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1 Introduction

Fractures in rock masses are important for the study of a

whole range of rock mechanics and rock engineering issues

including evaluation of the rock mass geometry, analysis of

the Excavation Damaged Zone (EDZ), understanding the

rock mass behaviour and response to excavation, numerical

analyses, and reinforcement/support design.

A digital borehole camera records a continuous, mag-

netically orientated digital 360� colour image of the

borehole wall, making it possible to directly observe lith-

ological changes in the rock mass and its contained frac-

tures (Paillet et al. 1990; Pusch 1998). Fractures display

sinusoidal curves on the flattened image, enabling the strike

and dip of the fractures to be determined directly from the

images orientated to North (Kamewada et al. 1989; Wang

et al. 2002; Williams and Johnson 2004). The technology

has been widely applied in geological exploration, espe-

cially in petroleum (Maddox 1998; Tague 1999; Palmer

and Sparks 1991), mining (Gochioco et al. 2002; Deltombe

and Schepers 2000), Glacier (Engelhardt et al. 1978),

geotechnical and environmental engineering (Lau et al.

1987; Miyakawa et al. 2000; Lahti 2004; Cunningham

2004; Cunningham et al. 2004; Schepers et al. 2001;

Roberson and Hubbard 2010; Uchita and Harada 1993; Li

et al. 2012a). It has also been used to observe crack

development and fracture evolution around underground

excavations, contributing to the establishment of the EDZ

characteristics (Li et al. 2012a, b; Yuji 1983).

There are two main types of digital borehole camera used:

the first is a digital optical televiewer, such as the OPTV

(Optical Televiewer), OTV (Optical Televiewer) and OBI-40

(Slimhole Optical Televiewer) (Williams and Johnson 2004;

Lahti 2004; Cunningham 2004; Cunningham et al. 2004;

Schepers et al. 2001; Roberson and Hubbard 2010); the other

is a digital panoramic borehole camera, such as the DIPS

(Borehole Image Processing System) and DPBCS (Digital

Panoramic Borehole Camera System) (Wang et al. 2002;

Wang and Law 2005; Williams and Johnson 2004; Uchita and

Harada 1993; Li et al. 2012a). The main parameters of these

two kinds of camera are listed in Table 1.

The first digital camera was developed as a stand-alone

system in 1987 (Williams and Johnson 2004). Since then the

tool has gradually become a standard tool. Although there are

different types of digital camera system, the basic principle,

components and operations of these test systems are almost

the same. Thus, this Suggested Method describes the obser-

vation of fractures in a rock mass and the identification of

EDZ. The apparatus and operating procedure are presented

together with the possible ways of reporting the results. The

recommendations are supported by case example data.

2 Scope

This Suggested Method is intended to directly observe

fractures in a rock mass using a digital optical borehole
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camera through pre-drilled boreholes, with characteristics

of the fractures being surveyed in both air and clear fluid-

filled boreholes.

Based on the comparison of fractures observed at dif-

ferent times (Li et al. 2012a, b), the evolution character-

istics of fractures, including initiation, propagation and

closure, occurring in the rock mass are obtainable.

According to in situ observation of the evolution char-

acteristics of fractures subject to excavation or rheological

effect (Li et al. 2012a, b), the EDZ in the rock mass is

identified based on the new fractures observable via the

precision of the digital optical borehole camera.

This Suggested Method can also be adopted to detect

possible stress induced damages in the borehole, and hence

help to estimate in situ stress orientation.

3 Apparatus

3.1 Basic Components

The apparatus related to this in situ observation of rock

mass fractures mainly consists of the probe, depth mea-

suring device, integrating control box, data logger (portable

media player or computer), cables, and alternative mea-

suring rods for horizontal or inclined boreholes, as shown

in Fig. 1.

3.2 Probe

The probe is the core component for the capture of borehole

wall images. Probes in different diameter sizes are available

as an option from 40 to 72 mm, and the diameter for test

borehole should be in the range 42–180 mm, less than

110 mm for better quality of borehole wall images resulting

in more effective identification of fractures and EDZ.

The key component of the digital optical borehole

camera is a conical mirror installed in the probe as the

reflector. The functions of the conical mirror are as follows.

1. Reflecting the light emitted from the probe light source

used to illuminate the borehole wall.

2. Reflecting the borehole wall information into the probe

for the camera records.

3. Note that the radius of both the top and the bottom

surfaces of the conical mirror determine the radius of

the panoramic image. Also, the deformation mode

of the conical mirror determines the changing manner

of the borehole wall information in the panoramic

image (Wang et al. 2002; Wang and Law 2005).

