
CENTRIFUGE MODEL TESTS FOR THE INFLUENCE OF TREE ROOTS 
ON SLOPE STABILITY DURING RAINFALLC17

ABSTRACT
Traditionally, slopes in Japan have been reforested because slope stability is affected by tree roots, mostly through the piling and binding 

effects. Although several studies evaluated the effects of tree roots on slope stability quantitatively, most of them were focused on a single 

tree on a slope. In addition, these effects are affected by tree species, tree age, and ground conditions, which have made evaluation difficult. 

This study modeled roots by generalizing and simplifying them, and examined the influence of tree roots on slope stability during rainfall, 

and quantitatively evaluated the slope stability effects of tree roots.

INTRODUCTION
The reinforcing effects of tree roots on soil can be divided into two main types, namely the piling and the binding effects (Imai, 2008). 

The piling effect is provided by roots embedded in the base rock, which act as piles. The binding effect is provided by roots embedded 

between soil particles, which unite the soil. The present study focuses on two root system types, namely the tap root system and the heart 

root system, and conducts centrifuge model tests using model slopes with inserted simulated roots to investigate the influence of tree roots 

on slope stability during rainfall.

OVERVIEW OF CENTRIFUGE MODEL TESTS
The mechanical behavior of a hillside slope subjected to groundwater loading was simulated using imitation soil materials and a centrifuge 

apparatus at Gunma University (Fig. 1). Centrifuge model tests are commonly used in geotechnical studies involving reduced models. The 

theoretical foundation of the centrifuge model test is based on the similarity law (Table 1), whereby the reduced model is typically a scaled-

down replica of the prototype. Specifically, a model is constructed using the same material as the prototype at a specific scale and subject-

ed to the centrifugal force field generated by the centrifuge. This process causes the reduced model to reach a stress state similar to the 

prototype by increasing the self-weight body force on the soil, and exhibit deformation and failure processes comparable to the prototype 

(Okamura et al., 2004). If the model and prototype are made of the same material, their stress state is deemed similar when the centrifugal 

acceleration is ng (n is the ratio of the prototype to the reduced model size and g is the gravitational acceleration). In this study, the reduced 

slope was prepared at 1/30th the scale of the real slope, so n = 30.

Figure1. Photograph of centrifuge apparatus at Gunma University
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Table1. Similarity relationship between the centrifugal model and prototype

Tree roots can be classified into three forms, as shown in Fig. 2, based on the depth and horizontal development of the roots and the part of 

the root that develops (Karizumi, 2010). This study focuses on two root system types, namely the tap root system and the heart root system, 

and models the roots of typical trees (Pinus densiflora, Chamaecyparis obtusa) that naturally grow on mountain slopes in Japan. To simplify 

and simulate tree root systems, the characteristic roots were modeled in each type of root system. Specifically, tap and horizontal roots were 

modeled for the tap root system and heart and horizontal roots were modeled for the heart root system. The test cases considered in this 

study are shown in Table 2.

Figure2. Classification of tree root systems (Karizumi, 2010)	

Table2. Test cases considered in this study

In this study, a reduced-scale slope with an inclination of 30° shown in Fig. 3, was prepared in the model box, with dimensions of 300 mm 

× 400 mm × 120 mm (width) using hand tamping. The slopes on which the root system has a slope stabilizing effect are those with a subsoil 

layer (Tsukamoto et al., 1984). Therefore, the slope was prepared in two layers. To reproduce the typically low permeability of subsoil layers, 

the subsoil layer was fabricated at a high density with a small particle size. The thicknesses of the surface soil layer and the subsoil layer 

in the model were 30 and 10 mm, respectively. To obtain these materials, commercial black soil for gardening was sieved. The portion that 

passed through a 250-µm sieve was used as the subsoil (dry density 0.93 g/cm3) and soil with particles that ranged from 425 to 850 µm was 

mixed with soil with particles that ranged from 850 µm to 2 mm in a ratio of 7:3 as the surface soil (dry density 0.60 g/cm3). This approach 

enables the characterization of the permeability difference. In all test cases, the tests were performed at 30 g. This is because the reduced 

slope was prepared at 1/30th the scale of the real slope. The thicknesses of the surface soil layer and the subsoil layer in the prototype 

scale were 0.90 and 0.30 m, respectively. The pore water pressure acting on the topsoil layer was measured using two pore water pressure 

measurements (P1 and P2, P306AV-02, SSK Corporation) were installed at 150 mm and 300 mm from the top of the slope in the subsoil layer.
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Figure3. Reduced-scale slope in centrifuge model box

Table3. Test results and calculation results

Case 1 had no roots inserted. Cases 2 and 3 had simulated tap roots and heart roots inserted, respectively. All other conditions were the same 

among the cases. The tap and heart root insertion locations are shown in Fig. 4 and the materials used to simulate the roots are shown in Fig. 

