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ABSTRACT 

Due to the benefit of agriculture economics, Makino bamboo (Phyllostachys Makinoi Hayata) was chosen as one of the most 
important species for forest plantation during 1980’s in Taiwan to control slopeland erosion and landslides. However, after the 
Chi-Chi (or 921) earthquake in 1999, shallow landslides frequently occurred at the Makino bamboo forest slopeland during ty-
phoons. To investigate the shear strength characteristics of the soil-root system of Makino bamboo forest, a 3-D numerical root 
model consisted of a reverse T-shape rhizome roots and limit hair roots was developed according to the actual root morphology, 
and successfully applied to the numerical simulation of the in-situ pull-out tests of soil-root system. Meanwhile, the ultimate pull- 
out resistance can be well correlated with the growth age, diameter at breast height and soil water content. Using the identical 3-D 
numerical root model to the pull-out test, a series of numerical simulations of direct shear tests were implemented and the shear 
strength increment of soil mass due to roots was estimated. Subsequently, a mechanical conversion model with simple mathe-
matical form, which enables a direct transformation of the observed ultimate pull-out resistance of 2.28 to 6.12 kN into the shear 
strength increment of 2.83 to 36.45 kPa due to roots was proposed. The conversion model offered a convenient way to estimate 
the reinforcement effect of the Makino bamboo root system required for the 3-D slope stability analyses. For a Makino bamboo 
forest slopeland with slope angle varies from 20 to 50, the maximum increment of factor safety due to the reinforcement effect 
of Makino bamboo root system approximates 4.6 and the contribution of the root system to the stabilization of slopeland is not 
as significant as expected. Conclusively, according to the field observations, it can be inferred that the tension cracks widespread 
over the slopeland due to the wind loading on Bamboo culms during typhoons and the sequential infiltration of rainwater into 
cracks are the main factors responsible for the collapse failure of slopeland. 

Key words: Makino bamboo, soil-root system, ultimate pull-out resistance, shear strength increment.

1. INTRODUCTION 

Because of the benefit of agriculture economics and the 
suitability of vegetative reproduction for the local environment, 
Makino bamboo was chosen for forest plantation by public agen-
cies during 1980s in Taiwan. As a consequence, Makino bamboo 
has the greatest accumulative population among the several main 
species of bamboo due to the numerous plantations by peasants 
in that duration (Yang and Huang 1981). Before the Chi-Chi (or 
921) earthquake in 1999, Makino bamboo was considered as an 
appropriate species of forest plantations with contribution to the 
erosion control and landslide prevention of the slopeland of wa-
tershed in Taiwan (Chen et al. 2005). However, after the earth-
quake, shallow landslides of Makino bamboo forest slopeland 
(see Fig. 1) became very common during typhoons and this im-
plies the policy of using Makino bamboo for the long-term forest 
plantations might need to be further inspected. 

A large amount of direct shear tests and formulations of 
mechanical models of soil-root systems were carried out to quan-
tify the reinforcement effect of root systems on soil mass (Wal-
dron 1977; Waldron and Dakessian 1981; Wu et al. 1979, 1988a 
and 1998b; Abe and Ziemer 1991; Operstein and Frydman 2000; 
Cazzuffi and Crippa 2005). Various soil-root interaction models 
were also proposed to evaluate the contribution of roots to shear 
strength and comprehensive reviews can be found in many works 
(Coppin and Richards 1990; Morgan and Rickson 1995; Gray 
and Sotir 1996; Wu et al. 2004). Abe (1991) estimated the rein-
forced shear resistance of roots through the pull-out resistance of 
roots. Operstein and Frydman (2000) carried out 43 pull-out tests 
to measure the vertical pull-out load of Alfalfa roots from a waste 
chalky fill with varying stone content. Conclusively, the mor-
phology of plant roots in soil stratum dominates the anchorage of 
plants to resist the uprooting force (Stokes et al. 1996; Ennos 
1990 and 1991). 

Dupuy et al. (2005a) used the density-based approach to 
model the architecture of roots and investigated the anchorage of 
roots by 2-D numerical analyses. Operstein and Frydman (2001) 
simulated the direct shear behavior of cylindrical samples with 
and without roots using a 2-D finite difference plane strain nu-
merical scheme to examine the reinforcement effect of roots. 
Dupuy L. et al. (2005b, 2005c and 2007) also investigated the 
influence of root morphology and soil type on the uprooting re-
sistance and overturning resistance of trees through 2-D and 3-D 
numerical modeling. 
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(a) Typical failure mode of Makino bamboo forest slopeland 

 
(b) Makino bamboo root system with shallow rooting depth 

Fig. 1  Shallow landslides frequently occurred at Makino bamboo forest slopeland during typhoon 

Although many soil-root interaction mechanical models and 
pull-out test of roots had been proposed to evaluate the shear 
strength increment due to roots, none of them can directly correlate 
the shear strength increment with the pull-out resistance of roots. 

In the past, the relevant studies of Makino bamboo were 
mainly concentrated on its growth characteristics, biomass inves-
tigations, population distributions, and utilizations (Liu and Ren 
1971; Lee 1983) rather than on their mechanical functions of root 
system. Stokes et al. (2007) performed a systematic uprooting 
tests and measured the plant morphological characteristics to 
quantify the anchorage of the root system of big node bamboo 
and indicated that the root system is contributes little to slope 
stability. However, the quantitative contribution of the root sys-
tem of the bamboo to the shear strength increment of soil mass is 
still not available and needs more surveys.  

In this study, a series of in-situ pull-out tests were carried 
out to evaluate the anchorage resistance of Makino bamboo root 
systems. In addition, a 3-D numerical model of a Makino bam-
boo soil-root system with optimum geometry configuration was 

established for the 3-D finite element numerical simulations of 
in-situ pull-out tests. Simultaneously, the identical 3-D numerical 
model to the pull-out test was repeatedly used for the simulation 
of the direct shear test to estimate the shear strength increment of 
soil mass due to roots. A mechanical conversion model, which 
enables a direct transformation of the ultimate pull-out resistance 
into the shear strength increment of the Makino bamboo soil-root 
system, was proposed and used for a series of 3-D stability 
analyses of the Makino Bamboo forest slopeland in watersheds. 