Fractures evident in the panoramic image are the pro-

jections of the fractures on the conical mirror. The borehole

wall in the panoramic image is represented as a ring, in

which the inner circle is the upper end of the borehole wall

and the outer circle is the lower end. The position of a point

on the borehole wall as displayed on the ring is related to

the azimuth of this point. In the panoramic image, hori-

zontal and vertical fractures display concentric circle and

radial lines, respectively, whereas inclined fractures are

like conic curves. Figure 2a–e indicate the changing nature

Table 1 Technical specifications of representative borehole digital optical camera systems

Name CCD pixels Precision (mm) Probe (mm) Test velocity (m/min) Colour (bits) Borehole diameter (mm)

Horizontal Vertical Diameter Length

OPTV 768 9 494 0.331 1.000 52 1,630 2.5 24 56–180

61

OBI 40 795 9 596 0.331 0.375 40 1,700 1.5 16/24 42–180

BIPS 795 9 596 0.331 0.250 42 1,540 0.9 16/24 55–180

50

DPBCS 795 9 596 0.325 0.160 45 350 1.5 16/24 48–91

72 485 76–180

Fig. 1 The basic components of a typical borehole digital optical

camera system. Note the photo of the components may change in case

of the different borehole digital optical camera system
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of the eastward fracture in the panoramic image. Points A,

C and M, shown in Fig. 2, are located on a fracture. Points

B and D are located in the west and east directions,

respectively. As shown in Fig. 2a, the underside of the

conical mirror is over the highest point A of the fracture;

point A and parts of the fracture around it are in the outer

circle, which appears as a conical curve. Point A is the

cusp. Figure 2b shows that point B is in the same position

as point A. The conical mirror is in the middle of the

fracture, and point C is to the south of the fracture with an

orientation of 180�, as shown in Fig. 2c. Figure 2d indi-

cates that the topside of the conical mirror will be over the

point D in the borehole wall. As presented in the panoramic

image, point D is moving from the outer circle to the edge

of the inner circle and ready to leave the ring. Also, as

shown in Fig. 2e, the underside of the conical mirror is

over the lowest point of the fracture. Point M is at an

orientation of 90�, the fracture around which is displayed

as a conical shape, and point M is the cusp.

3.3 Depth Measuring Device

There are two ways to test the depth of the probe in the

borehole. One method is to record the length of each

measuring rod manually, another method is to test the

depth using depth measuring equipment installed at the

borehole outlet. The data are displayed on the borehole

wall images in real time and stored together with the image

file. The depth measuring device mainly consists of the test

wheel, photoelectric corner encoder and acquisition board.

The test wheel is rotated by the friction between the rod/

cable and wheel, and the depth measuring device records

the depth in electronic pulse counting mode through a

photoelectric corner encoder. The distance of the rod/cable

moving through the test wheel is converted into an

electronic signal by an acquisition board. Then, the depth is

calculable according to the rotation angles of the test wheel

and the number of electronic pulses. The information is

transferred to the interface board in the integrating control

box and superimposed on panoramic images.

3.4 Integrating Control Box and Data Logger

The integrating control box is the power supply for the

whole testing system, which controls the collection, input

and output of the panoramic video signal and depth pulse

signal. It is also used to connect the data logger and real-

time image capture interface. The data logger is used for

the storage of the borehole wall images and depth infor-

mation in two different ways. One approach is through

obtaining the video file in AVI format using video acqui-

sition equipment and transferring the file into a personal

computer for image process. In this case, portable media

player is available, it can also be used as a video monitor.

Another approach is connecting the personal computer

through an interface in the integrating control box and

obtaining the flattened borehole wall images directly in a

specialized software platform.

3.5 Cables and Measuring Rods

The boreholes for this Suggested Method can be divided

into three types namely vertical, horizontal and inclined

boreholes. Cables are essential for signal transmission. For

the in situ measurements of vertical or sub-vertical (incli-

nation angle 75�–90�) boreholes, some special carrying

cables should be required to undertake the weight of probe

and groundwater pressure in some deep boreholes.

Whereas measuring rods should be taken for horizontal and

inclined borehole with the inclination angle 0�–75�.

Fig. 2 The changing

appearance of the fracture

in the panoramic image
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The installation and connection diagram for all the

components of a borehole digital optical camera system are

shown in Fig. 3.

3.6 Drilling Equipment

In order to conduct in situ borehole measurements of rock

mass fractures, appropriate drilling equipment is required

for the borehole drilling whatever with core or not. Any

equipment capable of producing a stable hole to the

required test depth and diameter may be used. Commonly,

the drilling rig should have the properties of low weight,

easy handling and vertical and inclined borehole double

use.

