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Abstract
In this study, we investigated the deformation features of steep overhanging anti-dip slopes based on their scale, the rock layer 
thickness, and the unsupported length. Centrifuge tests were performed for various configurations of simplified overhanging 
anti-dip slopes. The steep overhanging anti-dip slopes expressed flexural and block toppling behavior in all of the centrifuge 
tests in this study. The toppling is a progressive behavior: firstly, the shallow rock layers deform slightly as the deformation 
starts. Afterward, the deformed rock layers toppled, and the rock layers behind them deformed insignificantly. In terms of the 
scale effect, increasing the slope scale could raise the toppled and deformed zone of the overhanging anti-dip slope. As the 
unsupported length of the slope is long, the deformation behavior tends to be flexural toppling. When the rock layer thick-
ness increases, the deformation behavior is similar to block or block-flexure toppling. A normalized bending stiffness (K’) is 
then proposed in this study to discuss the deformation behaviors from material mechanics viewpoints. We found that the K’ 
is related to the toppling behavior of the overhanging anti-dip slopes. With a small K’ value, the rock layers in an overhang-
ing anti-dip slope deformed close to a flexural toppling. A much smaller K’ value was also obtained for an actual flexural 
toppling case. Therefore, the findings indicated that the deformability of an overhanging anti-dip slope could be analyzed 
from a material mechanics viewpoint, and the deformation characteristics depend highly on its normalized bending stiffness.

Keywords  Overhanging anti-dip slopes · Centrifuge modeling · Toppling failure · Normalized bending stiffness

Introduction

For the past several decades, the disasters caused by rock 
slope sliding have resulted in the loss of numerous lives 
and properties, especially for the residents in the affected 
areas. Among most rock slope failures, the failure caused 
by dip slopes is the most disastrous, such as the events in 
Lincoln Residential Community, Tsaoling landslide, and 
Formosa Highway in Taiwan. Although the slide-triggering 
factors are different (rainfall, earthquakes, or gravitational 
deformation), the sliding scale is sometimes massive, result-
ing in a vast volume of debris accumulation around the toe 

area. Due to its scale of failure, the research on dip slopes 
has been popular for decades, and the failure mechanisms 
are well-understood. It was found that the dip slope failures 
are related to the orientations of the planes, the mechanical 
properties of the geological formations, and the triggering 
factors. (Tang et al. 2013; Weng et al. 2015; Deng et al. 
2017; Lo et al. 2014; Huang et al. 2019). However, the fail-
ure of other types of rock slopes, such as anti-dip slopes, 
may also be related to factors similar to those mentioned 
above. Based on recent reports of anti-dip slope failure 
(Lo 2017; Lin et al. 2019), if severe deformation occurs in 
the anti-dip slope, a failure plane may also be formed and 
cause large sliding. In the above studies, Lo (2017) studied 
the typical anti-dip slope failure associated with long-term 
gravity-induced flexural toppling and Lin et al. (2019) stud-
ied the failure mechanism of a steep anti-dip slope from a 
case study.

In this study, we explored the deformation character-
istics of steep overhanging anti-dip slopes with various 
geometrical parameters and simulated the failure patterns 
of overhanging anti-dip slopes with realistic scales. Site 
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investigation and physical tests were adopted as the research 
approaches in the current study. First, the deformation and 
failure conditions of a steep overhanging anti-dip slope dur-
ing a site investigation were summarized. Based on the site 
investigation results and the deformation features in the lit-
erature, several simplified overhanging anti-dip slope models 
were formulated in physical models to consider influences 
of the scale effect and geometrical properties on the over-
hanging slopes. The deformation process and failure pat-
terns were analyzed and discussed under various geometri-
cal features from material mechanics viewpoints. With the 
proposed non-dimensional normalized bending stiffness and 
the centrifuge test results, the deformation features observed 
in the site investigation were also discussed and concluded, 
hoping to give insights into the deformation features of over-
hanging anti-dip slopes before the more significant landslide 
events occur.

Literature reviews

Overhanging anti‑dip slope deformation patterns

Müller (1968) was the first to propose the overturning mech-
anisms of rock columns and blocks for anti-dip slopes with 
a steep angle. Afterward, Ashby (1971) defined the over-
turning mechanism as toppling behavior. Cundall (1971) 
used numerical models to study the toppling behavior with 
fixed and movable blocks. When the fixed blocks close to 
the slope face were removed, the blocks behind them moved 
forward due to the overturning moments of their weights.

Goodman and Bray (1976) and Goodman (1989) classi-
fied the three possible main toppling behaviors from field 
investigation results for anti-dip slopes: block toppling, flex-
ural toppling, and block-flexure toppling. The block toppling 
could occur for the rock slopes with two sets of orthogo-
nal joints. One of the joint sets is a steep set, of which the 
spacing usually defines the thickness of the rock layers. The 
rock columns or blocks are overturned by their weight or 
pushed by the rock columns behind them. Flexural toppling 
could occur when there is one major joint set, while the 
other is not as dominant as the major one. The rock layers 
tend to bend forward, and tension cracks can be observed 
in some rock layers. Block-flexure toppling is the combina-
tion of the above failure patterns. The tension cracks are 
fewer than the ones in flexural toppling, while the toppled 
blocks are also less than the ones in block toppling. For 
the above various types of toppling failure, Chigira (1992), 
Bobet (1999), Wyllie and Mah (2004), Alejano et al. (2010, 
2015), Aydan (2016), and Sarfaraz (2020) pointed out dif-
ferent types of toppling failures associated with actual anti-
dip slopes. Stead and Wolter (2015) showed the toppling 
behavior of a steep overhanging anti-dip slope, in which 