2. MATERIALS AND METHOD 

2.1 Field Investigations of Makino Bamboo Forest 

The study site was located at the mileage 27 km of Pei-Heng 
Highway in Da-Xi forest land No. 167, Fu-Hsing Township, Tao- 
yuan County, Taiwan and attributed to the watershed of the Shi- 
Men Reservoir as shown in Fig. 2. The elevation of the area is 
about 1,752 m and characterized by mild slopes with an average 
gradient of 20. The major soil types are silty clay or clay with 
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low plasticity. The climate of the area is subtropical with high 
humidity, annual average relative humidity of 83, annual mean 
temperature of 24.7C in summer and 14.6C in winter. In addi-
tion, average annual precipitation ranges from 2,260 to 2,680 mm 
with large percentage from May to September. 

2.2 Physiological and Growth Characteristics of the 
Root System 

Makino bamboo forest was widespread over the slopeland of 
the watershed with an elevations ranging from 10 to 1,550 m in 
the central and south parts of Taiwan and a total distribution area 
approximating 44,000 hectares. According to the biomass inves-
tigations from ten sampling sites by Lin et al. (2009), the stand 
density of Makino bamboo forest ranges from 10,200 to 16,500 
trees/ha. 

The bamboo culms are connected each other through a net-
work-like shape of laterally running root system called rhizomes 
(or rhizome roots). In the loose soil stratum of bare land or land-
slide areas, the length of new growing roots can reach 30 m per 
year. The rooting depth of Makino bamboo is shallow ( 0.8 m) 
and the root density decreases with the increasing depth of the 
soil layer. 

The culms and root system of Makino bamboo have a life 
cycle of about 10 years and the bamboo shows a very high ger-
mination and propagation rates in its growth age between 3 and 5 
years. The diameter at breast height (DBH) of Makino bamboo 
directly measured from the 10 sampling sites ranges from 50 to 
60 mm and the growth age was estimated about 1 to 3 years old 
by the facial color of the bamboo stand. The growth conditions of 
Makino bamboo forest investigated by Lin et al. (2009) are 
summarized in Table 1. 

2.3 Morphology of the Root System 

Four test pits were excavated to survey the morphology of 
the Makino bamboo root system as shown in Figs. 3(a) and 3(b). 
Makino bamboo is monopodial with a laterally running type of 
root system (called rhizomes or rhizome roots) and individual 
culms emerge from the rhizomes at different distances. 

The root system of Makino bamboo can be considered as a 
reverse T-shape rhizome roots system (vertical rhizome roots  
lateral rhizome roots) and plenty of hair roots as presented in Fig. 
3(c). The vertical rhizome roots extend downward to a depth 
from 0.1 to 0.3 m ( LVR) and the lateral rhizome roots grow 
laterally to a range from 0.4 to 0.5 m (LLR). The diameter of 
both roots ranges from 13 to 25 mm (dR). In addition, the hair 
root sprouts from the knot of the lateral rhizome roots and 
spreads widely over the soil layers nearby the ground surface. 
The diameter of hair root ranges from 10 to 20 mm (dH) and the 
stretching length can reach 0.6 m (LVH or LLH). The biomass of 
the hair root decreases with the increasing depth. In general, the 
Makino bamboo root system can grow and extend downward to a 
depth from 0.7 to 1.0 m from the ground surface. Figure 3(d) 
illustrates a small Makino bamboo community consisted of 11 
bamboo culms with 63 rhizome roots. 

Table 1  Growth conditions of Makino bamboo in the field site 

Da-Xi No. 167 forest land, Fu-hsing Township, Tao-yuan County, 
Taiwan m.s.l. (mean sea level)  470 m 

Stand 
density 
(tree/ha)

Average 
diameter at 

breast height
DBH (mm)

Average 
stand total 

height 
(m) 

Average stand 
height under 

crown 
(m) 

Total weight of 
stand above 

ground surface
(kN/ha) 

158002651 54.012.0 10.81.0 8.11.6 1527.9152.0

   

(a) Makino bamboo with high culm                (b) Location of Makino bamboo forest       (c) Culm color of Makino bamboo varied with 
growth age 

Fig. 2  The study site of Makino bamboo forest located at the watershed of the Shi-Men Reservoir in Taiwan 
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2.4 Laboratory Strength Tests 

Strength Tests of Root Material 

The live cutting rhizome roots were packed into plastic bag 
and sealed immediately after the sampling in the field. To keep 
the roots fresh, the root specimens were stored in refrigerator 
prior to testing. On the other hand, without using oven dry, the 
withered roots dry naturally in the field called dry dead roots 
were also collected for strength tests. There totally 20 and 5 ten-
sile tests were carried out in the laboratory for live cutting roots 
and dry dead roots respectively and another 5 shear tests were 
performed for live cutting roots. The length of root ranges from 
400 to 500 mm for tensile test and from 200 to 250 mm for shear 
tests. The strength tests were carried out by strain control with a 
loading speed of 10 mm/min. using the universal test machine 
with capacity of 1MN.  

Direct Shear Tests of In-situ Soil Material 

There totally nine pull-out tests were performed and the 
relevant testing results are summarized in Table 2. In addition, 
the in-situ soil material was classified into the silty clay (CL) or 
silty soil (ML) according to the United Soil Classification System 
(USCS). Three groups of soil specimens (soil No-A) sampled 
from the field site of pull-out test were used for laboratory direct 
shear tests to determine the shear strength of soil material. The 
average total (or moisture) unit weight of soil specimens was 
18.5 kN/m3.  

2.5 In-situ Pull-out Tests 

The layout of the pull-out equipment is illustrated in Fig. 4. 
The load cell (capacity: 50 kN) was firstly connected with the 
pull-out loading recorder (equipment type: SMD-10A) and con-
stant rate pull-out unit (rate adjustable from 0.157 to 4.993 
mm/min); and finally mounted on the portable triangular frame. 
The pull-out loading recorder connected with the computer en-
abled a data acquisition of the pull-out resistance and pull-out 
displacement. To save time and promote the testing efficiency in 
the bamboo forest, nine sets in total of the pull-out tests (No. T1 
~ T9) as shown in Table 2 were carried out under a maximum 
pull-out rate of 4.993 mm/min and the growth age of the bamboo 
for the test ranged from 1 yr to 3 yrs.  

