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Technical session 2a: Ground improvement 
Séances techniques 2a: Amélioration des sols 

M. Kitazume 
Port and Airport Research Institute, Japan 

1 INTRODUCTION

It is an obvious truism that, structures should be constructed on 
good quality ground. The ground conditions of construction 
sites, however, have become worse than ever during recent dec-
ades throughout the world. It is often encountered to dredged 
soils, highly organic soil ground, loose sandy ground when any 
type of infrastructures is constructed, where large ground set-
tlement, stability failure is anticipated. Apart from these clayey 
or highly organic soils, loose sand deposits under a water table 
may cause serious problems of liquefaction under seismic con-
ditions.

A lot of ground improvement techniques have been devel-
oped and applied in many construction projects. They can be 
classified into four categories: replacement, drainage, densifica-
tion and admixture stabilization, as summarized in Table 1. 

Table 1. Classification of ground improvement techniques. 

Principle of 
improvement

Engineering method 

Replacement Excavation replacement 
 Compulsory replacement 
Drainage Preloading 
 Preloading with vertical drain 
 Dewatering 
 Chemical dewatering 
Densification Compaction by displacement 

and vibration 
 Vibration compaction 
 Impact compaction 
Admixture sta-
bilization 

Mechanical mixing 

 Jet mixing 
 Grouting 

Thirty seven papers are submitted to Technical Session 2a on 
Ground Improvement. This general report describes review and 
comment on the submitted papers together with brief explana-
tion of some ground improvement techniques.  

2 COMPARISON OF IMPROVEMENT TECHNIQUES 

Cai et al. described field test results on the embankment settle-
ment for the purpose of achieving a modified ground having a 
settlement less than 1 cm in one year after the ground improve-
ment, where the soft ground with a total length of 400 m was 
improved by packed drain method with explosion, plastic drain 
method with surcharge, and cement jet piling method with 1.2m 
and 1.5m spacings. In the tests, ground settlement and lateral 
displacement of the improved grounds were measured. From the 
tests, they recommend the cement jet grouting composite for 

highway and bridge transition section. After comparing the im-
provement effect, they found that the cement jet piling method 
was recommended under the limited construction period, but the 
plastic drain method with surcharge load was suitable for the 
highway embankment when the construction time limit was not 
very strict. 

Their recommendations were quite reasonable and common 
in previous case histories. 

3 REPLACEMENT 

Replacement method is simple in principle in which soft clayey 
soil is excavated and replaced by good quality sand. The 
method has been one of the most economical soil improvement 
methods. The reliable execution work can be expected in a short 
period of time with the aid of modern machinery. However in 
recent years the disposal of excavated soft soil has become more 
difficult than ever due to environmental restrictions on civil en-
gineering works and the adoption of replacement method is not 
possible in some cases. In addition, good quality sand for re-
placement cannot be obtained easily in some cases and thus the 
method is not always economical. Replaced sand may be much 
looser than expected especially in marine works, and having the 
possibility of liquefaction or insufficient bearing capacity for 
large structures. This necessitates in some cases additional soil 
improvement for compacting the replaced sand. 

No paper is submitted concerning to the replacement method. 

4 DRAINAGE

Compression of soft soils prior to construction by means of 
static loading is a widely applied practice to achieve the re-
quired consolidation and proper strength increase, if sufficient 
time is available. In the method, a pressure (preload) equivalent 
to or exceeding a contact pressure of superstructure is applied to 
the ground in advance of the construction of superstructure. The 
consolidation of soft soil by the preload will increase the shear 
strength of the soil and reduce the residual settlement. Normally, 
such a preload cannot be applied all at once to soft ground. Thus 
the preloading must be performed in several stages while con-
firming the strength increase of the ground. Because of this, the 
cost of the method is low, but the time required for the soil im-
provement work is long. In the vacuum preloading method, the 
effective stress in the soil is increased by lowering the pore 
pressure in the soil instead of applying a preload on the ground 
surface. This method is characterized by there being no stability 
problem because the earth filling for loading is not necessary.  

The vertical drain method has been frequently adopted to-
gether with the preloading, surcharge or vacuum method to ac-
celerate the rate of consolidation by shortening the drainage 
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path. In addition to sand drains, prefabricated band-shaped 
drains have also come into wide use. These drains can be rap-
idly installed to great depth and into the sea bottom. 

Four of the papers submitted to Session 2a are concerned 
with consolidation with the vertical drain method. 

Konovalov and Sekhniev described their field embankment 
tests on consolidation with various vertical drains (type and in-
stallation detail of drain are not described) for layered soils. The 
test site was heterogeneous soil stratification with soft soil in-
clusion, i.e. peat, pockets on the surface and in depth. They con-
firmed the importance of the integrated account of all influenc-
ing the factors such as creep, geometrical non-linearity, 
stratification, surcharge growth rate, etc, for evaluating the 
ground settlement and emphasized that the non-linearity filtra-
tion and viscous soil resistance shall be analyzed jointly. 

The vertical drain method has been successfully adopted to 
wide area of reclaimed lands for airport construction (Karuna-
rantne et al., 1989, Bergado et al., 2002, Arai et al., 1991). 
Zhusupbekov et al. briefly introduced a successful application 
of combined sand drain and plastic board drain for construction 
of Incheon International Airport, Korea. At the site, vertical 
sand piles with 500 mm diameter were installed at regular pat-
tern, which was followed by the placement of a 5 m high sand 
layer, and then the plastic board drains were driven into the 
ground to accelerate the dissipation of pore water pressure. 
Similar application, combined with sand drain and plastic board 
drain, was also adopted for the Tokyo International Airport Off-
shore Expansion Project (Kitazume et al., 1995). 

