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1. Introduction 
 

The anchorages of a suspension bridge are subjected to 

pull-out loads induced by the tension of the main cables. 

Suspension bridges can be classified into two types 

according to anchorage design: self-anchored and ground-

anchored (ASCE 1979, Hong et al. 2014). Ground-anchored 

suspension bridges are divided into gravity-type, tunnel-

type, and cavern-type. Gravity-type anchorages can be 

applied regardless of the ground conditions to resist the 

cable load due to the weight of the anchor. In addition, the 

support mechanism of gravity-type anchorages is reliable. 

However, the anchorage structure tends to be heavy. 

Therefore, a high volume of concrete and a large 

construction space are required for such anchorages. The 

tunnel-type anchorage involves excavating a tunnel in the 

ground and filling it with steel and concrete to support the 

cable load of the bridge (ASCE 1979, Hong et al. 2014, 

Dakeuchi and Yoshida 1984). Therefore, tunnel-type 

anchorages exhibit a high performance–cost ratio and rarely 

disturb the surrounding environment. The tunnel-type  
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anchorage, therefore, may be preferable from the viewpoint 

of space and environmental concerns. In addition, the 

Design Specifications for Highway Suspension Bridges 

(China Communication Press 2015) recommends that 

tunnel anchorage construction be considered when site 

conditions are favorable. As the suspended span length of 

cable supported bridges increases, the main cable tension 

and supporting load of the anchorage increase (Fig. 1). 

Therefore, the anchorage volume also increases. Tunnel-

type anchorage should be applied using solid ground if 

ground conditions such as hard rock or soft rock are 

satisfied. The tunnel-type anchorage can secure a load that 

is 20-25% that of the gravity-type anchorage under solid 

ground conditions (Han et al. 2019, Zhang et al. 2015)  

Tunnel-type anchorages, however, are more sensitive to 

ground conditions, unlike gravity-type anchorages. In 

particular, the failure mode depends on aspects such as the 

characteristics of the surrounding rock and the anchorage 

cross-sectional shape. Therefore, the pull-out resistance and 

activity stability are considered when designing such 

anchorages. During the design process, the failure mode is 

analyzed, and the pull-out resistance and stability of 

operation are examined according to the characteristics of 

the surrounding rock mass and the cross-sectional shape of 

the anchorage. In typical applications, conservative failure 

modes have been applied to the design of tunnel-type 

anchorages (Park et al. 2009). Failure modes are typically 

reported to occur along the boundary surface of the adjacent 

rock mass parallel to the direction of the anchor load rather 

than in the form of a fan or wedge failure (Park et al. 2013, 

Park et al. 2014). Meanwhile, in Japan, the failure surface is  
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Abstract.  In this study, the pull-out behavior of a tunnel-type anchorage for suspension bridges was investigated using 

experimental tests and image processing analyses. The study focused on evaluating the initial failure behavior and failure mode 

of the tunnel-type anchorage. In order to evaluate the failure mode of tunnel-type anchorage, a series of scaled model tests were 

conducted based on the prototype anchorage of the Ulsan Grand Bridge. In the model tests, the anchorage body and surrounding 

rocks were fabricated using a gypsum mixture. The pull-out behavior was investigated under plane strain conditions. The results 

of the model tests demonstrate that the tunnel-type anchorage underwent a wedge-shaped failure. In addition, the failure mode 

changed according to the differences in the physical properties of the surrounding rock and the anchorage body and the size of 

the anchor plate. The size of the anchor plate was found to be an important parameter that determines the failure mode. 

However, the difference in physical properties between the surrounding rock and the anchorage body did not affect its size. In 

addition, this study analyzed the initial failure behavior of the tunnel-type anchorage through image analysis and confirmed that 

the failure was sequentially transferred from the inside of the tunnel to the surrounding rock according to the image analysis. The 

reasonable failure mode for the design of the tunnel-type anchorage should be wedge-type rather than pull-out type. 
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Fig. 1 Variation of main cable tension force with length of 

suspended span 
 

 

assumed to form along the axial direction at the surface of 

the anchorage body. However, in practice, a wedge-shaped 

failure, which causes the surrounding ground to be pushed 

together, should typically be assumed when a stress is 

applied to the ground in the axial direction and the radial 

direction of the enlarged section (Kanemitsu et al. 1980). 

The failure mechanism of the ground significantly 

affects anchorage design. However, because no design 

guidelines have been developed to date, the resulting 

anchorage design varies depending on the designers. The 

tunnel-type anchorage was applied to the Ulsan Grand 

Bridge based on the design methods and anchorage cross-

sectional shape of the Shimotsui-Seto Bridge and 

Kurushima Kaikyo Bridge in Japan (Park et al. 2009, Kim 

et al. 2011). The Ulsan Grand Bridge is a tablet-type 

suspension bridge with a span of 1,150 m. Gravity 

anchorage is applied at the Eonyang side of the bridge, and 

a tunnel-type anchorage is applied to minimize the damage 

to the Yeompo mountain side (Fig. 2). The tunnel-type 

anchorage used in the Ulsan Grand Bridge was applied with 

a constant tunnel diameter (11 m). The tunnel was enlarged 

from the inside to avoid stress concentration on the rock and 

concrete and to widen the compression area generated in the 

rock. This constitutes a slight difference from the bridges 

constructed in the United States, Europe, and China. In this 

case, no specific experiments were performed on the failure 

mode to calculate the pull-out resistance of the anchorage. 