2.6 Numerical Model of Pull-out Test 

In this study, both the numerical modeling of pull-out test 
and direct shear test were performed using the finite element 
program of Plaxis-3D Foundation (2008). Unlike the 2-D plane 
strain model, the 3-D model enables a more realistic simulation 
on the stiffness and the configuration of the root system. The 
numerical model with dimensions of 3  3  3 m (length  width 
 height) were adopted to minimize the boundary effect on the 
numerical solutions of the pull-out test carried out at the central 
area of the model and the geometry boundaries were specified as 
being in a fully constrained condition as shown in Fig. 5.  

According to the root morphology in Figs. 3(a) ~ 3(d), the 
geometry of the root system were approximated by two compo-
nents: (1) The reverse T-shape rhizome roots: Grows and extends 
downward to a depth of LVT  0.15 m beneath the surface of the 

ground and laterally stretches to a length of LLT  0.5 m (2   
0.25 m) with an average diameter of 19 mm (dR); (2) The hair 
root: The lengths of the vertical hair root LVH 0.5 m and lateral 
hair root LLH 0.25 and 0.35 m were used for the parametric 
study. The average diameter of the hair root is 1.5 mm (dH). 

Figure 6 illustrates the detail of the 3-D numerical root 
model. Adjusting for the length and the number of layers of lat-
eral hair root, four types (S1 ~ S4) of numerical root model as 
tabulated in Table 3 were established for numerical experiments. 
In which, all types of root models contained the reverse T-shape 
rhizome root except that the sample S1 didn't include the vertical 
hair root and lateral hair root. 

Input Material Model Parameters of Pull-out Test 

In this study, the soil material was simulated by the soil ele-
ment with perfectly elastic plastic model (or Mohr-Coulomb 
model). The shear strength parameters of soil No-A, namely, the 
cohesion, c  24.0 kPa, and friction angle,  15.6, determined 
from the laboratory direct shear tests were used for the numerical 
simulation of pull-out tests. In addition, the required model pa-
rameters consisted of the Young’s modulus of soil material, E 
2000 kPa, Poisson’s ratio,   0.30, and the dilation angle,  0 
and they were all specified according to the engineering character-
istics of low plasticity silty clay (Plaxis-3D Foundation, 2008). 

In addition to the model parameters, the relative displace-
ment at the soil-root interface during the pull-out test was mod-
eled by two strength parameters cint and int. At the interface, the 
cint and int were given by: cint (Rint  c) and int (Rint  
[tan1(tan)]), in which, the strength reduction factor Rint  0.5 
was adopted considering the lower overburden pressure of 
soil-root system. 

Table 2 In-situ pull-out tests of Makino bamboo soil-root system 

Testing
No. 

Growth age
(yr) 

DBH
(mm)

p 
(mm) 

Pu 
(kN) 

nb 
w 

(％) 

T1 1 35 87 2.28 1 12 

T2 1 40 84 2.58 1 18 

T3 1 45 98 4.08 2 10 

T4* 2 50 181 6.12 3 7 

T5* 2 55 112 4.99 2 13 

T6* 2 55 99 5.88 2 9 

T7 3 65 131 5.67 3 13 

T8* 3 58 190 5.36 3 12 

T9 3 70 136 5.91 4 15 

DBH diameter at breast height; p measured pull-out displacement 
at ultimate pull-out resistance; Pu measured ultimate pull-out resis-
tance; nb number of tap root breakage; w water content of soil mass;
*good similarity in Pu ~ p testing curves and used for the comparisons 

with numerical results 
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(a) Before culms cutting 

(c) Side view of soil/root system 

 

(b) After culms cutting 

The root system has a highest root density in the rooting depth 
of 0 ~ 30 cm due to the growth of large quantity of rhizomes. 
However, the root density is gradually decreasing in the 
rooting depth of 30 ~ 60 cm. The root area ratio varies from 
0.09 to 0.44 in the rooting depth of 0 ~ 60 cm.  

 

   
(d) Illustrative sketch of rhizome roots 

Fig. 3  Makino bamboo root morphology 

reverse T-shape rhizome roots
(vertical rhizome roots LVR  

lateral rhizome roots LLR) 

vertical hair root LVH

lateral hair root LLH

Culm 

Culms 

Culm number 

Rhizome number 

Growth direction of rhizomes

Dry dead rhizomes 

Breakage of dry dead rhizomes 

Rhizomes 

Breakage of live rhizomes
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(a) Layout of pull-out equipment 

  

(b) Connection of root system with pull-out system 

Fig. 4  Pull-out equipment and its connection with Makino bamboo root system 

 
Fig. 5 Numerical model for the pull-out test of Makino bamboo 

soil-root system 

Table 3 Makino bamboo numerical root models and numerical 
results of pull-out tests 

Numerical 
Root Sample 

No. 

Reverse 
T-shape 

rhizome root

Vertical hair 
root 

Lateral hair 
root 

p 
(mm)

Pu 
(kN)

S1 yes no no 176 6.082

S2* yes LVH 0.50 m 
LLH 0.35 m; 

3-layers 
178 5.396

S3 yes LVH 0.50 m 
LLH 0.25 m; 

3-layers 
199 4.905

S4 yes LVH 0.50 m 
LLH 0.25 m; 

2-layers 
206 4.709

yes with configuration, no  without configuration 

LVH length of vertical hair root; LLH  length of lateral hair root 

p simulated pull-out displacement at ultimate pull-out resistance; 
Pu simulated ultimate pull-out resistance 
* Due to the similarity of the numerical outputs of 3-D pull-out tests, 

only S2 was used for discussions. 

 

Steel cable with tensile 
capacity of 30 kN 

Steel hoop confinement to 
prevent the fracture of 
bamboo culms due to 

pull-out loading 

Steel spike penetrates 
through the bamboo 

culms  

Constant rate 
pull-out unit 

Pull-out loading recorder 
(SMD-10A) 

Load cell

Portable triangu-
lar frame 
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Table 4 Material model parameters of root system for the nu-
merical simulation of pull-out test and direct shear test 
of Makino bamboo soil-root system 

Root system 
Root 

Diameter d (mm) 
Cross sectional 
area a (mm2) 

Ultimate tensile 
resistance t (kN)

Rhizome root 19.0 283.5 6.81 

Hair root 1.5 1.8 3.93 

Young’s modulus Er  312 kPa for root system 

 
 

The root material was simulated by a 3-node beam element 
with a linear elastic model as listed in Table 4. Based on the 
laboratory tensile test of single root, the ultimate tensile resis-
tance of single root t was determined by 0.0173  d 

2.03 (d root 
diameter) of 6.82 kN and 0.04 kN for rhizome root diameter   
dR 19 mm and hair root diameter dH 1.5 mm respectively. In 
addition, the average Young’s modulus of root material Er 312 
kPa from tensile test was used for the numerical simulation. 