Chai et al. presented their laboratory tests and field meas-
urements on the vacuum consolidation method, in which the ef-
fect of drainage condition was discussed. They found that the 
settlement caused by vacuum pressure was about 80% of that 
induced by the corresponding surcharge load. In the case of 
two-way drainage, the vacuum pressure would generally cause 
less consolidation settlement of the clay than an equivalent em-
bankment load, which suggested that the prefabricated vertical 
drains (PVDs) should not penetrate the entire clay layer. They 
presented the calculation formula for the optimum penetration 
depth for the PVDs. 

Oshima et al. discussed the self weight consolidation phe-
nomenon improved by the plastic drain by a series of centrifuge 
model tests. Their comprehensive parametric model tests, 
changing type, size and spacing of drain and drainage condition, 
are excellent. They provided experimentally that the plastic 
board drain could be converted to the equivalent circular diame-
ter that had the same circumferential length, and the combined 
solution of Barron's radial pore water flow and Mikasa's one 
dimensional self weight consolidation theory (Mikasa and Ta-
kada, 1984) well explained the test results. They also discussed 
the effect of drain deformation on the consolidation rate. The 
significant effect of the drain deformation on the discharge ca-
pacity had observed in the field (Kremer, 1983) and was inves-
tigated in the laboratory tests (Ali, 1993). The kinking or buck-
ling type drain deformation made the decrease in discharge 
capacity significant but the bending type deformation made the 
decrease in discharge capacity insignificantly (Koda et al., 
1992). Oshima et al. provided that the drain deformation like a 
sine curve generated the slightly higher consolidation rate, 
which confirmed the above. 

5 DENSIFICATION 

Thick deposits of loose cohesionless soils may require im-
provement in order to eliminate the subsequent development of 
excessive total and differential settlements and to minimize the 

possibility for liquefaction under seismic loading. In-situ densi-
fication of loose, cohesionless soil layers is usually carried out 
by dynamic methods. In many methods dynamic loading is ac-
companied by displacement in the form of the insertion of a 
probe and/or construction of a sand or gravel column in-situ. 
The methods for in-situ deep densification of cohesionless soils 
include blasting, vibro-compaction, vibro-flotation, sand com-
paction pile and heavy tamping. 

Six of the papers submitted to Session 2a are concerned with 
consolidation with densification method. 

5.1 Dynamic compaction (heavy tamping) 

As the improvement effect of the dynamic compaction method 
is varies with soil type and energy input, the effective depth of 
treatment has been considered empirical expression of the met-
ric energy input expression of (WH)0.5 where W is the weight in 
tonnes and H the drop height in meters. This was modified by a 
factor of 0.5 for relatively coarse, predominantly granular soils, 
and factors of 0.375 to 0.7 for two soil types (Slocombe, 2004). 

Two papers presented the numerical approach on the dy-
namic compaction method. Brandl et al. described the in situ 
measurements and theoretical investigations referring to fading 
away vibrations phenomenon of the falling mass after each drop. 
Assuming an elastic decay (fading away) of free soil vibrations 
under still increased pore water pressures, they adopted a vis-
cously damped single degree of freedom system approximation 
in the boundary element method (BEM) in order to qualify the 
fading away process of the vibration after the compacting blow. 
Numerical BEM calculations disclosed that Lehr's damping co-
efficient derived from the viscously damped single degree of 
freedom (SDOFS) analogy depending only on Poisson's ratio 
and was practically independent of the E-modulus of the half 
space. The influence of the penetration depth of the pounder (i.e. 
the crater depth of the compaction point) could be described by 
a reduction factor depending on Poisson's ratio. 

Pak et al. developed a fully coupled dynamic finite element 
code to simulate the dynamic compaction treatment procedure 
in dry and saturated porous media and to estimate the ground 
deformation by the improvement. In their analysis, two phase 
saturated system, pore water pressure and deformation of solid 
particles in the soil, were inter-related. They used two plastic 
cap models: the Modified Cam-Clay model and Drucker-Prager 
envelope joined smoothly to the subsequent Von-Mises surface. 
The calculations were compared with the ground deformation in 
the experiments, which showed reasonable agreement between 
computed ground deformation and experimental results by Ta-
kada and Oshima (1994). 

These analytical and numerical approaches coupled with the 
field measurements will brush up the practical calculations for 
evaluating the improvement effect of the method. 

5.2 Hydraulic blast method 

The essence of hydraulic blast method is in weakening of struc-
tural connections of loessial soil by the way of its artificial satu-
ration to yield limit and performance of blasts of single charges 
of the explosive. Zocenko et al. introduced an application of 
hydro-blast method for improving loessial soil. The loessial soil, 
spread on the most of the territory of Ukraine, did not possess 
collapsibility from dead weight, collapse could occur at artifi-
cial saturation of soils under impact of external load. This prop-
erty provided high applicability of the hydro-blast method for 
the loessial soil. In the construction site, the drainage-explosive 
boreholes of 0.35 to 0.4m in diameter were excavated, and the 
plastic pipes of 100mm in diameter were dropped into them for 
further location of charges on the explosive. They showed the 
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ground settlement distribution of the loessial soil induced by ar-
tificial saturation and explosion. 

5.3 Vibro-flotation method 

Varaksin et al. presented the successful application of the vibro-
flotation method for liquefaction prevention in the quay wall at 
the San Diego National Marine Terminal. They evaluated the 
possibility of liquefaction based on the standard by National 
Center for Earth Quake Engineering Research, which took into 
account the fine particle content effect of the original soil. The 
improvement effect was evaluated by the standard penetration 
tests and the cone penetration tests along the depth. 

