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 Engineering structures found in, or on, some clay soil types may be subject to different 
damages due to the problematic nature and unfavorited properties of these soils. The 
unfavorited properties of these soils include shrink and swell changes, high settlement, and 
low bearing capacity. These soils have high sensitivity to moisture change. The way to reduce 
or overcome the unfavorited properties of problematic soils is the treatment or enhancement 
of these soils using different mechanical or chemical methods. In the present paper, silica 
fume selected as a soil stabilizer material, the effect of different contents of this material on 
the geotechnical properties of expansive clay soil has been experimentally investigated. 
Tests included soil specific gravity, soil plasticity, soil compaction, and soil compressibility. 
It was noted that silica fume, with different contents, decreased the specific gravity, and 
compaction density, while the compaction water content and Atterberg limits increased. The 
consolidation parameters of the expansive clay soil were affected by adding the silica fume. 
The silica fume reduced the consolidation parameters values of the clay soil. At low content 
silica fume, less than 10%, a very slight reduction can be seen especially for the rebound 
index value. The final findings of this paper appeared that the high settlement of clay soil 
can be reduced with the presence of silica fume. 

1.Introduction 

Some clay soil types have unfavorited properties that make these soils 
problematic in nature. These soils undergo large volume changes and 
unacceptable settlement values when the seasonal changes in water 
table level happened. The unfavorited properties of these soils are 
mainly due to their mineral composition and their plasticity. The 
wetting and drying cycles that happen during the rainy and drying 
seasons make clay soils sticky and subject them to cracks. As a result, 
different problems are resultant which can cause damages to 
engineering-structures especially light building, roads, retaining 
structures, the bed of canals, etc, [1-6]. The resolving of the problems 
of clay soils can be achieved using stabilization techniques using 
different additives (e.g. cement, cement dust, lime, flyash, stone dust, 
ceramic dust, and etc.) or with the assistance of mechanical means 
(e.g. surcharge method, compaction control, soil replacement, 
prewetting method, installation of moisture barriers, and soil 
reinforcement method) [7-10].  

The use of by-product materials in stabilization clay soils has 
different economic, environmental, and geotechnical benefits. Among 
these materials is silica fume, this material is produced by smoke 
condensation in the production processes of ferrosilicon metal [11-13]. 
The effect of silica fume on soil properties is reviewed in the literature. 
The swelling pressure of the cohesive soil was inversely proportional 
to the amount of silica fume, as the amount of this material increased 
from 5% to 15% the swelling pressure reduced by about 90% [13-14]. 
The strength of soils treated with silica fume is directly proportional 
to the amount of this material [15-16]. According to Kalkan and 
Akbulut (2004) [16] the permeability of the silty clay soil decreased as 
the content of silica fume increased from 5% to 10%. The physical 
properties of soils are affected by the addition of silica fume to these 
soils. Properties like specific gravity, Atterberg limits, dry density are 
decreased while properties like optimum water content increased 
with increasing the amount of silica fume [13, 15, 147]. In contrast to 
these studies, Bharadwaj and Trivedi (2016)[18] found that the 
addition of micro silica fume increases the values of optimum water, 

liquid limit, shrinkage limit, and soil plasticity. It was discovered that 
the addition of silica fume reduces the free swell and swelling 
potential of the soils [13, 17]. The incorporation of silica fume with 
other additives, e.g. lime, has great effects on the soil bearing values 
of compacted clay as stated by Al-Hassany (2014) [17]. 

Almost, the application of silica fume in soil stabilization was widely 
used. Most of the published papers focused on properties such as 
density and water content, Atterberg limits, soil strength, bearing 
ratio, swelling pressure, and swelling potential. Little attention has 
been given to soil compressibility and consolidation parameters. On 
the other hand, one can be noted that there is a contrast in the effect 
of silica fume on properties like liquid limit, soil plasticity, and 
compaction water content, some references showed increasing in 
these properties while other references showed a decrease in these 
properties. 

As a result, such situations necessitate experimental investigation to 
study the effect of silica fume on soil compaction, Atterberg limits, 
and its consolidation parameters. In this paper, the effect of adding 
different silica fume contents on the specific gravity, compaction 
properties, Atterberg limit, and consolidation of clay soil has been 
investigated. A series of compaction test, Atterberg limits test, and 
consolidation test has been conducted on clay soil treated with silica 
fume. The samples of clay soil were prepared by adding 5%, 10%, and 
15% of silica fume and tested according to the ASTM specifications. 

 

2. Materials and experimental tests 

The silica fume is the selected soil stabilizer in this paper. By 
condensed the smoke raised from the production operation of the 
ferrosilicon metal in the electric furnaces, this material made. It has 
particles of a spherical shape softer than cement; it is a fine-grained 
material. The specific gravity of the silica fume used is 2.3. it is a dark 
grey material that consists mainly of silica (about 90% of the chemical 
composition).  
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The soil of this paper was prepared from the combination of 80% 
kaolin soil with 20% bentonite soil. It is high plasticity soil with a 
liquid limit of 67% and a plasticity index of 38%. Its specific gravity is 
2.67. According to the basic properties, the tested soil can be classified 
as a fat clay "CH" as per ASTM D2487 [19]. The location of soil testing 
on the plasticity chart is shown in Fig.1. 

 

Figure 1. Location of the soil tested on plasticity chart 

The experimental testing in this paper started with conducting 
standard compaction as per ASTM D698 [20]. The clay soil samples 
were compacted according to the standard proctor test to determine 
the maximum density and the optimum water content, the maximum 
density of the soil is 1.4 g/cm3 and optimum water is 28.9%. 

