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Abstract 

 
Sodic soils account for nearly one third of Australia’s land mass and pose several challenges such as dispersion and erosion, 
thus destabilizing vast eco-systems. Chemical stabilizers such as lime, cement, fly ash etc., improve the mechanical 
performance of such soils and reduce their dispersivity. This study presents the results of a novel triple blend stabilization 
method for strongly sodic soil with Exchangeable Sodium Percentage (ESP) in 15-25%. Lime, cement and fly ash (LCF) 
were adopted in four different blend proportions to achieve at least 1.5MPa Unconfined Compressive Strength (UCS) as per 
Transport and Main Roads (TMR) specification. The results indicate that B4-4% with 20/50/30 LCF yielded the best 
performance with lowest shrinkage of 2.9% and higher dry density 2126.4 kg/m3. Regression analysis of UCS results 
projected that an additional 2.53% soil-stabilizer replacement is required to improve the performance of B4 from 0.86MPa 
to reach 1.5 MPa. Scanning Electron Microscopy (SEM) analysis showed needle-like ettringite crystals and Calcium-Silicate-
Hydrates (CSH) net-like structures over 28-day curing. X-Ray diffractometry (XRD) indicated a drop of 20.8% in Na+ and 
20.3% increase in Ca++. The triple blend stabilization technique enhances UCS performance by 167% with a less than 5% of 
the total volume of the additives when compared to the single and double blends.   
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1. Introduction 
 
Sodic soils are widely found in various parts of the world, 
especially Australia bearing the highest land formation of 
about 339,971 thousand hectares comprising of 38.4% of the 
total landmass [1] and its stabilization presents a major 
challenge for environmental management as well as 
infrastructural development [2]. Dispersiveness of sodic soil 
is mainly due to the presence of exchangeable sodium ions on 
clay surfaces which weakens the bonding between soil 
particles when exposed to moisture thus leading to soil-
structure collapse and erosion [3]. A simple way to prevent 
these problems is to replace dispersive soils with an 
engineered soil but in many cases, chemical treatment has 
been preferred so that dispersive soils can be reused [4]. 
Geotechnical engineers have been adopting chemical blend 
proportions with cement, lime, gypsum, silica fume, Ground 
Granulated Blast Furnace Slag (GGBFS) and fly ash for 
upgrading the strength characteristics of subgrade material 
which proves to be economical and equally effective than 
replacing the unstable soil [5-10].   
 The most common practice has been the use of single 
blend stabilizer (lime, cement or fly ash) out of which the 
profuse application of cement has resulted to early strength 
gain but higher susceptibility to shrinkage cracks [12,15-16]. 
Later advancements investigated the efficacy in double 
stabilization where cement or lime were used in conjunction 
with fly ash or slag which drastically reduced the dispersive 
potential of sodic soil under half-curing periods with 