In this study, we analyzed the pull-out behavior by 

replicating the anchorage shape and the surrounding rock 

mass of the Ulsan Grand Bridge via scaled model 

experiments considering the scale factor. We focused on the 

direct observation of the initial failure behavior and failure 

mode of the tunnel-type anchorage with respect to the pull-

out load. Although the use of a 3-dimensional (3D) test 

improves the possibility of practical implementation, it 

presents difficulties in analyzing the measurement data 

when experiments are performed to measure the failure 

mode, initial deformation, and strength of the anchorage at 

failure. Therefore, the failure section was identified using 2-

dimensional tests (2D), and then 3D tests can be performed 

based on these results. 

The tunnel-type anchorage of the Ulsan Grand Bridge 

was simplified to investigate the pull-out behavior and 

failure patterns according to the main design parameters. In 

particular, model experiments were performed by varying 

the length of the anchor plate, the main structure of the 

tunnel anchorage, as well as the strength of the anchorage 

body material relative to the surrounding rock mass. In 

addition, the initial failure pattern was quantitatively 

analyzed via image analysis and compared with the 

observed failure results of the model experiments. Recently, 

image processing methods have been applied in various 

areas for advanced inspections and assessment in the 

geotechnical engineering field (Yu et al. 2014, Altunbas et 

al. 2017, Jeong and Jeon 2018, Fei et al. 2019). This study 

discussed the possible failure modes of the tunnel-type 

anchorage using the results of model experiments, which 

can be used as the basis for the estimation of failure modes 

and bearing capacity in tunnel-type anchorage design. 

 

 

2. Materials and experimental methods 
 

2.1 Scaled model test 
 
The scaled model test is a typical method for 

investigating the stability of the ground and associated 

structures and visually represents physical and practical 

results. This constitutes an advantage compared to a 

numerical analysis. Therefore, the scaled model test 

represents a useful experimental method for the design of 

ground structures. However, a problem exists in that an 

appropriate model material to completely reproduce the 

rock mass at the target site does not exist. 

In this model test, the shape of the tunnel-type 

anchorage was determined based on the design drawings of 

the Ulsan Grand Bridge, and all the conditions of the site 

were converted using a scale factor in dimensional analysis 

to reproduce site conditions, thereby yielding reliable 

results. In the scaled model test, a mixture of gypsum, sand, 

and water was used as the material for the model rock mass. 

Using the indoor physical property test, the mixing ratio of 

the model material was determined, and the strength of the 

actual anchorage relative to that of the surrounding rock 

mass was simulated considering the scale factor. 

In previous studies, scaled model tests were conducted 

to examine the stability of hard rock tunnels, producing 

reliable results (Hobbs 1968, Jung and Kim 2006, Chung et 

al. 2013). In this study, the scale factor was determined in 

the same manner, as described below, and a series of model 

tests was subsequently performed. 

In the scaled model test, the scale factor was calculated 

based on a dimensional analysis of the overall elements of 

the actual site. The physical properties of the local rock 

mass and the model test material were compared, and based 

on this, the tunnel-type anchorage of the Ulsan Bridge was 

reduced to design a model using appropriate model 

materials. When the three basic dimensions are length [L], 

mass [M], and time [T], the scale factor is calculated by 

first determining the scale factor for the length, and then 

using it to reduce the scale factors for time, density, mass, 

stress, etc. (Hobbs 1969). 
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The scale factor for the length was determined as 1/100 

considering the maximum size of the model specimen, and 

the size of the tunnel model and on-site tunnel-type 

anchorage. Next, the scale factor over time [T] was  

 

 

 

 

determined, where the concept of constant gravitational 

acceleration was used. In other words, because the field and 

laboratory measurements of the gravitational acceleration 

[LT-2] were the same, the scale factor for time [T] was 1/10 

 
(a) Actual view 

 
(b) Schematic diagram 

Fig. 2 The Ulsan Grand Bridge 

  

(a) Design drawing of the actual tunnel-type anchorage 

(Yooshin Co., Ltd. 2010a) 

(b) Simplified shape for the model test 

Fig. 3 Plan and side view of the tunnel-type anchorage body 

Table 1 Scale factors used in the model tests, calculated by comparison with the actual design of the Ulsan Grand Bridge 

Physical properties Dimension Scale factor 

Length [L] 1/100 

Time [T] 1/10 

Density [ML-3] 1/1.75 

Mass [M] 1/(1.75 x 106) 

Acceleration [LT-2] 1 

Strength [ML-1T-2] 1/174 

Young's modulus [ML-1T-2] 1/174 
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according to Eq. (1). 

