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ABSTRACT: A gentle slope of railway embankment made of cohesion less soil was excavated 
to a near-vertical p ermanent wall, 4-7m high and 300m long, by soil nailing. To allow only 
very small deformation of slope, before the excavation of slope, a row of treated soli 
columns was made by an in-situ mixing method using cement mortar from near the crest of 
slope, and a lightly steel-reinforced cast-in-place concrete slab was placed on the exca
vated slope surface. A field fUll-scale model test was also performed. 

1 INTRODUCTION 

The method of excavating a gentle slope o r  
level ground to create a near-vertical 
slope by means of steel-reinforcing is 
called Soil Nailing (e.  g . ,  GassIer, 1990). 
So far, this technology has been used 
mostly for weathered rocks or very stiff 
cohesionless soils. On the other hand, in 
urban areas in Japan, for the grade sepa
ration of railway, an extensive length of 
embankment was constructed in the past, 
which had a relatively gentle slope, typi
cally 1 : 1 . 5- 1 . 8  in vertical to horizontal, 
occupying a relatively wide area. Recent
ly, in some heavily populated urban areas, 
in order to create new free space next to 
eXisting railway embankments, the feasibil
ity of cutting their gentle slopes to near
-vertical walls has been seeked. Some ad
ditional measures shoUld be taken to the 
conventional soil nailing, however, to o
vercome the following two difficulties: 1 .  
Most railway embankments were made by 
compacting un cemented soil, which is, 
therefore, much weaker and softer than · 

Fig. 1 Tsukamoto Station, Osaka. 
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most natural slopes. 2. Only very small 
deformation of slope is allowed during and 
after cutting work to ensure the daily safe 
running of trains. 

To this end, a field full-scale model test, 
laboratory small-scale model tests and nu
merical analyses were performed. AS the 
first case, a 4-7 high steep wall ( 1 . 0 : 0 . 4  in V:H) with a total length of 300m was con
structed by cutting an existing gentle 
slope of railway embankment in Osaka (Fig. 
1 ) ,  extremely carefully allowing daily rap
id trains to run for one of the busiest 
lines in Japan, Tokaido Line. 

2 OUTLINE OF TIlE SOIL NAILING METHOD USED 

Referring to Fig. 2, the soil nailing method 
developed consists of the following steps: (1)  From near the crest of the existing 
slope, a row of treated soil columns i s  
made b y  an in-situ mixing method. This 
step may be eliminated if the expected de
formation of slope during the subsequent 
cutting work is small enough. 

Track axis 

Fig. 2 Soil nailing method developed. 



(2) From the top of the slope, an about 1m 
thick layer of slope is excavated, and then 
inclined holes are made, inserting deformed 
steel-bars as tensile-reinforcing members. 
The small annular space between steel bars 
and soil is grouted with cement mortar, al
lowing cement mortar to permeate as much 
as possible in the interior of embankment. 
(3) The excavated slope surface is covered 
witb a skin of provisional shotcrete rein
forced wi th wire mesh. After setting of 
mortar, a bearing plate of 25cm x 25cm is 
fixed to the top of steel bar so as to ap
ply some prestress to the reinforcement 
and confining pressure so as to the slope 
surface so as to suppress the possible de
formation of slope near the slope surface. 
(4) The steps (2) and (3) are repeated until 
the ful l  height of slope is excavated, mon
itoring the deformation of the slope. 
(5) An about 30cm thick lightly steel-rein
forced cast-in-place concrete s lab is 
placed on the excavated slope surface. 

The use of S teps (I )  and (5).  additional to 
the conventional soil nailing to suppress 
the possible deformation of slope, was 
based on a finding that when using a con
tinuous rigid facing, both laboratory mod
els and prototypes of geotextile
-reinforced soil retaining walls exhibited 
very small deformation, particularly a
gainst concentrated load (Tatsuoka et aI. ,  
1989, 1990, 1992, Murata e t  aI. , 1991).  

3 FIELD FULL-SCALE MODEL TEST 

Prior to the actual construction work, a 3m 
high test embankment having gentle slopes 
of 1 : 1. 8  in V:H was constrncted. A sand 
having a fines content of 16% and Doo= 
0. 2mm was compacted to a total unit weight 
of 1. 65gf/cm3• One of the slopes was exca
vated, being reinforced with deformed 
steel bar with a diameter of 25mm. At each 
layer of excavation, slight pre-stress was 
applied to the top of each steel bar. The 
excavated slope surface was covered with a 
cast-in-place unreinforced concrete slab 
(Fig. 3).  The completed wall had a slope of 
1 : 1 . 8  in V: H (Plate 1 ) .  In this test, to re
duce the deformation of slope as · much as 
possible, at each step of excavation, steel 
bars were placed in the slope before exca
vating each soil layer. Indeed, almost no 
deformation of the slope was observed dur
ing cutting work ( the maximum outward hor
izontal displacement at the crest of slope 
was 3mm). It was revealed, however, that 
this method of placing reinforcement be 
rather impractical, since it needed rela
tively long reinforcement members, which 
increased the total boring length and 
therefore, increased largely the construc
tion duration. 

