
MECHANISM OF COLLAPSE DETERRENT EFFECT BY BAMBOO’S RHIZOMEC34

ABSTRACT
In general, bamboo species are not expected to be effective in deterring slope failure. However, the rhizomes of bamboo species are dis-

tributed horizontally in a continuous manner and often form net-like structures. Therefore, we measured the tensile strength of rhizomes 

and the shear strength of roots to determine the deterrent effect of rhizomes on slope failure. We also observed how rhizomes broke on 

the surface of an actual slope failure.

The results of the tensile tests showed that the relationship between the rupture area and tensile strength varied. However, an approximate 

equation is proposed to determine the tensile strength based on the cross-sectional area. The shear strength enhancement effect of root 

inclusions was revealed. Observation of the fractured rhizomes on the collapsed surface revealed that most of the rhizomes remaining at 

the periphery of the collapsed surface were shaped as if they had been fractured by tension.

INTRODUCTION
In Japan, slope failures have been reported on slopes with thick bamboo growth. Generally, the slope-stabilizing effect of forest vegetation 

is treated as an enhancement of shear stress on the slip surface owing due to the penetration of the forest root system into the slip surface 

(Wu et al., 1978). In surface failures, the slip depth is often shallower than 1 m (Koyama et al., 2005), and the shear stress is enhanced be-

cause the slip surface is formed in areas where a well-developed forest root system is distributed.

Because the distribution range of the rhizomes of bamboo species is shallower than 1.0-1.5 m, they are often distributed on the surface 

layer of collapsed soil masses. However, because rhizomes often form a horizontally continuous net (Fig. 1), they may inhibit the initiation 

of cracks and formation of slip surfaces at the periphery of the collapse. Therefore, we considered the enhancement of shear stress at the 

collapse periphery to be an effect of the rhizome in suppressing collapse. We measured the tensile strength of the rhizome specimens and 

determined the stress changes the led to rupture. Direct shear tests were conducted on undisturbed soil mass samples containing roots. This 

test allowed for the determination of the extent to which the inclusion of roots increased shear strength.

In addition, we investigated and observed the breaking condition of the exposed rhizomes on the failure surface of a slope failure that 

occurred on a slope with a thick growth of bamboo species and discussed the mechanism whereby the rhizome’s resistance to breaking 

deterred collapse at the time of failure.

METHODS
MEASURING TENSILE STRENGTH OF RHIZOME

Rhizomes were collected from a slope with a thick bamboo mosaic in Yosano-cho, Yosa-gun, Kyoto Prefecture, Japan. The slope had an av-

erage southwesterly slope of 28°, an average standing culm diameter of 106 mm, and a density of 6,000 standing bamboo/ha. The rhizomes 

were collected at a depth of 0.5-1.0 m below the ground surface, and the straight sections were cut to 15 cm to prepare test specimens.
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The specimens were shaped into rectangles, 3 cm thick and 4–8 cm long, through the center of the collected rhizomes, considering the influ-

ence of the nodes on the rhizomes. After preparation, the specimens were stored in distilled water to prevent them from drying. Tensile tests 

were conducted on nodal specimens with (nodal specimens) and without a node (internodal specimens) between the chucks of the tensile 

testing machine (Fig. 2). This report is based on observations from two collapse cases; therefore, more cases of slope failure under various 

conditions must be studied in order to generalize and model the collapse-deterrent effect of rhizomes. Of the 45 specimens tested, seven 

of the internode specimens contained buds between the chucks, eleven did not contain buds, four did not contain buds but had accessory 

holes, and one did not contain buds or accessory holes. Seven of the internode specimens contained accessory holes.

The tensile tests were conducted using a universal testing machine (Shimadzu Autograph) at a displacement speed of 10 mm/min. The 

distance between the chucks of the universal testing machine was adjusted according to the length of the specimen, which ranged from 30 

to 70 mm (Fig. 3).

MEASURING SHEAR STRENGTH ENHANCEMENT BY ROOTS

We collected undisturbed soil clods containing roots from the bamboo groves from which we collected the subterranean rhizomes used 

in our tensile tests. The specimen was fabricated from an undisturbed soil mass collected to the size of the shear box. The structure of the 

shear tester used in this experiment is the dimension of the shear box were 150 mm × 150 mm × 80 mm. Shear displacement was measured 

using a dial gauge, and shear force was measured using a load cell. Shear tests were also conducted using a root-free soil mass collected 

from the same slope as in the control experiment. Vertical loads were set between 1.0 and 10.0 kN/m², considering the distribution depth 

of the roots of the bamboo species.

OBSERVATIONS IN COLLAPSED AREAS

A field study on slopes failures on a slope dominated by bamboo species was carried out. We observed exposed and fractured rhizomes and 

estimated the external forces applied at the time of collapse. The surveys were conducted in Waki-machi, Kuga-gun, Yamaguchi Prefecture, 

in August 2014, and Touhou-mura, Asakura-gun, Fukuoka Prefecture, in July 2017.