𝐿

𝑇2
=  1 (1) 

Applying the average density of the model material 

(sand, gypsum mixture) as 1.55 g/cm3 and the average 

density of the target ground as 2.7 g/cm3, the scale factor for 

density [ML-3] was calculated using Eq. (2) 

𝑀

𝐿3
=  

1.55

2.7
=

1

1.75
 (2) 

On the other hand, because the scale factor for length 

[L] was 1/100, the scale factor for mass [M] in Eq. (2) was 

calculated as shown in Eq. (3). 

𝑀 =
1

1.75
× 𝐿3 =  

1

1.75
× (

1

100
)

3

=
1

1.75 × 106
 (3) 

The scale factor of the three basic dimensions, length 

[L], time [T], and mass [M], were determined as described 

above, thus completing the basic dimensional analysis of 

this experiment. Additionally, the scale factor for properties 

such as stress, modulus of elasticity, and strength [ML-1T-2] 

was calculated using Eq. (4). 

𝑀

𝐿𝑇2
=  

1
1.75 × 106

1
100

× (
1

10
)

2 =
1

174
 (4) 

Table 1 shows the result of the dimensional analysis, 

and summarizes the scale factors of this scaled model 

experiment for the actual Ulsan Bridge site. The length, 

mass, time, and density corresponded to the calculated scale 

factor, and Young's modulus was included in the range of 

physical properties that appear in the hard rock area when 

considering the scale factor and the value of the model 

material. In the case of strength, the theoretical scale factor 

was 1/174, giving the target strength of 1.03 MPa. 

However, the experiment is difficult to perform with a very 

small strength. Hence, a material with strength of 1.1 MPa, 

which is close to the target strength, was used. 

In addition, the cable bundle inside the tunnel-type 

anchorage sphere was originally fixed to the anchor plate, 

but in the miniature model test, aluminum was used to 

sufficiently transmit the force without deformation against 

the pull-out load. The determined scale factors are shown in 

Table 1. 

An illustration of the tunnel-type anchorage body is 

shown in Fig. 3(a); its structure is designed to transmit the 

cable tension of the suspension bridge to the inner anchor 

plate through a strand-and-tension frame. In this study, the 

frames of the fixing tension material and supporting steel 

frame, which do not serve as load-carrying structures, were 

excluded from the model test design. Instead, the aluminum 

cable strand and steel anchor plate were designed to a T-

shape to simplify the model test (Fig. 3(b)). 

The test was thus designed as a simplified version of the 

tunnel-type anchorage of the Ulsan Grand Bridge, which is 

installed in the direction of inclination on the hard rock 

slope into the anchorage installed in the vertical direction 

on the horizontal surface of rock mass without joints. In  

 

Fig. 4 Unconfined compressive strength of gypsum 

mixtures with curing time where GS is the ratio of 

gypsum to sand (wt%) 

 

 
(a) Unconfined compressive strength 

 
(b) Young’s modulus 

Fig. 5 Relationship between the physical properties and 

gypsum-to-sand ratio 

 

 

addition, because the behavior may vary depending on the 

shape of the changed section and enlarged section of the 

tunnel, the shapes of specimens were designed to 

effectively have the same shapes as the real sections to 

enhance the reliability of the model test (Fig. 3(b)). 

 

2.2 Model materials 
 

A mixture of sand, gypsum, and water was used to 

fabricate the surrounding rock mass and anchorage body  
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Table 3 Model test case conditions 

Test ID 

Anchor plate 

length 

Lp (mm) 

Property ratio 

r* 

(mT/mR) 

Pull-out 
direction 

Anchorage 
body shape 

C-1 110 0.5 

Upward 

vertical 
Symmetric 

C-2 110 0.5 

C-3 110 0.25 

C-4 110 0.75 

C-5 73 0.5 

C-6 73 0.5 

r* represents the ratio of the compressive strength of the 

tunnel-type anchorage body (mT) to the compressive 

strength of the rock mass (mR) 

 

 

materials. These materials have been widely used in scaled 

model tests to simulate rock masses and can achieve various 

strengths according to the mixing ratio by weight (Coquard 

and Boisetelle 1994). To determine the mixing ratio of the 

model rock mass, an indoor property test was conducted by 

changing the sand/gypsum/water mixing ratio while 

maintaining the total weight of the mixture. The sand used 

was Jumunjin standard sand (K.S.L. 5100), and Hi 

CAST+(CH) gypsum was obtained from Mungyo Gypsum 

& Engineering. Three cylindrical specimens 5 cm in 

diameter and 10 cm in length were fabricated for the 

gypsum mixtures with various mixing ratios and dried for 

seven days to ensure that there were no changes in physical 

property values with respect to curing time (Fig. 4). Then, 

uniaxial compression tests (KS E 3033) and tensile strength 

tests (ASTM D 3967) were performed when the unit weight 

of each specimen was approximately 1.5 gf/cm3. The results  

 

 

 

of the physical property test, which were analyzed using 

linear regression analysis, showed that the compressive 

strength and deformation modulus were significantly 

correlated with the gypsum/sand mixing ratio (Fig. 5). 

