9 8.2 18.6 22.7 15.9 0.21 0.17 0.26 6.5 6.7 7.7 9.0 11.7 8.0

Fig. 3. Box-and-whisker plots of the physical properties of the fault cores in granitic, sedimentary, and volcanic rocks. The
grey boxes are the inter-quartile ranges and the numbers in the boxes are the median values.
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sedimentary and volcanic rocks, and are lowest in

the granitic rocks (Fig. 3a; Table 1). The median

values are similar in the sedimentary and volcanic

rocks (8.9 and 8.0 wt.%, respectively), and lowest

in the granitic rocks (4.3 wt.%). The median values

of the clay contents in the granitic, sedimentary,

and volcanic rocks are 40.4, 45.6, and 45.8 wt.%,

respectively, and are lowest in the granitic rocks

and breccias (Fig. 3b; Table 1). The standard

deviations of the breccia contents in the granitic,

sedimentary, and volcanic rocks are 4.8, 6.9, and

8.2 wt.%, respectively, and those of the clay contents

are larger (18.6, 22.7, and 15.9 wt.%, respectively;

Table 1). This shows that fault cores in the same

host rock type can have diverse characteristics,

which depend on location, tectonic history, and

subsequent diagenesis. For unit weights, granitic

rock with the lowest breccia contents has the

lowest IQR and median value (1.51 g/cm³), and

sedimentary rocks with the highest breccia contents

have relatively higher values than all other rock

types (Fig. 3c; Table 1). Therefore, breccia content

positively correlates with unit weight (Fig. 4). In

contrast, the relationship between porosity and

water content is opposite to that between breccia

content and dry unit weight. The IQR and median

value of porosity were calculated to be highest in

granitic and lowest in sedimentary rocks (Fig. 3d).

Water contents were highest in granitic rocks (28.0

wt.%) and lowest in sedimentary rocks (median

value = 19.5 wt.%; Fig. 3e). These water content

results reflect the assumption that the fault cores

were completely water-saturated.

Fig. 4 shows the relationships between the

physical properties. Clay contents, porosities, and

water contents show a tendency to decrease as the

breccia contents increase. Breccia contents show a

high degree of correlation with all other physical

properties, indicating that breccia greatly affects the

other physical properties. Unit weights, porosities,

and water contents show high degrees of correlation

with each other, because the relationships between

these properties were calculated using Equations

(1–3).

Fig. 4. Scatter plots showing the relationships between breccia contents, clay contents, dry unit weights, porosities, and
water contents.
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4. Analysis of the Fault Core Friction 

Characteristics

4.1. Test method for friction characteristics

The friction characteristics of the fault cores,

including the internal friction angle and cohesion,

were determined from direct shear tests. The fault

core specimens for these tests were collected using

ring samplers that were the same size as the shear

box (diameter = 80 mm; height = 30 mm) (Fig. 5a).

The direct shear tests were conducted at shear rates

of 0.5–2.0%/min of the sample diameter according

to ASTM D3080-98 (1998), and at normal stresses

of 54, 108, and 162 kPa. The stresses and displace-

ments during shearing were automatically obtained

through load cells and a linear variable differential

transformer (LVDT) (Fig. 5b). Fig. 6 shows the

shear planes of the fault core samples after the

tests. The shear planes of samples with high clay

contents are smooth after the tests (Fig. 6a), whereas

the shear planes of samples with high breccia

contents are uneven (Fig. 6b).

4.2. Results of friction characteristics

The cohesion and friction angle data for the fault

cores determined from the direct shear tests are

given in Table 2. Fig. 7 shows box-and-whisker

plots of the results. The IQRs for friction angles in

the granitic, sedimentary, and volcanic rocks are

16.7–37.9o, 24.4–38.1o, and 19.1–34.6o, respectively.

Therefore, the IQR of the sedimentary rocks is wider

than those of the granitic and volcanic rocks (Fig. 7a).
Fig. 5. Experimental set-up of the direct shear tests on fault
core samples. (a) Ring samplers that were the size of the shear
box were used to minimize sample disturbance. (b) Apparatus
equipped with a linear variable differential transformer and
load cells for measurement of displacement and force.

Fig. 6. Photographs showing the samples after the direct
shear tests. (a) Fault gouge with a smooth shear plane. (b)
Fault breccia with an uneven shear plane.

