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Abstract: This report describes a new type bridge abutment consisting of 
the backfill of geogrid-reinforced cement-mixed gravely soil and a thin 
RC parapet structure (i.e., a parapet) supporting a bridge girder, which 
was completed in 2003 for a new bullet train line in Kyushu, Japan. The 
backfill and the parapet are firmly fixed to each other with geogrid layers 
embedded in the cement-mixed backfill. This structure is very unique in 
that the backfill supports laterally the RC parapet, rather than exerting 
static and dynamic earth pressure on the back face of the parapet in com-
parison with the conventional type bridge abutment consisting of a rela-
tively massive reinforced concrete structure supporting the backfill of 
uncemented soil. It is shown that the new type bridge abutment is very 
cost-effective. A series of model shaking table tests were performed to 
evaluate the seismic stability of conventional type bridge abutments as 
well as several new type bridge abutments including the one that was ac-
tually employed to construct the prototype one. Results from a series of 
drained triaxial compression tests on cement-mixed gravel are reported. 
It is shown that cement-mixed gravely soil should be mixed at the opti-
mum water content for compaction energy used to construct the backfill. 
It is shown that the compressive strength of cement-mixed gravely soil 
increases considerably with compacted dry density. The design, in com-
parison to the one of the conventional type bridge abutment, and the 
staged construction procedure of the prototype bridge abutment are de-
scribed. Results from field full-scale lateral loading tests on the abutment 
performed to ensure the design conditions are reported. The prototype 
bridge abutment performed very well showing highly integrated behav-
iour with very high connection strength between the backfill and the 
parapet. 
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1. INTRODUCTION 
 
This paper reports the recent construction of a bridge abutment consisting 
of the backfill of geogrid-reinforced cement-mixed gravel and a thin RC 
facing structure (i.e., a parapet) supporting a bridge girder for a new bul-
let train line in Kyushu (the south-end major island of Japan), which was 
completed in 2003. This new type of bridge abutment (Figure 1) is 
unique in that the backfill supports laterally the parapet, rather than exert-
ing static and dynamic earth pressure on the back face of the parapet, 
during static and seismic loading conditions.   
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Fig. 1. A new type bridge abutment using backfill of cement-mixed grave 

 
The background for the development of this new type of bridge abut-

ment is as follows. A great number of conventional type railway bridge 
abutments (Figure 2a) were seriously damaged with a large relative set-
tlement between the abutment and the backfill by a number of previous 
major earthquakes in Japan, including the 1995 Hyogo-ken Nambu 
Earthquake (so called the Great Kobe Earthquake), as described by Ta-
tsuoka et al. (1997c & d). Such a relative settlement as above could en-
danger safe train operation even when it is small, say 10 cm. To prevent 
this type of damage, in 1978, the Japan National Railway (presently sev-
eral Japan Railway Companies) introduced such a new type of backfill as 
shown in Figure 2b: i.e., a triangle-shaped backfill zone immediately be-
hind the abutment, called “approach block”, is constructed by well com-
pacting a well-graded gravely soil. However, a number of this type of 
bridge abutments did not perform satisfactorily during several major 
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earthquakes that took place subsequently. Figure 3 shows a typical case 
showing the above. 

 
Most recently, the approach blocks for a number of bridge abutments 

for new bullet train lines were constructed by using a well-graded gravely 
soil mixed with cement to decrease as much as possible the settlement of 
the backfill relative to the RC abutment. However, as the approach block 
is not connected to the RC abutment, so the backfill is not designed to 
directly support the RC abutment, the dimensions of the RC abutment are 
not reduced substantially by using the backfill comprising cement-mixed 
gravely soil.   
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Fig. 2.  Typical conventional bridge abutment types for railway; a) most conventional type 
(model 1 in the shaking table tests described later in this chapter); and b) a new type structure 
introduced in 1978 (model 2 in the shaking table test) (Watanabe et al., 2002). 
 

 
 

 
Fig. 3. A settlement of the backfill relative to an abutment, Arikawa bridge, Tsugaru-Kaikyo 
Line, East Japan Railway, Hokkaido Nansei-oki Earthquake, 12 July 1993 (by the courtesy of 
Railway Technical Research Institute, Japan). 
 

In view of the above, the Railway Technical Research Institute, Japan, 
the University of Tokyo and the Japan Railway Construction Public Cor-
poration started a long-term joint research project in 1997 aiming at the 
development of new seismic-resistant and cost-effective types of bridge 
abutment. Eventually, the following two types were proposed and studied 
as feasible types: 
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1) The backfill consists of a zone of geogrid-reinforced cement-mixed 
well-graded gravely soil, which should be well compacted, immedi-
ately behind the full-height rigid facing structure supporting a bridge 
girder (Figure 1).   

2) The backfill is geogrid-reinforced well-compacted well-graded 
gravely soil that is supporting a bridge girder (Figure 4). The backfill 
is preloaded and prestressed by using tie rods of which the top ends 
are fixed to the top reaction block placed on the crest of backfill by 
using a special connection device (called the ratchet system; Shinoda 
et al. 2002b; Uchimura et al., 2003).   
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Fig. 4.  A new type bridge abutment using preloaded and prestressed geogrid-reinforced back-
fill (Tatsuoka et al., 1997b, c; Nakarai et al., 2002; Shinoda et al., 2003a, b; Uchimura et al., 
2003). 
 

With both newly proposed types of bridge abutment, the geogrid layers 
that are embedded in the backfill to prevent separation into parts are con-
nected to the back of the prapet. The first purpose of this connection is to 
restrain the settlement of the approach block relatively to the prapet. As 
shown below, the connection is also essential to maintain a high integrity 
of the abutment structure, in particularly under severe seismic loading 
conditions. By this connection, the steel-reinforced concrete facing struc-
ture (i.e., the parapet) becomes a continuous beam that are supported at a 
large number of supports with a small spacing and therefore it becomes 
substantially less massive than the conventional type RC bridge abutment. 
Moreover, as the parapet is constructed after the backfill is completed by 
a staged construction procedure and the stability of the complete parapet 
is controlled by the bearing capacity of ground immediately below the 
parapet to a much less extent than the conventional type bridge abut-
ments, it is usually unnecessary to support the parapet with piles unless 
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the supporting ground is soft. For these reasons, this new type bridge 
abutment is considerably much more cost-effective than the conventional 
type ones.  

 
In the following, first the results from a series of shaking table tests on 

small-scale models performed to develop the first new type (Figure 1) are 
summarized. Then, the results from a series of drained TC tests on ce-
ment-mixed gravely soil that were carried out to determine the mixing 
proportion and the compaction details of cement-mixed gravely soil are 
presented. Finally, the design and construction of the first prototype 
structure and results from field full-scale loading tests are reported. 

 

2.  SHAKING TABLE TESTS 

2.1  General 
A series of model shaking table tests were performed to compare the 
seismic stability of the new type abutment (Figure 1) in comparison with 
that of the conventional type ones (Figure 2); and to ensure whether the 
new type abutment can behave satisfactorily even during very high-
intensity seismic load (so-called Level 2 design seismic load, the highest 
seismic load level to be accounted for in the Japanese aseismic design 
codes and standards) (Watanabe et al., 2002).   
 

Table 1  Abutment models tested (Watanabe et al., 2002). 
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Fig. 5.  Cross-sections of reinforced abutment with cement treated backfill (Model 4) (Wata-
nabe et al., 2002). 
  
2.2  Test Procedures 
Models of bridge abutment. The following five types of abutments were 
investigated (Table 1): 
Model 1: the most conventional type with uncemented backfill of ordi-

nary soil type (Figure 2a). 
Model 2: one of the conventional types with an approach block of well-

compacted uncemented well-graded gravely soil (Figure 2b). 
Model 3: the latest conventional type with an approach block that is well-

compacted cemented well-graded gravely soil that is not reinforced 
with geogrid reinforcement layers (so the backfill and the parapet are 
not connected to each other) (Figure 2b).   

