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Abstract
This study presents experimental results of the investigation into the comparative effects of up to 15% by volume of 
microbial induced calcite precipitate (MICP), cement and rice husk ash (RHA) on the geotechnical properties of soils 
compacted at optimum molding water content (OMC) of the modified AASHTO (MA) energy level. This was with a view to 
determine the additive with the greatest positive influence in terms of improvement and possibly proffer an alternative 
to the costlier, environmentally unfriendly and more commonly used cement while advocating waste re-use. Geotechni-
cal tests including consistency limits, compaction, permeability, unconfined compressive strength (UCS) and California 
bearing ratio (CBR) were conducted on the different mixtures. Results of this study indicate significant improvement in 
terms of workability, strength and permeability reduction which was observed for the stabilized soils. Addition of up 
to 15% of cement and MICP and 10% of RHA was noted to optimally improve the geotechnical properties of the soils. 
However, cement addition produced soils with the greatest strength, reduced plasticity index, OMC and permeability 
with increased maximum dry density, UCS and CBR when compared with MICP and RHA addition. Conclusively, while 
cement, irrespective of its environmental implications proved to be the best additive of the lot, RHA and MICP showed 
very good prospects as veritable environmental friendly and less costly alternatives.

Keywords Significant improvement · Environmental implications · Comparative effect · Microbial induced calcite 
precipitate

1 Introduction

Construction, rehabilitation and expansion of infrastruc-
tures are some of the many processes required to meet the 
ever-growing societal needs. However, these processes are 
directly limited by the unavailability of competent soils in 
desired locations where the various processes are carried 
out. The absence of such competent soils (often commonly 
characterized by low strength and high compressibility) 
in desired locations means soils with requisite properties 
either have to be imported (an expensive option as a result 
of haulage) or available soils on site need to be re-worked 
by means of stabilization to meet the required specifica-
tions. Most infrastructures constructed with materials 

which have the tendency to swell when their moisture 
content is allowed to increase do show signs of structural 
damage eventually leading to loss of lives and properties. 
According to Bello et al. [17], the high plasticity of a soil 
may cause cracks and damage on pavement, roadways, 
building foundations or any other civil engineering con-
struction project. Hence it is obvious that not all soils are 
generally good materials necessitating improvement of 
their geotechnical properties through stabilization make 
them suitable.

Ali [8] noted that soil stabilization is a process to 
improve the physical and engineering properties of soil 
to obtain some predetermined targets while Akiije [3] 
opined that stabilization of soils could be achieved using 
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aggregate, bitumen, cement, salt, lime, sodium silicate, 
calcium chloride and resinous materials. Chemical com-
pounds such as cement and lime (two main chemical 
additives used over the years for soils stabilization), are 
the two main materials used to improve the properties of 
the soil introducing them as fillers [6, 12, 42]. Other high 
silica content fillers such as fly ash, bitumen, asphalt etc. 
are also used to enhance soil strength. Constraints such 
as high cost of procurement and availability have ham-
pered the use of these stabilizers for engineering works. 
Furthermore, the use of these artificial injection formulas 
often modifies the pH level of soil, contaminates soil and 
groundwater attributable to their toxic and hazardous 
characteristics [29, 34]. Due to the high cost and demand 
of these materials, some underdeveloped and develop-
ing countries lack access to good roads and structures. In 
addition, the environmental issue arising from the use of 
cement has made it unpopular.

Authors including [1, 2, 4, 5, 7, 15, 17, 26, 28, 44, 46, 48, 
56] amongst others have shown the possibility of using 
agricultural waste materials, microorganisms and others as 
additives for soil stabilization. These materials have attracted 
the attention of researchers because of their low cost and 
high cementation reaction. Aparna [11] while using differ-
ent proportions of RHA and a slight quantity of cement for 
soil stabilization, observed that UCS and CBR values of sta-
bilized soil are significantly enhanced with RHA dosages. In 
a related study, Okafor and Okonkwo [44] investigated the 
effects of rice husk ash on some geotechnical properties of 
lateritic soil. The investigation included evaluation of proper-
ties such as compaction, consistency limits and strength of 
the soil with RHA content of 5, 7.5, 10 and 12.5% by weight 
of the dry soil. Results obtained showed that increase in RHA 
content increased the OMC but decreased the MDD. It was 
also observed that increase in RHA content, reduced plastic-
ity and increased volume stability as well as the strength of 
the soil. 10% RHA content was observed to be the optimum 
content. Oyediran and Fadamoro [47] accessed the response 
of highly plastic, compressible organic Ibese shale to treat-
ment with 2 to 20% by weight of rice husk ash (RHA) and 
coconut husk ash (CHA). Between 35 and 73% reduction in 
plasticity index respectively at optimum content between 6 
and 10% with RHA and CHA was observed giving an indica-
tion of improvement in consistency and workability. Addi-
tion of 14% RHA and CHA resulted respectively, in 645% 
and 529% increase in UCS thus contributing to strength 
development but with RHA considered as the more effec-
tive additive. Furthermore, Montoya and Dejong [41] stud-
ied the stress–strain behaviour of sands cemented by MICP 
with Bacillus pasteurii. Triaxial tests on the soils in both und-
rained and drained conditions were made and the shear 
wave velocity through the samples was measured. Results 
show a transition from strain hardening to strain softening 