Numerical Simulation of Pull-out Test 

The simulation of the pull-out test was implemented by con-
tinuously applying an incremental pull-out loading to the root 

system and recording the calculated pull-out displacement in-
crement. The simulation was ceased as the cumulative loading 
reached the ultimate pull-out resistance Pu of the test curve. 

2.7 Numerical Model of Direct Shear Test 

As shown in Fig. 7, the dimensions of the numerical model 
were 3  3  3 m ( length  width  height) and the central test-
ing block of the soil-root system was 0.60  0.6  0.15 m      
(= length  width  thickness). The numerical model with dimen-
sion similar to the pull-out test was considered to minimize the 
boundary effect on the central testing block (direct shear test). 
The numerical modeling of direct shear test with applied shear 
loading was performed on the central testing block only. The 
trench surrounding the testing block was excavated to a depth of 
0.15 m to simulate the space required for equipment installation. 
The shearing plane was specified at a depth of 0.15 m which 
exactly coincided with the elevation of the intersection point of 
the vertical and lateral rhizome roots (or reverse T-shape rhizome 
roots) as indicated in Fig. 6 (see Front View). The outermost 
geometric boundaries of the numerical model were assumed to be 
constrained without displacement. 

 

 
(a) Three-dimensional numerical model                             (b) Front view 

 
(c) Side view                                       (d) Top view 

Fig. 6  3-D numerical root model (tap root  rhizome root) of Makino bamboo root system (Unit: cm) 
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Fig. 7  Numerical model for the direct shear test of Makino bamboo soil-root system (Unit: cm) 

Input Material Model Parameters of Direct Shear Test 

Except for the strength parameters, the soil No-B which pos-
sesses a set of input material model parameters of Mohr- 
Coulomb model similar to the soil No-A was used for the nu-
merical simulation of direct shear test. The soil No-B has higher 
strength parameters of cohesion, c  25 kPa, and friction angle,  
 30, than those of the soil No-A (c 24.0 kPa and  15.6).  

The root material parameters were the same as those of the 
pull-out test (see Table 4). In general, for the in-situ direct shear 
test of a soil-root block, the loading from hydraulic jack is ap-
plied on the sample block through a steel plate. To simulate the 
shear behavior of the sample block as close as possible, it is sug-
gested to add the shear box with Young’s modulus of steel to the 
model. As shown in Fig. 7, the direct shear box of the steel plate 
was simulated by a wall element with a linear elastic model and 
the typical values of material parameters can be given as follows: 
Young’s modulus Es  200 GPa, unit weight s  78.5 kN/m3, 
and Poisson’s ratio s  0.29.   

Numerical Simulation of Direct Shear Test 

In total, three groups of numerical simulations were per-
formed on the direct shear test of Makino bamboo soil-root sys-
tem, namely, S2, S3 and S4. Similar to the laboratory direct shear 
test of soil material without roots, the normal stress  on the 
shearing plane for the four specimens in each group was varied 
by 2.7, 7.7, 12.7 and 32.7 kPa (  o  ). In which, the over-
burden stress o  0.15 m  18 kN/m3  2.7 kPa and the normal 
stress increment was   0, 5, 10 and 30 kPa respectively. The 
peak shear strength of soil-root system was determined when a 
large portion of plastic failure occurs in soil mass and the calcu-
lation will terminate simultaneously.  

2.8 Stability Analyses of Makino Bamboo Forest 
Slopeland 

In summary, the reinforcement effect of the root system on 
the slope stability was considered by adding a group of root in-

clusions into the soil mass or using an equivalent reinforced layer 
with shear strength increment Sr (or cohesion increment of c) 
to represent the soil-root layer (Waldron 1977; Wu et al. 1976, 
1994, 2004; O′Loughlin and Ziemer 1982; Operstein and 
Frydman 2002; Lin et al. 2007). In addition, Ekanayake et al. 
(1999, 2004) derived the factor of safety of soil with roots at a 
known shear displacement of direct shear tests using an energy 
approach. By a simple and practical way, Osman and Barakbah 
(2006) predicted the slope stability by the parameters of soil wa-
ter content and root profiles. In conclusion, the main difficulties 
in evaluating the reinforcement effect of root systems result from 
the spatial random distribution of the physical and mechanical 
properties of plant roots. In this study, the soil-root system of 
Makino Bamboo forest slopeland was modeled by an equivalent 
reinforced layer with a cohesion increment of c.  

Numerical Model 

The geometry model of Makino Bamboo forest slopeland is 
displayed in Fig. 8. The slope height of 10 m ( H) is maintained 
while the slope angle  varied from Grade 4 to Grade 7 according 
to the standard of the slopeland grading system in Taiwan. The 
grading system gives the following gradations: Grade-4 ( 20, 
H/L 36.4); Grade-5 ( 25, H/L 46.6); Grade-6 ( 40, 
H/L 83.9) and Grade-7 ( 50, H/L 119.2). The side 
boundaries and bottom boundaries of the geometric model were 
restrained without displacement (X 0; Y 0; Z 0). 

Input Model Parameters 

To evaluate the effect of the Makino bamboo root system on 
the slope stability, the relative factor of safety, RFS ( FSr / FSo), 
proposed by Operstein and Frydman (2002) was used. At first, a 
critical cohesion co was back calculated to maintain the slope 
without root system at a critical state equilibrium condition for a 
safety factor FSo  1.0. Subsequently, the identical slopes with 
Makino Bamboo roots were analyzed for a safety factor FSr. In 
such a way, the RFS enables an evaluation of the exact contribu-
tion of the shear strength increment due to roots to slope stability. 

Central 
testing block 

Soil-root system 

Steel direct shear box 
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Fig. 8 Geometry dimension (Unit: m) of 3-D numerical model 
of Makino bamboo forest slopeland 

As shown in Table 5, the critical cohesions co of 7.47, 8.58, 11.75 
and 13.64 kPa can be determined for the slopes with different 
slope angles  of 20; 25; 40 and 50. The soil material model 
parameters were same as those of the simulation of direct shear 
test (the soil No-B) and the shear strength increment due to roots 
c  20.8 kPa (see Table 7) was obtained from the simulations of 
the direct shear test of the Makino bamboo soil-root system. The 
soil-root system in the rooting depth Lr  0.8 m, 0.9 m and 1.0 m 
were considered as an equivalent reinforced layer with thick-
nesses of 0.8 m, 0.9 m and 1.0 m and cohesion of c ( co  c). 