significant increase in UCS and CBR values [6-7,16]. The 
incorporation of the triple blend for sodic soil stabilization is 
an emerging concept to evaluate the physico-chemical and 
mechanical performance of dispersive soil. This technique 
involves treating sub-grade or sub-base layer with medium 
plasticity index (between 10% to 20%) where lime, cement 
and fly ash (LCF) blends tend to positively reflect on 
increasing the plasticity index, permeability and shrink-swell 
characteristics [15-18]. Literature evidence suggest that very 
limited research has been undertaken to explore the potential 
of triple blend stabilization and its accelerated curing periods. 
One example is the Department of Transport and Main Roads 
(TMR) in Queensland, Australia adopting this methodology 
in their rehabilitation of fatigued pavement Project in 2014 
[17]. Queensland’s TMR specification [18] recommends the 
use of triple blend stabilizers (L-30%, C-40% and F-30%) for 
soils LS ≤ 6%, whereas a combination of (L-40%, C-30%, and 
F-30%) stabilizers for other cases targeting an unconfined 
compressive strength of 1.5MPa at 28-days. Likewise, Bullen 
and Suciu [15] compared the strength of two triple blends in 
different combinations of Portland cement, Ground 
Granulated Blast-Furnace Slag (GGBFS) and fly ash where 
the blend with higher content of fly ash was observed to be 
most economic and reliable in terms of strength attainment.  
The importance of triple blend stabilization lies in 
determining the effective mix design that can significantly 
combine the merits of individual stabilizers such lime, cement 
and fly ash in improving the overall workability, strength, 
durability and rheology characteristics. Apart from combined 
efficacy, the recycling of coal combustion byproducts such as 
fly ash can lead to cost savings in material and thereby, reduce 
the global carbon footprint. 
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 SEM analysis provides us a better understanding on the 
material-level changes occurring as a result of LCF 
stabilization on dispersive soils. It is understood that the use 
of Calcium ion inducing agents such as lime, cement and fly 
ash helps to replace sodium ions from the soil resulting in 
better soil structure [19]. At a microscopic level, the 
composition of lime and water leads to the pH of the soil to 
increase above 10.5 which enables clay particles to break 
down such that Silica and Alumina are released/solubilized to 
react with calcium from lime to form Calcium-Silicate-
Hydrates (CSH) and Calcium-Aluminum-Hydrates (CAH) 
which are cementitious products similar to formed in Portland 
cement [11]. The surface morphology for cement-stabilized 
dispersive soil with ultra-fine silica fume resulted in a denser 
surface as the curing period increased whereas the surface 
without silica fume developed some microcracks when 
studied at a microstructural level [20]. Likewise, the analysis 
for fly ash substituted cement mortar was conducted to 
observe the strength attainment parameters at SEM level and 
was found that the rate of curing period induced the formation 
of C-S-H net-like structures which is a time-dependent 
phenomenon where the mortar strength increased 
exponentially resulting in strength gain for the samples [21]. 
This paper therefore aims to determine the optimum 
percentages of lime, cement and fly ash (LCF) triple blend 
proportion that would achieve the minimum Unconfined 
Compressive Strength (UCS) of 1.5MPa Australian 
specification. Four different proportions of lime/cement/fly-
ash blends were investigated namely 30/40/30, 25/40/35, 
20/40/40 and 20/50/30 for strongly sodic soil. 
 
 
2. Materials and Methods  
 
2.1. Material properties and initial testing 
A soil with Exchangeable Sodium Percentage (ESP) greater 
than 6 is generally regarded as being a sodic (i.e Na-affected) 
soil in Australia. There are three ratings using ESP for soil 
sodicity namely non-sodic (0-5), sodic (5-15) and strongly 
sodic (>15). The sample considered in this study were 
collected from the upper subsoil at Murgheboluc, Australia (-
38.0832 N, 144.14906 E). Agriculture Victoria’s [22] 
classification maps classify it as strongly sodic soil. The soil 
sampled was characterized on the basis of severe corrodibility 
and moisture susceptibility behaviour. Basic soil tests such as 
Atterberg’s limit [23,24], compaction characteristics [25,26] 
and dispersivity [27,28], were conducted on the control soil 
sample and stabilized samples. All tests for the stabilized 
samples were undertaken at optimum moisture content and 
maximum dry density. The engineering properties of the 
control dispersive soil sample are shown in Table 1.  
 
Table 1. Engineering properties of the dispersive soil 

Characteristics Quantity measured 
Plasticity Index (PI) % 9 
Plastic Limit (PL) % 20 
Liquid Limit (LL) % 29 
Shrinkage limit (SL) % 5 
Soil classification (AS 1726-
2017) SP-SM 

Maximum dry density kg/m3 2120 
Optimum moisture content 
(OMC) % 12.5 

Unconfined compression strength 
(MPa) 0.13 

Pinhole classification D2- Dispersive 

Emerson Class Number 1- Complete 
dispersion 

 
 The stabilizing agents (Lime, Cement and Fly ash) were 
sourced from a local supplier (Boral Ltd.) in Victoria, 
Australia [14, 32]. Each of these admixtures used complied 
with the relevant Australian Standard namely Portland 
cement AS 3972, hydrated lime with AS 1672-1997 and class 
F fly ash conforms to AS 3582.1 standards as per project 
requirement. The chemical composition of the LCF 
admixtures is presented in Table 2. 
 