behaviour and thus corresponding transition of global to 
localized failure as calcite cementation increased. Moreo-
ver, Sharma and Ramkrishnan [52] carried out an experi-
mental study on MICP and applied Bacillus pastuerii and 
urea-calcium chloride to improve two different types of fine 
grained soils. The effects of Bacillus pasteurii concentration, 
cementation reagent and duration of treatment on the soils 
improvement using unconfined compressive strength tests 
were examined with results showing that MICP application 
can enhance the unconfined compressive strength (1.5–2.9 
times) for both types of soils. In addition, soil strength was 
observed to increase with increase in treatment duration. 
Eberemu [32] carried out an investigation on compacted 
lateritic soils treated with up to 16% rice husk ash (RHA), to 
assess its consolidation properties. The coefficient of volume 
compressibility (Mv) decreased and increased with higher 
RHA content; with effect of soil particle state with increasing 
pressure noticeable. However, the coefficient of consolida-
tion (Cv) showed no observable trend with increased RHA 
content but generally increased with higher consolidation 
pressure on the dry and wet side of optimum compacted 
states. Chiet et al. [26] studied the feasibility of Bacillus sub-
tilis and optimum reagents concentration used in microbial 
induced calcite precipitate (MICP) treatment of tropical 
residual soil. Measurements of soil shear strength and cal-
cite content was performed and it was discovered that the 
cementation reagent concentration significantly affected 
the performance of MICP treatment. Results which showed 
both UCS and calcite content of treated soil had increased 
about 38% and 65.6% respectively, suggested that the 
most preferable MICP treatment reagents concentration 
is 0.25 M with the presence of Bacillus subtilis; using these 
treatment parameters. However, the reduction in UCS value 
was manifested for those samples treated at higher reagents 
concentration (0.35 M). This phenomenon was attributed to 
the salinity of reagents where high salinity is not favourable 
to the bacteria growth and microbial activity; subsequently, 
this resulted in a consequential decrease in shear strength 
of the treated soil.

This research work therefore presents the response of 
soils to RHA and MICP (additives proposed as alternatives 
to the environmentally unfriendly cement) compared with 
responses observed with cement. This is with a view to 
determine the additive with the greatest positive influ-
ence in terms of improvement in consistency, compaction, 
strength and permeability.

2  Materials and methods

Lateritic soil, Ordinary Portland cement (OPC), Rice Husk 
Ash (RHA) and Microbial Induced Calcite Precipitate (MICP) 
were used for this study. Disturbed and undisturbed 
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samples of the reddish brown lateritic soil were purpo-
sively obtained from a depth of 1.5 m from test pits and 
subjected to geotechnical tests including grain size distri-
bution analyses, consistency limits, specific gravity, perme-
ability, compaction and CBR to classify and characterize 
the soils (Table 1). The soil samples obtained are organic 
materials of high plasticity, compressibility and hence 
high swelling potential, expected to lead to cracks and 
damages on pavement, roads, building and foundations. 
Specific gravity of 2.55 shows its organic nature [21] which 
may be due to the presence of organic impurities which 
affects the strength properties of the soil. Thus it can be 
said to be weak and not durable for construction work.

Ordinary Portland Cement (OPC) of Dangote Cement 
Brand with 42.5 MPa strength and a specific gravity of 3.1 
was used to produce cement soil mixtures. According to 
Likhitha and Vidhyasagar Lal [19], cement consist mainly 
of lime, silica, alumina and iron oxide and some minor 
compounds, such as MgO,  TiO2,  Mn2O3,  K2O and  Na2O; 
which usually amount to not more than a few percent of 
the weight of cement.

Furthermore, rice husks were sourced from a local mill-
ing site in Ago Aduloju, Ado-Ekiti, southwestern Nigeria. 
It was sun-dried for a day to facilitate the burning of the 
husks. The husks were burnt in open air and the resulting 
ash (RHA) was collected and sieved through sieve 75 µm. 