In general, both percussive and rotative drilling methods

are acceptable. However, the borehole wall should be well

flushed by clean water when percussive drilling adopted. It

is suggested that lining would be required in some cir-

cumstances. For instance, when the rock top is under a soil/

decomposed rock layer.

4 Procedure

4.1 Layout of Boreholes

The layout of boreholes depends on the test goals con-

cerned. Commonly, there are two approaches for borehole

layout.

1. When the test objective is the understanding of rock

mass structure, boreholes can be configured directly to

the rock mass in real time at any position and angle, as

shown in Fig. 4a.

2. When the test goal is to investigate the fracture

evolution or zonal disintegration of rock mass (Qian

et al. 2009), the boreholes should be pre-drilled before

excavation of tunnels (Fig. 4b), so as to observe the

entire process of fracture initiation, propagation and

closure before, during and after tunnel construction.

In an underground construction project, taken as the

example and as shown in Fig. 4b, borehole is drilled from

the pre-excavated underground tunnels to the test object. In

order to fully reveal the characteristics of fractures and

their evolutionary processes, the borehole diameter for

fracture observation is suggested to be in the range

42–110 mm in view of the performance of the CCD digital

camera and obtainable quality of borehole images. The

length (S) and dip (h) of the borehole are determined by the

distance and spatial location between the test site and

the object to be observed. Nevertheless, it is important that

the length of borehole must pass through the rock mass

around the test object. For example, the borehole needs to

pass through the side wall of a test tunnel to be excavated.

4.2 Drilling and Inspection

Percussive and rotative drilling methods are acceptable as

mentioned above. It is recommended that rock cores should

be obtained during rotative drilling, and so diamond bit

drilling should be adopted. Synthetic comparison of rock

cores and images of borehole wall will lead to better

understanding of geological conditions and rock mass

fractures. The choices of borehole length and orientation

are made taking into account the position of the object to

be tested.

It is recommended that the drilling rig should be kept

steady with the drilling speed less than 600 r/min, so that

the borehole wall can be maintained smooth and straight

without ridges or steps from the tunnels to the bottom of

the borehole, as far as possible to make it easy for the

probe’s movement.

On the basis of rock cores, geological recording should

be carried out during drilling, and the positions, orienta-

tions and apertures of geological discontinuities observed

in the borehole should be estimated.

Probe 

CCD digital camera 
Camera shot 

Conical mirror
Light window 

Compass or heavy hammer 

Measuring rod

Cables 

Cables winch 

Wheel for 
depth recorder

Side wall 

Integrating control box 

Data logger 

Image processing 

Fig. 3 Sketch of the installation

and connection system for the

borehole digital optical camera

in situ testing system
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All of the boreholes to be observed should be flushed to

remove debris or fractured rocks after drilling. It is also

strongly recommended that the boreholes should be rinsed

using clean water. However, in case of some severely weak or

fractured stratum, drillers use bentonite or casing to prevent

the collapse of the hole. The borehole wall can not be effec-

tively observed by an optical camera. In this case, clean water

should be used to flush some portions which the test mainly

concerned and also the casing should be pulled out. If the

borehole collapses seriously under this condition leading to

the probe incapable of running through, drill pipes may be

used to cope with the debris or fractured rocks. If all the

remedial measures can not work, the borehole has to be

scrapped and a new one should be drilled close to this

position.

4.3 Observation of Rock Mass Fractures

(a) Analyse the borehole drill records and associated

histograms. If rotative drilling method is employed

and rock cores are available, preliminarily analyse the

characteristics of the stratum, geological defects and

groundwater.

(b) Flatten the test site to place all the monitoring

facilities and relevant subsidiary equipment, connect

water pump and water pipe, clean test boreholes to

remove dust, mud and drilling waste slag.

(c) Set and connect the test equipment, install and fix the

depth measuring device near the borehole orifice,

install the push rod through the depth measuring

wheel and adjust it to the centre of the borehole

orifice.

(d) Choose a suitable probe with an appropriate diameter

(according to the borehole diameter), put the probe

into the borehole orifice and connect with the push

rod tightly.

(e) Connect the power cable, panorama probe signal

cable, depth pulse signal cable, video signal cable and

computer interface successively.

(f) Connect the power, press the light switch and the zero

depth switch.

(g) Turn on the data logging and start to monitor and

record depth and videos.