rock layer thickness and the unsupported length may be criti-
cal in influencing the toppling process and behavior. Huang 
et al. (2013) studied the Kuantan landslide due to an Mw 
8.0 earthquake in Wenchuan, China. The rock slope is an 
anti-dip slope with toppling failure. A total volume of 4.68 
million m3 of rock masses slid into the nearby river, result-
ing in a debris dam. In the upper part of the slope, it was 
found that interlayer-shearing-induced toppling could lead to 
a large-scale landslide of the slope subject to an earthquake 
event. In another case in Taiwan, an anti-dip slope failure 
occurred close to the riverbank of Putanpunas Stream (Lo 
2017). In this case, the defects in the deformed rock layers 
formed a potential sliding plane, and finally, the rock mass 
above the sliding plane slid down and caused significant 
disaster to the downstream areas. In summary, interlayer slip 
failure could be formed in the rock layers of anti-dip slopes 
subject to gravitational deformation. Flexural toppling or 
block toppling could occur under different geological or geo-
metrical properties, such as the angle and the spacings of 
the weak planes.

Analysis approaches for anti‑dip slopes

Goodman and Bray (1976) proposed a simple kinematic 
condition necessary for the flexural slip before toppling. 
Assuming that the major principal stress to be oriented in 
the direction parallel to the dip direction, it has been shown 
that the necessary condition for the flexural slip to occur is:

where α is the slope face dip angle, φ is the interlayer fric-
tion angle, and β is the dip angle of the bedding plane or 
weak planes. Stereonet analysis can also be applied to ana-
lyze the possible failure mechanisms with the orientations 
of the relevant bedding or slope planes.

Cruden (1989) extended the above equation to show that 
the maximum angle between the slope face and the dip direc-
tion of the discontinuity that allows toppling depends on the 
friction angle of the discontinuities and the slope angle when 
the discontinuities dip into the slope. Bobet (1999) derived 
analytical solutions for block toppling under dry and seepage 
conditions. Amini et al. (2009, 2012) proposed analytical 
solutions for flexural toppling and block-flexure toppling 
respectively. Majdi and Amini (2011) studied the geo-struc-
tural defects in flexural toppling from fracture mechanics 
and a case study. Zheng et al. (2019) explored block-flexure 
toppling using theoretical approaches and numerical (dis-
crete element) models. Gui et al. (2024) explored the top-
pling behaviors of blocks misaligned with slope faces from 
analytical and experimental studies.

Adhikary et al. (1997) and Adhikary and Dyskin (2007) 
applied geotechnical centrifuge tests to study the scale 

� ≥ 90 + � − �



Bulletin of Engineering Geology and the Environment          (2025) 84:105 	 Page 3 of 16    105 

effect of the block and flexural toppling. Ductile and brittle 
materials were used to simulate different toppling behav-
ior. Alzo’ubi et al. (2010) also employed centrifuge tests to 
study the effect of the tensile strength of the interlayer rock 
columns on the toppling behavior. Nishimura et al. (2012) 
applied small-scale laboratory tests to investigate the flex-
ural toppling behavior when subject to pulsating horizontal 
loadings. Amini et al. (2012) also studied the deformation 
features of anti-dip slopes with different weak plane angles 
based on site investigation results. Steep weak plane angles 
commonly lead to toppling failure, while gentler angles can 
result in shear failure of the rock layers when the toe of 
the slope is eroded. Nichol et al. (2002) used field investi-
gation and UDEC analysis to investigate the effect of rock 
mass strength, joint orientation, and joint persistence on the 
toppling behavior of anti-dip slopes. It was found that the 
ductile material produced slow and flexural toppling, while 
brittle material gave fast block toppling. Zheng et al. (2024) 
investigated the flexural toppling failure of rock slopes using 
finite discrete element models. Parametric studies by varying 
the geological parameters of joint angles, slope angles, and 
thickness of rock layers were also conducted.

Based on the above discussion, it is inferred that the top-
pling behavior of anti-dip slopes might be related to the geo-
metrical and mechanical properties of the rock slope, such as 
the tensile strength of the rock mass, joint properties, rock 
layer thickness, unsupported length of the slope face and the 
weak plane angle. Furthermore, the scale of the slope itself 
may also be a critical factor affecting the anti-dip slopes’ 
deformation features. The above discussions also revealed 
that the toppling behavior associated with anti-dip slopes 
could be studied with site investigation and physical mod-
eling. The application of centrifuge modeling is essential 
to understand the scale effect. In this study, we would like 
to employ the above research approaches to investigate the 
deformation features of a steep overhanging anti-dip slope 
considering the geometrical properties, including the rock 
layer thickness, unsupported length of the slope face and the 
slope scale, hoping to capture the overhanging anti-dip slope 
failure patterns that we observed in the field and explore the 
affecting factors on the toppling behavior of overhanging 
anti-dip slopes from material mechanics viewpoint.

Study approaches

Site investigation

The site is located in the slate belt of the western Backbone 
Range (Fisher et al. 2002), close to a riverbank of Tienkooer 
Creek in Yilan County, Taiwan. It displays a well-exposed 
cliff with a height of approximately 6.5 m and a width of a 
few tens of meters (Fig. 1). The cliff mainly consists of slate 

with dense fissile cleavages. The spacings of the dominant 
parting surfaces resulting from weathering cleavages are 
approximately several centimeters to 20 centimeters. There 
is a 2-meter-wide gully cutting into the cliff, but it is now 
filled with debris. Due to three Typhoon events in 2009, 
2010, and 2012, siltation and scouring events occurred alter-
natively at the site, likely in particular to the gully. During 
site investigation, the common deformation feature of flex-
ural toppling was observed that the upper part (deformed) 
of the rock layers showed a cleavage angle of about 35 to 
40 degrees, while the lower part of the rock layers (unde-
formed) expressed the cleavage angle of around 70 to 75 
degrees, as shown in Fig. 1(a). Fractures or tension cracks 
were also observed in some locations within the rock layers 
(Fig. 1(b).