5.4 Sand compaction pile method 

The Sand Compaction Pile (SCP) method has been developed 
and frequently adopted for many construction projects, in which 
sand is fed into a ground through a casing pipe and is com-
pacted by either vibration, dynamic impact or static excitation 
to construct a compacted sand pile in a soft soil ground. This 
method was originally developed to increase the density of 
loose sandy ground and to increase the uniformity of sandy 
ground, to improve its stability or compressibility and/or to pre-
vent liquefaction failure, but now it has also been applied to soft 
clay ground to assure stability and/or to reduce ground settle-
ment. Several types of the SCP machine have been developed 
and adopted for on-land construction and marine construction 
for more than 50 years in Japan, which include the hammering 
compaction technique, the vibrating compaction technique and 
the static compaction technique (non-vibrating compaction 
technique) (Kitazume, 2005).  

Bicalho and Castello described some case histories of densi-
fication of loose sandy soils using compaction piles in which 
the technique used was deep compaction through compaction 
piles driven with Franki-type equipment, and shallow compac-
tion by vibratory plate. They found from the test results that 
compaction piles tended to densify the loosest soils the most, 
which had been pointed out by Mitchell (1983), and the penetra-
tion resistance increased with time after densification. The col-
umn spacing, s, for a square arrangement can be calculated by 
the following equation based on the initial and target void ratios.  

 (1) 

where e0: initial void ratio of loose sand before improvement, ef:
the final void ratio of loose sand after improvement and D: the 
sand pile diameter. They pointed out that the column spacing 
calculated by Eq. (1) was conservative and should be multiplied 
by 1.08 for central piles by taking into account the relative den-
sity increase of loose sand. However, it is well known that the 
improvement effect is dependent upon the fines content of loose 
sand. There are several design methods proposed in Japan in or-
der to take into account the effects of fines content and ground 
heaving (Kitazume, 2005). Some of them gives smaller column 
spacing than that by Eq. (1) for the soil with relatively high 
fines content.  

Since the SCP method was first developed, many researches 
have been carried out by universities, academics and research 
firms, and construction and consulting firms. These efforts have 
revealed the strength and deformation characteristics of com-
posite soils, bearing capacity, settlement, earth pressure and 
horizontal resistance of improved ground, liquefaction preven-
tion and so on (Kitazume, 2005). In many laboratory and centri-
fuge model tests, the "frozen pile" approach has been used ex-

tensively to prepare the models of SCP improved soft ground 
mainly for avoiding uncertainty in the property of sand pile and 
stress condition after the installation (Kimura et al., 1983, 
Terashi et al., 1990), while sand piles are installed by help of 
vibratory or impact excitation in the field. The first attempt of 
constructing sand piles in the centrifuge similar to the field was 
conducted by Takada and Nogawa (1982), which was followed 
by Ng et al. (1998). 

Weber et al. described the development of the installation 
tool for sand pile construction in the centrifuge model tests. In 
their tool, compaction of the sand pile was achieved by slowly 
drawing out and re-inserting the installation tool again into the 
soil. This technique was quite similar to one of the field con-
struction technique, which was different technique from the 
other installer (Ng et al., 1998). It was appeared that the installa-
tion tool was not sufficient to construct all sand piles precisely, 
which was required to improve the tool. They conducted the 
numerical analyses to simulate the sand pile construction proc-
ess for back calculating the pore water pressure development in 
the clay model during the construction process of a sand pile. 
The numerical model could reproduce some of the characteris-
tics of the measured pore water pressure development, but 
qualitatively the calculated values of excess pore water pres-
sures were about half the magnitude of the measured values. 

These attempts will be useful to investigate the soil distur-
bance effect and stress conditions change due to the sand pile 
installation. 

5.5 Evaluation of quality assurance 

Quality assurance and verification of improved ground by com-
paction methods have been evaluated by various methods such 
as static and dynamic cone penetration tests, boreholes and 
standard penetration test and plate loading test. Chang et al. dis-
cussed the suitability of qc, cone penetration test results, as a 
measure of sand compressibility with Schmertmann's frame-
work on settlement analysis. They performed the plate load tests 
and cone penetration tests to assess the compressibility of the 
sand fill. Based on the test results, Schmertmann’s proposed 
distributions of normalized vertical strain was modified. They 
showed the design chart of the acceptance criteria for hydrauli-
cally placed sand fill and for dynamically densified sand fill. 
Their design chart will be useful for evaluating the bearing ca-
pacity of the improved ground. Varaksin et al. also showed a 
test results of SPT and CPT methods for quality assurance of 
improved ground by vibro-flotation method. 

6 ADMIXTURE STABILIZATION 

The admixture stabilization method is based on the chemical re-
action between clay and chemical agents. In common practice 
quick lime or cement is used as chemical agents. When, for ex-
ample, quick lime absorb the pore water, changes to hydrated 
lime and react with clay particles to form pozzolanic reaction 
product. The strength increase and reduction of settlement is 
amazingly large compared with the conventional techniques. 
Several admixture stabilization methods have been developed 
and adopted for many construction projects in Japan (CDIT, 
2002, 2003, 2004, Kitazume and Saitoh, 2003).  

Sixteen of the papers submitted to Session 2a are concerned 
with the admixture stabilization. 

6.1 Deep Mixing Method 

The Deep Mixing Method (DMM), a deep in-situ soil stabiliza-
tion technique using cement and/or lime as a binder developed 
in Japan and in the Scandinavian countries independently in 
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1970s, has been frequently applied for many construction pro-
jects not only in Japan and Nordic countries but also in Asia, 
America and European countries (CDIT, 2002). 

