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ABSTRACT: After the 1995 Kobe Earthquake, the use of compaction grouting 
technology gained prominence in Japan due to subsequent retrofitting works, i.e., raising 
and re-leveling of multi-story apartment buildings which sank or tilted due to soil 
liquefaction. Following the success of these reconstruction programs, the technology has 
been used to solve a number of geotechnical problems, including remediation of 
liquefiable soils. This paper reviews two case histories of compaction grouting 
application in Japan for liquefaction remediation – the first one under new runways in a 
busy airport, while the second is under an existing structure. From the experiences 
derived from these projects, the lessons learned from the grouting process and the merits 
of compaction grouting as a practical method of liquefaction remediation are discussed. 

1 INTRODUCTION 

Soil liquefaction is considered as one of the most significant geotechnical hazards and recent large-
scale earthquakes, such as the 1995 Kobe Earthquake, 1999 Kocaeli Earthquake and 2007 Niigataken 
Chuetsu oki Earthquake, have highlighted the need to mitigate the damage. Currently, several remedial 
measures are available for treating or improving sites susceptible to soil liquefaction. These measures 
include; densification, solidification, replacement, lowering of water table, and dissipation of excess 
pore water pressure. In selecting the appropriate remedial measures, various factors, such as 
effectiveness of improvement, required areas and depth of improvement, effects on surrounding 
environment, cost and ease of execution, and level of desired improvement, should be considered. 

Because of its versatility and economy in improving ground beneath and around existing facilities, 
compaction grouting is gaining interest among engineers. Originally from the United States, 
compaction grouting technology has been implemented in Japan only in the early 1990s. Although 
initially developed for settlement control and re-leveling, the technology has been used to solve a 
number of geotechnical problems, among them the treatment of liquefiable soils. This paper discusses 
two case histories of compaction grouting application as a remedial measure against liquefaction, with 
emphasis on the lessons learned from the grouting process and the merits of compaction grouting as a 
practical method of ground improvement.   

2 FUNDAMENTAL CONCEPT 

Compaction grouting involves the injection of a very stiff grout (soil-cement-water mixture with 
sufficient silt sizes to provide plasticity, together with sand and gravel sizes to develop internal 
friction) that does not permeate the native soil, but results in controlled growth of the grout bulb mass 
that displaces the surrounding soil. The primary purpose of compaction grouting is to increase the 
density of soft, loose or disturbed soil, typically for settlement control, structural re-leveling, 
increasing the soil’s bearing capacity, and mitigation of liquefaction potential. 

As shown in Figure 1(a), compaction grouting involves the installation of casing to the required depth 
into a pre-drilled hole (70~100mm diameter). The stiff grout is then pumped through the casing at high 
pressure until typically one of three criteria is reached, i.e., (1) target volume; (2) maximum pressure; 
or surface (sub-surface) heave. The grouting is performed in typically 0.3~0.9m intervals or stages, 
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thus forming a column of interconnected grout bulbs. At each stage, the soil particles are displaced 
radially from a growing bulb of grout through cavity expansion effects into a closer spacing, thus 
increasing the density of the adjacent soil around the bulb. Note that the strength of the grout is 
unimportant because the purpose of the technique is to densify the surrounding soil by displacement. 
Compaction grouting can either be performed “top-down,” i.e., from the upper to the lower limit of the 
treatment zone or, more commonly, in a “bottom-up” process from the lower limit upwards. Figure 
1(b) shows a typical process of injecting the grout. 

3 CASE 1: GROUND TREATMENT IN OPEN SPACE 

An example application of compaction grouting in an open unrestricted space was discussed by Zen et 
al. (2000, 2001). In order to improve the seismic resistance of the foundation ground beneath the new 
Runway B of the Tokyo International Airport in Haneda (Tokyo, Japan), sand compaction pile (SCP) 
method was employed to densify the ground. To prevent any disturbance to the airport operation 
brought about by the large equipment, the ground treatment was performed from night to dawn 
(23:00~5:00) when the airport was not operational. However, since SCP method requires large holes 
which are difficult to restore easily in time for the resumption of flight operation the following 
morning, a special method was necessary to treat the ground at the intersection of the new Runway B 
with the existing Runway A without disrupting air traffic. For this purpose, compaction grouting was 
implemented at the said intersection.  