Meanwhile, when the proportion of gypsum was low, the 

actual physical properties of the rock mass could hardly be 

simulated, and the uniform physical properties could not be 

reproduced because of the high moisture content, which can 

considerably affect the accuracy of the test. Strength 

ranging from 0.5 to 1 MPa was required to match the scaled 

physical properties of the model rock mass and anchorage 

model materials. However, the strength range of 

approximately 0.5 to 1.1 MPa was used according to the 

aforementioned constraints. The mixing ratios of sand, 

gypsum, and water used for the composition of the model 

rock mass and anchorage body materials are summarized in 

Table 2 (Yooshin Co., Ltd. 2010b). 

 

2.3 Test method 
 
The model rock mass used in the scaled model tests was 

manufactured according to the principles of physical 

similarity with dimensions of 1,800 mm (width) × 700 mm 

(height) × 50 mm (thickness), which correspond to about 

1/100 of the actual dimensions. The gypsum mixture used 

as the model material was mixed using a stirrer and slowly 

injected into the prepared test mold, and a 0.1 mm thick 

acrylic vinyl was attached to the inside of the mold to 

minimize the damage to the surface of the model specimen 

and wall friction during pull-out. After the mixture 

placement was completed, curing was performed at a 

constant temperature of 25℃ for 7 days. 

In this study, a plane strain state was required so that 

Table 2 Mixing ratio of the materials in the model test 

Model 

Mixed ratio of model materials (wt%) Density of rock mass 
Strength 
(MPa) Gypsum Sand Water 

In-situ 
(kN/m3) 

Model material 
(kN/m3) 

Surrounding rock 

mass 
12 49 23 

27 15.5 
0.5 

Anchorage body 8 57 23 1.1 

 
 

(a) Photo (b) Schematic 

Fig. 6 General view of test setup 

461



 

Seunghwan Seo, Hyungsung Lim and Moonkyung Chung 

deformation did not occur in the anchorage thickness 

direction during the 2D model tests of the tunnel-type 

anchorage. To directly observe the failure behavior, a 3 cm 

thick acrylic sheet was used on the front surface. An H-

shaped reinforcement material was installed on top, which 

served as a stiffener (Fig. 6) to suppress the deformation in 

the frontal direction. Because of the characteristics of the 

2D test, a limit was imposed on the implementation of the 

plane strain state. The pull-out behavior according to 

changes in the size of the anchorage plate was investigated. 

The types of the model test are shown in Table 3. Note that 

C-1 and C-2 share the same conditions, as do C-5 and C-6 

repeated experiments. 

For the pull-out tests, a load was applied using a 

displacement rate of approximately 2.0 mm/min until 

failure of the model rock mass. In the case of suspension 

bridge cable anchorages, the pull-out speed of the test was 

relatively high considering the load transfer process during 

construction and after operation (Yooshin Co., Ltd. 2010a). 

Pull-out load tests of soil and pile foundations are typically 

conducted at 0.5–1.0 mm/min (ASTM D 3689). In pull-out 

load test of concrete and metal structures, the test time was 

14–33 s when the ultimate load was 10 kN and 29–67 s 

when it was 20 kN (ASTM C900-06). In this study, the 

anchorage of the gypsum mixture and aluminum was closer 

to the latter case. Accordingly, the load was applied at the 

above speed in accordance with the ASTM C900-06. The 

displacement volume was measured by installing linear 

variable differential transformers (LVDTs) at uniform 

intervals in the vertical direction on the upper part of the 

model rock mass, and the stress–strain relationship of the 

model rock mass was obtained by measuring the load acting 

on the rock mass through a load cell installed on the loading 

plate. In addition, grids and tracking points were marked at 

10 cm intervals on the surface of the model rock mass after 

placement to facilitate the observation of its deformation. 

The overall experimental setup is shown in Fig. 6(b). The 

cracks on the surface were manually marked after the pull-

out test. 
 

 

3. Image processing technique and methodology 
 

3.1 Image processing 
 

3.1.1 Image acquisition 
While recording images, a large amount of noise is 

generated on the surfaces because of the influence of the 

surrounding environment, necessitating an image pre-

processing method. To provide image analysis after pre-

processing, binarization and morphological techniques were 

performed to detect the cracks in the model rock mass 

(Ammouche et al. 2000, Ito et al. 2002, Lee et al. 2007, 

Otsu 1979). To investigate the failure behavior, the pixel 

difference method and the method of tracking specific 

points were applied (Ilsever and Unsalan 2012). Image 

acquisition and pre-processing proceeded as follows, using 

Mathematica as the image processing tool. 