Geotechnical centrifuge modeling

The stress levels in physical model tests are critical for 
obtaining reasonable mechanical responses of the prototype 
models, such as the deformation behaviors of rock slopes in 
the field. In this study, we utilized an in-house geotechni-
cal centrifuge facility to conduct physical tests under the 
specified centrifugal gravity. We aimed to replicate the stress 
levels of the anti-dip slope in the field. Therefore, during 
the centrifuge tests, we can apply various gravity fields 
to the physical models, allowing the model parameters or 
responses to be adjusted according to the given scaling fac-
tors. The stress, strain, and other physical properties between 
the physical and prototype models can be obtained using the 
corresponding scaling laws. For instance in Table 1, under a 
gravity field of n-g, the stress, and strain in both the physical 
and prototype models are identical, while the length, force, 
and unit weight differ between them.

The capacity of the NCU (National Central University, 
Taiwan) geotechnical centrifuge is 100 g-ton, with a nomi-
nal radius of 3 m. With the onboard weights of the equip-
ment, the maximum payload is 400 kg under a maximum 
centrifuge acceleration of 80 g. By rotating the mechanical 
arm, on which the physical models are placed, at a specified 
angular velocity (revolutions per minute, rpm), the required 
gravity field can be achieved in the physical models. Two 
video recording systems were installed inside the testing box 
to monitor the deformation of the overhanging anti-dip slope 
during the centrifuge testing. Each system takes photos and 
videos from the top and side views. The simplified overhang-
ing anti-dip slopes were placed inside the rigid testing box 
made of aluminum alloy (inner dimensions of L×W×H are 
736 × 200 × 370 in mm), with one side being a transparent 
acrylic panel to monitor the deformation behaviors laterally.

As discussed previously, we would like to simulate 
the toppling behavior due to the gravitational effect of 
the overhanging anti-dip slope. Therefore, the simplified 
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overhanging anti-dip slope models were created using 16 
single rock sheets or 8 double rock sheets. Each rock sheet 
consists of rock balls that have a uniform diameter of 5 mm, 

a weight of 0.58 g, and a specific gravity of 2.54. These 
rock balls are composed of a mixture of kaolinite, albit, and 
carborundum in a specific ratio. According to results from 
direct shear and tilt tests, the basic friction angles of the rock 
balls are approximately 45 degrees and 32 degrees, respec-
tively. A single rock sheet was made by applying 20 ml of 
glue mixture between the rock balls, giving a tensile strength 
of around 570 kPa. The mix contains white glue and pastes 
with a volume ratio of 1:3. The dimension of a single rock 
sheet is 20 cm by 6 cm (40 balls in length and 12 balls in 
width), as shown in Fig. 2.

In an earlier study by Huang et al. (2019), dip slope mod-
els were constructed by stacking multiple rock sheets based 
on specific test configurations, such as weak plane angles 
and rock layer thicknesses. Rock sheets were chosen over 
gypsum boards or in-situ rock specimens as physical mod-
els because, under the applied testing conditions—such as 

Fig. 1   (a) Flexural toppling 
of an anti-dip slope in Yilan 
County, Taiwan.(b) Fractures in 
the rock layers (zoomed-in view 
of the box in (a))

(a) Flexural toppling of an anti-dip slope in Yilan County, Taiwan

(b) Fractures in the rock layers (zoomed-in view of the box in (a))

Table 1   Scaling law between the physical and prototype models

Parameters Imperial Units Scaling 
Factor
(Physical 
model/Proto-
type)

Acceleration  m/sec2 n
Length m 1/n
Force Newton (N) 1/n2

Stress N/m2 1
Strain - 1
Unit Weight N/m3 n
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increased centrifugal gravity or submersion in water—the 
strength of these other materials was too high to produce the 
desired deformation characteristics of dip slopes. However, 
Huang et al. (2019) observed buckling failure near the toe of 
the dip slope models, demonstrating that rock sheets made of 
rock balls can effectively replicate the expected failure pat-
terns of rock slopes. Chen et al. (2020) used gypsum boards 
to study the seismic responses of anti-dip slope models, with 
the results indicating that these responses are closely related 
to the slenderness ratios of the gypsum boards. In contrast, 
the current study focused on the deformation patterns of 
overhanging anti-dip slopes. The use of rock sheets, rather 
than gypsum boards or in-situ rock specimens, may be a 
viable approach to producing the expected toppling patterns. 
Additionally, we also assumed an extremely weak condi-
tion for the anti-dip slope models, where there is no cohe-
sion between the rock layers, while the other mechanical 
and dimensional properties were kept consistent with field 
conditions. For these reasons, we chose to use rock sheets 
made of rock balls as the fundamental elements to simulate 
the rock layers in overhanging anti-dip slopes.

Depending on the configuration of the overhanging anti-
dip slopes, 16 single rock sheets were placed adjacent to one 
another to simulate an anti-dip slope composed of thin rock 
layers. Alternatively, two single rock sheets were bonded 
face-to-face to create one rock layer. Eight rock layers (each 

with two rock sheets) were then arranged side by side to 
simulate an anti-dip slope consisting of thick rock layers. 
The completed overhanging anti-dip slope model is then 
placed between the front and back plates and tightened at the 
bottom part of the rock layers as a fixed-end condition. Once 
this step was completed, the sand layers were poured into 
the testing box to the specified height, with an embedment 
length ranging from approximately 12.5 cm to 8 cm, corre-
sponding to an unsupported length of 7.5 cm to 12 cm, given 
that the rock sheet length is 20 cm, as shown in Fig. 3(a).