Initially, a test program was performed as part of the initial production grouting program to evaluate 
the effectiveness of the grouting and to refine the guidelines for production. In the test program, four 
cases were investigated: Case 1: replacement ratio as=10%, bottom-up approach; Case 2: as=15%, 
bottom-up; Case 3: as=20%, bottom-up; and Case 4: as=15%, top-down (GL-5m and above) bottom-
up (GL-5m and below) approach. Note that replacement ratio as, sometimes referred to as grout take, 
is the volume of grout injected per unit volume of in-situ soil. In all cases, the grout columns were 
arranged in triangular patterns with 1.5~1.7m pitch. For the test program, the target depth was GL-
2.8m~-11.8m (total depth=9.0m) and the average SPT N-value within the target zone was less than 15 
as shown in Figure 2(a). The in-situ soil has fines content, Fc, between 10~35%. Pre- and post-
operation standard penetration tests (SPT) and cone penetration tests (using RI cone penetrometer) 
were performed. The results of the SPTs and CPTs, which were conducted primarily at treatment grid 
centers, are shown in Figure 3 where the relations between SPT N-values and tip resistance, qc,  before 
and after the treatment are presented. It can be seen from Figure 3(a) that the SPT N-values increased 
in all cases. Furthermore, the tip resistance after treatment generally showed increase in value, with the 
effect more predominant with higher replacement ratio, as shown in Figure 3(b). 

After confirming the effectiveness of compaction grouting method in densifying loose liquefiable 
soils, the main compaction program was implemented to the target site itself. Using the refined 
guidelines for production, replacement ratios as=12, 15, 16 and 9% were selected and applied at 
appropriate depths, since the SPT N-values varied from layer to layer. An example of the soil profile 

(a)                                                                                 (b) 

Drilling Grout Injection Step-up Injection Finish

Bottom-up Approach

    
Figure 1: (a) Compaction grouting implementation; and (b) Grout injection under high pressure. 
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at site No. 15 and the corresponding as for each depth are shown in Figure 2(b). The average target 
depth for implementation within the whole area was the liquefiable layer between GL-3.0m~-18.4m 
(total depth=10m). In the main grouting program, a top-down bottom-up approach was employed. 

A comparison of the SPT N-values recorded before and after the grouting implementation is shown in 
Figure 3, which includes results for both main grouting program (Bor. Nos. A~B, Nos. 31~34) and test 
program (Cases 1~4). It can be seen that in all sites an increase in the SPT N-values is observed, 
indicating an increase in the relative densities of the ground. 

In addition, in-hole lateral load tests using a self-boring type equipment were performed at 5 sites 
during the test program. These tests include Case 2 before treatment and Cases 1~4 after treatment. In 
addition, lateral load test was performed at Case 2 site 1.5 years after the grouting implementation and 
at Site No. 2 immediately after the main grout program. The test results are plotted in Figure 4 which 

   (a)                                                                      (b) 

 

           
Figure 3: Relations between (a) SPT N-values; and (b) tip resistance before and after treatment [after Zen et al., 
2000]. 

(a)                                                                  (b) 
 

          
Figure 2: Typical soil profiles and vertical distributions of SPT N-values: (a) test program (Case 2); and (b) 
main program (No. 15) [after Zen et al., 2001]. 
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shows the relation between SPT N-values and coefficient of earth pressure at rest, Ko, defined as the 
ratio between the horizontal effective stress σh’ to the effective vertical stress σv’. It can be seen from 
the figure that prior to the grouting implementation, Ko values were about 0.5; however, after 
grouting, Ko values increased to 0.6~2.9. Specifically, the results of tests for Case 2 conducted 1.5 
years after grout implementation showed that the Ko value remained higher that 1.0. 