RESULTS AND DISCUSSION
MEASURING TENSILE STRENGTH OF RHIZOME 

In the tensile test of the specimens, as shown in Fig. 4, the strain owing to elastic deformation increased after the start of the test for both 

the nodal and internodal specimens. The stress and strain increased proportionally, reaching a peak, followed by a decrease before fractur-

ing occurred. As shown in Fig. 5, the maximum tensile strength of the fracture area tended to be lower in the nodal than in the internodal 

specimens. However, the relationship between the fracture area and tensile strength varied. Approximately 70% of nodal specimens ruptured 

at these nodes. Observations of the tissue structure showed discontinuities in the tissue fibers at the nodes and variations in the density and 

direction of the tissue fibers at the base of the shoots, because the majority of fractures at the maximum stress point occurred near to the 

epidermis. This discontinuity of the tissue fibers is considered the reason for the low tensile fracture strength at the nodes.
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The results of the tensile test showed the following linear approximation of the relationship between the fracture area and the maximum 

tensile strength: t_(S_i ): maximum tensile strength of the rhizome of diameter i (N), A_i: cross-sectional area of the rhizome of diameter i (mm²), and the 

slope α was a value between 11 and 19.

The test results revealed that the nodes were weak under tension, and observations from the tensile tests indicated that in many cases, 

the tensile strength reached a maximum when the specimen broke near the epidermis. Suzuki (1948) compared the microstructure and 

mechanical properties of bamboo culms and reported that the specific gravity, bending strength, Young's modulus, and shear strength of 

bamboo culms increased monotonically toward the outer bark, with dense vascular sheaths unevenly distributed on the outer bark side. In 

addition, the rhizome has thick-walled vascular sheath fibers, similar to those of bamboo culms (Ito, 2013), suggesting that the maximum 

tensile strength is near the epidermis.

MEASURING SHEAR STRENGTH ENHANCEMENT BY ROOTS

The results of the shear test show the relationship between vertical stress (σ) and shear stress (τ) at peak strength, as shown in Fig. 6. From 

the σ-τ relationship, the adhesion force (c) and internal friction angle (φ) were obtained using Coulomb's strength equation. The results 

from the soil-only specimen showed an adhesion force c = 0.4 kN/m² and an internal friction angle φ = 34.6°. However, the results for the 

specimen containing roots showed an adhesion force c = 7.4 kN/m² and an angle of internal friction φ = 52.8°. The shear strength-enhancing 

effect of the roots may have affected both the adhesion and the internal friction angle.

The results of the shear tests to verify the effect of roots showed that the internal friction angle was approximately twice that of the soil 

alone when roots were included, whereas the adhesive force was approximately 18 times greater. The enhancement of adhesion c by roots 

in this experiment was ∆c = 6.96 kN/m². The adhesive force, rather than the angle of internal friction, generally controls the resistance to 

collapse in shallow layers. Therefore, the deterrent effect of the bamboo roots on collapse was considered to be significant. Observation of 

the roots after the shear test, with the soil particles removed, showed that the dense roots formed a braided structure that, remained intact 

outside the shear plane. Therefore, we considered that the applied shear force was converted into root tensile force because of the dense 

distribution of roots near the ground surface. In other words, the effect of the roots was deduced to be that when shear force is applied, the 

braided structure made up of the roots converts the shear force into tensile force, and the tensile strength of each individual root displays 

the shear strength of the entire soil mass.

OBSERVATIONS IN COLLAPSED AREAS

In a survey of a collapsed site in Waki-machi, the remnant rhizomes at the periphery of the collapse were concentrated approximately 1.0 

m below the ground surface. Three types of ruptures were observed: those that ruptured diagonally from the node, those that ruptured 
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at the node (Fig. 7), and those that ruptured at the point where the rhizomes thinned due to branching. In a survey of a collapsed site in 

Touho-mura, rhizomes were observed at the periphery. The distribution of the rhizomes was concentrated at approximately 0.45- 0.65 m 

below the ground surface, and the ruptures were classified into two types: ruptures at nodes and ruptures at junctions.

The nodes and junctions, which were believed to have low strength due to the tensile forces on the rhizomes brought on by the sliding of 

the soil mass at the time of collapse, were the foilure points at each failure site.

CONCLUSIONS
In Japan, slope failures of slopes dominated by bamboo can result in landslides. To evaluate the deterrent effect of bamboo species on slope 

failure, it is necessary to clarify the strength of the rhizomes against shear and tension. Therefore, we conducted tensile tests to evaluate 

the rupture strength of the rhizome against the tensile forces expected to be applied to the rhizome when collapse occurs, considering the 

differences between the nodes and internodes. The results indicated that the strength at the nodes tended to be lower than that at the inter-

nodes. Observation of the tissue structure at the nodes indicated that the discontinuity of the tissue fibers may be the reason for the lower 

strength at the nodes. To clarify the effects of densely distributed roots near the ground surface, shear tests were conducted on undisturbed 

soil clods containing roots. The braided structure made up of the roots converts shear force into tensile force when shear force is applied, 

and the tensile strength of each individual root exhibits the shear strength of the entire soil mass, according to the shear test results.

Observations made at a collapse site on a slope dominated by bamboo species showed that most of the remaining rhizomes at the periphery 

of the collapse site were broken at the nodes or thinning branches of the rhizomes, suggesting that tensile forces on the rhizomes caused 

them to break at weak points such as the nodes or branches during the collapse. This suggests that the tensile force on the rhizome caused 

by the sliding of the soil mass at the time of collapse caused rupture at weak points such as nodes and branching points. This suggests that 

the deterrent effect of the rhizomes was due to their resistance to rupture at the periphery of the collapse.

This report is based on observations from two collapse cases; therefore, more cases of slope failure under different conditions must be 

studied to generalize and model the collapse-deterrent effect of rhizomes.
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