In the testing configurations of the overhanging anti-dip 
slope models, there are unsupported parts of the rock layers 
that could deform and even fracture. The unsupported part of 
the rock layer also simulates the effect of previously-empty 
erosion gully in the field. As the centrifugal gravity in the 
slopes increases to the targeted gravity field, the unsupported 
slope face (overhanging) may deform under the undesired 
gravity field. For this reason, we have designed a support-
ing plate activated by a pressurized chamber system placed 
right in front of the unsupported slope face (Fig. 3). As the 
centrifuge test initiates, the supporting plate is set against the 
unsupported part of the overhanging anti-dip slope. Until the 
targeted gravity is reached, the supporting plate is retracted 
by releasing the pressurized chamber system remotely from 
the control room.

Testing plans and definition of deformation features

Based on the field investigation results, the overhanging 
anti-dip slope deformed and toppled towards an erosion 
gully that is now filled with debris. With the presence of 
the previously empty erosion gully, the overhanging anti-
dip slope may bend towards the unsupported side of the 
rock layers and hence result in the deformation of the rock 
layers. The unsupported length of the overhanging anti-dip 
slope is about meter-level in the field, and the thickness 

Fig. 2   Dimension of a single rock sheet

Fig. 3   Overhanging anti-dip slope configuration for centrifuge tests: (a) design illustration; (b) completed test setup
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of the rock layers varies between centimeters to tens of 
centimeter-level. Moreover, Stead and Wolter (2015) also 
pointed out that toppling behavior may be related to vari-
ous parameters, including the geometrical properties of 
the rock layers. Therefore, in the centrifuge test modeling, 
the thickness of the rock layer and the length of the unsup-
ported part of the rock layers were selected as the param-
eters to simulate the deformation of the overhanging anti-
dip slopes. Although it is common to observe alternating 
thick and thin rock layers in anti-dip slopes in the field. In 
this study, we aim to investigate the effects of rock layer 
thickness on the deformability of the slopes. Therefore, 
we configured our physical models with one rock layer 
thickness at a time to simplify the analysis of the effects 
of varying rock layer thickness in a single model. Fur-
thermore, the rock layer angle was chosen as 75 degrees, 
which is close to that of the undeformed rock layers that 
were observed in the field. The gravity fields applied to the 
simulated overhanging anti-dip slope are 1-g and 20-g, in 
order to examine the scale effect and to match a compara-
ble rock layer length in the field. The rock layer thickness 
in the physical model is 0.5 cm (single rock sheet) and 

1 cm (double rock sheets). Based on the applied gravity 
field, the prototype rock layer thickness is equivalent to 10 
and 20 cm. The physical model slope height (unsupported 
length) was chosen based on the available dimension of the 
testing box. Finally, the width of the physical model was 
selected as 6 cm, such that it is wide enough to prevent the 
potential boundary effects while satisfying the testing box 
dimension limitation at the same time.

 The detailed testing scheme is shown in Table 2; Fig. 4. 
In the following tests, Tests no. 1 and 2 compare the effect 
of unsupported rock layer length, Tests 2 and 4, as well as 
Tests 1 and 3, discuss the effect of rock layer thickness.

To discuss the deformation features of overhanging 
anti-dip slopes with different configurations, we have 
defined the following terms to describe various locations 
in the overhanging anti-dip slope models. The rock layers 
are numbered from 1 to 16; the larger number indicates a 
deeper rock layer. For each rock layer, the location where 
deformation or fracturing occurs is also defined from top 
to bottom with an increasing percentage relative to the 
total length of the rock layer. A more detailed illustration 
is shown in Fig. 5.

Centrifuge test results and discussions

The following sections describe the geotechnical centri-
fuge test results under a gravity field of 20-g. Without 
otherwise indicated, all of the dimensions (including the 
elapsed time) in the text of this section refer to the model 
dimensions.

Table 2   Testing schemes in the physical models

Test no. Weak plane angle
(degrees)

g-level Rock layer 
thickness 
(cm)

Unsup-
ported 
length (cm)

Test 1 75 1 g/20 g 0.5 7.5
Test 2 0.5 12
Test 3 1 7.5
Test 4 1 12

Fig. 4   Definition of (a) unsupported length and (b) rock layer thickness in the simplified overhanging anti-dip slope models
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Test no. 1 (Rock layer thickness: 0.5 cm, 
unsupported length: 7.5 cm)

As shown in Fig. 6, the first single rock layer toppled at 
around 210 s once the supporting plate was released. At 
about 800 s, the second single rock layer toppled, with the 
3rd to 5th rock layers bent forward slightly. With the time 

increasing, the deformed rock layers toppled up to the 4th 
rock layer, leaving the 5th rock layer deformed and stabi-
lized. Overall, the stabilized condition was reached at around 
825 s. The 6th to the 16th rock layers did not deform at all.

Looking at the locations where the fracture occurred in 
each rock sheet, the fractured location percentage changed 
from 100 to 93% to 86% for rock sheets no. 1 to 4. Rock 

Fig. 5   Rock layer numbering 
system and deformed/fractured 
location percentage

Fig. 6   Test 1: Deformation process and identification of deformed and toppled zones
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sheet no. 5 was deformed, and the location was at 50%. An 
overall summary table is shown in Table 3. It can be inferred 
that the potential failure (sliding) plane can be developed 
along the most-fractured places within each rock layer, and 
the sliding plane propagates upward partially to the slope 
crest. (i.e., fractured location percentage decreases with the 
increasing rock layer number.). The deformation behavior in 
this test is close to block-flexure toppling.