6.1.1 Effect of binder on improvement effect 
The magnitude of strength increase of stabilized soil is influ-
enced by a number of factors, because the basic strength in-
crease mechanism is closely related to the chemical reaction be-
tween soil and binder. The factors can be roughly divided into 
four categories as summarized in Table 2 (after Terashi, 1997). 

Table 2. Factors affecting the strength increase (after Terashi, 
1997).

I. Characteristics of 
binder

1. Type of binder 
2. Quality 
3. Mixing water and additives 

II. Characteristics and 
conditions of soil 
(especially impor-
tant for clays) 

1. Physical chemical and minera-
logical properties of soil 

2. Organic content 
3. pH of pore water 
4. Water content 

III. Mixing conditions 1. Degree of mixing 
2. Timing of mixing/re-mixing 
3. Quantity of binder 

IV. Curing conditions  1. Temperature 
2. Curing time 
3. Humidity 
4.    Confining pressure 
5. Wetting and drying/freezing and 

thawing, etc. 

The characteristics of binder mentioned in Category I 
strongly affect the strength of stabilized soil. Therefore, the se-
lection of an appropriate binder is, in a real sense, an important 
issue. The factors in Category II (characteristics and conditions 
of soil) are inherent characteristics of each soil and the way that 
it has been deposited. It is usually impossible to change these 
conditions at the site to perform deep improvement. Many re-
search groups have performed studies on lime or cement stabi-
lized soils manufactured with and/or without compaction (Oku-
mura et al., 1974, Kawasaki et al., 1981, Terashi et al., 1977, 
1980 and 1983, Babasaki et al., 1996, Åhnberg  and Holm, 1999, 
Esrig, 1999, Hebib and Farrell, 1999, EuroSoilStab, 2002). 
Their valuable works have provided engineers with good quali-
tative information.  

Quintana-Crespo et al. described a chemical and electrical 
approach on the reactivity of soil, where the electrical conduc-
tivity was measured on a saturated solution of calcium hydrox-
ide and soil in order to determine lime reactivity of loessic 
sediments. The reactivity of the materials could be determined 
with the instantaneous diminution of conductivity that happened 
in the first stage plus the time-dependent variation developed 
later. The tests showed that the Total Reactivity was the sum of 
the Instantaneous Reactivity and Time-dependent Reactivity. 
According to the Total Reactivity, a relative scale of values of 
reactivity for Pampean loessic sediments could be established: 
low TR < 30; intermediate TR 30-50; high TR > 50. The differ-
ent curves of soil lime reactivity appeared that the time-
conductivity curves and parameters have to be taken into ac-
count as additional information in lime stabilization projects. 

Oteo and Castanedo described lime stabilization of "mar-
ginal" soil, which was categorized as between "tolerable" and 
"inadequate" soil by Spanish Government. The "marginal" soils 
fulfilled a) organic matter content lower than 5%, b) swelling on 
expansion testing under 5%. They showed the unconfined com-
pressive strength of lime treated "marginal" soils, expansive 
clayey soil, in which the strength clearly increased, up to a 
magnitude that might be about double 1 day of curing, but 

which might be nearly four times greater after 3 days curing. 
They also showed another test results on CBR tests, where the 
optimum results were between 3 and 5% of lime content and the 
swelling clearly decreased with the lime. 

Verástegui et al. presented the improvement effect of stabi-
lized silty clay and highly organic silty clay with several com-
binations of lime and cement. The combination L/C-20/80 with 
blast furnace cement leaded to the highest strength for stabilized 
silty clay. For highly organic silty clay, the stabilized soil mixed 
with blast furnace cement showed a slow but continuous incre-
ment, while the benefit of lime was less significant for the 
strength. In the field tests, the evaluation of the improvement by 
means of CPT showed a remarkable improvement in the silty 
clay stabilized with combination L/C-20/80 with blast furnace 
cement, however small improvement in the organic soil stabi-
lized with blast furnace cement. The effect of DM column im-
provement on decreasing the ground settlement under embank-
ment was also presented. 

Tomac et al. show the effect of cement type of long term 
strength, in which the strength development of treated soils by 
blast furnace slag cement was continuously followed for more 
that  500 days, but the Portland cement treated specimen didn't.  

Hernandez-Martinez and Al-Tabbaa presented the effect of 
initial moisture content of the peat and its relation to the quan-
tity of cement only binder added. They showed that the higher 
the quantity of cement mixed the higher the strength obtained, 
on the other hand, the higher the initial moisture content present 
in the peat the lower strength achieved. It has been shown that 
the water and cement ratio in the mix could notably affect the 
unconfined compressive strength for w/c ratios of 0.5:1 to 1:1. 
Based on these results, they recommend a 1:1 w/c ratio for 
mixes that contained quantities of cement up to 300 kg/m3.
They also presented that the initial elastic module was 42 to 74 
times the unconfined compressive strength, which was quite 
lower value than that of Jelisic and the previous research result 
(Saitoh, 1985).

Van Impe et al. described the test results on characteristics of 
cement treated dredged soil. Their laboratory tests showed the 
effect of type of cement and curing temperature on the strength 
development. The tests suggested that blast furnace cement had 
a great potential to improve the dredged material. The transient 
temperature increase due to the exothermic reactions within the 
large specimen leaded to such notable difference. The larger the 
sample, the slower the heat dissipation and so the higher the un-
confined compressive strength to be expected. According to the 
laboratory tests, the cement columns were constructed by a kind 
of Deep Mixing Method in which pressurized mixing tool pro-
vided with nozzles homogeneously distributed along the later 
on diameter of the column. They found that the laboratory mix-
ing tests had underestimated the strength of very-high-pressure 
stabilized soil in the field with a factor of about 3.  This under-
estimation was some times observed in several jet mixing tech-
niques and in quite opposite phenomenon of the mechanical 
mixing technique. In addition, they demonstrated a more com-
pact and homogeneous texture of the field specimen produced 
by a high pressure mixing technique by Scanning Electron Mi-
croscopy analysis. 