Models 4 & 5: a new type with an approach block of well-compacted 
cemented well-graded gravely soil that is reinforced with geogrid re-
inforcement layers connected to the back of the parapet (Figure 1), 
having different widths of the footing for the parapet.  

The parapet of these models was made of aluminum. The height was 620 
mm having a footing base with a width of 390 mm (Models 1 – 3), 290 
mm (Model 4) and 200 mm (Model 5). Figure 5 shows the details of 
Model 4. The parapet model supported a relatively heavy model bridge 
girder with a weight of 200 kg through a hinge support on its top of the 
parapet (i.e., the fixed support). So, full dynamic lateral load of the girder 
was activated to the parapet. The unreinforced backfill of Model 1 was 
made by pluviating through air air-dried fine sand (Toyoura sand) from a 
sand hopper at a constant falling height to have a relative density Dr 
equal to 75 %. The approach block of Model 2 was made by compacting 
a well-graded gravely soil (Uc =10.7; D50 = 1.1 mm, Dmax =5.0 mm and a 
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fines content = 5.2 %; a water content = 5 %) to a dry density of 1.9 
g/cm3. Despite that the actual approach block of this abutment type (also 
of the new types) is made of cement-mixed well-graded gravel, the 
model approach block of Model 3 was made of a cement-mixed loam 
having an unconfined compressive strength of 200 kN/m2 considering the 
model similitude.   
 

Models 4 and 5, which simulated the new structural types of bridge 
abutment, had a triangle-shaped approach block made of cement-mixed 
loam (the same as that of Model 3) that was reinforced with geogrid rein-
forcement layers connected to the back face of the parapet. The parapet 
directly supported the model bridge girder at its top. The footing base of 
the parapet was either relatively wide (Model 4) or relatively narrow 
(Model 5). The model geogrid was a grid made of 0.2 mm-thick and 3 
mm-wide phosphor-bronze strips that were soldered to each other with a 
center-to-center spacing of 50 cm and 100 cm in the transversal and axial 
directions. The tensile force in the model reinforcement was measured by 
using electric-resistant strain gauges attached to the central strip at three 
levels. The stiffness of this model reinforcement was larger than actual 
polymer geogrids when considering the model similitude.   

 
The model ground, supporting the model walls, was made by compact-

ing an air-dried gravely soil (Uc= 12.1; D50= 10.0 mm, Dmax= 32.0 mm 
and a fines content= 2.0 %) to a dry density of 1.9 g/cm3. The dynamic 
response of the abutment and backfill was measured with a number of 
displacement transducers and accelerometers (Figure 5). The dynamic 
earth pressure and dynamic subsoil reaction acting on, respectively, the 
back face of the parapet and the bottom of the base footing of the parapet 
was measured with a number of two-component load cells measuring 
normal and shear forces (Figure 5). 
 
Dynamic loading at the shaking table. Models 1, 2 and 3 were subjected 
to a series of uniform sinusoidal wave, each comprising 50 waves while 
lasting for 10 seconds at a frequency of 5 Hz. The amplitude of horizon-
tal acceleration at the shaking table, amax, was increased step by step from 
the initial value of 50 gals with an increment of 50 gals until the dis-
placements of the abutment became considerably large. Models 1, 4 and 
5 were subjected to the time history of horizontal ground acceleration 
recorded at the Kobe Marine Meteorological Observation Station during 
the 1995 Hyogo-ken Nambu Earthquake. The predominant frequency of 
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this input motion had been adjusted to 5 Hz accounting for the model si-
militude. The table maximum amplitude, amax, was increased step by step 
with an increment of 100 gals from 100 gals to 1,400 gals. In the tests on 
Models 4 and 5, the models did not reach ultimate failure even when the 
amax value reached 1,400 gals. Therefore, subsequently sinusoidal waves 
were applied to these models stepwise increasing the amax value from 100 
gals with an increment of 100 gals until the models exhibited ultimate 
failure. 
 

Model 1 (Sin 450gal)

Model 2 (Sin 450gal)

Model 3 (Sin 500gal)

Model 4 (Kobe wave 1400gal)

Model 5 (Sin 800gal after
             Kobe wave 1400gal)

Failure at the connection

Failure at the connection

Crack in
approach block

 
Fig. 6.  Deformations of models after shaking table tests (Watanabe et al., 2002). 
 

2.3  Test results and discussion 
Models 1, 2 and 3. Figure 6 shows the failed models, observed after the 
respective test. Figures 7a and 7b show the residual displacements at the 
top of the parapet plotted against the maximum table acceleration, amax, 
for all the models. The following trends of behaviour may be seen from 
these figures: 
1) The deformation of Model 1 when the amax value of sinusoidal motion 

became 450 gals was very large, showing ultimate failure with a fully 
developed single major failure plane in the backfill.  

2) Model 2 also exhibited brittle failure when the amax value of sinusoi-
dal motion became 450 gals, showing very large deformation of the 
approach block of gravel, in particular at the upper part.  
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3) The deformation, in particular the settlement at the crest of the ap-
proach block, of Model 3 when the amax value of sinusoidal motion 
became 450 gals was much smaller than that of Models 1 and 2. De-
spite the above, when the amax value became 500 gals, the parapet 
started separating from the approach block, exhibiting a high dy-
namic response, because of no connection between them. Several ma-
jor cracks developed in the approach block of Model 3, resulting into 
a loss of structural integrity as a bridge abutment.     
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Fig 7.  Residual displacements at the top of model abutment; a) irregular (Kobe wave); and b) 
sinusoidal table motion (Watanabe et al., 2002). 
 

These results clearly indicate that the seismic stability of these three 
conventional types of bridge abutment when subjected to Level II seis-
mic load is insufficient. The test results also suggest that the seismic sta-
bility of abutment can be increased by taking the following three meas-
ures:  
1) By constructing the approach backfill using a stiffer material such as 

cement-mixed gravel soil, the backfill would exhibit substantially 
smaller settlements immediately behind the parapet. 

2) By arranging horizontal reinforcement layers in the cement-mixed soil 
backfill, the development of major cracks in the zones where the ten-
sile stress exceeds the tensile strength of cement-mixed soil could be 
effectively prevented. 

3) By connecting the reinforcement layers to the back of the parapet that 
directly supports a bridge girder, relative settlements between them 
could be efficiently prevented while ensuring a high integrity of the 
whole abutment structure. 
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Fig. 8.   Displacement at the top of model abutment of a) Model 4; and b) Model 5, compared 
to that of Model 1 (Watanabe et al., 2002). 
 
Models 4 and 5 (simulating the proposed new types of bridge abutment). 
Eleven layers of grid reinforcements were arranged horizontal inside the 
approach block of cement-mixed soil with the ends connected to the back 
face of the parapet (Figure 5). Figures 8a and 8b show the relationships 
between the maximum and residual displacements recorded at the top of 
the parapet and the maximum table acceleration, amax, when subjected to 
a) irregular waves and b) subsequently sinusoidal input waves. In these 
figures, the residual displacement at the top of the parapet of Model 1 is 
also presented as the reference. The following trends of behaviour may 
be seen from Figures 6, 7 and 8: 
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1) Models 4 and 5 were substantially more stable than Model 1 (i.e., the 
most conventional type abutment).   

2) With Model 4, the tensile rupture of the connection between the rein-
forcement and the parapet started when the amax value of irregular 
waves became 1,400 gals. This phenomenon was also noted by a 
sudden change in the reading of tensile strain at the respective rein-
forcement layer. With Model 5, it took place when the amax value of 
sinusoidal wave became 800 gals, after having been subjected to a se-
ries of irregular motion.   

3) The connection failure started earlier with Model 4 (with a wider 
footing) than with Model 5 (with a narrow footing). This unexpected 
trend of behaviour was due likely to larger relative vertical displace-
ments at the interface between the approach block and the parapet 
with Model 4 because of a larger footing width (Figure 9). The fact 
that Model 5 (with a narrow footing) was more dynamically stable 
than Model 4 (with a wider footing) can be attributed to that the back-
fill is more stable than the parapet, particularly under dynamic load-
ing conditions.  