Table 2. Friction characteristics of fault cores in granitic,
sedimentary, and volcanic rocks. Abbreviations are as
follows: granitic (GR), sedimentary (SR), and volcanic
rocks (VR)

Physical 

properties

Friction angle (°) Cohesion (kPa)

SR GR VR SR GR VR

Minimum 4.8 7.7 5.6 0.0 1.0 0.0

1st quartile 16.7 24.4 19.1 2.5 10.0 3.2

Median 30.5 28.7 24.9 7.6 14.5 16.7

3rd quartile 37.9 38.1 34.6 14.3 24.8 25.3

Maximum 49.0 42.3 41.4 28.5 40.5 51.8

Average 28.1 28.8 25.4 9.5 16.0 16.8

Standard 

deviation
13.1 9.3 10.3 8.2 10.0 14.5

Fig. 7. Box-and-whisker plots of the friction characteristics of fault cores in granitic, sedimentary, and volcanic rocks. The
grey boxes are the inter-quartile ranges and the numbers in the boxes are the median values.
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The median value of the friction angle is highest in

the sedimentary rocks (30.5o) and lowest in the

volcanic rocks (24.9o). The cohesions of the fault

cores were ≤ 50 kPa in most samples, and the IQRs

were 2.5–25.3 kPa, although the latter differed

amongst the rock types. In addition, unlike the

friction angles, the median cohesions were lowest

in the sedimentary rocks (7.6 kPa) and highest in

Fig. 8. Relationship between friction angles and cohesions
in the granitic, sedimentary, and volcanic rocks.

Fig. 9. Schematic of the Mohr–Coulomb criterion for
calculating the friction angles and cohesions. If the A-line
converts to the B-line due to a reduction of shear strength,
the friction angle decreases but the cohesion value increases.

Fig. 10. Relationships between breccia contents, friction angles, and cohesions for (a,b) granitic, (c,d) sedimentary, and (e,f)
volcanic rocks.
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the volcanic rocks (16.7 kPa) (Fig. 7b). The results

shown in Fig. 7 are consistent those in Fig. 8,

whereby the friction angles and cohesions are

negatively correlated, which is due to the Mohr–

Coulomb failure criterion. If the increment of

shear strength becomes larger as the normal stress

increases (A-line → B-line) for the same specimens,

then the friction angle will increase (increase in

gradient; φ → φ′) and the cohesion will decrease

(decrease in intercept; C → C′) (Fig. 9). The friction

characteristics of the fault cores in this study can

be explained by this process.

5. Effects of Physical Properties on Fault 

Core Friction Characteristics

The presence of breccias in fault cores is known

to directly affect mechanical properties, such as the

friction characteristics (Lindquist and Goodman,

1994; Moon et al., 2014; Yun et al., 2019). In

addition, as shown in Section 3 (analysis of fault

core physical properties), the breccia contents of

fault cores can affect other physical properties.

Therefore, the relationships between the physical

properties and friction characteristics were analyzed.

5.1. Effects of breccia and clay contents

on friction characteristics

The effects of breccia and clay contents on the

fault core friction characteristics are shown in

Figs. 10 and 11. As breccia contents increase, the

friction angles tend to increase, whereas the

cohesions tend to decrease, for all rock types

(Fig. 10). In contrast, the friction angles are nega-

Fig. 11. Relationships between clay contents, friction angles, and cohesions for (a,b) granitic, (c,d) sedimentary, and (e,f)
volcanic rocks.
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tively correlated, and the cohesions are positively

correlated with clay contents (Fig. 11). Despite

some scatter in the data, the relationships between

breccia and clay contents and friction characteristics

are clear. Gutierrez and Muftah (2011) explained

the relationship between breccia content and

friction angle by the rolling resistance of breccia.

Where breccias are present on a shear plane, the

stress delivered to the shear plane increases, along

with the frictional force generated by the additional

moment stress (i.e., rotation) of the breccias. This

frictional force results from the crushing and shape

of the breccias at high normal stresses (at least

1 MPa) (Xia et al., 2011); however, the frictional

force in the present study was barely affected by

this process as the normal stress applied in the

direct shear tests was low (< 200 kPa). In studies

conducted on fine soils and clay materials (CH, CL,

MH, and ML as classified by USCS), Adunoye

(2014) and Park and Jeong (2018) showed that

Fig. 12. Relationship between clay contents and friction
angles. The fault cores of this study have a wide range of
values as compared with previous studies. The long dashed
line denotes results for lateritic soil (modified from Adunoye,
2014), and the short dashed line denotes the results for
clayey soil (modified from Park and Jeong, 2018).

Fig. 13. Relationships between the dry unit weights, friction angles, and cohesions for (a,b) granitic, (c,d) sedimentary, and
(e,f) volcanic rocks.
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clay contents and friction angles were negatively

correlated. Fig. 12 shows our results compared

with previous studies. Clay contents and friction

angles are negatively correlated in all the studies,

although our data show a wider range of values.

This reflects the wide range of grain sizes of our

samples from fine-grained (clay content = 97 wt.%)

to breccia (breccia content of up to 30 wt.%).