6.1.2 Properties of stabilized soil 
The physical and mechanical properties of stabilized soils have 
been investigated by many researchers, which brings us to well 
understand the properties of stabilized soils including strength 
characteristics, consolidation characteristics (CDIT, 2002, Kita-
zume, 2005).  

Jelisic presented the strength and consolidation properties of 
laboratory stabilized peat with 80% Merit 5000 (granulated 
blast-furnace slag) and 20% cement of amount of 200 kg/m3.
The elastic modulus E50 was 450 times the unconfined compres-
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sive strength, which was within the previous research results 
(Saitoh, 1985). The permeability of stabilized peat was about 
10-4 times lower than that of unstabilized peat. 

In contrast to the investigation on physical and mechanical 
properties of stabilized soils, long term durability of stabilized 
soil becomes critical issue for the application to foundation of 
nuclear power facilities, but is not clarified yet and any predic-
tion method is not established.  

Ikegami et al. investigated the physical properties of field 
cement stabilized soil which was cured more than 20 years. Ac-
cording to the test results, they found two aspects on the long 
term property changes of treated soil; strength increase in the 
core of soil and deterioration at boundary surface of stabilized 
soil. Quite important observations were presented as follows; 

1) no change in the water content and wet density in the 
treated soil block was observed, where outer environment 
was considered to have no affected. 

2) the strength inside the treated soil block increased almost 
linearly with logarihsm of duration period up to 20 years. 

3) at the boundary surface of treated soil block, strength re-
duction and calcium leaching were confirmed. 

4) strength reduction at the boundary surface was considered 
to be associated with expansion of pore size of treated soil 
due to the dissolution of cement hydration products. 

5) deterioration progress was in almost proportion to a square 
root of duration time. 

These findings are quite valuable for investigating the dura-
bility of cement treated soil. 

6.1.3 Behavior of improved ground 
The behavior of DMM improved ground has been investigated 
by experimental and numerical approachs. Based of these re-
search efforts, several design codes and manuals of DMM have 
been published (Broms and Boman, 1978, CDIT, 2002). The 
magnitude of consolidation settlement of the group column type 
deep mixing improved ground is evaluated by taking into ac-
count the effect of stress concentration to the treated column. 
Regarding to the consolidation rate of DM improved ground, 
there are two contradict opinions on whether treated columns 
act as a drain or not (Holm et al., 1983, Terashi and Tanaka, 
1983).

Vähäaho et al. showed the consolidation phenomenon of 
column type deep mixing improved ground in which the effect 
of permeability and stiffness of treated column was discussed. 
They carried out a series of model tests changing the mixing 
condition of treated column, which showed that the permeabil-
ity of treated soil was dependent upon the type of soil and type 
and amount of binder, but increased almost linearly with in-
creasing the void ratio of treated soil in the log-log plot. As 
coupling with the numerical analyses, the consolidation speed 
of the group column type improved ground was expressed by 
the effect of permeability and stiffness of treated column, which 
indicated that the consolidation speed could be accelerated due 
to high stiffness of treated column even if the permeability of 
treated soil was low. This confirmed the findings by Terashi and 
Tanaka (1983). 

Bergado et al. described the deformation and consolidation 
characteristics of deep mixing improved soft clay ground over-
lain by 6.0 m high reinforced embankment. The field test re-
vealed that the DMM pile installation in the soft clay foundation 
had reduced tremendously the compressibility of the ground and 
increased the lateral resistance of the soil. They derived the con-
solidation settlement of the improved ground by assumption of 
the actual stress shared on the deep mixing pile did not exceed 
its vertical yield stress. A method of proportioning the lengths 
and a typical layout of DMM piles for bridge approach em-
bankment were presented to avoid consequent undulation of the 

pavement at bridge approach, in which the DMM piles support-
ing the embankment were installed at varying lengths, with 
closer spacing and full penetration through the soft clay layer at 
the zone near the abutment and, then, decreasing smoothly to-
wards the determined length of improvement. Similar technique 
was adopted in the deep mixing method (Japanese Geotechnical 
Society, 2000) and in the vertical drain method for To-
kyo/Haneda airport (Shiomi et al. 1995). 

The stability of group column type deep mixing method has 
been investigated by many research engineers (e.g. Kivelo, 
1998, Broms, 2004, Kitazume and Maruyama, 2005).  

Navin et al. showed the applicability of two and three di-
mensional FEM analyses to ground deformation of embankment 
on deep mixing method columns. In their analysis, the clay 
ground was simulated as the Modified Cam-Clay model and the 
embankment and DM column were modeled as a elastic mate-
rial. They compared the calculations with a centrifuge model 
tests by Kitazume et al. (2000) and Inagaki et al. (2002). The 
major conclusions were as follows; lateral deflections from two 
dimensional analysis were in relatively good agreement with 
those from three dimensional analysis. The two dimensional 
analyses under predicted bending stresses seen in three dimen-
sional analyses, however the two dimensional analyses using 
strip widths tended to over predict the bending stresses and un-
der predicted the axial stresses seen in three dimensional analy-
ses. 

6.1.4 Applications 
The DMM has been applied to many kinds of purposes, includ-
ing reducing settlement, increasing bearing capacity of the 
ground, increasing stability and ground liquefaction strength, 
reducing active earth pressure, cutting off ground water, and in-
creasing pile’s bearing capacity against lateral forces, etc.  