Table 2. Chemical composition of sodic soil stabilizing 
additives  

Element Percentage by weight (%) 
 Cement Fly ash Hydrated lime 

SiO2 19.9 46.1 < 2.0 
Al2O3 4.6 25.0 < 1.0 
Fe2O3 4.0 7.3 < 0.5 
CaO 64.3 8.0 < 71.0 
MgO 1.7 1.8 < 1.0 
K2O 0.6 0.6 3.3 
Na2O 0.2 4.7 ND 
TiO2 0.2 4.7 - 
P2O5 0.1 0.4 - 
MnO 0.1 0.03 - 
SO3 2.6 0.1 0.9 

 
 The particle size distribution (PSD) of the dry soil samples 
was determined in accordance to AS 1289.3.6.1 [34]. 3kg of 
natural soil was taken and sieved using an electromechanical 
sieve shaker to identify the proportions of soil particles and 
gradation parameters. The control sample consisted of Gravel 
41.8% and Sands 50.7% Clay/silt: 7.5%).  It had a coefficient 
of uniformity (Cu: 36.25), coefficient of curvature (Cc: 0.110) 
and was classified SP-SM. The corresponding PSD curve is 
displayed in Figure 1. 
 

 
Fig, 1. Particle size distribution of virgin sodic soil 
 
 The proportions for four different blends of soil samples 
were prepared based on [18] various dosages of lime, cement, 
and fly ash (LCF) as presented in Table 3. The soil blends 
were mixed with total stabilization contents (TSC) of 2% and 
4%. Each blend was prepared by drying 2.45 kg of soil and 
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breaking down the soil lumps until it passes through a 10mm 
screen as mentioned in AS 1289.1.1 [35]. The soil was 
initially mixed with the calculated amount of lime and half of 
the targeted moisture content. The soil-lime mixture was 
allowed to mellow in a humidity-controlled environment for 
a curing period of 48 hours in accordance to the Australian 
Standard. After curing, cement and fly ash additives were then 
added to form an LCF blend. During the second mixing, the 
soil was uniformly ground using a large electric mixer and 
remaining half of the targeted moisture content was added.  
 
Table 3. Triple Blend stabilisation mix proportions 

Blend Lime 
(%) 

Cement 
(%) 

Flyash 
(%)  

Blend 1 30 40 30 
Blend 2 25 40 35 
Blend 3 20 50 30 
Blend 4 20 40 40 

 
2.2 Macro and micro-level tests 
 
2.2.1 Modified Proctor compaction test 
Compaction tests were conducted over a broad range of 
moisture contents (5% to 17%) such that the maximum mass 
of dry soil per unit volume was achievable during optimum 
moisture content (OMC) and Maximum Dry Density (MDD) 
for soils passing through 19mm sieve. For each triple blend 
mix, Modified Proctor Compaction was undertaken according 
to AS 1289.5.2.1 [25] instead of Standard Proctor 
Compaction [26]. This is because heavier hammer weight, 
increased number of layers and longer drop distance involved 
in Modified Proctor procedures result in more compaction 
energy. This leads to a reduction in void space; therefore, 
maximum unit weight can be achieved using less water [36-
37]. Once the compacted soil was extruded, smaller quantities 
of approximately 100g were weighed and placed in drying 
oven for 24 hours to obtain the moisture contents as per 
1289.2.1.1 [38].  
 