Test no. 2 (Rock layer thickness: 0.5 cm, 
unsupported length: 12 cm)

Figure 7 shows the deformation process of Test no. 2. The 
1st rock layer toppled completely at t = 2 s, with rock layers 
no. 2 to 4 bent forward slightly. Afterward, as time pro-
gressed, the shallow, deformed rock sheets fell, and more 
rock sheets into the rock slope leaned forward. Finally, at 
t = 985 s, nine rock sheets toppled with two rock sheets bent 
forward. All of the nine toppled rock sheets stabilized at 
t = 290 s. Because the unsupported length of rock sheet no. 
10 became shorter (i.e., the rock balls of the shallower rock 
layers accumulated close to the toe), the time for the remain-
ing rock sheets to bend forward became much longer.

The fractured location in each rock sheet was analyzed, 
and it was found that the fractured location percentage 
decreases from 96 to 74% to 65% for rock sheets no. 1 to 
9, and for rock sheets no. 10 and 11, the deformed location 
percentage is at about 55%. An overall summary table is 
shown in Table 4. The deformation feature of this test was 
very similar to what was observed in the field, i.e., the angles 

Table 3   Test 1: development of deformation and fractured location 
percentage with time

Model 
elapsed time 
(seconds)

Fractured 
rock layer 
no.

Fractured 
location 
percentage 
(%)

Deformed 
rock layer 
no.

Deformed 
location 
percentage 
(%)

210 1 100 1 100
800 2 93 3 ~ 5 65
808 3 93 4 ~ 5 80 ~ 57
900 4 79 5 50

Fig. 7   Test 2: Deformation 
process and identification of 
deformed/toppled zones
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at the upper and lower parts of the slope were quite different. 
In addition, based on the test results, a ductile deformation 
process was also recorded.

Test no. 3 (rock layer thickness: 1 cm, unsupported 
length: 7.5 cm) and test no. 4 (rock layer thickness: 
1 cm, unsupported length: 12 cm)

For Test no. 3, there was no sign of deformation or toppling, 
as shown in Fig. 8. An even higher gravity field of 40 g was 
applied to the same model, and still no sign of deformation.

In Test no. 4 (Fig. 9), the first layer (double-rock-sheet) 
toppled at t = 32  s. Afterward, at a much longer time 
t = 1192 s, the second and third double-sheet toppled and 
rested on the debris of the first double-sheet. Finally, the 
third double-layer entirely rested on the debris of the toppled 
material at t = 1199 s, with no deformation of the remaining 
rock layers in the rock slope. The fractured location percent-
age within each double-sheet varies from 100 to 91%. An 
overall summary table is shown in Table 5. Compared to the 

Table 4   Test 2: development 
of deformation and fractured 
location percentage with 
elapsed time

Model elapsed time 
(seconds)

Fractured rock 
layer no.

Fractured location 
percentage(%)

Deformed rock 
layer no.

Deformed loca-
tion percent-
age(%)

2 1 96 2 ~ 7 74 ~ 55
6 2 ~ 4 74 5 ~ 7 74
12 5 70 6 ~ 7 70
22 6 65 7 57
290 7 ~ 9 65 10 ~ 11 65
985 – – 10 ~ 11 55

Fig. 8   Test 3: Deformation process and identification of deformed/
toppled zones

Fig. 9   Test 4: Deformation 
process and identification of 
deformed/toppled zones



	 Bulletin of Engineering Geology and the Environment          (2025) 84:105   105   Page 10 of 16

developed sliding planes in Tests 1 and 2, we can observe a 
stepwise failure plane for this test. Overall, the deformation 
process of this test is close to block toppling with brittle 
behavior.

The effects of slope scale, rock layer 
thickness, and unsupported length 
on the toppling behavior

General discussion

The steep overhanging anti-dip slopes with different rock 
layer thicknesses and unsupported lengths showed standard 
and various deformation features. First, three tests (Test no. 
1, 2, and 4) showed toppling and deformation of the rock 
layers. The tests showed flexural to block-flexure toppling 
behavior.

The location where the rock layers are fractured and 
deformed was discussed in Section 4. For shallow rock 
sheets in Tests 1, 2, and 4, toppling-induced fracture 
occurred directly close to the bottom of the rock sheets. 
For the subsequent rock sheets, the fractured or deformed 
location moves upward from the bottom, as shown in 
Fig. 10(a), (b), and (c). Further, if the most-fractured or 
most-deformed (i.e., maximum curvature) locations within 
each rock sheet were connected, a potential failure plane 

could be formed, as shown in Fig. 10(a) and (b). The 
debris above the potential failure plane could slide above 
the plane and cause debris accumulation close to the toe 
of the rock slope. The outcome could be the potential dis-
aster for anti-dip slopes subject to gravitational deforma-
tion or other disaster-triggering factors. In Fig. 10(c), the 
potential failure plane is stepwise, showing that a thicker 
rock layer may induce a brittle deformation behavior, and 
hence, block failure could be observed for this test. The 
following sections discuss the scale effect and the influ-
ences of the unsupported length of rock sheets and the 
rock layer thickness on the deformation features of over-
hanging anti-dip slopes.

Scale effect on the overhanging anti‑dip slope

As mentioned in Table 2, we have performed the overhang-
ing anti-dip slope simulations under gravity fields of 1-g 
and 20-g. The centrifuge test results have been discussed 
in the previous sections. For test results under 1-g, Tests 
no. 1, 3, and 4 yielded no deformation after several days 
of observation. Therefore, the scale effect is discussed for 
Test no. 2. As shown in Fig. 11 with Test 2 in 1-g, it can be 
observed that even after six days of testing, the rock sheets 
only deformed slightly without any toppling. However, 
as mentioned previously, as the gravity field increased to 
20-g, within less than 1000 s, the rock sheets toppled and 
deformed significantly. The deformation behavior differ-
ence is because the strength of the rock layers is constant, 
while the increase of gravity field results in the rise of the 
overturning moment against the toe. The increase in slope 
size can induce more zones of deformation and toppling. 
The comparison also indicates that the deformation zone 
propagates into the slope with the increase in slope size. 
The time to reach stabilization also shortened with the rise 
of the slope height.