Katzenbach and Ittershagen showed a new application of 
DMM column improved ground to reduce the oscillations in the 
ground for railway lines, in which the influence of different soil 
improvement layouts on soft soil was investigated. The RMS 
(Root Mean Square)-values close to the ground surface are ob-
viously smaller due to the high dynamic stiffness of the soil im-
provement under the railway track and thus connected with a 
smaller rate of long term deformation. This paper will encour-
age a new application of DMM in future.  

6.1.5 Machine development 
Deep Mixing Method technology was developed in Japan and 
the Nordic countries in 1960s. The development of the Deep 
Mixing Method in Japan was briefly reviewed by Terashi in his 
theme lecture at the ISSMFE Hamburg Conference (Terashi, 
1997). Since a variety of equipment was established and a stan-
dard design procedure became available, the application has ex-
ploded. According to the latest statistics in Japan, the wet 
method (CDM) is preferred in marine work while both the dry 
(DJM) and wet (CDM) methods are employed for on land work. 
The development of the Deep Mixing Method in Nordic coun-
tries is summarized by Rathmayer in his State of the Art Report 
(Rathmayer, 1996) to IS-Tokyo ‘96.  

Bruce and Bruce (2003) categorized a total of 24 different 
methods described in the technical literature in the classification 
format, binder type, mixing principle and mixing location, 
based on the fundamental operational characteristics. Fiorotto et 
al. presented the development of 'cutter soil mixing method', for 
creating cut-off and retaining walls. The method was not cate-
gorized into the above mentioned classification, which made 
use of two sets of cutting wheels that rotated about a horizontal 
axis to produce rectangular panels of treated soils. They showed 
two successful field applications of the method. This technique, 
very similar to so called diaphragm wall method, has been ex-
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tensively adopted for many foundations such as bridges, revet-
ment and oil tank.  

Zheng et al. developed a new type of deep mixing method to 
increase the vertical bearing capacity of DM column. In the 
method, a mini reinforced concrete pile was driven into a DM 
column right after its installation. They carried out a series of 
field loading tests to investigate the effect of concrete pile in the 
DM column, and found that the bearing capacity of composite 
DMM column was greatly increased compared to ordinary DM 
column. This technique will be useful for improving the internal 
stability of treated column as far as the external stability of im-
proved ground is assured. 

Fig. 1. Classification of Deep Mixing Methods (Bruce and Bruce, 2003) 

6.1.6 Quality assurance 
To ensure the sufficient quality of the stabilized column, quality 
control and quality assurance are required before, during and af-
ter the construction. For this purpose, quality control for the 
Deep Mixing Method mainly consists of i) laboratory mixing 
tests, ii) quality control during construction and iii) post con-
struction quality verification through check boring and field in-
vestigations.

In Japan, unconfined compression tests on cored samples 
have been the most frequently conducted for quality assurance 
(CDIT, 2002). The quality of core sample relies on the quality 
of boring machine, sampling tool and the skill of a workman. 
Wet grab sampling is often adopted in the United State and 
European countries as post construction quality assurance for 
the wet method, where the samples are obtained by lowering an 
empty wet grab sampling device to the sample depth, capturing 
the fluid sample, closing the wet grab sampling device, and 
bringing the sample to ground surface where the material is 
processed and placed into cylinders for testing. Many kinds of 
field tests have also been applied for quality verification as 
summarized in Table 3 (after Hosoya et al., 1996). Three of the 
submitted papers are concerned to the quality assurance of deep 
mixing method. 

Tomac et al. dealt with the Scanning Electron Microscope 
(SEM) analysis of cement treated soil by the SSI field deep 
mixing method to look at the microstructure of specimen. The 
SEM investigation results suggested that the hydration process 
of blast furnace slag cement was indeed quicker and the C-S-H 

gel had a more advanced degree of hydration and consequently 
was showing a more regular distribution than in the case of 
Portland cement. This technique was also applied in the accom-
panied paper by Van Impe et al.

Puppala et al. showed literature reviews and surveys on the 
SPT and CPT value for evaluating the deep mixing soil cement 
columns. They provided the ratio of the unconfined compres-
sive strength and SPT N55 value, corrected value with a standard 
energy ratio of 55%, as 0.1 for peat, organic clay and sensitive 
clays, 0.25 for clays and silty clays, and 0.33 for silts and sands. 
They also showed the elastic modulus E25 was 50 to 250 times 
the unconfined compressive strength, which was comparatively 
smaller than that by Jelisic and the previous research results 
(Saitoh, 1985). From literature review, they showed the rela-
tionship between the cone tip resistance and undrained shear 
strength, Su, for various overburden pressures as Eq. (2). 

 (2) 

where qc: the average cone tip resistance, σv: vertical  overbur-
den stress determined at the middle of the layer, and Nk: bearing 
capacity factor. They proposed the bearing capacity factor, Nk,
of 18. 

Porbaha et al. showed a case record of wave velocity meas-
urement of deep soil column in order to estimate the shear stiff-
ness. They didn't present the relationship between the velocities 
and the soil strength but presented the previous test data by Ima-
mura et al. (1996) for reference. Larssen (2005) pointed out 
from the literature reviews that there were a strong correlation 
between the S-wave velocity and the unconfined compressive 
strength in the low strength interval qu was equal or less than 2 
MPa but in the higher strength interval qu exceeding 2 MPa the 
test results were scatted and the correlation was weaker. He also 
pointed out that there was a relatively weak correlation between 
the P-wave velocity and qu. Massarsch (2005) stated that the 
main reason for the differences between the seismic and the 
static modulus was the strain magnitude which must be consid-
ered in an analysis. 