The fraction that passed through the sieve was collected 
and kept in air-tight bag to avoid pre-hydration during 
storage. These fractions of RHA having a specific gravity 
of 1.26 were used throughout the tests because ultrafine 
size of RHA makes an excellent filler which goes into the 
micro voids giving high strength to the concrete or RHA 
mix [25]. Rice husk has a unique characteristic having high 
silica contents, high porosity, lightweight and very high 
external surface area which makes it a valuable material 
for industrial applications [54]. It is a carbon neutral green 
product obtained from the husk of rice. The pozzolanic 
activity of the ash is best obtained in the amorphous 
phase. Previous researchers including [14, 27, 31, 49] have 
shown that chemical composition of RHA to be used as 
a pozzolana, mainly compose of reactive silica (and free 
lime) which can chemically react with calcium hydroxide 
in presence of moisture at ambient temperature to form 
compounds possessing cementitious properties.

Moreover, MICP was introduced into the soil with the 
help of aerobic urease producing bacteria called Sporosar-
cina pasteurii (ATCC, 11859) and the prepared solution of 
cementation reagent. The cementation reagent composed 
of urea and calcium chloride at 5% (0.05 M), 10% (0.1 M) 
and 15% (0.15 M); and fixed amount of nutrient broth 
(3.0 g) because it is the most viable amount for survival 
of bacteria [9]. These helped in binding the soil particles 
for resistance and was done following the methods of Lee 
et al. [36].

2.1  Sample preparation

Soil samples collected were air-dried for 3 weeks (as 
opposed to the faster oven drying to obtain reliable result 
because some soils undergo irreversible changes when 
oven dried at temperature of 100 °C to 110 °C). After the 
drying period, the soils were diaggregated and sieved with 
orderly arranged BS sieves; 4.76 mm, 2.36 mm, 1.18 mm, 
0.600 mm, 0.425 mm, 0.212 mm, 0.150 mm, 0.075 mm. 
Weighted amounts of the dried soil samples (500 g) was 
poured into the stack of sieves and covered with a lid. This 
was later transferred to the mechanical sieve shaker and 
vibrated for 10 min. Sieve analysis was done to determine 
the size range of the soil particles which is expressed as a 
percentage of the total dry weight. Consistency limits test 
was carried out to determine the liquid limit, plastic limit 
and the plasticity index. 50 g of soil that passed through 
the BS standard sieve of 0.425 mm were thoroughly mixed 
with a little distilled water to form a blended paste on a flat 
glass plat. A portion of the resulting mixture was used for 
the test. Furthermore, compaction tests was also carried 
out using the Modified AASHTO level of compaction (this 
was used because it is usually achievable with conven-
tional field equipment [46], to determine the maximum 

Table 1  Geotechnical properties of the studied soil

Geotechnical properties Quantity (%)

Grain size distribution
 Gravel 8.30
 Sand 35.90
 Fines 55.80

Atterberg limits
 Liquid limit 62.00
 Plastic limit 30.00
 Plasticity index 32.00
 Casagrande chart classification High plasticity/

compressibility
Compaction and Strength Parameters
 Level Modified AASHTO
 Maximum dry density 1.64 g/cm3

 Optimum moisture content 18.00%
 Unconfined compressive strength 266.10 kPa
 Soaked CBR 7.50%
 Unsoaked CBR 12.30%

Permeability
 Undisturbed 5.20E−07
 Disturbed 1.90E−05

Other
 Specific gravity 2.55



Vol:.(1234567890)

Research Article SN Applied Sciences (2020) 2:1157 | https://doi.org/10.1007/s42452-020-2956-0

dry density (MDD) and optimum moisture content (OMC) 
on BS mould. Hence compaction was achieved using 3 kg 
of air dried samples mixed thoroughly with 3% of water 
(150 ml) and later compacted into a pre-weighed mould 
in 5 layers with each layer subjected to 55 blows of 4.5 kg 
rammer falling through a height of 0.45 m uniformly. The 
process was then repeated respectively after the addition 
of cement, RHA and treatment with MICP at 5, 10 and 15% 
by volume.