A dynamic vertical load of ± 9tonf at a 
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frequency of 20Hz by using an unbalanced weight of l3tonf was applied on the top crest of the embankment, simulating typical major train load. The recorded maximum dynamic vertical displacement at the location of the vibrator (1. e. , the location o f  the assumed railway track) was 3mm in single amplitude, which was much less than the specified allowable maximum disp lacement of 1 3mm and the disp lacement of SOmm leading to possible de- railing of train. Then, the slope was brought to failure by applying static load from the crest by using a 3m in width x 2m footing (Fig. 3 and Plate 1 ) .  The footing with a roller slider 
between the base and the ground surface 
was loaded using a set of hour hydrau lie 
j acks. The reaction frame was supported 
with deep-seated four anchors. Same oil 
pressure was applied to the four j acks. To 
achieve the p lane s train condition, the 
test section having a width of Sm was sepa
rated from the adjacent unloaded sections 
through a lubrication layer consisting of a 
two plywood sheets with a grease layer in 
between. Figs. 4 and 5 show the test re
sults. Considering that the specified de
sign bearing cajlacity load for the train 
load is Stonf/m", obviously the slope was 
sufficiently strong. The facing was trans-
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Fig. 3 Test embankment constructed to de
velop the soil nailing method. 

Plate 1 Static loading test on the slope of 
test embankment, cut by the newyly devel 
oped soil nailing method. 
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Fig. 4 (a) Average footing pressure versus 
footing settlement and (b) average footing 
pressure versus outward displacement at 
facing from static loading of reinforced 
test slope. 
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Fig. 5 Location of footing and tensile
force in steel bars at the maximum footing 
load. 

lated for an outward displacement of the 
or.der of 20mm without very small rotation 
(Fig. 4b). The bearing capacity coefficient N r was about 40, which is relatively large, 
c?mpared to the value for a footing of this 
Sl�e located near the crest of steep un
reinforced slope. This result shows that 
the slope was effectively steel-reinforced 
�nd. stabilized by u s i n g  a continuous rigid 
lacIng. 
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(a) 
Tokaido line (Section) 

Columns of 
cement-mixed (b) 
soil 

Fig. 6 (a) Plan and (b) cross-section of the 
cutting work site next to Tsukamoto Sta
tion, Osaka . 

4 CUTTING WORK AT TSUKAMOTO 

The railway embankment adjacent to Tsuka
moto Station was constructed about 30 
years ago by compacting sand taken from 
the adjacent Yodo River. In 1990, to re
move a large volume of soil of 25,OOOm' 
(about 4-7 m in height times about 300m in 
length) from the existing embankment to 
create a new free area of about G, 300mz, 
the slope was cut to a near vertical wall 
(Figs. G and 7, Tateyama et a1. , 1991).  

Since the site is located next to the 
present river course, the condition of sup
porting ground is not good (Fig. 7b). 
First, from near the crest of the existing 
slope, six columns of cement-mortar treat
ed soil having a diameter of 1m were pro
duced simultaneously down to a depth of 
17m from the original ground surface (Plate 
2 and Figs. 7 and 8) .  They were designed so 
as to; L increase the overaH stability of 
the embankment against the sliding for a 
failure surface seated in the soft clay de
posit underlying the embankment, and 2. 
suppress the possible deformation of the 
slope during the subsequent cutting work. 

Next, the slope was cut step-by-step in a 
laye1' of 0. 75m for a length of 20m, monitor
ing very carefully the displacement of the 
railway track and the deformation of 
slope. Immediately after each layer was 
excavated, a row of deformed steel bars 
were inserted into the slope by means of 
rotary-percussion without using a casing 
at a horizontal spacing of Gm (Fig. 7c and 
Plate 3 ) .  The steel bars were statically 
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Fig. 7 (a) In-situ mlxlllg method producing 
treated soil columns. (b) soil condition of 
the embankment and the supporting ground. 
and (c) soil nailing method. 

Plate 2 In-situ mlxlllg work from near the 
crest of slope. Tsukamoto_ 

Plan of columns of 
cement-mixed soil 

(mm) 

Columns of 
cement-mixed soil 

Fig. 8 Details of arrangement of treated 
soil columns and steel-bar reinforcement. 
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Fig. 9 Details of reinforcing steel bar and 
its connection with facing. 

Plate :I Placement 
Tsukamoto_ 

of reinforcement. 



Plate 4 View of completed wall, Tsukamoto. 
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Fig. 10 Stability analysis by the limit e
quilibrium method. 

pushed into the slope when soiL was soft e
nough, while they were dynamically struck 
when soil was relatively stiff. Each steel 
bar was a hollow stem with outer and inner 
diameters of Bcm and 2cm (Fig. 9) to be used 
not only for boring and reinforcing, but 
also for grouting with cement mortar from 
the hollow simultaneously with boring. By 
this way, the construction period could be 
reduced substantially. Since grouting 
from the bored hole into the interior of 
slope was allowed, it was expected that a 
relatively thick improved cylindrical 
grouted zone was formed surrounding each 
bore hole, which would also help reducing 
the possibility of the corrosion of steel 
bars. Immediately after installing rein
forcement, a skin of about 5cm-thick shot
crete reinforced with wire -mesh was placed · 
on the slope surface. Then, by using a 
bearing steel platen at the top of the 
steel bar, a degree of prestress was ap
plied to the slope surface. 