As far as the liquefaction potential of the site was concerned, evaluation procedures were performed 
based on the Technical Standards for Port and Harbor Facilities in Japan (PHRI, 1997). In this 
procedure, seismic response analyses were performed and the zone to which a soil layer belongs to is 
determined from the equivalent SPT N-value and the equivalent acceleration. A check is made on 
whether the data points plot within Zone IV, corresponding to the zone where liquefaction will not 
occur. Figure 5(a) plots the relation between the equivalent N-value and equivalent acceleration. In the 
seismic response analyses, two types of baserock input motions were employed, namely Hachinohe 
record (H-wave) and Oofunato record (O-wave), two strong motion recordings obtained at separate 
port facilities in Japan during past earthquakes. The amplitude of peak acceleration was set to 390 
cm/sec2. It can be seen from the figure that although most of the data points plot in Zone IV (70 data 
from test program and 119 data from main program), some data points lie within Zone III (4 data from 
test program and 23 data from main program). According to the technical standards, liquefaction 
potential in Zones II and III can be determined by conducting further evaluations based on cyclic 
triaxial tests. For this purpose, undisturbed soil samples were obtained at 3 test sites (Cases 1~3) and 2 
main sites (Nos. 1-1, 2) before and after grouting operation and cyclic triaxial tests were performed. 

(a)                                                                               (b) 

 

            

 

 
Figure 5: (a) Relation between equivalent acceleration and equivalent N-value; and (b) Comparison between 
Factor of Safety against Liquefaction, FL, before and after treatment [after Zen et al., 2001]. 

 

  
Figure 4: Relation between (a) SPT N-value and earth pressure coefficient, Ko [after Zen et al., 2001]. 
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Some data points obtained from the test program which lie within Zone IV were also included in the 
evaluation. Based on the test results, the factor of safety against liquefaction, FL, was evaluated, and 
the results are shown in Figure 5(b). In the evaluation, Ko=0.5 was set for data points before grouting, 
while Ko=1.0 was set for data points after grouting, as suggested in Figure 4(a). Before treatment, 
most of the site are liquefiable (FL<1.0) as noted in Figure 5. On the other hand, after treatment, it can 
be seen that except for 3 data points, liquefaction will not occur within the foundation ground. 

The compaction grouting program was implemented in a section of Tokyo International Airport in 
Haneda with a total area of 4,500m2. Over-all, the program involved 1,792 grout columns, requiring a 
total of 6,700m3 of grout materials. During the grouting program, the flight operation in the airport 
was not disturbed since it was conducted at night when the airport was not operational. Furthermore, 
the grout holes were only 7cm in diameter and can be easily covered, and therefore the holes did not 
hinder the runway operation during the resumption of flights. 

4 CASE 2: GROUND TREATMENT UNDER AN EXISTING STRUCTURE 

Another application of compaction grouting was conducted under an existing structure. The structure 
concerned was a 3-storey manufacturing plant located in Nagoya City (Japan), referred to as Plant No. 
1, which occupied an area of 33.6m×27.3m. Plant No. 1, which was built in early 1960s, was 
sandwiched by two other relatively new plants which were comparatively more earthquake resistant. 
The three plants were contiguous with each other, and were connected by passageways. Plant No. 1 
was supported by 6m-long 250mm-diameter friction pile foundations. The ground surface at the site 
was generally flat.  