CBR tests were performed on compacted samples in 
both soaked and unsoaked conditions. 6 kg of air-dried 
soil samples passing through sieve 0.425 mm was com-
pacted into a mould in 5 layers with each subjected to 
62 blows. The compacted samples were taken to the 
CBR test machine where the load was applied by a rigid 
plunger and the corresponding penetration of the soil 
was recorded. The test was done for both the top and the 
bottom of the samples in which each 0.5 mm penetration 
was recorded up to 6.0 mm. Soaking of the samples was 
done with the compacted air-dried samples at optimum 
moisture content in a soaking tank for 4 days before the 
determination of the soaked CBR to simulate natural con-
ditions, which may occur as a result of ingress of water 
below highway pavements. The process was then repeated 
respectively after the addition of cement, RHA and treat-
ment with MICP at 5, 10 and 15% by volume.

In the determination of UCS, 400 g of air-dried repre-
sentative samples of the soil that passes through the BS 
sieve no. 0.425 mm was mixed with distilled water at opti-
mum moisture content (using the Modified AASHTO level 
of compaction) and compacted in a cylindrical mould that 
was reduced to the required size of 76 mm × 38 mm using 
the tamping rod at 4 layers. The samples were cured for 
3, 7 and 21 days and then loaded on the triaxial machine. 
The machine loaded the cylindrical sample by moving the 
piston rod downward at a constant rate. The load which 
corresponds to the deformation were measured and read 
from a steel proving ring until the sample failed. Stress 
was obtained through the applied force divided by cross-
sectional area of the sample while strain was obtained 
through the change in the original length divide by the 
original length of the sample. The stress and strain were 
then calculated and plotted to determine the uncon-
fined compressive strength. This was also repeated for 
the soil–cement mixture, soil-RHA mixture and soil-MICP 
mixture in 5, 10, and 15% by volume.

For permeability test, permeameter, mixing container, 
water and stop watch, compaction mould and ram-
mer were used. 2 kg of soil was compacted at Modified 
AASHTO level and were soaked in a water tank to allow 
for full saturation. The fully saturated test specimens were 
then connected to a permeant liquid (tap water) and using 
a stop watch, measurement of the time it takes for water 

to drop a certain distance  (h1–h2) was noted and hence 
permeability was calculated. The test was also repeated on 
soil mixed with cement, RHA and soil treated with MICP in 
5, 10, and 15% by volume.

All the tests performed were in accordance with the 
BS 1377 [22] test protocols both in their natural state and 
after the addition of the additives. All experimental inves-
tigation involved multiple trials before comparing and 
determining the additives with the greatest effect on the 
soil strength.

2.2  MICP specimen preparation

In this study, prior to the MICP treatment, the bacterium 
was resuscitated on nutrient medium at the Environmental 
Microbiology and Biotechnology laboratory, University of 
Ibadan. One or two colonies of an 18–24 h old culture of 
the bacterium was used in the preparation of a suspen-
sion in normal saline, which was adjusted to 0.5 McFarland 
standard for use in inoculating the set-up. Three buckets 
each filled with 15 kg of air-dried soil samples were hand 
tamped into desired densities. Serial dilution was per-
formed on the incubated culture and the cementation rea-
gent in 1 L of sterile distilled water at varying percentages 
of 5%, 10% and 15% of the components. These were then 
treated with the soil samples. The soil samples were then 
treated with the cementation solution at different concen-
tration for 7 days at an interval of 24 h. Faucet attached to 
the base part of the soil samples were opened after the 
treatment to drain out the excess solution from the set-
up. Subsequently, the soil samples were then air-dried for 
2 weeks and subjected to the different analyses.

3  Results

The results of the different geotechnical test carried out on 
the soil treated with MICP, cement and RHA are presented 
on Tables 2 and 3.

Both the liquid limit and plasticity index reduced with 
increasing cement (up to 15%), RHA (up to 10%) and 
MICP (up to 15%), while the plastic limit increased. Plas-
ticity index and liquid limit of the soils mixed with cement 
reduced from 5 to 15%. With regards to RHA addition, 
liquid limit and the plasticity index decreased as RHA 
increased from 5 to 10%. At 15% addition, there was an 
increase in liquid limit, plasticity index and decrease in 
plastic limit. Moreover, the addition of MICP to the soil 
caused a continuous reduction in the liquid limits and 
plasticity index of the soil.

Compaction tests carried out on samples mixed with 
the additives (cement, RHA and MICP) at modified AASHTO 
energy level indicates decrease in OMC and increase in 
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MDD as the percentage of the additives increased. With 
increased cement treatment of up to 15%, the OMC 
decreased while the MDD increased. On the other hand, 
treatment of the soil with RHA from 5 to 10% decreased 
the OMC from 16.3 to 15.5% and increased the MDD from 
1.65 to 1.79 g/cm3. At 15% RHA, MDD decreased (1.6 g/
cm3) with increased OMC (19%). Furthermore, addition 
of MICP revealed that there was an increase in MDD with 
a decrease in OMC of the soil as the percentage of the 
cementation reagent increased.