The experimental program carried out consists of the determination 
of the specific-gravity (depending on the ASTM D-854 [21]), the 
Atterberg limits (tested according to ASTM D 4318 [22]). Finally, the 
consolidation test of the clay soil was investigated without and with 
silica fume. The soil samples and different contents of silica fume 
were mixed (soil: silica fume, 95%:5%, 90%:10%, and, 85%:15%). Firstly, 
the dry materials have been mixed, then water has been added to 
obtain the wet mixture. After that, the mixture compacted. To obtain 
the purpose of this paper, a series of one-dimensional consolidation 
tests has been carried out on the soil-silica fume specimens using 
front-loading standard oedometer device, the test as per ASTM 
standards [23]. The samples were subjected to incrementally applied 
controlled-stress loading. The loads used were applied at the following 
increments: (2.5, 25, 50, 100, 200, and 400) kPa, and two unloaded 
steps (400, 100, and 25) kPa. The applied stresses are maintained until 
excess-pore water is dissipated. 

 

3. Test results and discussion 

3.1. Specific gravity and Atterberg limits 

Fig. 2 shows the variation of clay-specific gravity with different 
amounts of silica fume. As shown, the silica fumeو with its low unit 
weightو decreased the clay-specific gravity. This is, in fact, consonant 
with the finding of the other researchers [13, 15, 17]. 

 

The effect of silica fume content on the values of liquid and plastic 
limits, and plasticity index are illustrated in Fig. 3. It appears that the 
values of all limits are directly proportional to the silica fume content. 
As the silica fume content increased from 0 to 15%, the liquid and 
plastic limits and the plasticity index increased. This is compatible 
with a finding of Bharadwaj and Trivedi (2016) [18], on one hand, and 
contrast with the results of Abass (2013) and Al-Hassany (2014) [17]. 

 

 

Figure 2. Effect of silica fume on the clay soil's specific gravity 

 

 

Figure 3. Effect of silica fume on Atterberg limits 

 

3.2. Compaction properties 

The effect of silica fume on the compaction behavior and properties 
of the clay soil is presented in Fig. 4. As shown in this figure, the silica 
fume has no effect on the shape of the compaction curve of the clay, 
the initial increase in dry density can be noted by increasing the 
compaction water content, with and without silica fume, up to the 
maximum value (the optimum value), then the dry density tends to 
decrease with further increase in molding water content. On the other 
hand, Fig. 4 shows a decrease in dry density with increasing silica 
fume content, while the optimum compaction water content of clay 
increases as the content of silica fume increased. This finding 
compatible with what found by researchers [13, 15, 17]. 
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Figure 4. Effect of silica fume on compaction behavior and properties 
of clay soil 

 

3.3. Consolidation properties 

The results of the consolidation test have been used to plot the void 
ratio (in normal scale) with a variation of the applied stress (in a semi-
logarithmic scale) as presented in Fig. 5. These consolidation curves 
shown in Fig.5 have been used to obtain the consolidation parameters 
of clay soil. Fig. 6 presents the effect of silica fume on the 
compressibility of the clay soil, the consolidation parameters (i.e. 
compression index (Cc) and rebound index (Cr)). The effects of silica 
fume on the clay soil's behavior are reflected by the effect of this 
material on compression index (Cc) and rebound index (Cr) values, In 
Fact, soil with the compression index Cc and rebound index Cr has 
less tendency to settlement and verse-versa. As present in Figure 6, 
the silica fume has an important effect on the rebound index values 
of clay soil. The general trend reveals that the silica fume reduces the 
consolidation parameters values of the clay soil. At low content silica 
fume, less than 10%, a very slight reduction can be seen especially for 
the rebound index value. With a further silica fume content, the 
consolidation parameters were decreased, the reduction in these 
parameters looks nonlinear in behavior. This may be due to the 
increase in the cation concentration where the thickness of the 
diffuse double layer reduced resulting in flocculating the clay 
particles and leading to a decrease in soil compressibility. 

 

 

Figure 5. Effect of silica fume on consolidation curves 

 

Figure 6. Effect of silica fume on consolidation curves 

 

4. Conclusion 

Silica fume improves some of the physical and engineering properties 
of soils, including, compaction properties, soil permeability, soil 
strength, and bearing values. This is well presented in the previous 
studies. In this work, a series of specific gravity test, compaction test, 
Atterberg limits test, and consolidation test has been conducted on 
clay soil treated with silica fume. The samples of clay soil were 
prepared by adding 5%, 10%, and 15% of silica fume and investigated 
experimentally. 

It was demonstrated that the shape of compaction curves of the clay 
soil seems not affected by silica fume addition. A decrease in dry 
density with increasing silica fume content was denoted, while the 
optimum compaction water content of clay increased as the content 
of silica fume increased. The values of all Atterberg limits were 
directly proportional to the silica fume content, while the specific 
gravity was inversely proportional to the content of this material. The 
silica fume has an effect on the compressibility of clay soil. The 
general trend of consolidation parameters revealed that the silica 
fume reduces the consolidation parameter values of the clay soil. At 
low content silica fume content, less than 10%, a very slight reduction 
can be seen especially for the rebound index value. With a further 
silica fume content, the consolidation parameters were decreased, the 
reduction in these parameters looks nonlinear in behavior. 

 

Nomenclature 

Cc : Compression index 
Cr : Rebound index 
LL : Liquid limit 
PI : Plasticity index 
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