5(a), (b). Bamboo chopsticks (diameter: 5 mm, length: 50 mm) were used as the simulated roots for Case 2 (tap root system) and toothpicks 

(diameter: 2.4 mm, length: 65 mm) were used as the simulated roots for Case 3 (heart root system). The simulated root material was selected 

to be relatively equal to the Young's modulus of the actual root to resemble the strength of the actual root and to be easily available. The 

diameter of each type of simulated root was determined based on the results of trenching survey by Karizumi (2010). The insertion locations 

were determined based on a tree spacing of 1.8 m at a cultivation density of approximately 4,000 trees/ha in a forest planted in a triangular 

planting pattern. The tap roots were inserted in the direction of gravity until the tip touched the support plate. The heart roots were inserted 

in the direction of 4, 8, and 12 o'clock (the bottom of the slope was taken to be 12 o'clock), with three roots per location inserted at an 

angle of 30° with respect to the slope until the tip touched the subsoil layer. The number of heart roots was determined such that the total 

flexural rigidity of the simulated roots at the boundary between the subsoil layer and the topsoil layer was equal in Cases 2 and 3.

Figure4. Roots insertion locations
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Figure5. Photographs of materials used to simulate roots

Aluminum nets (Fig. 5(c); diameter of 0.28 mm) were used as the simulated horizontal roots, which were chosen for the reasons given 

above. The number of sheets inserted was determined by calculating the volume of roots from a trenching study (Karizumi, 2010) and de-

termining the number of sheets required to match their volume. The volume of roots in Case 2 was 14.9 cm3 (inserted 2 sheets) and that in 

Case 3 was 8.7 cm3 (inserted 2 sheets).

Figure6. Photograph of rainfall simulation device

Fig. 6 shows the rainfall simulation device used in this study. It was attached to the top of the model slope in Fig. 3. Water was supplied from 

outside the centrifuge and sprayed onto the slope via sprinkler nozzles. The sprinkler nozzles (CBIMV 8001 S303+T S303, Ikeuchi Corpora-

tion) were two-fluid nozzles that generate a fine mist with an average particle diameter of approximately 50 μm (real scale: approximately 

1.5 mm). A total of six nozzles were attached. When considering the movement of an object in rotational coordinates, such as in centrifuge 

model tests, it is necessary to consider the effect of the Coriolis force. The nozzles were tilted in the direction opposite to the Coriolis force to 

reduce its effect, allowing water to be sprayed uniformly on the slope. The experiments were started with measurements and the sprinkling 

of water after the centrifugal acceleration reached 30 g. During the measurements, the slope was recorded by a charge-coupled device cam-

era and a GoPro camera attached to the centrifuge. Because the similarity law for rainfall intensity is n (= 30), the average rainfall intensity 

in real scale equivalent was 3.4 mm/h, which is 1/30 times the average rainfall intensity on the centrifugal scale.

RESULTS
It is known that pore water pressure is generally released when a slope failure occurs. Therefore, in this study, it is assumed that the release 

of pore water pressure is the result of a slope failure.

Case 1 (no roots inserted)

The time history of pore water pressure for Case 1 is shown in Fig. 7. After about 70 s of water sprinkling, the water pressure which was 

measured at P2 started to increase. After about 110 s, the pressure was about 0.52 kPa. The pore water pressure was then released and 

decreased. Fig. 8 shows the slope after the experiment. The center of the slope was cracked and the entire slope had slipped. The lower 

part of the slope was collapsed.
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Figure7. Time history of pore water pressure (Case 1				    Figure8. Photograph of slope after test (Case 1)

Case 2 (tap root system)

The time history of pore water pressure for Case 2 is shown in Fig. 9. After about 140 s of water sprinkling, the water pressure which was 

measured at P2 started to increase. It was about 0.74 kPa at about 280 s. The pressure remained constant, dropping to about 0.68 kPa at 

about 310 s. It then decreased to the release of pore water pressure. As shown in Fig. 10, a crack appeared between the second and third 

rows from the top of the simulated roots, which caused the slope to be displaced downward.

Figure9. Time history of pore water pressure (Case 2)				    Figure10. Photograph of slope after test (Case 2)

Case 3 (heart root system)

The time history of pore water pressure for Case 3 is shown in Fig. 11. The water pressure which was measured at P2 started to increase 

rapidly after about 150 s of water sprinkling. It was about 1.14 kPa after about 195 s. The pore water pressure was then released and de-

creased until about 240 s. As shown in Fig. 12, a crack appeared between the second and third rows from the top of the simulated roots 

and collapsed in a fan shape around P1.
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Figure11. Time history of pore water pressure (Case 3)				    Figure12. Photograph of slope after test (Case 3)

QUANTIFICATION OF SLOPE STABILIZATION EFFECTS OF TREE ROOTS
The force exerted by the simulated roots to prevent slope failure was calculated using the pore water pressure values at the time of slope 

failure. Fig. 13 shows the semi-infinite slope model assumed in the calculation of in situ stress state.