The results of both soaked and unsoaked CBR tests 
upon addition of 5–15% of cement, MICP and RHA are pre-
sented in Table 2. The unsoaked CBR of the soil–cement 
mix increased gradually as the percentages of cement 
increased. It is apparent that cement stabilization at 15% 
has higher unsoaked (60.7%) and soaked CBR values 
(205.6%) when compared to those of RHA and MICP. For 
unsoaked soils, the CBR value increased from 9.3 to 15.6% 
(for RHA content of 5–10%) while for soaked CBR, the soil 
strength improved from 11.2 to 14.3%. At 15% RHA addi-
tion, unsoaked and soaked CBR reduced to 10% and 9.4% 
respectively. Addition of MICP to the soil revealed that 
cementation reagent of up to 15% yielded continuous 
increase in the CBR.

Results of the UCS test (Table  2.) shows continu-
ous improvement in the compressive strength of the 
soil–cement mix as the percentage of cement increased 
from 5 to 15%. Moreover, as the curing duration increased 
from 3 to 21 days, the strength of the soil–cement mix also 
increased. The highest value recorded for the curing dura-
tions was at 15% cement, which gave 390.4 kPa, 397 kPa, 
and 417kpa for 3 days, 7 days and 21 days respectively. 
With regards to the addition of RHA, UCS increased as cur-
ing period increased. It was observed that for the 3 days Ta
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Table 3  Permeability test results

Soil type Permeability (cm/s)

Undisturbed soil 1.90 × 10−5

Disturbed soil 5.20 × 10−7

Soil + 5% cement –
Soil + 10% cement –
Soil + 15% cement –
Soil + 5% RHA 4.40 × 10−7

Soil + 10% RHA 4.20 × 10−7

Soil + 15% RHA 4.30 × 10−7

Undisturbed soil + 5% MICP 5.70 × 10−6

Undisturbed soil + 10% MICP 2.96 × 10−6

Undisturbed soil + 15% MICP 1.85 × 10−6

Disturbed soil + 5% MICP 1.89 × 10−7

Disturbed soil + 10% MICP 1.63 × 10−7

Disturbed soil + 15% MICP 1.23 × 10−7
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curing period, the value increased at 5–10% but reduced 
at 15%. For MICP addition, the UCS also increased with 
increase in cementation reagent.

The results of the Permeability tests upon addition of 
5–15% of cement, MICP and RHA are presented in Table 3. 
A reduction in permeability occurred upon soaking with 
cement. A general decrease in permeability with increased 
RHA content was observed. This same trend of great 
reduction in permeability was noticeable with MICP addi-
tion as the percentage content of the cementation reagent 
increased from 5 to 15%.

4  Discussion

4.1  Consistency limits

The nature of changes in consistency of the soils with vari-
ous percentages of cement, RHA and MICP are shown in 
Fig. 1. The reduction in plasticity index and liquid limit of 
the soils mixed with cement (from 5 to 15%) is thought to 
be as a result of hydration of cement in reaction with water 
in the soil, forming calcium–silicate-hydrates and calcium 
alumina hydrate, thereby helping in the flocculation and 
aggregation of the soil particles [39]. The hydrated cement 
locks the soil particle together providing a permanent 
bound structure [58]. The decrease in liquid limit of the 
soil is in agreement with the results in Al-Rawas et al. [6]. 
The decrease in liquid limit and the plasticity index as RHA 
increased from 5 to 10% is attributable to the reaction 
between the RHA and the soil in which the RHA replaces 
the clay content in the soil [11, 46] thereby causing reduc-
tion in the liquid limit and plasticity index. The decrease 
in the liquid limit of the soil-RHA mix might be attributed 
to the fact that the rice husk ash, which is a pozzolanic 
material that is high in silica oxide, react with water to form 
compound possessing cementitious properties (calcium 
silicate) in soil particles [40]. This trend also conforms to 

findings of Muntohar and Hantoro [43]. However, the 
increase in liquid limit, plasticity index and decrease in 
plastic limit at 15% addition of RHA may be due to excess 
volume of RHA in the soil requiring more water for the 
RHA-soil mix [32, 44].

