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ABSTRACT: The field measurement of the slope reinforced with steel bars and facing panels was carried out
to investigate the effect of reinforcement at Kirishima of Kagoshima Prefecture. The slope was mainly com-
posed of volcanic cohesive soil called Kuroboku in Japanese and andesite. The axial force on the steel bars
attached to the facing panels were measured from March to November, 1995. In this paper, the slope stability
analysis by circular slip method and elasto-plastic finite element analysis are carried out. Several problems
are discussed by comparing the analytical results with those of field observations.

1 INTRODUCTION 2 FIELD OBSERVATIONS

Kagoshima Prefecture is located in the southern part  The details of the field observations can be found in
. of Kyushu Island, Japan, and has several active vol-  Kitamura et al. (1996). Figure 1 shows the slope pro- -
canoes which have been producing volcanic materi-  file where the field measurement was carried out.
als. The material of surface ground produced by  The size of facing panel is 180 cm in width, 120 cm
these volcanic products has been changed into soil  in height and 12 cm in thickness. The steel bar is 25
by weathering, which is commonly classified as re- mm in diameter and 3.0 m in length. The slope is co-
gional soils in the geotechnical engineering. The  vered with five layers of facing panels. Figure 2 shows - -
slope failures often occur on the natural slopes com-
posed of such regional soils when heavy rains fall in
the rainy season. In Kirishima area of Kagoshima
Prefecture, the volcanic ash derived from Mt.
Kirishima is partially spread and called Kuroboku in
Japanese. In order to protect slope failures, various
methods have been devcloped and applied in the
volcanic area of Kyushu Island. The earth rein-
forcement technique to strengthen or stabilize cut-
tings in situ using steel bars and facing panels has
been known as soil nailing.

The effect of reinforcement by soil nailing had
been investigated on the slope composed of Ku-
roboku and andesite in the field from March to No-
vember, 1995. In this paper, slope stability analysis
is carried out by the circular slip method. The
minimum safety factors and critical circles of natural
“and cut slopes are compared with those of slope re- -
inforced with steel bars and facing panels. In addi-
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tion, the behavior of reinforced slope by steel bars /
and facing panels in the field site is simulated by
elasto-plastic finite element analysis. Finally, the

analysis results are compared with those of field ob- :
servations. Figure 2. Cross section of slope with reinforcing steel bars and
facing panels. .
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the cross section of slope, where both the natural
slope (dotted line) and reinforced slope with steel
bars and facing panels (solid line) are indicated. The
sign such as ‘5A-3-6’ in Fig. 2 represents that 5A is
the Sth layer with two steel bars (B: one steel bar), 3
is the location of facing panel in Fig. 1 and 6 is the
position of strain gauge on the steel bar. The data of
. axial force obtained from strain gauges on the steel
- bars are automatically acquired at intervals of an hour.
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(a) Position of strain gauge: 5 (i.e., 0.3 m from facing panel in
Fig. 2)
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(b) Position of strain gauge: 6 (i.e., 1.3 m from facing panel in
Fig.2)
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(c) Position of strain gauge: 7 (i.e., 2.3 m from facing panel in
Fig.2)

Figure 3. Measured change in axialstress (Section 3).

Figure 3 shows the change in axial stress on each
reinforcing steel bar, measured at 18:00hrs of each
Monday for about 8 months. It is found that the axial
stress of steel bars of 1st, 2nd and 3rd layers inserted
into andesite are comparatively stable as the time
elapses. On the other hand, those of 4th and 5th lay-
ers inserted into Kuroboku are considerably change-
able by day. The breakage of data of 3B-3-5 in Fig.
3(a) is seen after August 7. Comparing the axial
stress at ‘5SA-3-5’ with ‘5A-3-6’ and/or ‘5A-3-7, the
axial stress at the measuring point nearest to the fac-
ing panel (5A-3-5) is very changeable in the Sth
layer. The measured values of 4th layer are similar
to those of 5th layer. The axial stress of steel bars in-
serted into Kuroboku are qualitatively larger at the

_ deeper measuring points.

3 METHOD OF ANALYSIS

3.1 Circular slip method

Safety factor of slope is usually calculated using the
circular slip method, which is currently being used
in design. The safety factor of slope reinforced with
steel bars and facing panels is obtained in the fol-
lowing equation by taling the effects to keep the soil
mass back (T, cos #) and to tighten the soil mass
(7, sin Btan @) into account (JHPC, 1995):

_ M+ R(T,cos f+T,sin ftang)
s = M,

M

where Fs = safety factor of circular slip; Mg = resist-
ing moment due to shear strength of soil; Mp = slid-
mg moment; T;= design tensile strength of reinforc-
ing steel bar; R = radius of slip circle; f =
intersected angle of reinforcing steel bars to slip sur-
face; and ¢ = internal friction angle of soil.

In the case of unreinforced slope, the safety factor
of slope is obtained without taking account of the
summation term of the numerator in Eq.(1).

3.2 Finite element method

In order to take account of the dilatancy behavior of
soils, 2-D elasto-plastic finite element method using
Drucker-Prager failure criterion with non-associated
flow rule is applied for the field site which is as-
sumed in plane strain condition (Yamamoto et al.,
1999). The soils at field site was well compacted, so

- that the positive constant value of dilatacy is used as

a dilatancy angle in the analysis. Reinforcing steel
bar and facing panel are modeled by beam element
which resists bending and torsion. Itis assumed that
panel and steel bar are tightly connected. The soil
properties and material properties are shown in Ta-
bles 1 and 2, respectively. For the interaction be-
tween andesite and Kuroboku whose stiffnesses are
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Table 1. Soil properties.