Further research efforts are necessary to investigate the ap-
plicability of the method. 

6.2 Grouting

Various grouting techniques have been developed and adopted 
in many constructions: cement grouting, jet grouting and com-
paction grouting. Cement grouting generally is used to fill voids 
in the ground with the aim to increase resistance against defor-
mation, to supply cohesion, shear-strength and unconfined 
compressive strength or to reduce conductivity and intercon-
nected porosity in an aquifer (Stadler, 2004). In the jet grouting, 
either high-pressure water or grout is used to physically disrupt 
the ground in order to strengthen, cut-off ground water and pro-
vide structural rigidity (Essler and Yoshida, 2004). In the com-
paction grouting, grout injection with low-slump generally does 
not enter soil pores but remains in a homogenous mass that 
gives controlled displacement to compact loose soils, gives con-
trolled displacement for lifting of structures, or both (Rubright 
and Bandimere, 2004). 

Seven of the papers submitted to Session 2a are concerned 
with consolidation with the grouting technique. 

6.2.1 Material development 
Chun et al. described their laboratory tests on compressive 
strength of several sodium silicate cement grouting materials for 
chemical grouting. They found that the sodium oxide in silicate 
sodium and the fabrication method affected the compressive  
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Table 3. Field tests for evaluating stabilized soil (after Hosoya et al., 1996). 

Method Test methods and results Comment of quality control method 
Sounding test 
 standard 

penetration 
test

Let 67.5kgf hammer fall free from 75cm height and 
count the number of stokes (N-value) to penetrate 30 
cm. 

Most common method on natural soil. There is corre-
lation with unconfined compressive strength. 

 Dynamic 
cone pene-
tration test 

Let 5kgf hammer fall from 50cm height and count the 
number of stokes (Nd-value) for cone to penetrate 10 
cm. 

Easy transportation and operation. Practical for un-
confined compressive strength, qu of 200 to 500 
kN/m2.

 Static cone 
penetration 
test

Let the cone penetrate at uniform speed and measure 
the resistance ant the end and surrounding surface and 
pore water pressure in sequence. 

Applicable to measure the improvement of low 
strength stabilized soil in sequence. However, not 
applicable for firm stabilized soil. 

 Rotary pene-
tration test 

Measure the bit pressure, torque and muddy water 
pressure by the sensor at the end of the boring rod to 
observe the soil strength in sequence. 

Greater mobility compared with core sampling and 
field strength can be measured. However, correlation 
with the unconfined compressive strength must be 
compared from site to site. 

 wing pene-
trometer test 

The wing penetrometer is push down or lifted up in 
the center of stabilized column. The measured driving 
or lifting load is converted to shear strength values of 
the stabilized columns tested. 

The tests have limited applicability to high strength 
columns. 

Test of utilizing bore hole 
 PS logging Measure the velocity of P and S waves. Then calcu-

late rigidity and Poisson's ratio of stabilized soil. 
there are two testing methods, down hole method and 
suspension method.

There is some correlation with unconfined compres-
sive strength although it is not so uniform. Suspen-
sion method is better to evaluate the stabilized soil. 

 Electrical 
logging

Supply electric to stabilized soil and measure electric 
current and voltage through an electrode. Then calcu-
late the specific resistance.  

The correlation with unconfined compressive 
strength is low. 

 Density log-
ging

Measure the gamma rays emitted from a probe in-
serted into the hole by the detector installed at a cer-
tain distance. Then convert the data into density. 

Since it is influenced by hole diameter and water in-
side the hole, calibration is important. there is no cor-
relation with unconfined compressive strength. 

Loading test 
 Bore-hole 

lateral load 
test

Press rubber tube toward the bore hole wall in stages 
and measure the strength and deformation modulus of 
stabilized soil. Measurement apparatus is Pressiome-
ter and LLt. 

Deformation modulus rather than strength is often the 
objective of the tests. Vertical measurement is costly 
so it is used as representative value of stabilized soil. 

 Plate loading 
test

Place a loading plate (round plate of 30 cm in diame-
ter) on the stabilized soil and put on load in stages. 
Bearing capacity and deformation characteristics can 
be obtained directly from the load and settlement 
curve.

Bearing capacity and deformation characteristics can 
be obtained directly. However, the evaluation of sta-
bilized soil is possible only down to the depth of 2 to 
3 times of (load) plate diameter. 

 Stabilized 
pile loading 
test

Load on the top of the stabilized column through the 
load plate of the same diameter as the stabilized col-
umn. The bearing capacity characteristics are ob-
tained from the load and settlement curve. 

Bearing capacity characteristics of a stabilized col-
umn can be directly obtained. However, testing 
equipment is costly and the number of tests available 
is limited. 

Non destructive test 
 Integrity test Stroke the top of a stabilized column with a hammer 

and measure the reflected wave of the vibration. 
Length and discontinuity of column is measure. 

Simple method. However, evaluation standard for a 
stabilized column has not been established. 

 Elastic wave 
exploration

Emit P and S waves to measure the velocity distribu-
tion of stabilized soil. In the case of stabilized soil, 
measurement of S wave is preferred. 

Stabilized condition is measured by velocity distribu-
tion of the S wave in the bore hole and on the ground 
surface. Tomography is used to improve its accuracy. 

Other test 
 Penetration 

test
Use pocket type pin penetration apparatus and meas-
ure the penetration resistance of stabilized soil on the 
job site. Then estimate the unconfined compressive 
strength.