Table 5   Test 4: development of deformation and fractured location 
percentage with time

Model 
elapsed time 
(seconds)

Fractured 
rock layer 
no.

Fractured 
location per-
centage(%)

Deformed 
rock layer 
no.

Deformed 
location 
percent-
age(%)

32 1 ~ 2 100 – –
1192 3 ~ 4 96 5 ~ 6 91
1199 5 ~ 6 91 – –

Fig. 10   Fractured and most-deformed locations in the rock layers circled in the un-deformed slope (a) Test 1; (b) Test 2 and (c) Test 4
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The effect of unsupported rock layer length

Tests 1 and 2 showed the effect of unsupported length under 
the gravity field of 20-g. The model (prototype) unsupported 
lengths are 7.5 cm (150 cm) and 12 cm (240 cm). Figure 12 
shows the final stage of the two tests. For Test 1, the first 
four sheets toppled, with one rock sheet slightly deformed. 
Most of the toppled rock sheets showed fracturing close to 
the bottom of each rock sheet. The remaining rock sheets did 
not deform at all. For Test no. 2, the 1st rock sheet toppled at 
the bottom of the rock sheet. However, the remaining eight 
toppled rock sheets showed flexural behavior. When looking 
at the rock sheets, fracturing can also be spotted at different 
locations. The slightly deformed rock sheets after the 9th 
toppled sheets extend more into the rock slope.

The effect of the unsupported length of the rock sheets 
showed distinct toppling behavior of the anti-dip slopes. 
First, smaller unsupported lengths may show close-to-rigid 
(or hard) toppling behavior; fracturing can be found close 
to and above the toe of the slope. For longer unsupported 
length, except for the 1st hard toppling rock sheet, the top-
pled rock sheets deformed first and bent forward until frac-
turing occurred along the rock sheets. The deformation 
behavior is close to flexural toppling. Secondly, the percent-
age of the toppled and deformed zones was calculated using 
the following definition:

Percentage of toppled (deformed) zones = no. of 
toppled (deformed) rock balls above the toppled 
(deformed) location / total rock balls.

With the above definition, Test 1 expressed fractured and 
deformed zone percentages of 23% and 5%. In comparison, 
Test 2 showed 41% and 7%, as shown in Fig. 12. The dif-
ference may indicate that if the unsupported length is short, 
the toppling behavior may only extend to a small portion of 
the whole slope. However, on the other hand, slopes with 
longer unsupported lengths may deform with flexural top-
pling and continue to the inner slope with a higher deforma-
tion percentage.

The effect of unsupported length between Tests 3 and 
4 with double-rock sheets can also be investigated. With a 
smaller unsupported length in Test 3, only Test 4 showed 
hard toppling behavior, and the failure extended to a small 
portion of the whole slope, while Test 3 had no deformation.

The effect of rock layer thickness

Tests 2 and 4 showed the effect of rock layer thickness under 
the gravity field of 20-g, with Test 2 being discussed in the 
previous section. Test 4 shows distinct toppling behavior 
compared to Test 2 with thinner rock layers, as in Fig. 13. All 
of the toppled double-rock sheets fractured close to the toe 
of each rock layer, and the remaining rock sheets deformed 

Fig. 11   Test 2 (g-level = 1-g): 
deformation process (left: day 1, 
right: day 6)

Fig. 12   The effect of unsupported length – left (7.5 cm, Test 1) and right (12 cm, Test 2)
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insignificantly. (The last double-rock-sheet moved slightly 
away from the supporting plate). Again, for the same unsup-
ported length, the overhanging anti-dip slope with thicker 
rock layers showed hard toppling behavior with the fractured 
location close to each rock sheet’s end. However, the thin-
ner rock layer slope exhibited flexural toppling behavior. 
Finally, the percentage of fractured and deformed zones for 
Test 4 is 36% and 0%. The percentage is slightly different 
from Test 2 with thinner rock layers. However, in Test 2, 
the potential sliding plane is continuous and propagating 
upward into the slope. In contrast, for Test 4, the sliding 
plane is stepwise and cannot propagate further into the slope. 
The above result may infer that the rock layer thickness of 
the overhanging anti-dip slopes could influence the failure 
pattern and degree of propagation of the potential sliding 
plane. Hence, we anticipate that the deformability of the 
model with alternating rock layer thicknesses is influenced 
by the location of the “thick” rock layer. In other words, 
under favorable conditions where the anti-dip slope is prone 
to deformation, the deformed rock layers may extend deeper 
into the slope until a relatively thick layer is encountered.

The effect of rock layer thickness can also be explored 
between Tests 1 and 3 with the same unsupported length. 
With a thicker rock layer in Test 3, only Test 1 showed hard 
toppling behavior, and the failure extended to a small portion 
of the whole slope, while Test 3 had no deformation.

Discussing the deformation behavior 
from a material mechanics perspective

Based on the above discussion, it can be found that toppling 
behavior is highly related to the unsupported length, rock 
layer thickness, and slope size. With the above geometric 
factors combined, we would like to explore the deforma-
tion behavior from a material mechanics perspective. The 
main idea is to consider a single rock layer as a cantilever 
beam fixed at the ground surface. As shown in Fig. 14, the 

self-weight of a single rock layer would apply an overturn-
ing moment to the bottom of the rock layer. Assuming that 
the thickness of the rock layer is T, the length above the 
ground surface (unsupported length) is L, the width is B, 
the inclined angle is α, its unit weight is γ and the Young’s 
Modulus is E. The overturning moment against the bottom 
of the single rock layer can be expressed as M:

On the other hand, the bending stiffness (K) can be cal-
culated as the flexural rigidity (EI) of the member divided 
by the length (L) of the member. The bending stiffness can 
be regarded as the required moment to induce a unit rotation 

M = �BLT
(

L

2

)

cos �

Fig. 13   The effect of rock layer thickness – left (0.5 cm, Test 2) and right (1 cm, Test 4)

Fig. 14   Geometric definitions of a single rock layer (left: front view; 
right: side view)
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angle; therefore, it can be treated as the resistance against 
bending. Based on the definition, the bending stiffness K 
can be calculated as:

M and K in the above equations represent the induced 
moment in the single rock layer and the ability (moment) 
to resist bending. Therefore, we define the dimensionless 
term ”the Normalized Bending Stiffness” K’ (K prime) to 
represent the ability of the single rock layer to bend forward. 
Specifically, the following K’ is derived under 1-g gravity 
field condition.