 

Large footing

Reinforcement

Large vertical shear force
acts at the connection by
large rotation of facing

Large footing

Reinforcement

Large vertical shear force
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Fig. 9.  Schematic diagram illustrating shear force acting at the connection of reinforcement, 
Model 4 (Watanabe et al., 2002). 
 

These model test results indicate the essential importance of suffi-
ciently high connection strength between the reinforcement and the para-
pet for a high seismic stability of this type of abutment structure. With a 
prototype of Model 5 bridge abutment, the connection strength between 
the reinforcement layers of a polymer geogrid and a full-height rigid fac-
ing (i.e., a parapet) was confirmed by performing full-scale lateral load-
ing tests as described later in this chapter. 
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Fig. 10.  Typical time histories of several measured physical quantities, Model 4 (irregular 
shaking, amax = 539 gal) (Watanabe et al., 2002). 

 
Dynamic disturbing force and resistance. Figure 10 shows the time his-
tories of the following physical quantities when Model 4 was subjected to 
an irregular wave with amax= 539 gals (see Figure 5 for the measuring 
points):  
1) the dynamic component of the earth pressure acting on the back of the 

parapet;  
2) the dynamic component of the reinforcement tensile force activated at 

a place adjacent to the back of the parapet;  



 13 

3) the dynamic component of the vertical normal force acting at the toe 
and heel parts of the footing base of the parapet (note the normal and 
shear forces acting on the footing base were measured separately at 
four parts);  

4) the dynamic component of the lateral displacement at the top of the 
parapet; and  

5) the input horizontal acceleration at the shaking table.   
The following trends of behaviour may be seen from this figure: 
1) At the dynamically active earth pressure state (i.e., when the dynamic 

component of the lateral displacement at the top of the parapet was 
directing outwards as denoted A in Figure 10), the increasing resisting 
components were; a) the reacting vertical normal force near the toe of 
the footing base; and b) the tensile force in the reinforcement. On the 
other hand, until this state, the vertical contact force near the heel of 
the footing had already largely decreased, indicating an overturning 
displacement mode of the parapet. 

2) At the dynamically active earth pressure state, the dynamic compo-
nent of the earth pressure activated at the back face of the parapet ex-
hibited the minimum value, showing that the parapet was dynami-
cally less stable than the backfill. On the other hand, the maximum 
earth pressure was attained at the dynamically passive earth pressure 
state (as denoted B in Figure 10). With this type of bridge abutment, 
therefore, sufficiently high connection strength between the parapet 
and the reinforcement is essential for a high seismic stability at the 
dynamically active earth pressure state. These trends of dynamic 
earth pressure are opposite to those assumed in the conventional 
seismic design of conventional type retaining walls, in which the dy-
namic component of the active earth pressure becomes the maximum, 
which destabilizes the retaining wall.   

  
Effects of the width of footing. Figure 11 shows the relationships be-
tween the maximum resistant moment acting at the footing base of the 
parapet defined about the heel of the footing base and the rotation angle 
of the parapet at each shaking stage using irregular waves for Models 4 
and 5. Figure 12 shows the corresponding relationships between the base 
acceleration and the reinforcement tensile force activate adjacent to the 
back of the parapet (see Figure 5). It may be seen from these figures that 
the resistance moment acting at the footing base was larger with Model 4 
(having a wider footing) than with Model 5 (having a narrower footing), 
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whereas the opposite was true with the reinforcement tensile force at the 
connection.  
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Figure 11  Relationships between rotation angle of parapet and resistance moment about the 
heel of the base of parapet resulting from the reacting vertical normal force of subsoil (Wata-
nabe et al., 2002). 
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Fig. 12  Relationships between base acceleration and tensile force in; a) upper reinforcement; 
and b) mid-height reinforcement, Models 4 & 5 (Watanabe et al., 2002). 
 
That is, with Model 5, the major resisting force was the tensile force at 
the connection between the parapet and the reinforcement. The maximum 
reinforcement tensile force consistently increased with an increase in the 
base acceleration, whereas the resisting moment acting at the footing 
base started decreasing with an increase in the base acceleration when the 
rotating angle of the footing base reached a certain value, associated with 
the start of failure in the ground supporting the footing. Due to such dif-
ferent resisting mechanisms, Model 5 was more stable than Model 4. 
With Model 5, larger connection force resulted in larger tensile force in 
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the reinforcement with larger load transmitted from the parapet to the 
cement-mixed soil approach block, which resulted in the development of 
a horizontal crack in the approach block (Figure 6). This type of crack 
did not develop in Model 4.   
 

The test results presented above suggest that, by making sufficiently 
high the connection strength at the reinforcement layers and the parapet 
with sufficiently high strength of the backfill material of the approach 
block, the size of the base of the footing for the parapet of prototype 
structures can be made rather small as Model 5, which makes this type of 
abutment considerably cost-effective.   
 
2.4 Summary of the model shaking table tests 
The following conclusions can be derived from the test results of the 
model shaking table tests presented above: 
1) The seismic stability of several conventional types of railway bridge 

abutment is not sufficiently high. 
2) To increase the seismic stability of bridge abutment, it is efficient and 

cost-effective to construct an approach block using cement-mixed 
gravely soil that is reinforced with geogrid layers connected to the 
back face of a full-height rigid facing (i.e., a parapet) supporting a 
bridge girder. 

3) A sufficiently high strength of the connection between the reinforce-
ment layers and the parapet is essential not only to restrain the set-
tlement of the backfill relative to the parapet but also to ensure a high 
dynamic stability of the parapet, which is less stable than the ap-
proach block. 

 

3. STRENGTH OF CEMENT-MIXED GRAVEL  
 
3.1  Background 
It is necessary to evaluate the deformation and displacements of the con-
cerned structure in addition to the safety factor against the ultimate fail-
ure of the structure both at working loads and under severe seismic load-
ing conditions. To this end, the strength and deformation characteristics 
of cement-mixed gravely soil were evaluated by performing a series of 
consolidated drained triaxial compression (CD TC) tests as described be-
low. At the same time, relevant mixing proportion of components as well 
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as relevant construction method was sought to achieve as high as strength 
per unit cost of cement-mixed gravel. A high cost-effectiveness is essen-
tial for the construction of this type of structure to become one of the 
standard construction methods for railway as well as highway structures. 
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Fig. 13  Grading curves of two types gravels tested by large CD TC tests (Watanabe et al., 
2003a). 
 

Cement-mixed gravely soil (CMG) has been used to construct large 
dams (i.e., the roller compacted dam concrete; e.g., Hansen & Reinhardt, 
1990; Schrader 1996). However, only a limited amount of research has 
been performed on the use of CMG in ordinary but critical civil engineer-
ing structures requiring a high stability and allowing limited deformation, 
such as railway and highway bridge abutments. In the present study, a 
series of CD TC tests were performed on cement-mixed specimens of 
two types of well-graded quarry gravely soils, which are typical of those 
used in the field (Figure 13). The first type was a crushed sandstone from 
a quarry (called Chiba gravel), which have been often used to study the 
strength and deformation properties of gravel at the University of Tokyo 
(e.g., Jiang et al., 1999). The other one was a crushed gabbro from an-
other quarry (called Kyushu gravel), which was used as the backfill of a 
prototype of the new type bridge abutment explained later in this chapter. 
The effects of compacted dry density, moulding water content and gravel 
type on the strength and deformation characteristics of cement-mixed 
gravel were mainly investigated. The effects of grading characteristics 
were investigated to a limited extent. In addition, the strength characteris-
tics of cement-mixed gravel were compared with those of uncemented 
original gravel. The effects of moulding water content and grading char-
acteristics of gravel evaluated by CD TC tests using smaller specimens 
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(7.5 cm in diameter and 15 cm high) of model Chiba gravel are reported 
in Lohani et al. (2004) and Kongsukprasert et al. (2005). The effects of 
stress condition during curing on the strength and deformation character-
istics evaluated also by CD TC tests using model Chiba gravel are re-
ported in Kongsukprasert and Tatsuoka (2003). 
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Fig. 14  Results of compaction tests; a) Chiba gravel; and b) Kyushu gravel (Watanabe et al., 
2003a). 
 