2.2.2 Atterberg Limits and Unconfined Compression 
Strength Tests 
Atterberg limits and UCS tests were performed to obtain the 
geotechnical properties of each blend. UCS tests were 
performed according to AS 5101.4 [39] for both natural and 
stabilized soil samples and the results were compared. The 
UCS test setup is illustrated in Figure 2(a). In order to reduce 
the standard error and for greater accuracy, the average of 
three tests was considered. All the samples were cured in 
snap-lock bags that are available with industrial heavy-duty 
press seals compliant with AS 4376-2006. A 28-day 
mellowing period was considering all test cases without any 
loss of moisture. 
 
2.2.3 Pinhole dispersion and Emerson Class tests 
Emerson class test classifies soil based on a visual assessment 
of deflocculating underwater, while Pinhole test helps to 
classify the soil based on the color of the water released from 
different pressure heads to pass through the sample for 
specified time periods. Emerson class test was performed on 
both unmixed and stabilized soil samples following AS 
1289.3.8.1 [27]. Similarly, Pinhole dispersion test was 
performed for the natural soil and the blended soil in 
accordance to AS 1289.3.8.3 [28]. This test was used to 
categorize the dispersive characteristic of a fine-grained 
compacted sodic soil. The specimens are prepared from soil 

grains passing through 2.36 mm aperture sieve and the overall 
test set up is shown below in Figure 2(b). 
 
2.2.4 Scanning Electron Microscopy (SEM) and X-ray 
Diffraction (XRD) Analyses 
Once the physical parameters were analyzed, SEM was used 
to analyze the micro-level changes occurring as a result of the 
stabilization process in the dispersive soil blends using the 
FEI Tecnai F30 SEM at Bio 21 Advanced Microscopy 
Facility in University of Melbourne, Australia. The SEM 
analysis mainly observed the formation of hydration products 
such as ettringite crystals and C-S-H compounds. X-Ray 
diffraction (XRD) measurement is a non-destructive and a 
powerful analytical method to identify the identify the 
elemental composition based on material structure 
interaction. XRD analysis was performed on the unmixed soil 
as well as Blend 3 sample with 4% TSC to study the changes 
in the soil mineralogy after stabilization. The test setup for 
SEM and XRD analysis is presented in Figure 2(c). 
 
 
3. Results and Discussion 
 
3.1 LCF stabilisation in enhancing the Geotechnical 
properties 
 
3.1.1 Compaction test results  
Figure 3 represents the results from OMC and MDD curves 
obtained from 9 different compaction tests with 2% and 4% 
TSC. B1 and B3 mixes were designed to account for higher 
cement content, whereas B2 and B4 contained more fly ash 
content to simulate practical conditions similar TMR’s road 
project [17]. Modified Proctor Compaction (OMC) test 
results indicated that the OMC parameter increased with 
increase in the percentage of stabilizer replacement and was 
found to be directly proportional to the water-demand 
characteristic as previously reported by Mohammed [40] and 
Phanikumar [13]. However, the B2 and B4 with 2% TSC were 
observed to have a significantly higher water demand 
characteristic to reach OMC than that of 4% TSC. This 
variation can be directly attributed to the presence of higher 
fly ash proportions in these blends. Therefore, the variation in 
experimental outcomes corelate to the fact that fly ash 
containing high number of electrolytes increases the 
hydraulic activity in the soil at lower doses [40]. Thus, the 
compaction test results prove that the addition of larger 
quantities of fly ash stabilizer increases the amount of OMC 
water requirement in case of a blended sodic soil. 
 It is noted from Figure 3(a), that for the 2% TSC, the 4 
blends exhibit distinct responses as the moisture content 
varies from 5% to 17%. While B1 and B2 exhibit similar 
behavior a more distinct disparity is noted in B3 and B4. At 
4% TSC, B2 and B3 exhibit a very similar behavior as the 
moisture  
 