Implementation of Stability Analysis  

Slope stability analyses were performed on a series of ficti-
tious slopes with and without root systems using the c- reduc-
tion method of 3-D finite element program (Plaxis-3D Founda-
tion, 2008). In the c- reduction approach the input strength pa-
rameters c (= co  c) and tan for soil-root system are succes-
sively reduced to residual values of cr and tanr respectively to 
trigger the slope failure. The method defined the overall safety 
factor of slope FS = (c /cr) = (tan / tanr).  

3. RESULTS 

3.1 Strengths of In-situ Soil and Single Root 

In this study only one type of soil material (soil No-A) sam-
pled from the field site was used for the laboratory direct shear 
test. According to the testing results, the strength parameters 
(cohesion c and friction angle ) decreased with the increasing 
water content w. Namely, for w  7, 9 and 12, the corre-
sponding c values and  angles are: c 43.0 kPa, 39.5 kPa and 
24.0 kPa, and   24.1, 19.0 and 15.6. 

According to the testing results, the tensile resistance of a 
Makino bamboo single rhizome root t can be approximated by t 
(kN) [0.0173  d 2.03] for the root diameter d (mm) ranging 
from 13.5 to 23.6 mm by regression fitting procedure. Moreover, 
the Young’s modulus of Makino bamboo rhizome root Er ranging 
from 193.3 to 451.3 kPa is equivalent to the secant modulus at 
the 50 of the maximum tensile stress of the stress/strain curves 
of tensile tests. The laboratory testing results of rhizome root are 
summarized in Table 6. It was indicated that the average tensile 
strength of a live cutting of rhizome root is 20.53 MPa, which is 
lower than that of dry dead rhizome root at 29.81 MPa and this 

Table 5 Soil material model parameters for slope stability 
analyses with and without Makino bamboo root systems 

Mohr-Coulomb soil model parameters 

c 
(kPa) 

 
(deg.) 

sat 

(kN/m3) 
E 

(kPa)   
(deg.)

co 
(Critical cohesion)

30 19.0 2000 0.3 0 

Critical cohesion for slopeland with various slope angle 

Slope angle 
(deg.) H/L ()
(Slope grade*)

20 
36.4 

(Grade-4)

25 
46.6 

(Grade-5) 

40 
86.9

(Grade-6)

50 
119.2 

(Grade-7) 

Critical cohesion
co (kPa) 

7.47 8.58 11.75 13.64 

* In Taiwan, slopeland is classified into Grade-1 ~ Grade-7 according 
to its slope angle. 
E Young’s modulus, Poisson’s ratio, dilation angle 

 

 
implies that the dry dead roots can still provide reinforcement to 
the soil mass. However, it should be noted that the reinforcement 
effect may be attenuated due to the separation of the dry dead 
root from the desiccated soil mass. The shear strength of rhizome 
root was determined by single shear test using universal testing 
machine.  

3.2 Verification of Numerical Procedures of the Pull-out 
Test  

Because of the similarity of the numerical outputs of 3-D 
pull-out analyses, only the simulation results of numerical root 
sample S2 (with reverse T-shape rhizome roots, the length of 
vertical hair root LVH  0.55 m and 3 layers of lateral hair root 
with length LLH  0.35 m) were adopted for discussions. Figure 9 
displays the deformation mode of the root system in which the 
rhizome roots and lateral hair root stretched upward as the pull- 
out force applied. Nevertheless according to the deformation 
pattern the vertical hair root seems insignificant in contribution to 
the pull-out resistance.  

Considering the similarity of the pull-out curves, only 4 sets 
of in-situ pull-out tests (T4, T5, T6 and T8) were used for the 
comparison with the simulations (S1, S2, S3 and S4) as shown in 
Fig. 10. In which, S1 ~ S4 represents the numerical root samples 
with different configurations of Makino bamboo root system as 
listed in Table 3. 

The pull-out curves of numerical root samples S2, S3 and S4 
exhibited a steeper slope than S1 as the pull-out loading was 
lower than 3 kN at the initial testing stage. This can be attributed 
to the additional anchorage of the hair roots which extensively 
scattering over the soil mass surrounding the rhizome roots. 
However, as the pull-out loading becomes higher than 3 kN, the 
slope of the pull-out curve of samples S2, S3 and S4 decrease and 
becomes smaller than S1. This can be resulted from the large 
pull-out displacement of rhizome root and which in turn trans-
ferred to the hair roots and its surrounding soil mass in the se-
quential loading stages. Eventually the anchorage effect of the 
hair roots descend in response to the failure of surrounding soil 
mass and leads to a lower ultimate pull-out resistance. In conclu-
sion, except sample S1, the simulated pull-out curves of the sam-
ples S2, S3 and S4 reasonably fell on the range of measurements. 

Root-reinforced soil layer

Soil layer without root

3H 

3H 

L 
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Table 6 Average tensile and shear strengths of Makino bamboo 
single rhizome root 

Testing 
Group 

No. 

Root 
material 

type 

No. of 
samples 
tested 

Average 
diameter 
d (mm) 

Average 
tensile 

strength 
t (MPa) 

Average 
shear strength
r (MPa) 

1 
Live 

cutting 
20 

20.6 1.32
( 2.83)

20.53 5.06 
( 10.85) 

non 

2 
Live 

cutting 
5 

19.6 2.51
( 2.19)

non 9.04 5.50
(s 4.78) 

3 Dry dead 5 
20.6 2.64
( 2.30)

29.81 11.27 
( 9.80) 

non 

: Standard error 

  

Fig. 9 Deformation mode of Makino bamboo root system S2 at 
the final loading stage of pull-out test (P  pull-out force, 
v  pull-out displacement) 
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Fig. 10 Comparison between the simulation and measurement of the pull-out test of Makino bamboo soil-root system 
(T: for Tests and S: for Simulations) 

The ultimate pull-out resistance of numerical root samples 
S2, S3 and S4 shows a sequence of S2  S3  S4. Accordingly, 
for a root system with specific rhizome root morphology, the 
length (or the extent of lateral spreading) of lateral hair root 
shows more influence on the anchorage and ultimate pull-out 
resistance than the number of layer of lateral hair root.  