3.2  Testing apparatus and preparation of specimens 
Gravel type and specimen preparation. Figure 14a shows the compac-
tion curves of cement-mixed and uncemented specimens of the original 
Chiba gravel and the one obtained by removing particles larger than 10 
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mm (i.e., model Chiba gravel) obtained by the standard compaction tests. 
Figure 14b is similar results for the original Kyushu gravel. The sizes of 
mould and compaction energy levels used in these compaction tests are 
listed in these figures. It may be seen that the respective compaction 
curve of cement-mixed gravel is nearly the same as the corresponding 
one of uncemented gravel for these three types of gravel.   
 

Table 2  List of specimen types tested (Watanabe et al., 2003a). 
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Table 2 lists five types of specimens prepared for the CD TC tests. The 
TC specimens were 20 cm in diameter and 40 cm high with cement-
mixed Chiba gravel; and 30 cm in diameter and 60 cm high with unce-
mented Chiba gravel. To investigate the effect of grading characteristics 
on the strength and deformation characteristics of cement-mixed gravel, 
TC tests were performed also on cement-mixed specimens of model 
Chiba gravel. The specimens were 20 cm in diameter and 40 cm high. 
The TC specimens of cement-mixed Kyushu gravel were 15 cm in di-
ameter and 30 cm high, which was because the strength of cement-mixed 
Kyushu gravel specimens with a diameter of 20 cm exceeded the capac-
ity of the loading system. The specimens of Kyushu gravel without ce-
ment-mixing were 20 cm in diameter and 40 cm high. Throughout the 
present study, a fixed cement/gravel ratio by weight (Wcement/Wgravel) 
equal to 2.5 % was used as a typical value employed in the field.   
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The cement-mixed specimens were prepared by manual vertical com-

paction in about 6 or 12 sub-layers with a thickness of each sub-layer of 
50 mm for all the specimens. Three ratios of compacted dry density to 
the respective maximum dry density attained by using compaction energy 
of 0.555 N m/cm3 (for the compaction curves of cement-mixed gravel 
presented in Figure 14) were prepared, which were around 80 %, 90 % & 
99 % for Chiba gravel and 91 %, 97 % & 100 % for Kyushu gravel. The 
moulding water content was basically 5 % (dry of optimum) and 8.7 % 
(optimum) with Chiba gravel, while it was 4.35 % (optimum for compac-
tion by E-method and slightly dry of optimum for compaction by B-
method) with Kyushu gravel. In order to investigate more in detail the 
effect of moulding water content on the strength characteristics, the 
moulding water content was varied between 3.5 % and 12 % with keep-
ing the dry density constant (2.0 g/cm3) with model Chiba gravel. The 
moulding water content was 4 % with uncemented Chiba gravel and 
4.35 % with uncemented Kyushu gravel. The compacted cement-mixed 
specimens were cured for 7 days under the atmospheric pressure at con-
stant water content before setting in the triaxial apparatus. 
 
Triaxial test apparatus. All the CD TC tests were performed using a 
large triaxial testing apparatus at the Railway Technical Research Insti-
tute (Figure 15). The apparatus is able to control the axial displacement 
to an accuracy of less than 1 μm (Kohata et al., 1999). The axial load was 
measured with a load cell set inside the triaxial cell. The axial compres-
sion of specimen was measured externally with a pair of proximeters set 
at the specimen cap and locally with a pair of local deformation trans-
ducers (LDTs; Goto et al., 1991) that were set at the side face of speci-
men. The lateral deformations of specimen were measured by using three 
pairs of proximeters arranged at three elevations (5/6, 3/6 and 1/6 of the 
specimen height from the bottom), which were free from the effects of 
membrane penetration in these CD TC tests in which the effective con-
fining pressure was kept constant.  
 

The specimens were initially isotropically compressed to the pre-
scribed confining pressure, σc’, and then sheared in drained TC at a con-
stant axial strain rate of 0.01 %/min under constant σc’ until the axial 
strain became 15 %. Three axial unload-reload cycles with a small axial 
strain amplitude were applied at various deviator stresses during other-
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wise monotonic loading to evaluate the equivalent elastic vertical 
Young’s modulus (Eeq) and Poisson’s ratio (vvh). 
 

a)a)
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(20cm diameter
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Fig. 15  Large triaxial apparatus; a) schematic diagram; and b) picture of the system during a 
TC test on cement-mixed Chiba gravel (Watanabe et al., 2003a). 
 
3.3  Test results and discussions 
Strength characteristic at different compacted dry densities. Figures 16a, 
b and c show typical results from CD TC tests on cement-mixed Chiba 
gravel specimens compacted to different dry densities, ρd, at a water con-
tent of 5 %. It may be seen that, with the same cement content by weight 
Wcement/Wgravel = 2.5 %, the peak strength increases significantly with an 
increase in the compacted dry density, ρd. On the other hand, the effects 
of ρd on the residual strength, defined at an axial strain of 15 %, are in-
significant. It should be noted, however, the effects of ρd on the residual 
strength are not negligible, which is discussed below. Figures 17 and 18 
summarise the peak and residual strengths plotted against the ρd value of 
solid material (gravel and cement).  
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Fig. 16  a) Overall deviator stress-axial strain (external) relations; b)  deviator-axial strain 
(local) relations at small strains; and c) volumetric and axial strain relations at small strains, 
cement-mixed Chiba gravel compacted different dry densities (Watanabe et al., 2003a). 
 

The following trends of behaviour may be seen from these figures: 
1. With both types of cement-mixed gravel, the peak strength increases 

with an increase in ρd at a rate that is much larger than with the unce-
mented ones. Therefore, the difference in the peak strength between 
the cement-mixed and uncemented specimens increases with an in-
crease in ρd, in particular with Kyushu gravel. 

2. When compacted by using nearly the same energy and with the same 
cement/gravel ratio by weight (Wcement/Wgravel), the peak strength of 
cement-mixed Kyushu gravel is significantly larger than that of ce-
ment-mixed Chiba gravel. This feature is discussed in detail later. 

3. The effects of ρd on the residual strength are much smaller than the 
peak strength. Careful observations of the specimens of cement-mixed 
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gravel after the respective TC test indicated that the residual strength 
was controlled by frictional resistance along a shear band(s), not by 
bonding at inter-particle contacts along the shear plane.   
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Fig. 17  Relationships between peak strength and compacted dry density of cement-mixed 
gravels and uncemented gravels (Watanabe et al., 2003a). 
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gravels and uncemented gravels (Watanabe et al., 2003a). 
 
4. For the same ρd value, the peak strength of the cement-mixed speci-

men of the model Chiba gravel, not including particles larger than 10 
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mm and having a smaller coefficient of uniformity, is noticeably larger 
than that of cement-mixed original Chiba gravel. On the other hand, it 
is shown in Lohani et al. (2004) and Kongsukprasert et al. (2005) that, 
when compacted by using the same energy, the strengths of the ce-
ment-mixed model Chiba gravel and the original type of Chiba gravel 
with the same cement/gravel ratio by weight are nearly the same. 
These trends of behaviour are consistent with each other, because, for 
the same compaction energy, the ρd value is larger with the original 
Chiba gravel than the model Chiba gravel. 
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Fig. 19  Relationships between peak strength and compacted void ratio of cement-mixed grav-
els and uncemented gravels (Watanabe et al., 2003a). 
 