(h) Let the probe run in the borehole slowly from top to

bottom under the action of measuring rods or cables

(length of each rod is 1.0 or 1.5 m), note that the

advancing speed of the probe should be uniform and

less than 1.5 m/min to obtain clear images.

(i) According to observations of the borehole from the

camera, write down the depth of probe advance in the

borehole manually every 1.0 or 1.5 m and record

the depth on the data logging monitoring screen at the

same time. In brief, describe factors such as ground-

water, rock mass integrity and fractures from the

monitoring video in real time.

(j) When the probe reaches the bottom of the borehole, the

test is completed. Turn off the camera and the control

box power, and save the video files. Disassemble the

push rods and pull the probe out of the borehole slowly.

(k) Check the state of the probe, clean and pack it in a

dedicated box, and leave the test site after checking

other equipment such as depth measuring device,

integrating control box, computer, pump, and so on.

Based on the captured digital images stored in video file

format, the digital image processing will be carried out in

specially developed software so that facture images in a flat-

tened mode and virtual core can be obtained. Further analysis

involves rock lithology, fracture distribution, position, occur-

rence and width, evolution characteristics when the objective is

to characterize the EDZ compared to construction progress.

4.4 Identification of EDZ

At present, there are several conceptions on the EDZ def-

inition according to the project type, testing methods and

research goals. Among them, the common content of EDZ

is the region where the rock properties and conditions have

changed due to fracturing, stress redistribution and desat-

uration (Egger 1989; Martino and Chandler 2004). Many

indirect methods have been taken to determine the EDZ of

rock mass by measuring the decrease of acoustic velocity,

change of hydraulic transport properties, etc. It indicates

(a)

Fractures

Rock mass

Borehole

(b)

Test tunnel

Pre-excavated 
tunnels

Rock mass of 
concern

S

Borehole

Fig. 4 Examples of borehole

layouts for measurements of

rock mass fractures. a Borehole

configured directly into the rock

mass in real time at any position

and angle. b Borehole layouts

determined by the pre-installed

method
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that direct observation of fracture changes is also an

effective method which can reflect the permanent change

of rock mass. The EDZ can be identified by directly

observing fracture modifications via the precision of the

borehole digital optical camera. The maximum resolution

of the current borehole digital optical camera is

0.1–0.2 mm, while it will be continuously improved as the

development of the CCD digital camera technology.

For this purpose, a series of flattened images of borehole

wall observed in different time by borehole digital optical

camera are needed. Evolutionary characteristics of width,

length and occurrence of new and pre-existing fractures are

to be analyzed. The EDZ of rock mass is identified by

comparison of these flattened images observed in different

time. The EDZ is determined to be the zone where new

fractures are detected.

(b)
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Fig. 5 Sketch diagram of the

calculation co-ordinates of

fracture occurrence
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record

Probe
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(c)

d

Fig. 6 The relation between the

recorded depth by cumulative

number of cable or measuring

rods and the actual depth

(a L = h, b L [ h, c L \ h)

640 S. J. Li et al.

123



5 Calculations

5.1 Calculation of the Occurrence and Width

of the Observed Rock Mass Fractures

When a complete fracture is at an angle to the borehole, the

projection is displayed as a sinusoidal curve on the flat-

tened image, as shown in Fig. 5.

It is assumed that the Z axis is the central axis of the

borehole with the positive direction vertically upwards, and

the plane fixed by axes X and Y is perpendicular to axis

Z with the positive direction to the East and North,

respectively (Fig. 5a). The calculation of the orientation of

the rock mass fracture is described as follows.

Taking three non-collinear points A, C and D on a

fracture shown in the flattened pattern, two vectors �V1 and
�V2 in this plane can be obtained and described as:

�V1 ¼ AC; �V2 ¼ AD ð1Þ

The normal vector of this plane can be described as:

Occurrence: S23°W, 74°, Width: 3–7 mm

46 mm20 mm

Occurrence: S26°W, 67°

(a) (b)

B
or

eh
ol

e 
de

pt
h 

(m
)

h1

h2

∠

∠

Fig. 7 Images of the borehole

wall shown in a flattened

pattern, b virtual core. (The

dashed lines indicate the traces

of the fractures; the arrows
indicate the widths of fractures)
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(m
) 

h2 

h1 

(a) (b)

Fig. 8 Comparison of borehole

wall images for fracture

evolution studies: a original

rock mass, b new fractures that

have appeared due to time effect

or excavation of rock mass.