The above equation of the normalized bending stiffness 
K’ indicates that the length, thickness, and the inclined angle 
of the rock layer could influence the normalized bending 
stiffness. As the Young’s modulus (E) and thickness (T) are 
larger, the K’ value is also larger, indicating that the rock 
layer is more difficult to bend forward due to self-weight. On 
the other hand, as the unit weight (γ), length (L), and cosine 
(α) are larger, the K’ value is smaller, making the rock layer 
more prone to bend forward.

The normalized bending stiffness K’ needs to be re-
evaluated in the centrifugal environment. Assuming that 
the applied gravity field is n-g, then the model K’ can be 
expressed as:

Finally, because the normalized bending stiffness is 
dimensionless, the scaling law of the K’ between the model 
and prototype conditions is 1. Hence:

In the following discussions, the K’ values were esti-
mated based on the individual experimental settings and 
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the Young’s Modulus of the rock ball is 3 GPa with the unit 
weight of 25.5 kN/m3 (Lo et al. 2014). All other geometric 
parameters can be found in Table 2.

Table 6 shows the normalized bending stiffness for all 
tests under 1-g and 20-g gravity fields. Based on previous 
discussions of lab test results, it can be found that Test 2 
under 1-g showed negligible deformation of the rock lay-
ers after five days of testing. Tests 1, 3, and 4 under 1-g 
showed no deformation. Looking at the normalized bending 
stiffness K’ under 1-g in Table 6, it can be found that Test 
2 has the smallest K’ among all tests under 1-g. However, 
this value is still larger than Tests 1 to 4 under 20-g gravity 
field. It is inferred that the normalized bending stiffness is 
negatively correlated to the degree of the toppling of the 
rock layer. As discussed for test results under 20-g, only 
Test 3 showed no sign of displacement, while Tests 1, 2, 
and 4 showed various degrees of toppling behavior. If the 
toppling behavior is expressed as the toppling and deformed 
zone% as calculated earlier, Fig. 15 shows that the smaller 
the K’ value, the larger the toppled and deformed areas. A 
smaller K’ value may indicate a larger deformation zone, 
which could be toppled later. On the other hand, Fig. 15 
also inferred that the toppling behavior can occur with a 
threshold K’ value less than 28. Although there are no other 
tests with in-between K’ values to pinpoint the threshold 
value, this range could be employed to roughly estimate if 
the toppling could occur under the testing conditions applied 
in this study. Please also note that the fracturing of the rock 
layer needs to be evaluated based on its strength parameters, 
such as the tensile strength of the rock layer. The normalized 
bending stiffness is used here to evaluate the ability of the 
rock layers to deform.

Furthermore, considering the time to reach stabilization 
of each test, Test 4, 1, and 2 took 1192, 825, and 290 sec-
onds, while Test 3 yielded no deformation. We found that the 
time for stabilization is also highly related to K’, as shown in 
Fig. 16. With the low K’ (as low as 6.8), the toppling could 
occur relatively quickly.

During the site investigation, we also measured the thick-
ness (0.20m), the unsupported length (6.7m), and the dip 
angle(75o) of the rock layers. Based on a local engineering 
report about the repair of the Tienkooer Bridge in 2013, 

Table 6   Normalized bending 
stiffness (K’) of centrifuge tests

Test no.  EI/L (1 g) M (1 g)  K’(1 g)  K’(20 g)

Bending Stiffness 
(K) (kN-m)

Overturning Moment
(kN-m)

Normalized Bending 
Stiffness (1 g)

Normalized 
Bending Stiffness 
(20 g)

Test 1 0.0104167 0.0000186 561.177 28.059
Test 2 0.0065104 0.0000475 137.006 6.850
Test 3 0.0833333 0.0000371 2244.708 112.235
Test 4 0.0520833 0.0000950 548.024 27.401
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the elastic moduli ranged from 0.2 to 3.6 GPa, which were 
determined through uniaxial tests of the in-situ slate layers. 
The unit weights of typical rock specimens or rock balls in 
this study were also quite consistent. Therefore, for simplic-
ity in simulation and analysis, we assumed that the elastic 
moduli and unit weights of the in-situ slate specimens and 
rock sheets are 3GPa and 25.5 kN/m3, respectively. The nor-
malized bending stiffness at the site (K’) was estimated as:

K�

(field investigation)
=

K

M
=

E( 1

12
BT3)
L

�BLT
(

L

2

)

cos �
=

1492(kN−m)

1185(kN−m)
≈ 1.26

The K’ of the site (1.26) shows that it is much smaller 
than the lower bound threshold value of 28 (Tests 1 and 4 
under 20-g), which means that the rock layers in-situ are 
highly prone to flexural toppling. Furthermore, the in-situ 
K’ value is approximately the K’ value of Test 2 under a 
100 g gravity field (K’=6.8/5 = 1.37). Under this gravity 
field, the rock layers could bend forward easily, and pos-
sibly, due to the insufficient tensile strength of the rock lay-
ers, the rock layers of the overhanging anti-dip slope in the 
field expressed fractures, especially at the locations in the 
rock layers where the maximum curvature exist. Although 
the calculation of in-situ K’ did not consider the cohesion 
between the in-situ rock layers at present, the existing flex-
ural toppling at the site may suggest that there was a sig-
nificant strength deterioration between the rock layers in 
the distant past. It should be noted that toppling behavior is 
related to the mechanical, geological, and geometric proper-
ties of the rock layers in the overhanging anti-dip slope. In 
the current study, only the geometric properties (length and 
thickness of the rock layers) were analyzed from a material 
mechanics viewpoint.