In Fig. 10, the numerical root of type S1 which possesses the 
most simple root pattern (without hair root, see Table 3) displays 
a distinct simulation curve of pull-out test from those of the nu-
merical roots of type S2, S3 and S4. The pull-out curves of S2, S3 
and S4 show a very similar trend from calculations. Accordingly, 

the numerical root of type S1 was excluded from the simulation 
of direct shear test and only S2, S3 and S4 were considered. 

3.3 Numerical Simulations of the Direct Shear Test  

Figures 11 present the simulation results of numerical sam-
ple S3 under various shear loading condition (maximum shear 
stress   58.9 kPa, maximum shear displacement h  46.5 mm). 
A lateral movement of the Makino bamboo root system is mobi-
lized after shearing. Figure 12 shows the Mohr-Coulomb shear 
strength envelopes of the soil mass with and without Makino 
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bamboo root system and the envelopes can be expressed by:  
45.8    tan29.9  (c Sr)  tan29.9 and  25  
tan30c  tan30. Consequently the shear strength in-
crement due to roots Sr  20.8 kPa is determined. Table 7 sum-
marizes the Sr ( c) determined from the numerical results of 
direct shear tests S2, S3 and S4. 

4. DISCUSSION 

4.1 Input Strength Parameters of Soil Model for 
Different Numerical Simulations 

As obtained from the laboratory direct shear tests, the 
strength parameters of in-situ soil material (c  43.0 ~ 24.0 kPa, 
and  24.1 ~ 15.6) decrease with the increasing water content 
(w 7 ~ 12%), considering the most conservative condition, the 
lowest strength parameters (soil No-A): c 24.0 kPa and  
15.6 with highest water content of 12 were then adopted for 
the numerical simulation of pull-out tests. It was also found that 
the numerical calculations of the pull-out curves can be success-
fully achieved without any numerical difficulty using the lowest 
strength parameters and compared with the field measurements 
(see Fig. 10).  

However, it should be pointed out that the lowest strength 
parameters: c 24.0 kPa and  15.6 for the Mohr-Coulomb 
soil model used in the numerical simulation of direct shear tests 
will cause numerical difficulties. Due to the low friction angle, 
the plastic yielding of soil material occurs very fast in the simula-
tion phases and it will automatically cause a termination during 
the numerical calculations. This consequence is attributed to the 
difference of the loading type between pull-out test and direct 
shear test. In pull-out test, the pull-out loading was immediately 
applied on the root material and then transferred to the surround-
ing soil mass and this alternately mitigates the occurrence of the 
plastic yielding of soil. On the contrary, unlike the simulation of 
pull-out test, in direct shear test, the soil material adjacent to the 
edge of shear box will carry the shear loading firstly and yield 
very quickly under a relatively low friction angle prior to the 
mobilization of the shear resistance from the roots at the central 
area of shear box. In such circumstances, in order to complete the 
simulation phases of direct shear test, another set of strength pa-
rameters (soil No-B) with adjustment of c  25 kPa and  30 
was verified to be appropriate for the numerical calculations of 
direct shear tests. Conclusively, in this study, the soil No-A (with 
lower shear strength parameters) was used for the simulation of 
pull-out tests whereas the soil No-B (with higher shear strength 
parameters) adopted for the simulation of direct shear test. 

4.2 In-situ Pull-out Test 

Compared with the lateral uprooting tests by Stokes et al. 
(2007), the maximal lateral pulling force of Big Node bamboo F 
( 1615  195 N) which well correlated with the number of roots 
N (total number of lateral roots31 and number of roots per node 
5.7) and root volume Vroot is smaller than the ultimate vertical 
pull-out resistance Pu (5420  470 N) of Makino bamboo. The 
biomasses of the rhizome roots and the hair roots of Makino 
bamboo are about 2746.0 kN/ha and 98.1 kN/ha respectively. 
The difference of the pull-out resistance of the two bamboo 

 

Fig. 11 Deformed mesh of a Makino bamboo soil-root system 
(S3) under different shear loading conditions of direct 
shear test (shear stress, h  shear displacement) 

 

Fig. 12 Shear strength increment due to roots of a Makino 
bamboo soil-root system (S3) 

Table 7 Shear strength increment of a Makino bamboo soil-root 
system determined by numerical simulation of direct 
shear test 

Testing 
group 

c 
(kPa) 

 (deg.) 
measure-

ment 

 (deg.) 
calculation 

c Sr 
(kPa) 

Sr (c)
(kPa) 

S2 25 30 29.8 50.3 26.3 

S3* 25 30 29.9 45.8 20.8 

S4 25 30 30.1 43.4 18.4 

Mohr-Coulomb shear strength envelope of soil mass without root sys-
tem:  24.0 +   tan30 
Mohr-Coulomb shear strength envelopes of soil mass with root system:
 50.3 +   tan29.8 for S2; and  43.4 +   tan30.1 for S4 
*The numerical results  45.8 +   tan29.9 for S3 were used for 

discussions. 

  44.5 kPa
h  22.5 mm

  47.8 kPa 
h  40.5 mm

  58.9 kPa 
h  46.5 mm

Initial state 
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species can be resulted from the differences of the root morphol-
ogy, the biomass of root system and the loading system of 
pull-out force (one is lateral uprooting force and another is verti-
cal pull- out loading). Although lacking the exact data of the 
biomass of root system for comparison, according to the root 
morphologies surveyed from the field site, the Makino bamboo 
seems to appear a denser biomass of root system than the Big 
Node bamboo. In addition, the vertical pull-out resistance of Ma-
kino bamboo can be highly mobilized as the root system is fully 
stretched out at the ultimate state and this pull-out mechanism is 
different from the lateral uprooting tests carried out by Stokes et 
al. (2007). Nevertheless, it should be emphasized that the lateral 
uprooting tests pulled plants laterally and downhill near ground 
level is more representative of failure during a landslide than 
vertical uprooting. 