Using Equation (1), the apparent hydraulic head h was calculated from the pore water pressure at the time of slope failure (Kagamihara 

et al., 2018). The calculation was performed under the assumption of  F_S =1.0. From the results of a direct shear test, the effective shear 

strength parameters c^' and φ^' were 0 and 31.7°, respectively. The horizontal root insertion depth was H_S=0.346 m for both Cases 2 and 

3. In addition, the wet unit weight and the saturated unit weight of the surface soil layer were γ_t=7.95 kN⁄m3 and γ_sat=13.41 kN⁄m3. The 

calculated mesh width was D=9 m (real scale) for both Cases 2 and 3 because cracks were observed between the second and third rows of 

the simulated roots from the top of the slope, which was assumed to be a sliding surface.

The calculation results are shown in Table 3. Case 1, in which no roots were inserted, had the lowest pore water pressure value at the time 

of slope failure, which indicates that in Cases 2 and 3, the simulated root system stabilized the slope, preventing slope failure. Regarding the 

location of the cracks, in Case 1, the cracks was occurred in the center of the slope, whereas in Cases 2 and 3, they were occurred at the 

top of the slope. The appearance of cracks at the top is thought to be due to the reinforcing effect by the horizontal roots. Both pull-out 

resistance in vertical and slope direction of simulated roots (C_rV and C_rH) were larger in Case 3. The slope stabilizing effect of roots can 

be estimated from the pull-out resistance, which was depended on the root diameter (Tsukamoto, 1991). In this study, the flexural rigidity 

at the sliding surface was the same in Cases 2 and 3, but the surface area of the root system is about 1.5 times larger in Case 3 than in Case 

2. This could be the cause of the larger C_rV in Case 3.

The pull-out resistance force Q_r per bamboo chopsticks or toothpicks and Q_h per aluminum net were calculated using Equations (2) and 

(3), respectively,

where A_cf (m²) is the surface area of the model slope, B(m) is the width of the model slope, r_f is the number of tap and heart roots on 

the model slope, and N is the number of aluminum nets was inserted. The calculations were performed using the same assumptions as 

those for Equation (1). The calculation results are shown in Table 3. Q_r was larger in Case 2 because the surface area per simulated root 

is larger in Case 2 than in Case 3. In addition, Q_h is about five times larger in Case 3 than in Case 2.

Figure13. Semi-infinite slope model assumed in calculation of slope stability
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(Equation 1)

(Equation 2)

CONCLUSIONS
In this study, the reinforcing effects of tree roots on slope stability during rainfall were examined through centrifuge model tests with slopes 

into which simulated roots (tap root system and heart root system, respectively) were inserted. The roots had a slope stabilizing effect, as 

determined based on the pore water pressure values at slope failure. Both pull-out resistance in vertical and slope direction of simulated 

roots (C_rV and C_rH) were larger in the case with the heart root system. Based on these test results, it can be concluded that under the test 

conditions of this study, the heart root system have the greatest effect on slope stability and contribute to the prevention of slope failure. 

Although the pattern of tree root development is fixed to some extent, it varied depending on various factors such as soil conditions and 

tree age. The tree root system used as a reference for modeling in this study is accounted for only some of these factors. Therefore, in order 

to evaluate the slope stability effect of tree roots in more detail and to use them for disaster prevention, the tests will be conducted under 

various conditions with better simulated root modeling and rainfall in the future.

ACKNOWLEDGEMENT
Part of this study was supported by Fund for the Promotion of Joint International Research Grant Number 19KK0121, Japan.

REFERENCES
Hisashi Imai. (2008). Study on Potential of Tree Roots for Prevention of Shallow Slope Failure. Hazama Research Annual Report. (in Japanese)

Mitsu Okamura., Zirou Takemura., Katsutoshi Ueno. (2004). Centrifuge model tests - experimental techniques and practical applications. The Japanese Geotechnical 

Society: 37-44. (in Japanese)

Noboru Karizumi. (2010). The latest illustrations of tree roots (general remarks). Seibundo Shinkosha Publishing: 716-718. (in Japanese)

Yoshinori Tsukamoto., Hirohiko Minematsu., Takeshi Kido., Koji Komiyama. (1984). Slope base structure and tree stability effects. The Japanese Society of Revegetation 

Technology. Volume 11-1: 1-7. (in Japanese)

Noboru Karizumi. (2010). The latest illustrations of tree roots (itemized discussion). Seibundo Shinkosha Publishing: 62-73, 156-163, 382-389. (in Japanese)

Satoshi Kagamihara., Chikage Todo., Keisuke Okazaki., Hiroya Nishiwaki., Kataoka Satsuki., Satoru Shibuya. (2018). Case study on evaluating the stability of natural 

slope by considering the effects of forest roots. Memoirs of Construction Engineering Research Institute. Volume 60. (in Japanese)

Yoshinori Tsukamoto. (1991). How effective are forests in preventing slope failure. Japanese Forestry Society. Volume 3: 46-48. (in Japanese)

318CONFERENCE PROCEEDINGS | INTERPRAEVENT 2024


