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a b s t r a c t

Based on binocular stereo photography measurement technology, the actual distribution information of
joints and fractures in the tunnel face were obtained via image processing and feature extraction, and the
preliminary evaluation of surrounding rock stability of Laohushan tunnel was conducted according to
surrounding rock classification method. Since all available surrounding rock classification approaches
didn’t consider the influences of the size effect of tunnel excavation span and unfavorable geologic bodies
such as weak-fracture zones, an improved discontinuous deformation analysis (DDARF) method was
adopted to conduct a numerical simulation of the deformation and fracture processes of the surrounding
rock. Using the traveling wave method, triangle DDA blocks were automatically generated in the calcu-
lation zone, and the block boundaries were divided into real joints and virtual joints. Based on the real
joint information obtained via aforementioned photographic measurement, the real joints in the tunnel
face were dynamically modified, in order to achieve the simulation of joint distribution. The results
revealed that the fracture evolution regularity, deformation failure mechanism, and block dropping phe-
nomenon that the DDARF joint simulation model calculated are in good agreement with actual condi-
tions, while those obtained based on conventional models present differences from field situation.
Additionally, focusing on the localised rockfall phenomenon of Laohushan tunnel, the crack extension
rate was introduced to conduct a quantitative comparison of the rock crack evolution process with or
without anchor supporting. The research results offer practical guidance for field construction and
anchorage support scheme optimization.

� 2017 Elsevier Ltd. All rights reserved.

1. Introduction

A long-standing problem in tunnel construction has been the
analysis of surrounding rock stability. Methods for analyzing tun-
nel surrounding rock stability can be classified as quantitative or
qualitative. Rock mass classification is a rough evaluation method
and is mainly used in medium- and small-scale shallow-buried
tunnels. Commonly used surrounding rock classification methods
include the RMR, ISRM, GSI and Q-system methods [1–4]. How-
ever, these methods do not take the engineering factors including
excavation span and tunnel shape into consideration, and special
geologic bodies including fault, the weak-fracture zone, and the
weak intercalated layer. This limits the application of engineering
analogy methods in the construction of super section tunnels
under complex geological conditions. The stability of super section
tunnels should be evaluated based on a combination of methods.

Numerical simulation have been widely applied in the stability
evaluation of geotechnical engineering at present. However, the
mechanical properties of rock masses are co-determined by rock
and discontinuous structural faces. The instability of geotechnical
engineering is usually caused by the development of internal
defects including cracks, faults, and weak-fracture zones. Discon-
tinuous deformation analysis (DDA) method, proposed firstly by
Shi [5–7], is a novel numerical approach to simulate the discontin-
uous deformation behaviors of blocky rock structures. In DDA, the
domain of interest is represented as an assemblage of discrete
blocks and the joints are treated as interfaces between blocks.
However, some algorithms in this method fail to solve the failure
problems of intermittent jointed rock. To find solutions to these
problems, DDARF (Discontinuous Deformation Analysis for Rock
Failure) is also proposed [8,9] by analyzing the failure process for
intermittent jointed rock. Inheriting all merits of DDA and the con-
cept of fracture mechanics, DDARF can simulate the entire process
of crack initiation, propagation, coalescence and even rock collapse
without any mathematical difficulties. Meanwhile, the weaknesses
and limitations of basic theory and algorithm for DDARF have
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being studied for further improving its application effect [10–15].
It’s worth noting that the structural plane information used in
most available DDARF models is artificially assumed or is acquired
based on traditional collection methods such as the scan line
method or the sampling window method. Probability distribution
models are constructed based on the Monte Carlo Simulation
(MCS) method, in order to make the simulation results meet the
required standards [16–19]. However, since these mathematical
models of joint distribution are established based on mathematical
statistics, the past joint distribution of DDARF model is randomly
generated by using MCS, resulting in the simulated fracture zone
of the random joint distribution models that basically differ from
engineering practice. This is especially true for the tunnel face
and surrounding rock--the joint distribution directly affects the
overall stability of the surrounding rock and stress state of local
key blocks, which is of great importance in field construction and
supporting schemes.

Improvements in computer technology have resulted in gradual
maturation in non-contact methods designed for acquiring rock
joint information based on combining digital photogrammetry
and image processing technology. Joint distribution information
including trace length, dip angle, and spacing distance can be
obtained via a series of image processing and feature extraction
algorithms. Many scholars have obtained favorable results by com-
bining this method with key block theory, the stereographic pro-
jection method, and rock 3D geological model reconstruction
[20–25].