The 2D pull-out tests were performed indoors to 

minimize the influence of the surrounding environment. 

Indirect lighting was used to ensure that the illumination 

 

Fig. 7 Image processing flow chart 

 

 
(a) Original image 

 
(b) Gray-scaled image 

 
(c) Thresholding and binarized image 

 
(d) Extra thresholding image 

Fig. 8 Image processing example 

 

 

was as constant as possible. An entry-level Sony HDR-

CX500 digital camera was used to capture a frame size of 
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1440×1080 at a frame rate of 29.97 fps. The camera was on 

a tripod to ensure that the images were acquired at the same 

position without blurring, and the entire sequence of the 

experiment was also captured using a secondary digital 

camera. As shown in Fig. 7, images for each frame were 

extracted from MPEG files, and each image was subjected 

to pre-processing and subsequent analysis. 

 

3.1.2 Gray scale 
First, the multichannel image was converted to 

grayscale to simplify image processing, as shown in Fig. 

8(b). Grayscale images are often used for image analysis 

because of their low complexity. This also eliminates the 

heterogeneity of the image due to illumination through 

shading correction. 

 

3.1.3 Thresholding and binarization 
The shaded image was converted into a binarized image 

using a fixed threshold value. With fixed thresholds, it was 

difficult to identify cracks in the central section of the 

anchorage body and cracks occurring in the rock mass. 

Therefore, the threshold was adjusted locally to allow 

identification of these structures, as shown in Fig. 8(c) 

(Rosin and Loannidis 2003). 

 

3.1.4 Extra thresholding and morphological structure 
extraction  

Additional correction was performed to extract the 

morphological structure of the cracks. When a section with 

cracks was binarized, as shown in Fig. 8(b), the black dots 

around the cracks could be recognized as a crack as well. 

Therefore, the threshold value was additionally adjusted to 

correct for these regions, as shown in Fig. 8(c). In this state, 

the morphological structure of cracks was extracted, and 

cracks were recognized, as shown in Fig. 8(d). Through this 

process, the final morphological shapes were recognized as 

cracks and used for image analysis, as shown in the 

example in Fig. 9. 

 

3.2 Change detection algorithms 
 

After pre-processing the entire series of images, we 

applied image differencing algorithms to analyze the 

changes in the images over time. Image differencing is a 

very commonly used algorithm that subtracts one image 

from another pixel by pixel and determines a certain 

threshold (differentiating between change and no change) to 

detect changes (Lu et al. 2004, Liu et al. 2004, Li and Yeh 

2004). 

Let us denote Frame 1 and Frame 2 as the acquired 

images in the model test, where Frame 2 is the more recent 

image. Let X denote the image from Frame 1 and Y the 

image from Frame 2. Let 𝑥𝑖𝑗  denote the pixel value in 

image X, and 𝑦𝑖𝑗 denote a pixel value in image Y. The 

difference 𝑑𝑖𝑗  is given by 

𝑑𝑖𝑗 =  𝑦𝑖𝑗 − 𝑥𝑖𝑗 (5) 

where 𝑖 and j denote the line order and column order of the 

subject pixel. The selection of a threshold is problematic in  

 

Fig. 9 Example of sequence for morphological 

determination of cracks 

 

 
Fig. 10 Definition of calculation area for image analysis 

(where Ω1  indicates the area for observing crack 

propagation; Ω2, Ω3  indicate the area for observing 

failure inside anchorage body; and 𝑝1– 𝑝1 are tracking 

points) 

 

 

image differencing, and several methods have been 

developed accordingly. Assuming a Gaussian distribution, 

the changed pixels are found in the tails of the distribution 

and unchanged pixels are found around the mean. 

Therefore, one method selecting a change threshold uses the 

standard deviations from the mean, whereas in another 

method, the analyst decides the threshold interactively and 

reviews the result on screen (Singh 1989).  

Image analysis was performed using the pre-processed 

images described previously, and the results were analyzed 

for the areas shown in Fig. 10. The Ω1 region was used to 

investigate the propagation of cracks. The cumulative pixel 

variation in regions Ω2  and  Ω3  was investigated to 

observe the extent of failure in the anchorage body. The 

thickness of the cracks was measured in units of pixel 

number by calculating the changes in the distance (D) 

between the tracking points of each frame. 
 

 

4. Experimental results 
 

4.1 Failure mode and crack pattern 
 

The final crack patterns obtained from the pull-out tests 

are shown in Fig. 11. Tests C-1 and C-2 applied the same 

geometric and mechanical reduction ratios as the actual 

tunnel-type anchorage of the Ulsan Grand Bridge, with the 

results shown in Figs. 11(a) and 11(b). 