(Dashed lines are the traces of

the fractures)
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N ¼ �V1 � �V2 ð2Þ

In order to represent the unit normal vector, Eq. (2) can

be transformed as:

Nu ¼ N
�

N
�� �� ð3Þ

If the Z-component of the unit normal vector is less than

zero, the opposite vector N0 ¼ X0; Y0; Z0f g will be

expressed as:

N0 ¼ �Nu ð4Þ

So, the dip angle b of the fracture can be calculated as:

b ¼ cos�1 Z0 ð5Þ

It can also be expressed as:

b ¼ tan�1ðh=dÞ ð6Þ

where h is the vertical distance of points A and D, d is the

diameter of test borehole.

Assuming that Np ¼ Xp; Yp

� �
is the projection of the

unit normal vector N0 on the XY plane, then the dip azi-

muth a of the fracture can be calculated as:

a ¼
90� � tan�1 Yp=Xp when Xp [ 0

90� when Xp ¼ 0 and Yp [ 0

270� � tan�1 Yp=Xp when Xp\0

270� when Xp ¼ 0 and Yp\0

8
>><

>>:

ð7Þ

According to the relationship between dip azimuth and

orientation, the orientation of the fracture can be calculated

as:

h ¼ aþ 90� when a\90�

a� 90� when a� 90�

�
ð8Þ

The width of the fracture can be obtained by measuring

the spatial distance of any relevant two points A and A0

located on opposite sides of the fracture, which is described

as:

Wd ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðXA � XA0Þ2 þ ðYA � YA0Þ2 þ ðZA � ZA0Þ2

q
� cos b

ð9Þ

5.2 Calculation of the Ratio Coefficient Between

the Actual Depth and the Test Depth

Each image records a test depth (St), which is determined

by a depth measuring wheel through an electronic pulse

counting mode. Due to the friction of the measuring wheel

and the sliding of the push rod, St is a little different from

the actual probe depth (Sp) in the borehole. Therefore, it is

necessary to obtain the ratio coefficient R between actual

depth and test depth which is an important factor in the

digital image processing software. Based on the propor-

tional coefficient, the test depths of each segmental image

can be calibrated.

As shown in Fig. 6, it is assumed that the distance

between every two points of cable depth marks or length of

each measuring rod is H, the distance from the zero point to

the transparent window of the probe is L, the distance from

the depth testing wheel and cable or testing rod tangent

point to the orifice of the borehole is h, and the advancing

distance of the probe is recorded as S.

If L ¼ h; then Sp ¼ S:

If L [ h; then Sp ¼ S� ðhþ d þ LÞ:

If L\h; then Sp ¼ Sþ ðLþ d � hÞ:
The ratio coefficient R between the actual depth and the

test depth is expressed as:

R ¼
Si

p � Si�1
p

Si
t � Si�1

t

ð10Þ
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Fig. 9 Sketch plan of fracture distribution and evolution measured at

different time of excavation steps: a pre-existing fractures, b abundant

new fractures at another time due to time effect or excavation disturbance
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6 Reporting of Results

The report should include the following general

information.

(a) A description of the test site and lithology.

(b) Description of the condition of groundwater in

boreholes if there is groundwater in it, the depth of

groundwater from the surface in borehole is needed to

be given.

(c) Description of the lining located at some portion of

the borehole when weak or fractured stratum exists.

(d) The location, diameter, length, direction and dip

angle of the boreholes.

(e) The testing equipment, diameter of probe, cable depth

marks and length of unique measuring rod.

(f) Testing date, total testing time of each borehole and

depth records of borehole segments.

The report should also include the following detailed

information of rock mass fractures:

(a) 360� RGB orientated images of the borehole wall for

the whole length, shown in the flattened pattern and

virtual core, as shown in Fig. 7.

(b) Statistics of the calculation results for fracture

occurrence, location, width and properties.

(c) Description of construction scheme, excavation pro-

gress and geological sketching if EDZ identification is

to be analyzed.

(d) Comparison of the borehole wall images with fracture

changes due to the time effect or construction

disturbance, including the evolution of fracture initi-

ation, propagation and closure, as shown in Fig. 8.

(e) Sketch plan of fracture evolution and distribution

displayed on flattened sides measured at different

time or excavation steps, as shown in Fig. 9.

(f) Evolutionary characteristics of fracture width at

different test times or excavation stage, as shown in

Fig. 10.

(g) Identification of the EDZ according to the method

previously mentioned in procedure. For the observa-

tion of the rock mass around tunnels, the results show

the determination of the EDZ with new fractures

being observed at the maximum resolution

0.1–0.2 mm of a borehole digital optical camera, as

shown in Fig. 11.
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