4.3 Quick Estimation of the Ultimate Pull-out 
Resistance of Makino Bamboo 

In Section 3.2, the ultimate pull-out resistance of Makino 
bamboo soil-root system is correlated with the diameter at breast 
height D and the growth age Yr. Considering the non-destructive 
pull-out testing condition and the soil properties, the ultimate 
pull-out resistance Pu can be correlated with the growth age Yr, 
diameter at breast height D and soil water content w as: 

1.61 0.03 0.11 0.22
(for 1 ~ 3 year,  35 ~ 70 mm,  and 7 ~ 18%)

uP Yr D w
Yr D w

     
  

 

  (1) 

In practice the Yr, D and, w values are much easier to meas-
ure than other parameters in the field site. The above model 
equation was constructed by the multi-linear regression model. In 
the model, the co-linearity of Yr, D and, w are evaluated by their 
Variance Inflation Factors (VIF) and the characteristic of normal 
distribution of the model was verified by the plots of standard 
residuals from residual analyses. The VIF is used to examine the 
co-linearity of the regression variables, Yr, D and w. The VIF 
value for each variable can be calculated with respect to the other 
variables through multi-linear regression analysis. A variable 
with high VIF value (VIF  10) represents the variable has high 
co-linearity with the other variables and need to be replaced and 
further examined (Myers, 1986).    

4.4 Regression Equation of the Mechanical Conversion 
Model  

The direct shear test of the soil-root system was very tedious 
and time consuming compared to the pull-out test. To cope with 
this situation, a mechanical conversion model between the ulti-
mate pull-out resistance and the shear strength increment of the 
soil-root system due to roots becomes crucial. The model enables 
a direct transformation of the ultimate pull-out resistance into the 
shear strength increment of a soil-root system and an immediate 
application to the stability analyses of Makino bamboo forest 
slopeland. The shear strength of a soil-root system can be given 
by:   (c Sr ) tan, in which Sr is the shear strength 
increment contributed by the root system. Using the numerical 
results of shear strength increment Sr and ultimate pull-out re-
sistance of S2, S3 and S4 as summarized in Table 8, the regres-
sion equation for the mechanical conversion model can be ex-
pressed by: 

Table 8 Numerical results of the shear strength increment due 
to roots and ultimate pull-out resistance of a Makino 
bamboo soil-root system 

Pull-out test Direct shear test 
Testing group Pu 

(kN) 
d 

(m) 
p 

(m) 
Sr (c) 

(kPa) 

S2 5.40 0.019 0.178 26.3 

S3 4.91 0.019 0.199 20.8 

S4 4.71 0.019 0.206 18.4 

d average diameter of tap root, p = pull-out displacement at  
ultimate pull-out resistance 

c cohesion increment due to roots 
 

 

2.5876 2( ) ( ) 0.3357 ( )   ( 0.999)n
r u u uS f P m P P R        

  (2) 

In which, Pu (kN)  ultimate pull-out resistance of the Ma-
kino bamboo soil-root system and m, n conversion parameters 
(or regression coefficients). For the Makino bamboo root system, 
the parameters m and n equal to 0.3357 and 2.5876 respectively.  

In fact, the m and n values are the regression coefficients 
determined by the regression analysis of the shear strength in-
crement Sr and the ultimate pull-out resistance Pu. In this study, 
the m and n values can not straightforward be correlated with any 
element of the morphology of the root system. The m value of 
0.3357 and n value of 2.5876 are only appropriate for the Makino 
bamboo root system with the observed ultimate pull-out resis-
tance Pu ranging from 2.28 to 6.12 kN. 

For different species of plantation, it needs to determine 
their own m and n values by the similar operation processes. In 
practice, the m and n values can be simply determined by two 
sets of in-situ pull-out tests and in this study the effect of the 
morphology of a root system can not be directly correlated with 
the m and n values through the root geometries. However, due to 
lacking of the actual information of in-situ direct shear test a 
further verification of the Sr value for Makino bamboo soil-root 
system is still needed. 

The simulated envelopes of direct shear test in Fig. 14 re-
peatedly verify the validity of previous studies (Wu 1976; Wu et 
al. 1979; Waldron 1977; Waldron and Dakessian 1981) which 
attributed the shear strength increment of soil-root system Sr to 
the cohesion increment c whereas the frictional angle remains 
unchanged. Comparatively, O′Loughlin and Ziemer (1982) 
summarized some typical values from 1 to 17.5 kPa for the in-
crease of soil cohesion c due to roots. Wu (1976) derived the 
shear strength increment of soil-root system due to roots (Sr)wu 
considering the roots embedded into the shear zone of a sliding 
soil mass and obtained (Sr)wu  (0.92) (t) (ar) by assuming 
the root breakage under shearing. In which t  average tensile 
strength of Makino bamboo root  20.53 MPa (see Table 6), ar 

area ratio of Makino bamboo root 0.09 ~ 0.44 (Lin et al. 
2009), and eventually (Sr)wu 17.00 ~ 83.10 kPa. Comparing 
Wu’s shear strength increment (Sr)wu with that from this study 
Sr (18.4 ~ 26.3 kPa) in Table 8, Wu’s mechanical model 
seems only appropriate for the prediction of shear strength in-
crement of Makino bamboo soil-root system with lower root area 
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ratio (ar 0.10 ~ 0.14) and root breakage type of failure. How-
ever, according to the field observation, the breakage of Makino 
bamboo roots is seldom or negligible during the pull-out test, 
consequently, the Wu’s mechanical model may overestimate the 
shear strength increment due to roots in Makino bamboo soil-root 
system.  

4.5 Stability Analysis of Makino Bamboo Forest 
Slopeland 

Makino bamboo has an extremely dense root system and 
entangles itself with the surrounding soil mass to form a compact 
soil-root network block of integrity. This is beneficial to the 
shear strength and the conservation of rainwater. The Makino 
bamboo rhizome roots are laterally widespread and vertically 
distributed to form a network texture with high tensile strength 
which functions as a reinforcement of the foundation soil. 

Using the c- reduction stability analyses, the reinforcement 
effect of the root system, the sensitivity of rooting depth Lr ( 0.8, 
0.9 and 1.0 m) and the slope angle  ( 20, 25, 40 and 50) of 
Makino Bamboo forest slopeland were investigated. Figure 13 
displays the potential sliding mode of Makino Bamboo forest 
slopeland with rooting depth of Lr = 1.0 m and varied slope an-
gles. It can be observed that the influence of reinforced layer of 

root system on the factor of safety was insignificant. The colorful 
legend represents the total displacement increments at slope fail-
ure which do not have a physical meaning, but give an indication 
of the most likely failure mechanism.  