The strength of cement-mixed Kyushu gravel is considerably higher 
than cement-mixed Chiba gravel for the same cement/gravel content by 
weight and for the same compaction energy. This trend of behaviour 
could be attributed to several factors. Firstly, a considerably higher ρd 
value for the same compacted void ratios (as shown in Figure 19) of 
Kyushu gravel can be attributed to a specific gravity of soil particles (Gs 
= 3.03) that is much larger than 2.71 of Chiba grave. For the same ce-
ment/gravel ratio by weight, Wcement/Wgravel = 2.5 %, the cement content 
(Wcement/”specimen volume V”) is proportional to ρd. Therefore, for the 
qpeak – ρd relation for the same type of gravel plotted in Figure 17, two 
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variables, compacted dry density ρd (= (Wgravel + Wcement)/V) and cement 
content per volume (= Wcement/V), change simultaneously. It is likely, on 
the other hand, that the specific gravity of soil particles itself has no di-
rect link to the packing conditions of particles, and, therefore, the peak 
strength of cement-mixed gravel is better linked to volume parameters 
than mass parameters, i.e., the void ratio (=V/(Vgravel+Vcement) – 1.0) rather 
than the ρd value and Vcement/V than Wcement/Wgravel. Then, when the peak 
strengths of cement-mixed Chiba and Kyushu gravels are compared for 
the same void ratio, the following two factors should also be considered.  
1) For the same Wcement/Wgravel (= 2.5 %) and the same void ratio of solid 

part, the cement/gravel ratio in volume (Vcement/Vgravel) is different, 
equal to 2.4 % with Kyushu gravel and 2.15 % with Chiba gravel.   

2) The ratios of the moulding water content (4.35 % with cement-mixed 
Kyushu gravel and 8.7 % with cement-mixed Chiba gravel) to the re-
spective optimum water content are different. It is shown in Lohani et 
al. (2004) and Kongsukprasert et al. (2005), for the same type of ce-
ment-mixed gravel, even at the same compacted dry density, the peak 
strength becomes largest when compacted at the optimum water con-
tent (wopt). Although it is subtle, this trend of behaviour can be seen 
by comparing the peak strengths of cement-mixed Chiba gravel 
specimens compacted at water contents of 5 % (dry of optimum) and 
8.7 % (at optimum) in Figures 17 and 19.   

 
In Figure 19, the strength curve for Vcement/Vgravel= 2.4 % of cement-

mixed Chiba gravel and the moulding water content equal to the opti-
mum, which was estimated based on the results from a study on the ef-
fects of cement content and water content on the peak strength (Lohani et 
al., 2004; Kongsukprasert et al., 2005), is also presented. When com-
pared at the same Vcement/Vgravel (= 2.4 %) and the same water content ra-
tio w/wopt= 1.0, the difference in the peak strength between the two types 
of cement-mixed gravel at the same void ratio becomes noticeably 
smaller than when compared at the same Wcement/Wgravel (= 2.5 %) and at 
the different moulding water content ratios, w/wopt. Yet, the peak strength 
of cement-mixed Kyushu gravel is still noticeably larger than the cement-
mixed Chiba gravel in Figure 19. Another factor (or others) is (are) nec-
essary to explain this difference. The grading characteristics may be one 
of these factors.  
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Fig. 20  Relationship between peak strengths of cement-mixed gravel and uncemented gravel; 
the water contents shown in this figure are for cement-mixed specimens (Watanabe et al., 
2003a). 

 
Figure 20 shows the relationships between the peak strengths of ce-

ment-mixed gravel and corresponding uncemented original gravel meas-
ured at the same confining pressure, σc’ = either 0 or 20 kPa or 50 kPa. 
The peak strength of uncemented Chiba gravel at σc’ = 50 kPa was esti-
mated from those extrapolated from the qpeak - σc’ relation obtained by 
CD TC tests performed at other similar σc’ values. The following trends 
of behaviour may be seen:   
1. The peak strengths of cemented and uncemented specimens com-

pacted to the same dry density are well correlated to each other. This 
fact indicates the importance of increasing as much as possible the 
compacted dry density when the backfill is constructed by using ce-
ment-mixed gravel, in the same way with unbound original gravel. 

2. The relationship between the peak strengths of cemented and unce-
mented specimens is not unique, affected by several other factors, in-
cluding cement content, moulding water content, gravel type and con-
fining pressure. The ratio of the peak strengths of cement-mixed 
gravel and uncemented gravel increases with a decrease in σc’.  
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Fig. 21  Relationships between residual strength and void ratio of cement-mixed gravels and 
uncemented gravels (Watanabe et al., 2003a). 
 

Figure 21 compares the residual strength in the same way as Figure 19. 
Also in this figure, the estimated strength curve for Vcement/Vgravel= 2.4 % 
of cement-mixed Chiba gravel compacted at the optimum water content 
is presented. Although they are much less pronounced, the trends of be-
haviour that can be seen with the peak strength in Figure 19 can also be 
seen in this figure, indicating that the peak and residual strengths are 
linked to each other. Figure 22 shows the relationships between the cor-
responding peak and residual strengths of uncemented and cement-mixed 
specimens of Chiba and Kyushu gravels. It may be seen that the residual 
strength becomes larger with an increase in the peak strength in a similar 
way irrespectively of gravel type and whether the specimen is unce-
mented or cement-mixed. That is, the residual strength of cement-mixed 
gravel is noticeably larger than that of the corresponding uncemented 
gravel. It seems that the residual strength of cement-mixed gravel is con-
trolled by not only the friction at inter-particle contacts but also restrain-
ing from free rotation of soil particles by bonding at inter-particle con-
tacts; that is, the roughness along a shear plane increases with an increase 
in the inter-particle bond strength.    
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and uncemented gravels (Watanabe et al., 2003a). 
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Fig. 23  Relationship between peak strength and moulding water content (Watanabe et al., 
2003a). 
 
Effects of moulding water content. Figure 23 shows the relationships 
between the peak strength and the moulding water content for cement-
mixed Chiba gravel. It may be seen that the peak strength became the 
maximum around the optimum water content (wopt = 8.7 %). This trend 
of behaviour is due mostly to the largest compacted dry density (i.e., the 
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smallest compacted void ratio). The other influencing factors include; a) 
the largest cement content per volume of specimen associated with the 
maximum compacted dry density (as discussed above); and b) the opti-
mum cement paste conditions in terms of the volume of paste and the 
strength of paste (Lohani et at., 2003 & 2004; Kongsukprasert et al., 
2005; and as discussed below). With respect to the term b), the strength 
of cement paste decreases with an increase in the moulding water content 
examined in the present study. It is likely that the decrease in the strength 
of cement-mixed gravel with an increase in the water content larger than 
wopt is due to this factor. On the other hand, the amount of cement paste 
deceases with a decrease in the moulding water content. In fact, the peak 
strength when compacted at w= 3.5% is very small, close to the peak 
strength of uncemented gravel. It appears that this very low strength was 
due to an insufficient amount of cement paste to be distributed uniformly 
at inter-particle contacts. It is shown in Lohani et al. (2004) and Kong-
sukprasert et al. (2005) that the same trends of behaviour were also ob-
served in the TC tests on small specimens of cement-mixed model Chiba 
gravel. These results indicate that the water content should be controlled 
as strictly as possible, preferably at the optimum water content, when 
compacting a given type of cement-mixed gravel in actual construction 
projects.  
 
Table 3  Internal friction angles and cohesion intersects of cement-mixed and uncemented 
gravels (Watanabe et al., 2003a). 