Internal

. Young's Poisson's Cohesionc  friction  Unit weight
Soil modulus B > s
N/ - ratio v N/m?) angle ¢ (N/m’)
. (N/m') (deg.)
Andesite ~ 3.5%10° 0.26 490.0 45 26.5
Kuroboku 3.6%10° 0.30 29.4 20 18.0
Akahoya soil 3.6%10* 030 29.4 20 18.0
Cultivated soil 8.0%10° 0.30 0.0 35 200
Table 2. Material properties.
Young's . , . Momentof _ . .
Material modulus E l:::f’;": s Sec:onalz mmertial U"“N‘;'e’f)m
(kN /mz) i area A (m”) m9 (kN/mi
Steel bar 2.1%10° 0.30 5.07+10*  2.04%10°
Facing panel 2.8%10’ 0.20 0.14 1.73#10°* 23.0
Foundation 2.8%107 0.20 23.0
Crown 2.8%10" 0.20 © 230
Table 3. Interface properties
ceos  Cobess In.'ler‘nal Shearing ~ Normal
. Joint element Pox:;o:s 1;70;‘ ¢ afngc]:o; stiffness K;  stiffness K,
ratx n, 2
(amy (deg.) (v/m’y (‘.‘N’"‘"
Andesite-Kuroboku _ 0.20 19.6 45 1.0%10°
Andesite-grout 020 19.6 45 1.010° 3,040’
Kuroboku-grout 0.20 19.6 20 1.0%10° _ 1.0%10’

considerably different, joint element is used in order
to express the discontinuous behavior. The joint
element used here is evaluated by shearing and nor-
mal stiffness without considering the dilatancy ef-
fect. The analysis is conducted with step-by-step
loading condition. The two cases of analysis are
listed below: :

_ CASE 1: The interaction between soil and grout is

ignored. The soil and grout are perfectly bonded.
CASE 2: The interaction between soil and grout is
considered by joint element, which is used for the
interaction between andesite and Kuroboku. The in-
terface properties are determined as in Table 3.

4 RESULTS AND ‘DISCUSSION

Figure 4 shows the minimum safety factors and criti-
cal circles by the circular slip method for the natural,
cut and reinforced slopes. It is shown that the criti-
cal circle corresponding to each slope is caused on
-andesite. The values of the minimum safety factor
and the radius of critical circle are smallest for the
cut slope. These values become larger for the natu-
ral and reinforced slopes as shown in this figure.
Also, it is found that the critical circle of reinforced
slope is deeper due to the reinforcing effect, compar-
ing with the cut and natural slopes.

Figure 5 shows the analysis results of deforma-
tion for CASE 2. The deformation behavior shows
that settlement occurs only in the upper part of the
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Figure 4. Minimum safety factors and critical circles for natu-
ral, cut and reinforced slopes.
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Figure 5. Deformation property from analysis result (CASE 2).

slope. The analysis result for CASE 1 also indicates
almost the same deformation behavior. Thus, the
behavior of deformation from the analysis results. is
in nearly good agreement with the results of field
observations. ‘ o

Figure 6 shows the comparison between meas-
ured values and analysis results of diswibutions of
axial stress of reinforcing steel bars. As the meas-
ured values, the data on November 13, 1995 corre-
sponding to the sections 2 and 3 in Fig. 1 are used,
because these data are comparatively stable during -
the observation period. This figure indicates that the
measured -axial stress of section 2 are appreciably
different from those of section 3. Comparing Fig. .
6(a) with Fig. 6(b), it is apparent that the axial stress
in measured values are considerably larger than
those of analysis results on each layer. The measured
values of axial stress vary with the distance from the
facing panel. In addition, the measured axial stress
of steel bars inserted into Kuroboku (in the upper
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Figure 6. Comparison between measured values and analysis
results of distributions of axial stress of reinforcing steel bars.

_ part of the slope) are larger than those inserted into
andesite (in the lower part of the slope). Regarding
the analysis results in Fig. 6(b), a little different ten-
dency is indicated at the shallow depth of the rein-
forcing steel bars (1st, 2nd and 3rd layers) compar-
ing CASE 1 with CASE 2.

The difference between the axial stress of meas-
ured values and those of analysis results comes from
ignoring the sectional efficiency of grouting in the
interface model and fixing around the tip of steel bar
tightly in the field. Although the soil nailing is actu-
ally 3-D behavior, it is also noted that 3-D analysis
is not performed in this paper. Moreover, the axial
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stress of measured values itself are strongly affected
by the change of temperature and the rain even in a
single day. In particular, the axial stress of steel bars
(4th and 5th layers) inserted into Kuroboku are ap-
preciably changeable within a day.

5 CONCLUSIONS

The slope stability analysis by the circular slip
method was carried out for the natural, cut and rein-
forced slopes. The minimum safety factor and criti-
cal circle to each slope was discussed. In addition,
the elasto-plastic finite element analysis was con-
ducted for the purpose of simulating the behavior of
reinforced slope with steel bars and facing panels.
The pattern of deformation from the analysis results
qualitatively agrees with the results of field observa-
tions. However, several problems are still to be ad-
dressed such as the quantitative evaluation of the ax-
ial stress of reinforcing steel bars in the measured
and calculated values.

Furthermore in order to conduct the analysis of
soil nailing strictly, it is more important to investi-
gate the adhesive and frictional properties between
soil and grout by many experiments, and to perform
3-D analysis considering the process of construction.
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