As listed in Table 9, the maximum RFS is 1.046 (increment 
of factor of safety due to roots FS  4.6%) for the case of     
 40° (H/L 83.9%, Grade-6, Lr 1.0 m) and this indicates the 
influence of the Makino bamboo root system on the stability of 
slopeland is very limited from the viewpoint of engineering me-
chanics. For a mild slopeland ( 25) the Makino Bamboo root 
system merely plays a minor role on the slope stability. For a 
medium slopeland (25 40), the influences of reinforcement 
(increasing RFS) and rooting depth (variation of Lr) of the root 
system on slope stability become apparent. Similar to the mild 
slopeland, in a steep slopeland ( 40) the increasing stability 
of the slope due to roots seems negligible when compared with 
the large driving force from gravity. In conclusions, the contribu-
tion of the Makino Bamboo root system has little effect on the 
stability of slopeland and this is coincides with that of Big Node 
bamboo indicated by Stokes et al. (2007). They concluded that 
the root system of Big Node bamboo with very shallow rooting 
depth is probably less useful in preventing soil mass movement 
and contributes little to slope stability. 

     
(a) 20, Slope Grade-4, FSr 1.009                              (b) 25, Slope Grade-5, FSr1.015 

     
(c) 40, Slope Gade-6, FSr1.046                              (d) 50, Slope Grade-7, FSr1.025 

Fig. 13 Potential sliding modes and contours of total displacement increment of earth slope at failure with a Makino bamboo soil-root 
system 
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Table 9 Relative factor of safety (RFS) of Makino bamboo for-
est slopeland 

Slope angle  () 
Slope gradient H/L () 

(Grade-No) 

Root 
distribution depth 

Lr (m) 

Relative factor of safety
RFS (FS) 

0.8 1.005 (0.5) 

0.9 1.005 (0.5) 
20 

36.4 
(Grade-4) 

1.0 1.009 (0.9) 

0.8 1.013 (1.3) 

0.9 1.014 (1.4) 
25 

46.6 
(Grade-5) 

1.0 1.015 (1.5) 

0.8 1.033 (3.3) 

0.9 1.042 (4.2) 
40 

83.9 
(Grade-6) 

1.0 1.046 (4.6) 

0.8 1.017 (1.7) 

0.9 1.019 (1.9) 
50 

119.2 
(Grade-7) 

1.0 1.025 (2.5) 

Increment of factor of safety due to roots FS() (FSr FSo ) 
100 / FSo and FSo 1.0 

 

 
4.6 Adverse Influence Factors on the Stability of 

Makino Bamboo Forest Slopeland 

Coppin and Richards (1990) indicated that although the 
surcharge effect was considered as an adverse effect in the case 
of trees, surcharge can also be beneficial, depending on slope 
geometry, the distribution of vegetation over the slope, and the 
soil properties. However, Gray and Megahan (1981) presented 
that the surcharge of trees is beneficial only when slope angles 
are small and this implied an extremely adverse situation to the 
Makino bamboo forest slopeland which is generally steep with a 
slope angle of 50 ~ 70 as shown in Fig. 1. Meanwhile, Wu 

(1979) estimated that the weight of the trees can reach about  
5.2 kPa from the number of trees per unit area and their sizes as 
determined from the survey.  

In addition, Coppin and Richards (1990) also demonstrated 
that wind loading becomes significant when the wind velocity is 
higher than 11 m/sec and both the up- or down-hill wind loadings 
can destabilize the slope especially in larger trees with shallow 
root systems. In 2004, Typhoons Mindulle (02, July; wind veloc-
ity  30  38 m/sec; rainfall intensity  267.5 265.5 mm/day) 
and Aere (25, August; wind velocity  38 48 m/sec; rainfall 
intensity = 151.5 mm/day) invaded Taiwan and caused severe 
collapse failure and erosion of Makino bamboo forest slopeland. 
In such circumstances, the shallow rooting depth of 0.8  1.0 m 
and large growth height over 10 m of Makino bamboo culms 
became extremely unfavorable to the slope stability.  

Tension cracks were also widespread over the slopeland af-
ter the typhoons as shown in Fig. 14. It is then speculated that the 
wind loading induced overturning moment on bamboo culms can 
be responsible for the tension cracks and the collapse failure of 
slopeland eventually triggered by the subsequent infiltration of 
rainwater into the cracks during the torrential rainfall of ty-
phoons. 

5. CONCLUSIONS 

According to the field investigations and numerical calcula-
tions of the Makino bamboo soil-root system, several conclusions 
were made as follows:  

Based on the field surveys of root morphology, a 3-D nu-
merical model of the soil-root system was developed and suc-
cessfully applied to the simulation of in-situ pull-out behavior. 
The model simply consisted of a reverse T-shape rhizome roots 
and a limited number of hair roots. The numerical results re-
vealed that the pull-out loading was mainly carried by the tap 
root whereas the hair roots only play a minor role in providing 
the pull-out resistance. 

  
(a) Tension cracks at the upper slope of Makino bamboo forest slopeland           (b) Tension cracks caused by the bending of Makino bamboo culm 

Fig. 14  Tension cracks on the Makino bamboo forest slopeland after typhoons 
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In practice, the ultimate pull-out resistance Pu for a non- de-
structive pull-out testing condition was well correlated with the 
growth age Yr, diameter at breast height D and soil water content 
w by a regression equation as: Pu  1.61 0.03Yr 0.11 D 
0.22 w, (for Yr 1 3 year, D 35 70 mm, and w 7 
18%).   

Through a series of numerical simulations of the direct shear 
test, a mechanical conversion model with simple mathematical 
form, ΔSr  f (Pu)  m  (Pu)

n 0.3357 (Pu)
2.5876, enabling a 

direct transformation of the ultimate pull-out resistance Pu (kN) 
into the shear strength increment of the Makino bamboo soil-root 
system Sr (kPa) was proposed. The above mechanical conver-
sion equation is effective for the Pu field measurement of 2.28 ~ 
6.12 kN for the Sr (c) estimation of 2.83 ~ 36.45 kPa. 

The slope stability results indicate the contribution of the 
soil-root system has little effect on the stability of Makino bam-
boo slopeland from the viewpoint of engineering mechanics. The 
increasing stability of the slopeland due to roots seems negligible 
when compared with several adverse influence factors during 
typhoons such as the surcharge effect of plants; wind loading 
induced overturning moment; tension cracks and infiltrating 
rainwater.  
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