Overall, the test results showed flexural and block top-
pling behavior. The flexural toppled rock layers bend for-
ward initially, and with the increase of time, the rock layers 
lay down on the ground surface, with fractures occurring 
close to the toe of shallow rock sheets. As time elapsed, 
more rock sheets into the slope bent forward and deformed. 
The whole flexural toppling could occur within a relatively 
short time (as compared to block toppling with the same 
material). For block toppling, the shallow rock sheets top-
pled directly, with the fracture occurring close to the bottom 
of the rock sheet. The rock sheets behind the toppled ones 
deformed slightly. It can be anticipated that blocks of debris 

Fig. 15   The histogram of top-
pled/deformed area percentage 
and K’ values

Fig. 16   The relationship between time for stabilization and K’ values
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could be formed with the increase of time and generation 
of tension cracks normal to the rock sheet along the most-
deformed location.

As mentioned previously, the most deformed location 
within each rock sheet moves upward; hence, a potential 
failure plane can be formed, as shown in Fig. 10. The debris 
of the deformed rock sheets could slide down or accumulate. 
Once the debris was weathered and carried away, the anti-
dip slope we usually discover in the field could be formed 
with the slope face and weak plane planes dipping in oppo-
site directions. Please note that in the simplified overhang-
ing anti-dip slope simulated in this study, each rock layer is 
intact without any joint perpendicular to the weak planes 
between rock layers and there is no cohesion between any 
two adjacent rock layers to simulate extremely weak condi-
tions between the layers. Therefore, the toppling behavior 
could differ under various geological conditions not dis-
cussed in this study.

Conclusions

The deformation features of steep overhanging anti-dip 
slopes are explored from multiple perspectives, including 
their scale, the effect of rock layer thickness, and the unsup-
ported length of the slope. Centrifuge tests were performed 
for multiple configurations of simplified overhanging anti-
dip slopes under a g-level of 20-g. The simplified overhang-
ing anti-dip slopes consisted of rock sheets made of rock 
balls 5 mm in diameter.

For all the centrifuge tests performed in this study, the 
steep overhanging anti-dip slopes expressed flexural and 
block toppling behavior. Fractures developed in the rock lay-
ers, and the fracture locations tended to become shallower 
as the layers deepened within the slope. The fractured spot 
(potential tension cracks) in each rock layer could form a 
potential sliding plane. Flexural toppling progressed gradu-
ally: initially, the shallower rock layers deformed slightly, 
then they toppled, causing the underlying layers to deform 
in turn.

Four tests were performed under centrifugal and regu-
lar gravity fields. Among the four test configurations, only 
Test no. 2 (rock layer thickness of 0.5 cm and unsupported 
length of 12 cm) showed deformation under both 20-g and 
1-g gravitational fields. However, under 1-g, it took approxi-
mately six days for Test No. 2 to exhibit minimal deforma-
tion. When Test no. 2 is under 20-g, the shallow rock layers 
toppled (rock layers no. 1 to 9), and deep rock layers (no. 
10 and 11) deformed slightly. This suggests that increasing 
the scale of the slope leads to a wider toppled and deformed 
zone in the overhanging anti-dip slope.

As the unsupported length of the slope face is long, the 
deformation behavior tends to be dominated by flexural 

toppling. In such cases, a larger portion of the slope becomes 
deformed, and stabilization is reached more quickly. As the 
rock layer thickness increases, the deformation behavior shifts 
toward block-flexure toppling. In this study, a dimensionless 
term “normalized bending stiffness” (K’) was proposed to 
evaluate the ability of the rock layers to bend. From a mate-
rial mechanics perspective, the normalized bending stiffness 
reflects the balance between the overturning moment due to 
self-weight and the bending stiffness. The K’ values were also 
derived for the model and prototype under centrifugal condi-
tions. Based on the laboratory test results, it was found that 
K’ is highly related to the toppling behaviors of each test in 
this study.

For Test No. 2 under both 1-g and 20-g, distinct toppling 
behaviors were observed, which correlate with the differences 
in the K’ values. The results indicated that K’ is closely related 
to the toppling behavior observed in the tests, confirming that 
the scale effect influences the deformation characteristics of 
the rock slope.

By examining the K’ of the four tests under 20-g, Test no. 
2 (with the smallest value) exhibited the most severe toppled 
and deformed conditions of the slopes. Despite having differ-
ent configurations, Tests No. 1 (rock layer thickness of 0.5 cm 
and unsupported length of 7.5 cm) and No. 4 (rock layer thick-
ness of 1 cm and unsupported length of 12 cm) showed larger 
K’ values, which resulted in a smaller percentage of the slope 
being deformed. Test No. 3, with a specific K’ value, showed 
no deformation. Based on the above results, a threshold K’ 
value for the rock layer to bend forward is estimated to be 
around 28. Similarly, the K’ value is positively related to the 
time for the overhanging anti-dip slope to reach stabilization. 
The normalized bending stiffness K’ was also analyzed using 
site investigation data, revealing that it closely matches the K’ 
value for Test No. 2 under a 100-g gravity field. A lower K’ 
value suggests more severe flexural toppling behavior, with an 
increased potential of fractures developing in the rock layers.
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