049.244.758.1Kyushu gravel (no cement)

061.861468.4Kyushu gravel 
(cement mixed)

048.938.448.9Chiba gravel (no cement)

055.913257.4Chiba gravel 
(cement mixed)

cres
(kPa)

φres
(deg.)cpeak

(kPa)
φpeak
(deg.)Gravel type

ResidualPeak

049.244.758.1Kyushu gravel (no cement)

061.861468.4Kyushu gravel 
(cement mixed)

048.938.448.9Chiba gravel (no cement)

055.913257.4Chiba gravel 
(cement mixed)

cres
(kPa)

φres
(deg.)cpeak

(kPa)
φpeak
(deg.)Gravel type

ResidualPeak

 
 
Mohr-Coulomb strength parameters: Figure 24 shows the peak and re-
sidual strengths plotted against the effective confining pressure, σc’, for 
the cement-mixed gravel specimens with Wcement/Wgravel = 2.5 % and the 
corresponding uncemented gravel specimens. The water content was 
equal to the optimum water content for Kyushu gravel, while it was 
5.0 % for cemented Chiba gravel and 4.0 % for uncemented Chiba gravel. 
Table 3 shows the angle of internal friction and cohesion intersect of the 
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respective type of specimen obtained from the failure envelopes pre-
sented in Figure 24. The residual strength in the unconfined compression 
tests on cemented and uncemented specimens was equal to zero (i.e., 
cres= 0).  
 

a)
0 10 20 30 40 50 60 70 80 90

0

200

400

600

800

1000

1200

1400         Chiba gravel
w= 5.0 %  (cement-mixed)
w= 4.0 % (no cement)
ρ

d
= 2.00 g/cm3

(wcement/wgravel)= 2.5 %

Peak(cement-mixed)

Residual (cement-mixed)

Peak (no cement)

Residual (no cement)

q pe
ak

 a
nd

 q
re

s(k
Pa

)

Confining pressure, σ'c (kPa)  

b)
0 10 20 30 40 50

0
100
200
300
400
500
600
700
800
900

6000

7000

8000

Residual (cement-mixed)

Peak (cement-mixed)

Peak (no cement)

Residual (no cement)

    Kyushu gravel
w= 4.35 % (wopt), ρd= 2.56 g/cm3

(Wcement/Wgravel)= 2.5 %

 

q pe
ak

 a
nd

 q
re

s (k
Pa

)

Confining pressure, σ'c (kPa)  
Fig. 24   Relationships between peak and residual strengths and confining pressure; ce-
mented and uncemented specimens of a) Chiba gravel; and b) Kyushu gravel (Watanabe et al., 
2003a). 

 
The following trends of behaviour may be seen from Figure 24 and 

Table 3: 
1) Not only the cohesion intersect, cpeak, but also the angle of internal 

friction, φpeak, increase considerably by cement-mixing. This trend of 
behaviour is in contrast to the case with cement-mixed soft clay, for 
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which the φpeak value largely decreases while the cpeak value largely 
increases by cement-mixing (as reported by Tatsuoka et al., 1997a; 
Sugai et al., 2000 & 2003). It is likely that the large peak strength of 
cement-mixed gravel results from restraint to not only sliding but also 
rotation of soil particles by bonding at inter-particle contacts. Note 
that the effects of the increase in cpeak on the shear strength are sig-
nificant at low σc’ values.  

2) The φpeak values of both cement-mixed and uncemented specimens of 
Kyushu gravel are considerably larger than the respective value of 
cement-mixed and uncemented specimens of Chiba gravel. The in-
crease in cpeak by cement-mixing is much larger with Kyushu gravel 
than with Chiba gravel. It is not well understood how this feature can 
be linked to the gravel type, such as fines content, particle shape, 
grading characteristics, the mother rock type and so on.  

The use of these peak strength parameters in the limit-equilibrium type 
stability analysis may result in an over-estimation of safety factor be-
cause of possible large effects of progressive failure (Tatsuoka et al., 
2000). The use of values between the peak and residual strengths would 
be relevant. Further study is necessary in this respect.  
 
3.4 Summary of CD TC test results 
The following conclusions can be derived from the results for the CD TC 
tests on large specimens of cement-mixed gravel presented above: 
1. The peak strength of compacted cement-mixed gravel could become 

significantly larger than that of uncemented gravel. The difference in-
creases with an increase in the compacted dry density. This result indi-
cates the significant importance of compaction control when construct-
ing the backfill of cement-mixed gravel as with the backfill of unce-
mented gravel.    

2. For different types of gravely soil having different specific gravities of 
particles, the strength of cement-mixed gravel should be considered as 
a function of compacted void ratio, rather than dry density, as well as 
cement/gravel ratio by volume rather than cement/gravel content by 
weight. The gravel type is another important influencing factor.  

3. The strength of cement-mixed gravel becomes the maximum at the 
optimum water content, which could be due not only to the maximum 
compacted dry density (or the minimum compacted void ratio) and the 
associated maximum cement content per volume of specimen but also 
to the optimum cement paste conditions in terms of volume and 
strength. In fact, the strength when compacted significantly drier of 
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optimum could be very small, perhaps due to an insufficient distribu-
tion of cement paste at inter-particle contacts. 

4. Not only the cohesion intercept but also the angle of internal friction 
could significantly increase by cement-mixing, unlike cement-mixed 
clay. The contribution of cohesion intercept to the shear strength be-
comes particularly large at low effective confining pressures.   

5. Despite that the increase is much smaller than that of the peak friction 
angle by cement-mixing, the friction angle at the residual state could 
noticeably increase by cement-mixing. With cement-mixed gravel, the 
residual strength is well correlated to the peak strength. 

 

4. CONSTRUCTION OF A PROTOTYPE NEW TYPE RIDGE 
ABUTMENT  
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Fig. 25  Location of the new type bridge abutment using cement-mixed gravel at Takada, Kyu-
shu (Aoki et al., 2002). 
 
4.1 Introduction 
Based on the results from the laboratory stress-strain tests on cement-
mixed gravel described in the preceding sections, in 2002, the Japan 
Railway Construction Public Cooperation started the design of a new 
type bridge abutment to be constructed at Takada, Kyushu, for a new bul-
let train line, considering cost-effectiveness (Figure 25) (Aoki et al., 
2002). Figure 26a shows the outline of the bridge abutment and Figure 
26b shows a view of the completed abutment. The construction started 
November 2002 and ended two months later. To confirm whether the 
vertical bearing capacity and the lateral stability of the parapet structure 
(RC parapet) of the abutment are sufficiently high, which is the most cru-



 32 

cial feature of the new structural type of bridge abutment, full-scale field 
loading tests were performed in the last week of February 2003. The re-
sults were very satisfactory as shown below. 
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Fig. 26  a) New type bridge abutment using cement-mixed gravel constructed at Takada (Aoki 
et al., 2002): and b) view of the completed new type bridge abutment, mid 2003. 
 
4.2  Design 
For the new bullet train line, the design train speed is 260 km/h and the 
standard design train load (live) load is P-16. That is, 16 tonf or 157 kN 
is applied to one axle having two wheels. Each pair of axles with a mini-
mum center-to-center distance of 2.2 m supports one bogie, while two 
bogies with a center-to-center distance of 15 m support one 20 m-long 
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coach. The abutment supports a simple beam T-shaped RC girder having 
a length of 15 m with a fixed end at the top of the parapet. It was decided 
that the design compressive strength of cement-mixed backfill is 2 MPa 
and the design rupture strength of geogrid is 30 kN/m. The soil layers 
having blow counts (N values) by the standard penetration tests equal to 
or larger than 50 were considered as the supporting ground of the RC 
parapet, while the soil layers having N values equal to or larger than 9 
were considered as the supporting ground of the approach block (i.e., 
backfill of cement-mixed gravely soil).  
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Fig. 27  a) Conventional type bridge abutment: b)) static and c) seismic loading conditions for 
conventional type bridge abutment (Aoki et al., 2002). 

 
Figure 27a shows the conventional type bridge abutment that would 

have been constructed if the new structural type one (Figure 26) had not 
been adopted. The RC conventional type bridge abutment was designed 
as a cantilever structure resisting against the static earth pressure exerted 
by the uncemented backfill as well as the static load of the RC abutment 
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and bridge girder and the live load under static loading conditions (Figure 
27b). For seismic design, the dynamic component of earth pressure and 
the inertia of the RC abutment and bridge girder should be additionally 
taken into account (Figure 27c).  
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Fig. 28  a) Static; and b) seismic loading conditions; and c) seismic conditions at the connec-
tion, for new type bridge abutment (Aoki et al., 2002). 