 In both tests, failure was initiated at both ends of the 

anchor plate, and the final failure mode exhibited a wedge 

shape. Failure patterns could also be identified in the 

heaving displacements of the model rock mass surface. In 

Fig. 12, the value in the middle at 0 mm represents the 

displacement of the anchorage, where an initial elevation 

can be observed to have occurred. Finally, failure appeared 

as shown in Fig. 12(a). This tendency was also observed in 

Fig. 12(b), which represents C-2. 

In C-3 and C-4, the ratio (r) of the compressive strength  
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of the anchorage body material to that of the rock mass 

were varied by holding the physical properties of the 

surrounding rock mass constant and varying only the 

properties of the anchorage body material. In C-3, the 

anchorage body material was 25% of the strength of the 

surrounding rock mass, and in C-4, it was 75%. For C-3, 

like for C-1, microcracks were initially generated at the 

bottom of the anchor plate, causing pieces to fall out of the 

anchorage body material, eventually destroying it. 

Compression fracture occurred inside the anchorage body, 

and cracks were transferred to the surrounding rock mass at 

the changed section of the anchorage body. In general, 

failure was not in the form of a wedge but was rather 

similar to the pull-out failure mode. In contrast, for C-4, the 

final failure was of the wedge type. However, even in this 

case, the initiation of destruction occurred near the anchor 

plate, from where the cracks spread to the surrounding rock 

mass.  

This form of destruction was similar to that for C-1 and 

C-2. In terms of the heaving displacement of the model rock 

mass surface in C-3, the heaving occurred only where the 

anchorage cable was installed, and there was no 

displacement in the model rock mass. The heaving 

displacement of the model rock mass surface in C-4 was 

also similar to that of C-1 and C-2. The conditions for C-5 

and C-6 were the same as for C-1 and C-2, except the  

 

 

length of the anchor plate (Lp) was smaller than the tunnel 

diameter. In both cases, the final failure pattern was of the 

pull-out type. In the initial stages, failure occurred at both 

ends of the anchor plate in all cases. Both C-5 and C-6 

indicated that the cracks were not transferred to the 

surrounding rock mass, but compressive failure occurred 

continuously inside the anchorage body. This trend can also 

be observed in Figs. 12(e) and (f), and only the anchorage 

cable was displaced according to the tensile load. 

 

4.2 Load-displacement curve 
 

The tensile load-displacement curves of the tested 

tunnel-type anchorage models are shown in Fig. 13. To 

identify the failure behavior, the curves are grouped 

according to failure mode: Fig. 13(a) shows the results for 

the wedge failure mode and Fig. 13(b) shows the results for 

the pull-out failure mode. For the wedge-shaped failures of 

C-1 and C-2 in Fig. 13(a), the tensile load up to about 10 

kN indicates localized failure and is close to the elastic 

region. The development of the failure can be observed as 

the materials yield. The maximum tensile load of 11.5 kN 

was found to occur at displacements in the range of 5 to 10 

mm, which increased with the residual resistance without 

increasing the magnitude of the maximum tensile load 

itself. Test C-4 exhibited an increase in the strength of the  

  

(a) C-1 (b) C-2 

  
(c) C-3 (d) C-4 

  
(e) C-5 (f) C-6 

Fig. 11 Failure pattern of the scaled mode test where upper left label represents test ID/anchor plate length/property ratio 
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(a) C-1 (b) C-2 

  
(c) C-3 (d) C-4 

  
(e) C-5 (f) C-6 

Fig. 12 Heaving measured from LVDTs in the scaled mode test where upper right label means test ID/anchor plate 

length/property ratio 

  
(a) Wedge failure mode (C-1, C-2, C-4) (b) Pull-out failure mode (C-3, C-5, C-6) 

Fig. 13 Tensile load–displacement curve for model test 
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anchorage body material, and the maximum tensile load 

was approximately 13 kN; the overall behavior was similar 

to that of C-1 and C-2. 

Fig. 13(b) shows the results for the pull-out failure 

mode. Unlike for the wedge failure mode, the anchorage 

body material was compressed and destroyed up to a depth 

of 5-7 mm, and the displacement increased without a 

corresponding increase in the tensile load. After that, plastic 

failure occurred up to about 8–8.6 kN, and then, the 

displacement increased due to residual resistance without 

increasing the tensile load. 

 

4.3 Image analysis for wedge failure mode 
 
The failure of the model rock mass during the model 

tests often occurred in an extremely short time, and it was 

therefore not easy to investigate the initial failure behavior. 

Especially in the case of micro cracking at an early stage, it 

is often difficult to analyze sequentially recorded images.  