In terms of MICP treatment, a continuous reduction 
in the liquid limits and plasticity index of the soil was 
observed. As the percentage of the cementation reagent 
added to the soil increased from 5 to 15%, the liquid limit 
and the plasticity index of the sample decreased. The 
decrease could be due to bacteria (which are aerobic bac-
terium that triggers the MICP and produces slime) in the 
soil, which helps in clogging the particles together, and 
trigger the cementation reagent to produce calcite. This 
ultimately leads to higher bonding between the soil par-
ticles, the higher bonding formation in soil then leads to 
increase in cohesive soil causing reduction in liquid limit 
of the soil [9]. The decrease could also be due to the pre-
cipitation of calcite, which results in the decrease in pore 
space of the soil particles with the pore spaces being filled 
with the calcite precipitate thereby binding the soil parti-
cles together [28]. Decrease in plasticity index shows that 
the engineering properties of the soils were improved as 
indicated by other researchers including [32, 44, 46].

Casagrande classification chart (Fig. 2) shows that the 
natural soil exhibits high plasticity/compressibility which 
makes it unsuitable for construction works. However, after 
the treatment of the soil with the different additives; the 
soils exhibited medium plasticity/compressibility and 
hence medium swelling potential [24]. According to Bell 
[16] who classified plasticity using liquid limit values, while 
the natural soil possesses high plasticity the soils treated 
with RHA and MICP possess intermediate plasticity. Only 
the samples treated with 15% cement exhibits low plastic-
ity. The maximum decrease in plasticity index for the soil 
was observed with the addition of 15% cement, 15% MICP 
and 10% RHA. In terms of consistency, it can therefore be 
inferred that the most effective additive is cement.

Fig. 1  Effect of the additives on consistency limits
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4.2  Compaction

The increase in MDD as shown in the compaction test 
results (Fig. 3) is attributed to reaction of the mix with 
water; causing the fines in the soil to bind and form coarser 
particles with larger surface areas and to be firmly bonded 
as result of excess cement present in the material [42]. The 
decrease observed in OMC may be as a result of insuffi-
ciency of water in the system, which led to self-desiccation 
and consequently lower hydration. It is known that if no 
water movement to or from cement paste is permitted, 
the reaction of hydration use up the water until too little is 
left to saturate the soil surfaces and the relative humidity 
within the paste will decrease [42, 45].

The reversal in trend from decrease in OMC and increase 
in MDD (at 5–10%) to decrease in MDD and increase in 
OMC at 15% RHA is similar to those observed by Aparna 
[11]. The increased OMC with increased RHA content at 
15% may be as a result of the extra water required for 
the pozzolanic reactions and increased affinity for water. 
This may also be attributable to the additional water held 

within the flocculent soil structure [46]. The additional 
water is accounted for as excess water absorbed or addi-
tional water being absorbed by the excess RHA as a result 
of its porous properties [15]. According to Eberemu [32], it 
could be due to the low specific gravity of the RHA (1.26) 
compared to that of soil (2.55) occupying larger spac-
ing leading to the decrease in dry density [11]. However, 
increase in MDD may not be unconnected with the fill-
ing of the pores of the soil effectively with RHA. Increase 
in MDD further indicates the suitability of the energy of 
compaction [46].

Increase in MDD with a decrease in OMC (Fig. 3) of 
the soil as the percentage of the cementation reagent 
increased (using MICP) shows that there was an improve-
ment due to the presence of calcite generated from the 
MICP process. The formation of calcite tends to bind the 
soil particles together and subsequently improved the 
stiffness and reduction in compressibility of the soil [51]. 
This led to increase in the MDD and reduction in the OMC. 
Calcite precipitation act as a bridge to bind the soil parti-
cles, which increased the strength of the treated soil [56]. 
Increase in MDD and decrease in OMC indicates a very 
good improvement in soil property and may be attributed 
to the positive response of the additives to the compactive 
effort. However, MICP as an additive produced the great-
est effect on OMC and MDD when compared with cement 
and RHA.

4.3  California bearing ratio (CBR)

The results indicate cement addition (15%) produced soils 
with higher soaked and unsoaked CBR (Fig. 4). After soak-
ing the samples for 96 h, the result revealed that CBR of the 
soil increased greatly, and the amount of water absorbed 
is very low which further stresses the fact that these 
soil–cement mix have low water retention capacity [35]. 
Decrease in CBR could be related to cement composed 
of calcium silicates and calcium aluminates, when com-
bined with water, hydrates to form cementing compounds 
of calcium-silicate-hydrate and calcium-aluminate-hydrate 

Fig. 2  Casagrande chart of the soil

Fig. 3  Comparative effect of 
the additives on OMC and 
MDD of the studied soil
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as well as excess calcium hydroxide [38]. These cement-
ing compounds and excess calcium hydroxide make the 
granular soil to become a cementitious concrete and 
resistant, which makes the strength of the soil higher and 
can be for a long period of time. According to Mujedu 
et al. [42], increase in CBR could be that as soon as water is 
being added to the soil–cement mix, the cement began to 
hydrate which leads to increase in soil strength. It is there-
fore desirable to compact as soon as mixing is completed.