5.2. Effects of unit weight on friction

characteristics

The effects of dry unit weight on the friction

characteristics are shown in Fig. 13. Although

some data are scattered, the unit weights of the

fault core samples increase, friction angles tend to

increase, and cohesions tend to decrease for all

rock types. These results are the same as in Fig. 10,

and clearly show the correlations between the

individual factors (breccia content, unit weight,

and friction angle) that result from the positive

Fig. 14. Relationship between dry unit weights and friction
angles. The fault cores have both higher and lower values
than obtained in previous studies of soils. The long dashed
line denotes the results for ML, SW, and GW soils (modified
from NAVFAC, 1986), and the short dashed line denotes the
result for sandy soil (modified from Edil and Benson, 2007).

Fig. 15. Relationships between the porosities, friction angles, and cohesions for (a,b) granitic, (c,d) sedimentary, and (e,f)
volcanic rocks.
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correlation between breccia content and unit weight.

These relationships are consistent with previous

studies conducted on soils (NAVFAC, 1986; Edil

and Benson, 2007; Ersoy et al., 2013). Fig. 14

shows a comparison between our fault core data

and previous studies. For unit weights and friction

angles, the fault core data have a wider range of

values than the soil data, which is due to the fault

cores consisting of more diverse materials than soil.

5.3. Effects of porosity on friction

characteristics

Fig. 15 shows the relationships between porosity

and friction characteristics for each rock type. For

all rock types, the porosity is negatively correlated

with the friction angle and positively correlated

with the cohesion. In general, samples with high

porosity are likely to contain internal micro-

fractures (Vallejo and Mawby, 2000; Sulem et al.

2004). As such, porosity is known to negatively

correlate with unit weight, friction angle, unconfined

compression strength, and P-wave velocity (Bjerrum

et al., 1961; Schöpfer et al., 2009; Kanji, 2014).

5.4. Effects of water contents on friction

characteristics

The effects of water contents on the friction

characteristics are less clear than for the other

physical properties, However, as water contents

increase, friction angles tend to decrease and

cohesions tend to increase (Fig. 16). Given that the

water contents were calculated by assuming the

voids were completely saturated, the water contents

show a positive correlation with porosity (Fig. 4).

Fig. 16. Relationships between water contents, friction angles, and cohesions for (a,b) granitic, (c,d) sedimentary, and (e,f)
volcanic rocks.
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In addition, the cohesions were calculated from

undrained shear tests of completely saturated

samples. Therefore, the relationships between water

contents and friction characteristics show the same

features as in Fig. 14, which are consistent with

previous studies (Ersoy et al., 2013; Lanzerstorfer

and Hinterberger, 2017). Morrow et al. (2000)

attributed the negative correlation between water

contents and friction angles to the ability of

minerals to adsorb various amounts of water in clay

layers. Haines (1925) and Vomocil and Waldron

(1962) attributed the positive correlation between

water contents and cohesions to smaller grain sizes,

which leads to greater cohesion between grains due

to the presence of water.

6. Conclusions

The relationships between the physical properties

(breccia and clay contents, unit weight, porosity, and

water content) and friction characteristics (internal

friction angle and cohesion) of fault cores were

determined. A total of 56 fault core samples were

collected from granitic, sedimentary, and volcanic

rocks in fault zones from South Korea. Laboratory

tests (particle size analysis, water content, and specific

gravity) and direct shear tests were conducted on

individual samples, and the physical properties and

friction characteristics were calculated from the

test results. The major findings of this research are

as follows.

(1) The breccia contents of the fault cores are

positively correlated with unit weights and

negatively correlated with clay contents, porosities,

and water contents. In addition, the presence of

breccias in the fault cores directly affects other

physical properties.

(2) IQRs for friction angles are 16.7–38.1o

(granitic rock = 16.7–37.9o; sedimentary rock =

24.4–38.1o; volcanic rock = 19.1–34.6o). IQRs for

cohesions are 2.5–25.3 kPa (granitic rock = 2.5–

14.3 kPa; sedimentary rock = 10.0–24.8 kPa;

volcanic rock = 3.2–25.3 kPa).

(3) The friction angles of the fault cores are

positively correlated with breccia contents and unit

weights and negatively correlated with clay

contents, porosities, and water contents in granitic,

sedimentary, and volcanic rocks. In contrast, the

cohesions of the fault cores are negatively

correlated with breccia contents and unit weights

and positively correlated with clay contents,

porosities, and water contents in all rock types.

(4) In this study, the fault cores were classified

according to host rock type, and the effects of

physical properties on friction characteristics were

examined. Although some data are scattered by

the influence of fault core heterogeneity, the

relationships between the individual parameters

are clear. Therefore, our results provide useful

data for understanding the effect of the physical

properties on friction characteristics of fault cores.
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