 

 

 

Therefore, to observe the crack transition, the pixels 

corresponding to sections of morphologically determined 

cracks were examined frame by frame, and the variations 

between each frame were investigated. Fig. 14 shows the 

pixel variation and the distance (D) between tracking points 

for each frame using the change detection method discussed 

in Section 3.1. For C-1, starting at about the 15th frame, 

failure occurred in the anchor plate and anchorage body, 

and then rapid pixel changes occurred because of the 

cracking of rock mass. From the variation in the pixel 

number, it can be assumed that cracks first propagated into 

the rock mass after the initial failure in the vicinity of the 

anchor plate and along the tunnel. Thereafter, a constant 

tensile load was applied, and the variation in pixel number 

was continuously increased. Fig. 14(b) shows the results of 

C-4 when the properties of the anchorage body and rock 

mass are different. In this case, the wedge-type failure was 

also observed, and it can be deduced that the failure 

propagation progressed into the rock mass near the anchor  

  
(a) C-1 (b) C-4 

Fig. 14 Pixel variation and crack thickness for wedge failure mode 

 
 

(a) C-5 (b) C-6 

Fig. 15 Cumulative pixel variation curve for pull-out failure mode 
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(a) C-1 

 
(b) C-4 

Fig. 16 Comparison of pixel variation before and after 

noise reduction using the median filter 
 

 

plate and along the tunnel. The failure pattern resembled 

that of C-1. 

When the wedge-type failure occurred, the failure 

patterns on the left and right side of the rock mass were 

different. Both C-1 and C-4 exhibited the same wedge-type 

failure, but the failure patterns in the rock mass were 

slightly different. To compare the failure extent, the 

coordinates of the tracking points marked on the model rock 

mass were extracted and the distances between the two 

points were calculated. As cracks occur, the distance (D) 

changes, so the thickness of the cracks between tracking 

points can be measured in units of pixels. We investigated 

the failure patterns of the left and right rock mass at a given 

distance from the anchor plate. The crack thicknesses 

estimated by tracking the coordinates of p1–p4 are shown in 

the bottom graph of Fig. 14. As shown in Fig. 14(a), failure 

occurred where the thickness of the crack increased sharply. 

The failure extent of the left- and right-side rock masses 

were compared over time. In the case of C-1, the cracks in 

the right-side rock were thicker, and in C-4, the cracks in 

the left-side rock were thicker. Therefore, even a rock mass 

with the same composition exhibited different extents of 

failure in the left and right sides of the rock mass, likely 

because of the non-uniformity of the mixed materials. 

4.4 Image analysis for pull-out failure mode 

 
When the tunnel-type anchorage fails in accordance 

with pull-out failure mode, the failure effect does not reach 

the rock mass, and the anchorage body materials are 

compressively broken. The results of C-5 and C-6 represent 

the pull-out failure mode. In this case, the total failure 

behavior was considered by examining the cumulative pixel 

variation rather than comparing the pixel variation between 

each frame. Fig. 15 shows the cumulative pixel variation for 

two regions (Ω2 and Ω3). At the beginning of failure, the 

stress was concentrated in the vicinity of the anchor plate, 

so that the cumulative pixel variation of the two regions was 

similar, but the variation in pixel region Ω2 increases over 

time. Thus, even under the same tensile loading, the extent 

of failure in the anchorage body was different and could be 

validated quantitatively through the cumulative variation in 

the pixel number. 
 

4.5 Difference in pixel variation due to removing noise 
 

To minimize the noise in the collected images, a median 

filter was applied during pre-processing. The median filter 

is advantageous in that the deterioration of the edge is 

relatively small among the nonlinear filtering algorithms 

(Cho et al. 2010, Pratt 1978), and edge detection is 

important for identifying cracks. As shown in Fig. 16(a), for 

C-1, after the noise was removed using the median filter, 

the number of pixels counted was lower, but the tendency is 

similar (though it exhibits slight differences in relative 

magnitude). It is thus considered that the application of the 

median filter increased the detection rate of initial fine 

cracks. 

In addition, the results of denoising the data for C-4 

using the median filter show a similar tendency (Fig. 16(b)). 

Thus, even if the failure mode cannot be observed with the 

naked eye because of the influence of the measurement 

equipment or experimental environment, it is possible to 

quantitatively evaluate failure propagation using the image 

processing-based method proposed in this study. 

 

 

5. Discussion 
 

5.1 Effect of anchor plate length  
 

In the model test, the size of the anchor plate (Lp) was 

tested by applying 110 mm with the same reduction ratio as 

the actual Ulsan Grand Bridge and 73 mm which is smaller 

than the tunnel diameter. As the size of the anchor plate 

decreased, the ultimate tensile load decreased (Fig. 13). 

When the Lp was 110 mm, wedge-type failure occurred 

because of the compression fracture and tension crack 

transition of the anchorage body (Fig. 17(a)). However, as 

C-3 in Fig. 17(a), when the difference (r) in material 

properties between the tunnel material and the surrounding 

rock mass was less than 0.5, it was close to pull-out type 

failure. When Lp was 73 mm, the anchorage body 

underwent compressive failure but tensile crack was limited 

in the material inside the tunnel (Fig. 17(b). The final 

failure mode depends on the length of the anchor plate, and  
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(a) Lp 110 mm 

 
(b) Lp 73 mm 

Fig. 17 Failure pattern with changes in anchor plate length 
 

 

if Lp is smaller than the diameter of the standard section of 

the tunnel, it would be reasonable to assume a pull-out 

failure mode. Therefore, the anchorage size is considered to 

be the main variable to determine the failure mode in the 

design of anchorage. 