In this study, the actual distribution information and the related
probability distribution model of joints and fractures in the tunnel
face were obtained based on binocular stereo photography mea-
surement technology, and preliminary evaluation of surrounding
rock stability in Laohushan tunnel was conducted according to
RMR and Q method. Besides, an improved DDARF method was
adopted to conduct a numerical simulation of the deformation
and fracture processes of the surrounding rock. In DDARF pretreat-
ment model, the real joint distribution in the tunnel face zone was
dynamically modified based on the actual joint information
obtained via aforementioned photographic measurement, in order
to achieve the simulation of joint distribution in the engineering
rock mass area. The fracture evolution regularity and deformation
failure mechanism were simulated based on the proposed DDARF
joint simulation model, and the results were compared with those
obtained based on conventional models. Additionally, focusing on
the localised rockfall phenomenon of the tunnel vault and span-
drel, the crack extension rate was introduced to conduct a quanti-
tative comparison of the rock crack evolution process with or
without anchor supporting.

2. Digitizing of rock mass structural plane information

2.1. Project overview

The Laohushan tunnel of Jinan Belt Expressway, located in the
denuded low-hill landform area of western Shandong Province of
China (as shown in Fig. 1), has the largest single-hole span among
all the highway tunnels under construction in China. The clearance
of the main tunnel hole (width � height) is 17.608 m � 8.961 m,
and the earthwork volume of excavation per meter is greater than
200 m3. Two separated, individual holes (one upstream and one
downstream) are constructed in the tunnel. The left and right line
length of the tunnel is 1740 m and 1888 m respectively, and the
spacing distance between the two lines is 11–43 m. Due to the
influence of Yanshan movement, some large-scale NNW cracks
have developed in the monoclinic structure. From east to west,
these cracks are the Wenzu crack, Dongwu crack, and Qianfoshan

crack. Unconformity contact zones, lithology contact zones, and
crushed zones exist in the local strata. The geological condition
and the cross-section map of Laohushan tunnel are shown in
Figs. 2 and 3 respectively. It is noteworthy that some rock masses
exposed after excavation are complete and present thick-layer
shapes, but continuous fault fracture zones and weak intercalated
layers, which have poor interlayer bonding and are filled with yel-
low altered contents, have also developed in these rock masses.
Therefore, disasters including collapses and falling stones, often
occur during construction, resulting in great threat to the safety
of construction workers.

2.2. Digitizing of structural planes

2.2.1. Binocular stereo photography measurement
In this study, binocular stereo photography measurements were

taken to obtain structural plane occurrence information. CAE Siro-
vison is a 3D non-contact measuring system specially designed for
investigation and analysis of the rock structural plane [25]. This
system shoots the same target area from two different positions
in order to obtain a pair of different perspectives of the target area
(see Fig. 4). After the coordinate datum point is determined based
on leveling, the surface 3D model of the rock mass is constructed
using pixel matching, 3D coordinate transformation, and image
synthesis of the overlapped areas. Then, the structural plane is
identified through plane fitting the non-co-linear points using an
interactive operation method. This results in the recognition and
location of structural planes, as well as the acquisition of geomet-
rical morphology parameters (including occurrence, trace length,
and interval), and the statistical analysis of the structural plane is
realized. Fig. 5 illustrates the detailed workflow.

Transformation of the 2D image coordinates into 3D geodetic
coordinates is achieved to integrate the close-shot photography
measurement network into the predefined object-space measure-
ment network. A Leica TS09plus total station is adopted based on
the tunnel leveling control network. The geodetic coordinates of
tunnel face control points are measured using a redundant mea-
surement method that combines double disc test and triple sight-
ing. The control points are arranged with four corner points. As
shown in Fig. 6, redundant control points are added in order to sat-
isfy the control points’ non-co-linear arrangement requirement.
The 3D geodetic coordinates of the model are calculated with
Points A, B, and C as the basic control points. Using the redundant
control point D as the reference, the calculation accuracy is ana-
lyzed using the distance judgment method.

2.2.2. Extraction and statistics of structural planes
The tunnel face information is the data source for real joint dis-

tribution. In this paper, The Laohushan tunnel’s ZK3 + 397 is used
as an example. The original images collected are shown in Fig. 7.
Since this tunnel has a super-large section, three image pairs (left,
middle, and right) are acquired to ensure image accuracy.

The structural plane apparent model is constructed, and its
accuracy is validated based on redundant measurement points.
This is achieved by importing original images and coordinates of
three control points (see Table 1) into the SIR6.0 structural plane
processing software, completing a set of image processing and con-
ducting coordinate transformation, feature matching, and image
fusion. Then, using the interactive operation method, multiple
structural plane information is artificially extracted, including
information related to joints, cracks, and the weak intercalated lay-
ers. Statistical analysis and clustering of this data is calculated, as
shown in Fig. 8. To make sure the accuracy of the data, all the struc-
tural plane occurrence information including trace length, dip
angle and tendency obtained by CAE Sirovison have been verified
and checked by using geologic compass. Especially for those wide
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