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1.INTRODUCTION 

The pursuits of a convenient lifestyle in recent years have lead to mass production of industry wastes. About 15～20% of waste from coal-fired 
power plants are being disposed off in landfills. Land is a valuable but limited asset and landfills are fast shrinking in most densely populated cities. 
The disposal of such industry wastes poses increasing soil contamination problems in urban areas as the cities’ population increases. Previous research 
studies on the properties of coal-fly ash have indicated that it is a potential source of admixture in liquefied soil stabilization. Coal fly ash displays a 
likelihood of pozzolanic reaction due to its chemical composition and physical characteristics. Coal fly-ash and blast furnace slag cement were tested 
as admixtures in liquefied clay soil improvement in this study. The improved specimens’ strength properties were measured for different curing ages 
using both a light weight falling weight deflectometer (FWD) 1,2on improved artificial embankments in the field as well as using the unconfined 
compression test in the laboratory for test samples taken from the same improved soil used in the artificial embankments. The results of this study are 
presented in this paper. 

2.EXPERIMENTAL METHOD  
2.1 ENGINEERING PROPERTIES OF MATERIALS 

The materials properties are given Table 1. 

2.2 COMBINED CONSTITUENTS OF THE IMPROVED SOIL 
Table 2 shows the combined designated constituents of the improved soil. In order to carry out field tests using the portable FWD, four (4) no. 

improved soil embankments were prepared with a diameter of 90 cm and a depth of 30cm for each of the improved soil types. Improved soils A and 
D were impregnated with Standard Portland cement but with different Portland cement contents.. Improved soils B and C were impregnated with coal 
fly ash and blast-furnace slag cement respectively. Improved soils A and B are considered ”hard” soils and improved soils C and D are considered 
“soft” soils. The cement ratio in each of the soil cement types were based on flow values determined from previous liquefied soil stabilization.  

2.3 Improved Soil Strength Tests 
Two types of strength tests were carried out for 

the improved soils that of which include the 
unconfined compression test in the laboratory and 
the portable falling weight deflectometer (FWD) 
test in the field. 

2.3.1Unconfined compression test 
For all intents and purposes the unconfined 

compression strength of the improved liquefied soil 
is usually done only on the 7th and 28th day curing 
ages but in this case, the unconfined compression 
test was able to be done up to the 6th month 
corresponding to the portable FWD tests. 
2.3.2 FWD Test 

The portable FWD is a nondestructive apparatus 
which is apparently designed for multi-purpose sub-grade applications, ranging from unpaved roads to airfields. FWD generated data, combined with 
layer thickness, can be confidently used to obtain the "in-situ" resilient elastic moduli, E and the coefficient of sub-grade reaction, K of the structural 
layers within a pavement. The data from the portable FWD, in turn, can be used in a structural analysis to determine the bearing capacity, estimate life 
expectancy, and design a rehabilitation plan. In order to do a comparison, each measurement was carried out on the day in which the unconfined 
compression test was also performed on samples that have the same curing age as the improved soil sub-grade. In this study the “in-situ” elastic 
moduli, E and the coefficient of sub-grade reaction, K was examined. 

Table 1 Engineering properties of materials 

Kibushi clay ρｓ：2.67g/cm3
　Ip：25.42%　ρｄmax:1.73g/cm3

　wopt：17%
coal ash ρｓ：2.22g/cm3

　Ip：NP　　　 ρｄmax:1.53g/cm3
　wopt：20%

Portrand cement           　      ρs：3.16g/cm3

Blast-furnace slug cement 　   ρs：3.04g/cm3

Table 2　Combined constituents of the improved soils (kgf/m3)

Material Water Cement
A 90.5 604.5 181
B 1103.8 470.7 91.7
C 1128.7 475 47
D 857 659.2 65.9
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3.RESULTS  AND  DISCUSSION 
The variation in the unconfined compression strength, qu of each of 

the improved soil types for different curing ages are displayed in Figure 1. 
It can be seen from Figure 1 that improved soil type A’s (clay with 
Portland Cement) qu increased rapidly up to 60 days and then gradually 
levels off from  qu=1900kN/m2 after 60 days to qu=2300kN/m2 after 
180 days. Similarly, improved soil type D (Clay and lowered Portland 
cement content) displayed a similar rate of qu increase to that of type A 
although the qu value at 30 days is significantly low (qu=300kN/m2). A 
much higher value was measured after 120 days of curing for type D. 
Improved soils B and C (coal fly ash and clay mixture) although 
displaying a slow rate of increase at the start, it appears that both were 
continuing to increase in strength after 60 days. Both improved soils type 
C although display lower qu, both sufficiently satisfied the specified 
strength (127～549kN/m2) required for stabilized liquefied soil in Tokyo. 
Figure 2 shows the results for the coefficient of sub-grade reaction, K for 
different curing ages. It should be noted that the portable FWD test 
equipment was only able to measure improved soil types C and D due to 
its inability to measure K values of more than 1600 MN/m3. The K value 
for improved soil type C measured on the 60th day (about 800MN/m3)  
appeared to be lower than the values on the 30th day. This is due to the 
wet surface of the improved soil sub-grade at the time of measurement. 
The K values obtained at 120 days (about 1210 MN/m3) showed a 
significant increase, thus the results obtained on the 60th are not 
representative of the general tendency. The K value obtained on the 30th 
day was 1205MN/m3 and 1313MN/m3 on the 180th day. It is therefore 
possible to anticipate that the K value will continue to increase after 180 
days. This tendency is also observed on the unconfined compression test 
results for the corresponding improved soil samples. In Figures the 
relationship between the unconfined compressive strength (qu) and 
coefficient of sub-grade reaction (K) for each of the improved soil types 
is shown. Figure 3 displays the data obtained for higher values of K 
while showed lower values of K (high clay content). The tests results can be compared for both “in-situ” (FWD) and in the laboratory (unconfined 
compression test) since both were prepared and tested on the same days. It is apparent from Figures 3 that there are two improved strength 
tendencies between qu and K values. In the improved soils containing coal fly ash are much stiffer and the linear relationship can be best described by, 
qu=k2 KP,FWD and qu=k1KP,FWD for softer kibushi clay samples. Coefficient constants k1 and k2 are soil coefficients where k1>k2. Additional data is 
needed to prove it is possible that the strength and soil elastic modulus can be determined by the coefficient of sub-grade reaction. 
4 CONCLUSIONS 
The following can be concluded from the results of this study:  

(1)The Kibushi clay soil strength displayed a constant value after 2 months although this phenomenon is also observed for improved soils with coal 
ash and blast-furnace slag as admixtures. Coal ash soil mixture however displayed a potential to increase further. The reason is understood to be 
because of coal ash pozzolanic reaction. 
(2)Soils improved with coal ash showed a linear relationship between the portable FWD test results and unconfined compressive strength results. The 
unconfined compressive strength of untreated kibushi clay showed much smaller values in comparison. 
(3)By collecting more data in the future it might be possible to better understand and and determine whether the coefficients k1 and k2 soil strength 
constants and soil elastic modulus can be obtained from the coefficient of sub-grade reaction. 
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Figure.1 Unconfined compression strength
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Figure. 2  coefficient of sub-grade reaction
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Figure .3　Relashinship between qu and Kp,FWD
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