In addition, variation of CBR with increase in RHA from 
5 to 10% shows an improvement in the soil strength and 
in its bearing capacity. The increase in CBR observed could 
be linked to the pozzolanic reactions that occur when RHA 
(highly reactive pozzolanic material that consists of high 
silica) is in contact with water to produce calcium silicate 
hydrates, and increases the strength of the soil [10]. The 
decrease in CBR could be due to extra RHA that could not 
be mobilized for the reaction which consequently occu-
pies spaces within the sample. This reduced the bond in 
the soil-RHA mixture [44].

Samples treated with MICP showed great increment 
in unsoaked and soaked CBR. The MICP stabilization 
gained more strength when soaked for hours compared 
to unsoaked CBR. Increase in CBR might be due to the 

reaction of bacteria with the cementation reagent to pro-
duce calcite, which bind the soil together and fill the void 
spaces in the granular soil to increase its strength [26, 55]. 
Dejong et al. [28] attributed increase in CBR to be due to 
higher relative density and increased number of contacts 
per particle within the dense sand, which contributed to 
the higher CBR value.

4.4  Unconfined compressive strength

Observed continuous improvement (Fig. 5) in strength as 
the percentage of cement increased from 5 to 15% as well 
as when curing duration increased is similar to observa-
tions by Koteswara et al. [35] and Shooshpasha and Shir-
van [53]. This improvement can be linked to the hydra-
tion process that took place during the reaction of water 
with cement in the soil to form cementation compounds 
which glue the soil together and resulted into a harden-
ing phenomenon [37]. Also, Saravut et al. [50] suggested 
that the increase in compressive strength could be due 
to a reduction of water content in the soil–cement mix. 
The reduction of the water content contributed substan-
tially to the short-term improvement of the compressive 

Fig. 4  Comparative effect of 
the additives on unsoaked and 
soaked CBR on the studied soil

Fig. 5  Comparative effect of the additives on UCS cured for 3, 7, and 21 days
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strength while the long-term improvement was mainly 
caused by cementation.

The decrease in UCS observed for the 3  day curing 
period when RHA content increased to 15% might be due 
to excess RHA introduced into the soil, thereby forming 
weak bonds between the soil and the cementitious com-
pounds formed [40]. It is also thought that the RHA con-
tent was in excess therefore requiring more time and water 
to react with the soil to be able to increase the strength of 
the soil [7]. This could be linked to the 3 days curing, when 
the highest UCS value at 10% (301 kPa) remains constant 
but increased when it was cured for 21 days. However, 
improvement in soil strength might be due to the high 
silica content in rice husk, which caused an increase in the 
strength of the soil-RHA mix [35]. Increase in UCS of soil-
RHA mix could also be linked to high amount of silica in 
RHA when reacting with calcium generating a pozzolanic 
material, which binds the soil particle together to increase 
the strength of the soil [21].

Furthermore, the response of the soil to MICP content 
in terms of UCS, showed increase in soil strength as the 
MICP added to the soil increased. Similar observation 
was reported by Hammes et al. [33] where shear strength 
and calcite content tend to increase with the increase 
of reagents concentration during MICP treatment. They 
attributed the increase in strength to be due to more per-
centage of cementation reagents which reacted with the 
bacteria in the soil to produce more calcite. As observed, 
the UCS of the treated soil samples with Sporascarcina pas-
teurii could be due to the calcite precipitation made of bio-
chemical reactions between the microbes in the soil and 
the cementation reagent [34]. This means it can be attrib-
uted to the calcite precipitates produced in the presence 
of urease positive bacteria, which allowed the soil parti-
cles to bind with each other and filled up the remaining 
voids in the soil mass. These resulted into increase in soil 
strength. Furthermore, it was also observed that the shear 
strength increased (for MICP samples) as the curing dura-
tion increased from 3 to 21 days. Hence, the longer the 

curing duration, the more the MICP soil samples produce 
greater shear strength [55]. However, calcite minerals pre-
cipitated within the void spaces of soil particles increased 
the bond and thus improved the shear strength of the soil 
[23]. The additives (cement, RHA and MICP) can be said to 
have improved the UCS of the soil by acting as a modifier 
and an enhancer due to their effect on the soil.