 
With the new type abutment, the RC parapet and the backfill of ce-

ment-mixed gravely soil were designed as separate structural components 
(Figures 28a & b). The RC parapet was designed to support the static and 
dynamic loads of the parapet and those from the bridge girder with the 
live load. The static and dynamic earth pressures from the backfill were 
not taken into account considering that the lateral outward movement of 
the parapet should be supported by the cement-mixed backfill under 
seismic loading conditions. Therefore, the tensile strength of the geogrid 
layers that connect the parapet and the backfill should be sufficiently 
high to withstand the tensile load activated by the outward lateral move-
ment of the parapet during seismic loading conditions. As shown in Fig-
ure 28c, the distribution of tensile force at the connections was obtained 
by modeling the connections by a series of spring. The backfill of ce-
ment-mixed gravely soil was designed as a gravity-type earth retaining 
wall resisting the lateral load from the parapet and the earth pressure 
from the unbound soil backfill in back of the cement-mixed gravel back-



 35 

fill. Several long layers of geogrid were arranged at a vertical spacing of 
0.9 m, prepared for possible development of tension cracks during severe 
seismic loading conditions. The strength of the long layers was deter-
mined to resist the seismic tensile force acting at the vertical plane at the 
back end of the short layers ignoring the tensile strength of the backfill. 
The tensile force was obtained by assuming the zone in front of this ver-
tical plane to act as a monolith. 

 
The construction cost of the new type bridge abutment was estimated 

to be 87 % of the conventional type for good ground conditions at the site. 
If the ground condition were poorer and the conventional type bridge 
abutment should have been supported by a pile foundation (as in many 
cases), as the new type one needs not a pile foundation, the difference in 
the construction cost could become much larger than the present case.   

 
Bridge girder

Fa
ci

ng
 w

al
l (

R
C

 p
ar

ap
et

)

Natural slope

Geogrids

Compacted
cement-mixed
gravel

Soil backfill

Anchors

1
2

3 1:1.5

Not to scale

Gravel
bags

Bridge girder

Fa
ci

ng
 w

al
l (

R
C

 p
ar

ap
et

)

Natural slope

Geogrids

Compacted
cement-mixed
gravel

Soil backfill

Anchors

1
2

3 1:1.5

Not to scale

Gravel
bags

 
Fig. 29  Staged construction method for new type bridge abutments with backfill of cement-
mixed gravel (Watanabe et al., 2003b; Aoki et al., 2003) 

 

a) b)  
Fig. 30  Compaction of the backfill 

 
4.3  Construction 
The abutment was constructed by the staged construction method (Figure 
29). That is, the backfill was constructed before constructing the RC 



 36 

parapet. A well-graded crushed gravely soil of gabbro from a quarry 
(classified as M-40; typically, Dmax = 37.5 mm, D50 = 5.4 mm, Uc = 61, a 
fines content = 6 %, and a specific gravity = 3.03) was used as the back-
fill. The stress-strain properties of cement-mixed specimens of this type 
of gravel were described in the preceding section. The  maximum com-
pacted dry density, (ρd)max, was 2.60 g/cm3 at the optimum water content, 
wopt, = 4.9 % by the compaction tests using a mould with an inner diame-
ter of 15 cm and an inner height of 12.5 cm with an energy level of 2480 
kJ/m3 (the E-b method, the Japanese Industrial Standards A1210 (Wata-
nabe et al., 2003b). The lift of compacted soil layer was made as small as 
15 cm to obtain a high compacted dry density. The specified compaction 
energy was achieved by ten times passing of a small vibratory compac-
tion plant with a weight of about 1 tonf for the first 24 lifts (Figure 30a) 
while six times passing of a vibratory plant with a weight of about 4 tonf 
for the 25th through 81st lifts (Figure 30b). A cement-mixed ratio by 
weight equal to 4 % was employed. This ratio, which was higher than the 
value used in the laboratory stress-strain tests, was employed by taking 
into account a possibly high degree of inhomogeneity of cement mixing 
in the field.  
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Fig. 31  a) Degree of compaction; and b) water content measured during the construction of 
backfill (Watanabe et al., 2003b). 
 

The field compaction was made with a lift of 15 cm so as to obtain a 
degree of compaction more than 95 %. Figures 31a and 31b show the 
frequency distributions of compacted dry density (by means of RI) and 
water content measured during the construction. It may be seen that the 
results were satisfactory. The compaction of the backfill in the field was 
made with a help of bags filled with unbound gravel placed at the shoul-
der of each soil layer (Figure 32a).  
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a) b)  
Fig. 32  a) Placing gravel-filled bags at the shoulder of each soil layer; steel reinforcement 
seen in this picture is for the parapet that was constructed after the backfill was completed 
(Watanabe et al., 2003b); and b) bridge abutment with backfill of cement-mixed gravel during 
full-scale loading test. 
 
As the bags were wrapped around with polymer geogrid layers, the wall 
face of the completed backfill was covered with geogrid sheets. The RC 
parapet was constructed by casting-in-place fresh concrete into a space 
between an external concrete form supported by steel bars extending 
from the inside of the backfill and the wall face of the backfill (Figure 
32a). Steel reinforcement had been arranged in the space. Therefore, the 
parapet had been firmly connected to the geogrid sheets and gravel bags 
when the parapet was completed. By this staged construction method, the 
following potential problems in case the RC parapet were constructed 
prior to the construction of backfill can be avoided: 
1) If the parapet is first constructed, too large earth pressure may be ex-

erted on the parapet during compaction of backfill. To avoid this prob-
lem, the zone of backfill adjacent to the back face of the parapet may 
not be well compacted, forming a structurally weak zone. 

2) If the reinforcement layers are connected to the back face of the para-
pet during the construction of the backfill, the connection could be 
damaged in case the settlement of the backfill relative to the parapet 
during the construction of the backfill becomes too large. 

3) To keep the alignment of the front face of the parapet as constructed, 
the parapet should be supported with a very stiff propping during the 
construction of the backfill. Otherwise, the footing of the parapet 
should be made wider while supported with a pile foundation.   
 
Figure 32b shows the bridge abutment with the completed parapet dur-

ing the full-scale loading test described below. 
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Fig. 33  a) Profile; and b) plan of field full-scale loading test of the bridge abutment with 
backfill of cement-mixed gravel (Aoki et al., 2003). 
 
4.4  Full-scale loading tests 
To confirm whether the new type abutment is sufficiently stable under 
severe seismic loading conditions as considered in the design, full-scale 
vertical and lateral loading tests were performed on the completed abut-
ment (Aoki et al., 2003) (Figures 33a & 33b). First, vertical load simulat-
ing the deadweight of bridge girder was applied to the top of the RC 
parapet by means of three hydraulic jacks arranged at the shoulder of the 
parapet, which is the fixed end of a bridge girder, and PC steel rods (ten-
dons) anchored into the supporting ground.  Then, lateral load was ap-
plied to the parapet at 1.3 m below the shoulder by using six hydraulic 
jacks arranged at the adjacent pier. Two piers Nos. 5 and 6 were fixed to 
each other to react as a unit against the lateral load (Figure 34), because it 
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was anticipated that the abutment would be much stronger against lateral 
loading than a single pier. It was confirmed that, despite relatively small 
dimensions of the footing for the parapet, the vertical bearing capacity of 
the footing is sufficiently large as anticipated.  In the following, the re-
sults from the lateral loading tests are reported. 
 