Borings were initially conducted at four sites located just outside the plant, and the results showed that 
the foundation ground generally consisted of 3m-thick backfill material and clayey soil underlain by 
about 10m thick loose saturated sand and silty sand layer with Fc=5~35% and low SPT N-values, 
generally less than 15. A hard deposit containing mixture of sand and gravel (N-values between 
30~50) lies about 12~13m from the ground surface. The water table was high, close to 2m from the 
ground surface. Liquefaction potential evaluation was performed at the site using the methodology 
incorporated in the Recommendations for the Design of Building Foundations (AIJ, 1988) for a design 
peak ground acceleration of 400 cm/sec2. The results of the analysis showed that the sand and silty 
sand layers between GL-5m~-12.5m had high liquefaction potential for the specified PGA, and the 
estimated liquefiable layer is shown in Figure 6. Since the plant had friction pile foundation which 
terminated at the mid-depth of the loose sand layer, significant damage to the structure was to be 
expected in the event the foundation ground liquefies during earthquake shaking. Hence, it was 
necessary for the ground to be strengthened.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6: Estimated liquefied layer based on AIJ Code with maximum PGA=400 cm/s2. 
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The selection of ground improvement technique to be applied on the site was constrained by the 
following: (1) minimum disturbance to plant production and operation; (2) limited space clearance 
(vertical and lateral) within the plant; (3) some equipment will not be moved during the 
implementation; and (4) ground heave should be limited to 0~5mm, depending on the location. 
Considering these factors, compaction grouting method was chosen to best improve the site.  

For the purpose of compaction grouting implementation, the site was divided into 3 zones. As in the 
first case discussed above, a test program was initially conducted on the first zone. Once the treatment 
effectiveness was confirmed and grout production refined, the main program was implemented. In the 
main program, target SPT N-values corresponding to a Factor of Safety against Liquefaction, FL >1.0 
were calculated, and the target relative densities at various depths were computed. From these values, 
the replacement ratio as, volume of grout Q, layout and pitch were determined, as listed in Table 1. 
Figure 7 shows the layout of the grout points within the plant where it can be seen that the site was 
divided into three types depending on the allowable ground heave. Correspondingly, different grout 
injection schemes were implemented for each type such that the resulting ground heave should be 
within the acceptable limits set for the equipment and other accessories which would not be moved 
during the operation. These limits were as follows: 0mm in sections with important machinery (Type 
2); 5mm outside the plant (Type 3); and 3mm elsewhere (Type 1). Note that the grout pitch was 
smaller in Type 2 area and with lower grout pressure, this resulted in lesser surface heave. The first 
floor slab heave was monitored using an automatic leveling survey equipment. Grouting was 
performed only in existing open space. In case where the grout point was located at the site of an 
immovable equipment, inclined grout holes were used to penetrate under the said equipment with the 
maximum inclination of about 10 degrees off vertical (see grout profile in Figure 7). Large equipment 
needed for the operation, including the grout mixing plant and pumps, were placed outside the 
manufacturing plant; hence, there was minimum disturbance to the structure and surrounding ground 
during the operation. Moreover, a “top-down, bottom-up” approach was employed. Treatment interval 
was set at 1m stages, and grouts were allowed to harden after each stage before the applying next one. 

Table 1: Design parameters for Case 2. 
Depth 

(m) 
Rep. Ratio, 

as (%) 
Pitch 
(m) 

Area 
(m2) 

Q* 
(m3/m) 

0 ~ 5 0 ―― ―― ―― 
5 ~ 7 7 2.1 0.31 0.343 

7 ~ 10 9 2.1 0.40 0.441 
10 ~ 12.5 3 2.1 0.13 0.147 

*contraction coefficient=0.9 
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Figure 7: Layout of grout points and profile of grout piles. 
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Once 16 grout points have been installed at each zone, confirmation borings (post-SPTs) were 
conducted at the center of the pattern where sufficient confinement was provided. The tripod used in 
the test was modified to fit the existing vertical space within the plant’s first floor. Such post-
densification tests were performed in at least two points within each zone, at a depth between GL-
5m~-12.5m, where treatment had been applied to evaluate the level of densification at each zone. A 
comparison of the pre- and post- SPT N-value distributions is shown in Figure 8. Note that the 
confirmation borings within the plant all showed increase in N-values beyond the target values 
indicating that the improved ground would not liquefy for this level of surface acceleration based on 
the AIJ design code. 

With regards to surface deformation, almost negligible surface heave was measured at the location of 
important machinery (Type 2), while a maximum heave of 2mm was measured elsewhere (Types 1 
and 3). In addition to the controlled grout injection, it is believed that the 5m-thick untreated surface 
soil provided an additional overburden cover, and therefore, grouting effects on the surface structures 
as well as on surface heave, were minimized. Sensitivity check conducted on the unmoved equipment 
after the whole grouting program showed no effect of the grouting implementation. 