 

5.2 Effect of variation in material properties 
 

As the ratio of the compressive strength of the 

anchorage body to that of the model rock mass increases, 

the ultimate tensile load of the anchorage also increases. 

This can be seen from the results in Fig. 13. Pull-out failure 

occurred when the compressive strength of the anchorage 

body material was 25% stronger than that of the 

surrounding rock mass. Upward displacement was 

concentrated only in the anchorage body because of the 

tensile cracking inside the tunnel. In this case, in an actual 

tunnel-type anchorage, the ultimate tensile resistance would 

be determined by the shear resistance at the interface 

between the anchorage body and the surrounding rock 

mass. In addition, when the compressive strength of the 

anchorage body material was more than 50% stronger than 

that of the surrounding rock mass, the tensile cracks 

initiating from the anchor plate were transferred to the 

surrounding rock mass. Thus, the failure was wedge-

shaped, and the upward displacement distribution of the 

model rock mass was accordingly observed to have a wedge 

shape. 

 

5.3 Detecting failure mode through image analysis 
 

By analyzing the results of the changes in detection 

method and the tracking point together, we can understand 

the initial failure behavior of tunnel-type anchorage. Fig. 

14(a) shows the changes in pixel variation and the crack 

thickness through point tracking in the case of C-1. Starting 

from the 15th frame, it can be divided into destruction of 

the rock inside and around the tunnel. Prior to the 15th 

frame, there was no change in the distance between points 

in the model rock, but there was a sharp change in the 

amount of pixel change. This means there was no change in 

the surrounding rock mass and the destruction within the 

tunnel. From 15 frames onwards, the distance (D) between 

tracking points increased rapidly, and the cracks were 

continuously propagated. Fig. 14(b) shows the changes in 

pixel variation and crack thickness frame by frame for C-4. 

In this case, it can be divided into the destruction of the 

rock inside and around the tunnel starting from the 30th 

frame. Prior to the 30th frame, there was no change in the 

distance between the points of the model rock, but there 

were several changes in the number of pixels. The 

destruction inside the tunnel affected the amount of pixel 

variation. After the 30th frame, the crack suddenly 

increased, the distance between the two points increased, 

and the amount of pixel variation also changed steadily. In 

the case of C-4, there was a small difference in strength 

between the tunnel and the surrounding rock mass, and it 

can be seen that the crack developed rapidly due to the 

changes in the distance (D) compared to the C-1. 

 

 

6. Conclusions 
 

To analyze the characteristics of the failure behavior of a 

tunnel-type anchorage, a series of scaled model tests were 

conducted using the 2D model tests focused on the initial 

failure behavior and the direct observation of failure mode. 

Experiments were performed by varying the shape of the 

main structure of the anchorage and the properties of the 

anchorage body. In addition, failure behavior was 

quantitatively analyzed using image analysis. The main 

conclusions of this study are as follows: 

(1) As a result of the scaled model tests simulating the 

tunnel-type anchorage of the Ulsan Grand Bridge, the final 

failure mode was found to be of wedge type. In addition, 

the results of the image analysis showed that the initial 

failure pattern due to the tensile load occurred when cracks 

initiated in the section of the anchorage body in contact 

with the lower section of both ends of the anchor plate. The 

cracks generated at both ends of the anchor plate were then 

transferred to the surrounding rock mass through the 

anchorage body and finally manifested as a wedge-shaped 

failure mode. 

(2) The failure mode was observed to change according 

to the length of the anchor plate, which is the main structure 

of the tunnel-type anchorage. If the length of the anchor 

plate (Lp) was larger than the diameter of the standard 

section of the tunnel, the failure mode was wedge-shaped, 

whereas if Lp is smaller, the failure mode was of the pull-

out type. Lp is a major parameter determining failure mode. 

(3) The failure pattern changed according to the ratio (r) 

of the compressive strength of the anchorage body material 
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to that of the surrounding rock mass. If r was greater than 

0.5, a wedge failure mode was observed, otherwise a pull-

out failure mode was observed. 

(4) Two-dimensional model experiments could be 

applied in a quantitative analysis using the image change 

detection method and point tracking. In particular, even if 

there is no pattern of the model material or expensive 

photography equipment, a quantitative analysis is possible 

using the pixel difference method and point tracking. 

(5) The scaled model tests conducted in this study 

provided meaningful results by analyzing the failure 

mechanism through direct observation of initial failure 

behavior inside the tunnel-type anchorage, and can thus be 

used as basic data to inform more reasonable tunnel-type 

anchorage design. 
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