The length of steel bar was determined so 
as to ensure the stability of the rein
forced slope as analysed by the limit eqUi
lib rium method (Fig. 10).  Namely, for each 
stage of excavation, the critical fai lure 
plane for the un reinforced slope was ob
tained app l ying a horizontal seismic force 
of 20% the gravity force to the active zone 
located o u tside the critical plane. The 
Coulomb active earth pressure working for 
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Fig. 1 1  Time .histories of settlement and 
outward horizontal displacement at the 
crest of slope, and tensile force in a rep
resentative steel bar, daily rainfall and 
excavated depth (Section A-A' in Fig. Ba), 
Tsukamoto. 

each layer of excavation was assumed to be 
resisted by a row of reinforcement at that 
layer. The anchor force of the steel bar 
was the sum of the bond stress. which was 
assumed equal to the shear strength of 
soil, for the l ength deeper than the criti
cal plane. It was confirmed that the an
chor force be less than the tensile rup
ture strength. Because of relatively weak 
soil of the embankment with the estimated 
values of ¢ = 30. 7° and zero coheSion, the 
reinforcing steel bars became relatively 
long (Fig. 8). 

vertIcal d rainage was provided on the 
surface of the excavated slope behind the 
shotcrete layer. D rainage holes were made 
through the concrete facing by one per 



4m2• Finally, after the full height of the 
slope was excavated, a 30cm-thick lightly 
steel-reinforced cast-in-place concrete 
slab was placed on the slope surface (Plate 
4) .  The total number of treated soil col
umns was 530, the number of the reinforce
ment steel bars was 2,700, and the area of 
cast-in-place concrete slab was l , 700m2• It 
was expected that the concrete slab could 
not only keep the possible deformation of 
the wall to a minimum value in the future, 
but also solve the aesthetic problem asso
ciated with the use of shotcrete skin, pro
viding an acceptable appearance. 

Fig. 11 shows the recorded time histories 
of the deformation of the slope. The larg
est deformation was smaller than the pre
scribe.d allowable value, 12mm. The incre
ment of displacement at the crest was larg
est during cutting the first layer located 
above the treated soil columns, whereas it 
became very small during cutting the lower 
soil layers at the levels where the slope 
was supported by the treated soil columns. 
This behavior well indicates the effective
ness of using this type of treated soil col
umns for suppressing the deformation of 
slope during cutting work. Note also that 
the site had been subsiding continuously 
due to the consolidation of the underlying 
soft soil layers, as noted from the defor
mation before the start of cutting work. 
Indeed, the rate of settlement was even re
duced due to unloading associated with the 
cutting work. 

The cutting work was controlled so as to 
satisfy the following three criteria: (1) 
The observed displacements of the railway 
track should be smaller than the specified 
value of the order of 5mm. The inspection 
should be made three times a day. If mea
sured values be found to have exceeded 
the specified values, maintenance works 
should be taken to restore the displace
ment to be zero. (2) The creep rate of the 
horizontal outward deformation at the 
crest of slope should be examined every 
three minutes. If the creep rate exceeds 
0. 001 for every two minutes, the on-site su
pervisor should reconfirm this value. If 
the creep rate exceeds 1. 6 times the above, 
the excavated layer should be re-filled, 
and the present situation should be in
formed to the railway maintenance office in 
charge. In the actual construction, these 
values were never exceeded. (3) The accu
mulated axial tensile force in reinforcing 
steel bars should be less than the speci
fied value, which increased as the excava
tion depth increased. This controlled was 
achieved by monitoring the horizontal out
ward displacement at the slope face. The 
allowable value was obtained by assuming 
that the allowable tensile force is acti
vated at the center of steel bar and the 
tensile force decreases linearly to zero at 

both ends. The . observed value became 
close to the allowable value only when ex
cavating the first layer (Fig. 11) ,  while it 
neyer happened when excavating the lOwer 
sOlI layers. 

5 CONCLUSIONS 

Soil nailing was used to excavate an exist
ing gentle slope of railway embankment 
made by compacting un cemented soil to a 
near-vertical wall with extremely small de
formation (less than lcm at the crest of 
the slope) allowing daily passing of trains 
as usual. To this end, prio: to the cutting 
work, a row of treated soIl columns- were 
made by an in-situ mixing method from near 
the crest of slope, and finally the eXca
vated slope surface was covered with a 
thin lightly steel- reinforced cast
-in-place concrete slab so that the wall 
CQuid function satisfactory as a permanent 
structure exhibiting minimum deformation. 
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