Easy and simple method. A lot of tests can be done. 
However, only the surface of the stabilized soil can 
be tested. 
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strength of grouting materials. The pilot test on the highly per-
meable alluvial layer by JS-CGM (Just Selected Chemical 
grouting Method) showed the two to three orders’ decrease in 
permeability of the ground and increase in the SPT N-value 
with depth. 

Dupla et al. presented the results of an experimental study on 
the influence of significant parameters on the injectability of 
cement grouts in sand matrices. They focused on the influence 
of the cement concentration of the grout and on the grain size 
distribution curves of cement and sands used in terms of in-
jectability. Based on the test results, they emphasized that the 
C/E parameter should be suitably set according to the improve-
ment purpose for economical design. 

Muhovec and Ivankovic discussed the computational balance 
of the grouting consumption and formulated the total grouting 
mixture consumption for planning a grouting work of composite 
rock. They developed an equation with the assumption that all 
grouting mixture was retained within a closer zone of grouting. 
However, in practice, the grouting mixture was used for the 
most or the least part for filling of voids within a closer zone of 
grouting and a remaining part flowed out from the closer zone 
and filled the surrounding area and even uselessly drains 
through certain dominant fissures or channels to greater dis-
tances. Then they formulated the total consumption of dry mor-
tar and showed a numerical example. They also emphasized that 
for any new location the performance of a test injection field 
was desirable. 

Pachen et al. showed laboratory model test results on effect 
of compaction grouting for discussing the change on density 
and the change of stress level. The compaction grouting was de-
fined as a displacement grouting method which aimed at forcing 
a mortar of high internal friction into the soil to compact it 
without fracturing. The test showed that the compaction grout-
ing resulted in higher horizontal stresses but not necessarily in 
densification of the sand. 

6.2.2 Applications 
Lacazedieu et al. introduced a successful application of CMCs 
(Controlled Modulus Column) for improving the strength of 
highly compressive soils and for minimizing ground settlement. 
The CMCs process consisted of reinforcing the soil by means of 
semi-rigid grout columns. They also presented the evaluation 
method for ground settlement which took into account the stress 
concentration effect on the treated column. 

Hachich et al. showed a successful case history of grouting 
technique to the foundation of a factory overlying a limestone 
formation. The low mobility injection grouting (LMIG) was 
employed at first against the ground settlement, however caused 
adverse effects, which, after many holes grouted, was leading to 
a significant change in the initial diagnostic. They showed that 
the diagnostic of settlements was due to progressive transport or 
leaching of its fines into a net of limestone cavities of relatively 
small dimensions, nevertheless hydraulically effective on de-
stabilizing the overlying soil. Then CCP column technique, a jet 
grouting method, was employed to guarantee transmission of 
the loads to the CCP columns by means of an arching effect. 

Pinto et al. showed some case histories of jet grouting col-
umns for load transfer platforms. For the application to light in-
dustrial building, two types of columns were adopted: simple 
columns and reinforced column with high resistance steel tubes, 
which allowed the partial reduction of the columns middle cross 
section diameter from 1200 mm to a minimum of 400 mm. For 

the application to static railway platform, the load transfer plat-
form was founded over a mesh of 1200 mm diameter jet grout-
ing columns caped by 2500 mm diameter columns. The option 
for the mix of high strength geotextiles and geogrids was 
adopted by the resistance required by the span between the jet 
grouting columns. The results of the DPSH tests allowed the 
conclusion that the resistance of the confined soil, located be-
tween the jet grouting columns, increased if this soil was loaded 
and could be considered as an extra safety margin if, in any case, 
some part of the load was not directly transferred to the double 
function soil improvement and foundation jet grouting columns. 
They also proposed the solution for the transition zone in the 
application to road platform by the gradual decreasing of the jet 
grouting columns overall length in order to allow the control of 
the differential settlement. This solution was quite similar to 
that by Bergado et al.

7 MISCELLANEOUS

Wardani et al. briefly presented the problem and design process 
related to the expansive soil for the rehabilitation of the Sema-
rang-Wirosari road. They installed geomembrane combined 
with the earth retaining as the counter measures for the problem, 
which showed lower initial pavement roughness and tended to 
be more stable with time than the section without the geomem-
brane.

Mecsi presented a model developed for determining the 
changes in the stress and strain conditions of soils in the sur-
roundings of the base of a pile, using the newly expanded cavity 
concept. 

8 CONCLUSIONS 

Many kinds of soil improvement methods have been presented 
in the papers submitted to this session. The papers submitted in 
this session provide significant extension to the state-of-
knowledge and state-of-practice in the soil improvement. Num-
ber of submitted papers indicates that the classical methods of 
ground treatment such as replacement, drainage and compaction 
techniques, have been replaced in many areas by more effective 
procedures such as admixture stabilization techniques, probably 
because rapid and high strength increase can be obtained in the 
admixture stabilization techniques. The world wide develop-
ment of infrastructures will promote development and renova-
tion of soil improvement techniques. Further research efforts are 
necessitated to investigate the wide variety of treated soil prop-
erties and an interaction of treated soil and surrounding soil.  

It is to be expected that the discussion will bring more light 
to many of the questions cited in this Report, but in order to di-
rect the discussion along main lines General Reporter is sug-
gesting the following topics: 

a. Vertical drain method: the effect of type of drain deforma-
tion on the consolidation rate. 

b. Dynamic compaction method: the applicability of numerical 
approach in the dynamic compaction in order to evaluate the 
improvement effect more precisely. 

c. Admixture stabilization method: appropriate type and 
amount of binder for various types of soil. 

d. Admixture stabilization method: property of treated soil, es-
pecially long-term property of treated soil.. 

e. Admixture stabilization method: applicability, benefit and 
limitation of quality assurance methods. 
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