4.5  Permeability

An impermeable soil was formed after soaking with 
cement for 7 days (Fig. 6). This is possibly because of the 
reactions that occurred when cement in the soil came 
in contact with water and hydrates to form calcium sili-
cates hydrates, calcium aluminates hydrates and cal-
cium hydroxide. These primary cementitious products 
govern the cemented soil while the calcium hydroxide 
reacts with the soil alumina and silica to form a second-
ary cementitious compound. This aid in binding the soil 
particle together to form a hard mass [57]. As observed, 
the cementation of the soil–cement mix which does not 
allow water might be due to some physical properties 
that may influence the mix when saturation is taken place 
[50]. The factors that influence physical properties of the 
soil–cement include soil type, amount of added cement, 
degree of mixing, time of curing, degree of compaction 
and moisture content.

The general decrease in permeability with increased 
RHA was rapid at RHA contents from 5 to 10% after which 
there was a slight increase at 15%. The decrease in the 
coefficient of permeability of the soils also implies that the 
addition of RHA fills up the pore spaces in soil samples and 
increased the bond between the soil particles. This trend 
cannot be far-fetched since RHA contains CaO and other 
metallic oxides, which form hydroxides on reacting with 
water present in soil, cementing the soil particles [13]. Also 
decrease in permeability with increasing RHA content may 
be attributed to the formation of pozzolanic product due 
to clay and RHA reaction.

Fig. 6  Comparative effect of 
the additives on permeability
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Furthermore, the permeability of soils treated with 
MICP, reduced greatly as the percentage content of the 
cementation reagent increased. It was observed that dis-
turbed MICP treated soils reduced greatly than the undis-
turbed MICP treated soils. Whiffin et al. [56], Dejong et al. 
[28] and Dekuyer et al. [30] all agreed that the reduction 
is due to the formation of calcite precipitation near parti-
cle–particle contacts, reduced the pore throats and restrict 
water flow. In addition, it may be due to the fact that a set-
ting time is allowed to ensure urea and bacteria propaga-
tion throughout the entire soil and a homogeneous accu-
mulation of carbonate ion is obtained throughout the soil. 
When  Ca2+ is supplied, only precipitation reaction takes 
place, as urea hydrolysis has already been completed. This 
leads to the stiffness of the soil, which inhibits the flow 
of water [18]. The highest reduction for the undisturbed 
and disturbed MICP samples was observed at 15% MICP 
content. This could be that under the same experimental 
condition, the 15% cementation reagent content provides 
a greater amount of ingredients (urea and ammonium) for 
promoting the MICP process compared with 5% and 10% 
[55]. In general, the additives reduced soil permeability 
with cement having the most beneficial effect of all the 
additives.

5  Conclusion

Investigations into the comparative effects of up to 15% 
by volume of microbial induced calcite precipitate (MICP), 
cement and rice husk ash (RHA) on the geotechnical prop-
erties of soils with a view to determine the additive with 
the greatest positive influence in terms of improvement 
and possibly proffer an alternative to the costlier, environ-
mentally unfriendly and more commonly used cement 
while advocating waste re-use has led to the following 
conclusions;

Production of soils with improved strength with an 
increase in UCS, CBR, MDD and reduction in OMC. In addi-
tion, the additives added to the soils in amount not greater 
than 15% for cement, 15% for MICP and 10% for RHA (by 
volume) has beneficial effect on the strength of the soil. 
Furthermore, the improvement of the soil strength when 
mixed with the additives not only increases with the per-
centages of the additives but also increases with increase 
in the curing duration and gain more strength when 
soaked in water. Notably, higher content of cementation 
provides a greater amount of ingredients (urea and ammo-
nium) for promoting the MICP process.

Moreover, reduction in plasticity index and permeability 
as the additives content increased was observed with the 
soils expected to exhibit low to medium welling potential 
and or compressibility. In general, the additives reduced 

soil permeability with cement generating the most ben-
eficial effect of all the additives.

Addition of up to 15% of cement and MICP and 10% 
of RHA was noted to optimally improve the geotechni-
cal properties of the soils. However, cement addition pro-
duced soils with the greatest strength, reduced plasticity 
index, OMC and permeability with increased maximum 
dry density, UCS and CBR when compared with MICP 
and RHA addition. Cement proved to be the best addi-
tive when compared to MICP and RHA irrespective of its 
cost and environmental implications. However, RHA and 
MICP showed very good prospects as veritable environ-
mental friendly, less costly alternatives and hence should 
be explored.
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