Over-all, a total of 257 grout holes were installed within the site. The total amount of grout injected 
was 648.1 m3. An efficient scheme was formulated through careful scheduling of the various phases of 
work involved (removal of machines and pipes, compaction grouting implementation, confirmation 
borings, re-installing of machines, clean-up operations, etc.) to ensure that the plant remained 
operational during most of the retrofit construction. 

5 ANALYSIS AND DISCUSSION 

The two case histories discussed above highlighted the effectiveness of compaction grouting method 
in remediating liquefiable ground with or without existing structures. Since the process involves the 
injection of slump grout into the soil using small, maneuverable and vibration-free equipment, there is 
minimum disturbance to the structure and surrounding ground during implementation. Additional 
advantages include relatively little site disruption and the ability to work in constricted space, resulting 
in greater economy. Nevertheless, it has some inherent disadvantages, such as its ineffectiveness in 
stabilizing near surface soils where the overlying restraint is small and the relatively little technical 
understanding of the treatment mechanisms. 
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Figure 8: Comparison of SPT N-values. 
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The above case histories employed “top-down bottom-up” approach, where primary grouts were 
injected at the upper portion (1~2m thick) of the deposit to be treated, after which secondary grouts 
were injected from the lower to the upper limit of the treatment zone.  This procedure is more effective 
than the usual “bottom-up” and “top-down” techniques since prior grouting in the upper layers 
increases the strength of the overlying soils, which increases their restraining capability and help 
contain the pressures at the lower levels during compaction. 

In general, post-treatment penetration tests are performed at the center of the grid pattern, where the 
degree of improvement is considered least due to the radial nature of the process. Therefore 
confirmation tests can serve as lower limit of the degree of improvement attained at each target site. 
Consequently, when target SPT N-values are satisfied at the center of the grid pattern, the other parts 
of the target area more than satisfy the target requirements. Moreover, although not quantified in the 
projects discussed, the hardened grout columns have beneficial contributions to the seismic behavior 
of the site, acting as mini-piles consisting of “soft rock” columns. Note that the compressive strength 
of the grout bulbs is also substantial, generally in the range of 3~15 MPa. 

The projects discussed also showed that grout take, quantified by the replacement ratio as, and heave 
control (as in the second project) were the main criteria during production grouting. As pointed out by 
Boulanger and Hayden (1995), there is a direct relation between the replacement ratio and SPT 
resistance. Therefore, the replacement ratio can be adjusted to obtain the optimum increase in N-value 
required to mitigate liquefaction. Moreover, by making the pitch between grout columns shorter and 
by decreasing the pump pressure, surface heave can be controlled. 

Finally, the data from the Haneda airport project supplements the notion that compaction grouting will 
undoubtedly increase the lateral earth pressure at the site, as shown in Figure 4. Other factors which 
may be affected by compaction grouting include soil fabric, stress and strain history and prior effects 
of ageing. These changes may affect the way liquefaction potential is evaluated, especially those 
procedures which are based on semi-empirical methodologies defined for normally consolidated soils. 
Therefore, the applicability of these methodologies on treated ground should be further explored. 

6 CONCLUDING REMARKS 

A review of two well-defined case histories on the application of compaction grouting as liquefaction 
remediation was presented. One case involved the implementation in an open unrestricted space such 
as airport runways, while the second one was under an existing manufacturing plant. Based on the 
discussion, several important observations regarding the effectiveness of the technique were 
addressed. The post-treatment data suggested that compaction grouting was capable of producing the 
improvement in SPT resistance required to mitigate liquefaction risk. The method of construction, 
whether “bottom-up”, “top-down” or combination of the two, affected the level of effectiveness and 
the resulting ground heave. The method was most effective on sandy soil with fewer fines content. In 
addition, compaction grouting also increased the strength and the lateral earth pressure of the ground. 
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