Ｐ5（反力 1） Ｐ6（反力 2） Ａ1（補強土橋台） Pier 5 (reaction 1) Pier 6 (reaction 2)
Abutment A1
(reinforced backfill)Ｐ5（反力 1） Ｐ6（反力 2） Ａ1（補強土橋台） Pier 5 (reaction 1) Pier 6 (reaction 2)
Abutment A1
(reinforced backfill)

 
Fig. 34   Overview of field full-scale loading test of bridge abutment with backfill of cement-
mixed gravel (Aoki et al., 2003). 
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Fig. 35  Time history of lateral load applied to bridge abutment with backfill of cement-mixed 
gravel (Aoki et al., 2003). 
 

Figure 35 shows the time history of lateral load. Figure 36a shows the 
relationship between the lateral load and the outward lateral displacement 
at the top of the parapet. Figure 36b shows the locations of lateral load 
application and measurement of several quantities. The lateral displace-
ment at 1.3 m below the shoulder of the parapet at the maximum load (4 
MN) was as small as 15.6 mm. A lateral load of 4 MN is only slightly 
lower than the design seismic lateral load, equal to 4.171 MN, for a de-
sign lateral seismic coefficient of as high as 0.89 corresponding to the 
design maximum ground horizontal acceleration equal to 871 gals (i.e., 
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so-called level II design seismic load). The residual lateral displacement 
was 9.3 mm, compared with the maximum value equal to 15.1 mm, 
which means that the behaviour was rather recoverable, showing that the 
load-displacement state at a horizontal load of 4 MN was far before ulti-
mate failure.  
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Fig. 36  a) Relationship between lateral load and lateral outward displacement at the top of 
the parapet; and b) locations of measurement, bridge abutment with backfill of cement-mixed 
gravel (Aoki et al., 2003). 

 
Figures 37a, 37b and 37c show the vertical distributions of lateral dis-

placement of the abutment and the adjacent two piers. The lateral dis-
placements of the two piers was about two times as large as that of the 
abutment, which means that the lateral stiffness of the parapet is about 
four times as large as that of a single pier. This result indicates clearly 
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that this new type bridge abutment has a lateral stability much more than 
sufficient.   
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Fig. 37   Lateral displacements of a) abutment; b) pier No. 5; and; c) pier No. 6 from lateral 
loading tests, bridge abutment with backfill of cement-mixed gravel (Aoki et al., 2003). 

 
Figures 38a & 38b show the distributions of lateral displacement and 

settlement on the crest of the backfill from the back face of the parapet 
(see Figure 36b). Figure38c shows the distribution of settlement at the 
base of the approach block and the distance from the back face of the 
parapet. The following trends of behaviour may be seen from these fig-
ures: 
1) There was no distinct separation between the back of the parapet and 

the approach block, indicating that the geogrid did not show any large 
deformation at the connection. 

2) The lateral displacement at the crest of the backfill was very uniform 
for a range of distance from zero to about 5.5 m, indicating that the ap-
proach block behaved like a monolith without developing major verti-
cal cracks inside. A major crack with a width of about 10 mm was 
found at a distance of 7.25 m from the back face of the parapet at the 
end of loading (Figure 40). 

3) The crest of the backfill exhibited noticeable settlements, which were 
larger at places closer to the parapet. This trend of behaviour was due 
mainly to a rigid overturning rotational displacement of the approach 
block, as shown below, caused by lateral loading. 

4) The back zone of the approach block exhibited considerable heaving 
at the base associated with lateral loading (Figure 38c). Figure 39a 
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shows the changes in the earth pressure associated with lateral loading 
measured at the base of the approach block (see Figure 39b for the lo-
cations of the earth pressure cells). This result also indicates a rigid 
overturning rotational displacement of the approach block. 
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Fig. 38   a) Lateral displacements & b) settlement at the crest; and c) settlement at the base of 
backfill of cement-mixed gravel crest (Aoki et al., 2003). 
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Fig. 39   a) Earth pressure at the base of backfill of cement-mixed gravel; and b) locations of 
earth pressure cells (Aoki et al., 2003). 
 

水
平
載
荷
位
置 

6.0 m 3.0 m 2.5 m

 (15.52,－) 

ｸﾗｯｸ幅：10mm 

 (0.91,0.98)  (1.99,0.76) 

 (-1.76,5.95) 

 (－,1.30) 
 (－,-2.51)

 (－,0.83) 

段差 1mm 程度

想定層境線 

 (15.26,4.27) 

＋X 

＋Y 

Boundary between 
cement-mixed gravel 
and uncemented soil 

Crack (width= 10 mm)
Bump of about 1 mm

水
平
載
荷
位
置 

6.0 m 3.0 m 2.5 m

 (15.52,－) 

ｸﾗｯｸ幅：10mm 

 (0.91,0.98)  (1.99,0.76) 

 (-1.76,5.95) 

 (－,1.30) 
 (－,-2.51)

 (－,0.83) 

段差 1mm 程度

想定層境線 

 (15.26,4.27) 

＋X 

＋Y 

Boundary between 
cement-mixed gravel 
and uncemented soil 

Crack (width= 10 mm)
Bump of about 1 mm

 
Fig. 40  Overall residual deformation observed at the maximum lateral load (Aoki et al., 2003) 
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Figure 40 shows the overall displacement of the abutment at the 
maximum lateral load. It may be seen that the parapet and the approach 
block of cement-mixed gravel behaved like a monolith exhibiting a rigid 
overturning rotational displacement, showing no sign of a separation be-
tween them, without development of major cracks inside the approach 
block.  
 
4.5  Summary of results from a field full-scale loading test 
The following conclusions can be derived from the test results presented 
above:   
1) The new type bridge abutment has a lateral stiffness that is higher by a 

factor of about four than that of a single pier that was designed and 
constructed following the present seismic-resistant design code against 
severe design seismic load (so called level II). 

2) The maximum and residual outward lateral displacements at the top of 
the parapet when subjected to a very high lateral load simulating severe 
deign seismic load were as small as 15.6 mm and 9.3 mm, indicating a 
very high seismic stability of the new type bridge abutment. 

3) Against very large lateral load, the parapet and backfill behaved like a 
monolith exhibiting a rigid overturning rotational displacement, show-
ing no sign of a separation between them, without development of ma-
jor cracks inside the approach block. 

 

5. CONCLUDING REMARKS  
 
Based on the results from the shaking table tests on scaled-models in the 
laboratory and the consolidated drained triaxial compression tests on ce-
ment-mixed gravel, a new structural type of bridge abutment was pro-
posed. Subsequently, a prototype bridge abutment was designed and con-
structed. The advantages of the new type bridge abutment include a high 
cost-efficiency and a very high seismic stability without showing any se-
rious bump immediately behind the back of front RC structure (i.e., para-
pet) supporting a bridge girder (or girders). The Japan Railway Construc-
tion Public Agency specified “Design and construction standard for 
bridge abutments having an approach block of cement-mixed backfill” 
March 2004 to construct new structural type bridge abutments at other 
places.    
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It is now possible to construct permanent civil engineering structures 
that need a high ultimate stability allowing relatively small displacements 
by constructing backfill of cement-mixed soil. This report describes a 
case history showing the above. In this case history, a proper understand-
ing of the stress-strain properties (i.e., the strength and deformation char-
acteristics) of cement-mixed soil was essential. To this end, systematic 
and careful laboratory stress-strain tests (mostly triaxial compression 
tests) were performed. The test results revealed that the stress-strain 
properties of different types of cement-mixed soil have common as well 
as specific features. The results from the laboratory stress-strain tests 
played major roles in the design.   
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NOTATION 

a max= amplitude of horizontal acceleration at the shaking table 
c/g = cement-to-gravel ratio by weight 
cpeak = cohesion intercept for peak strength 
cres = cohesion intercept for residual strength 
D50 = mean diameter of particle  
e = void ratio 
q = deviator stress = σ’v - σ’h 
qpeak = peak strength (compressive strength) 
qres = residual strength 
w= water content 
εv = axial strain 
φpeak = angle of internal friction for peak strength 
φres = residual angle of friction for residual strength 
ρd = dry density 
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