3.1.2 Atterberg limits  
The Atterberg results provided an interesting insight to the 
geophysical properties of LCF stabilized strongly sodic soil 
where the swell-shrink properties were significantly lowered 
due to increase in blend proportions. The LL and PL for B1, 
B2 and B3 increased with lower shrinkage observed for 4% 
TSC when compared to 2% TSC. This exhibits that the swell-
shrink behavior of sodic soils was restricted with the addition 
of 4% TSC. However, Blend-4 having a higher fly ash content 
showed, lower LL and PL values for 4% TSC. The linear 
shrinkage values were lowest in B1-4% followed by B4-4% 
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with the reduction factor being 2.1% approximately. 
However, the Plasticity Index were observed to be lower in 
all blends with 4% TSC signifying that the higher soil 
stabilizer replacement content for sodic soil will reduce the PI 
and vice versa. Further, B-3 possessing greater cement ratio 
amongst all blends had the lowest Plasticity Index (PI=LL-

PL) at 4% TSC when compared to its counterparts. The 
Atterberg parameters obtained for individual blend ratios are 
presented in Table 4. 
 
 

 

  

(a)  (b)  

 

(c)  
Fig. 2. Experimental setup for macro and micro-level analyses: (a) UCS test setup; (b) Pinhole test setup; (c) Scanning Electron Microscopy and X-Ray 
Diffractometry testing 
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(a)  (b)  
Fig. 3. Comparison of OMC and MDD results for all blends from Modified Proctor Compaction: (a) 2% TSC; (b) 4% TSC 
 
Table 4. Atterberg limits for soil specimens 

Soil blend LL (%) PL (%) PI (%) LS (%) OMC (%)  MDD (kg/m3) 
Unmixed Soil 29.1 19.8 9.3 4.9 14.8 2120.1 
Blend 1 - 2% 31.6 23.1 8.6 3.3 13.8 2140.6 
Blend 1 - 4% 32.8 25.0 7.8 2.8 14.3 2114.8 
Blend 2 - 2% 33.9 22.0 11.9 5.4 13.9 2157.1 
Blend 2 - 4% 35.3 26.8 8.5 4.4 13.2 2132.6 
Blend 3 - 2% 34.6 26.6 8.0 5.8 12.6 2171.1 
Blend 3 - 4% 34.7 32.4 2.3 5.7 13.5 2137.4 
Blend 4 - 2% 33.7 26.1 7.7 3.5 16.1 2111.0 
Blend 4 - 4% 33.3 25.9 7.4 2.9 16.3 2126.4 

 
 The LS value for this project was greater than 6, therefore, 
the blend (L-40%, C-30%, and F-30%) was chosen according 
to TMR specification benchmark [18]. 
 
3.1.3 Unconfined compressive strength test  
Unconfined compressive strength test is a procedure to 
determine the compressive strength of the soil sample. The 
stabilized soil samples were subjected to UCS test at a 
constant displacement rate of 1.0 mm / min as per [39]. To 
maximize the accuracy during the test, an average of 3 values 
were considered for each blend with 27 tests performed 
overall. The un-stabilized soil attained a UCS of 0.13 MPa 
and therefore tested with varying LCF proportions to achieve 
the desired strength of 1.3 to 1.5Mpa proposed specification 
by TMR Australia for road construction.  
 For the proposed blends, the maximum unconfined 
compressive strength obtained was 0.86 MPa for blend 4 and 
0.60 MPa for B3, both results with a total stabilization content 
of 4% at 28 days curation period and 48 hours mellowing 
time. Although the UCS of all the blends had significant 
strength improvement at 4% TSC, none satisfied the proposed 
specification. It was observed that with constant cement 
stabilization content of 40%, UCS increases with increasing 
proportion of fly ash. A 10% increase in fly ash (B4) 

corresponded to an increase of 68.7% at 2% TSC and 42.2% 
at 4% TSC in UCS whereas a 10% increase in cement (B3) 
corresponded to 43.4 % at 2% TSC and 14.2 % at 4% TSC 
when compared to B2. The average of three UCS values was 
taken as the final reading. Figure 4 illustrates the projected 
stabilization content required to achieve TMR specification of 
1.5 MPa.  
 The regression analysis shows that B4, being the strongest 
blend, requires only a small addition of TSC (2.53%) to 
achieve 1.5 MPa strength whereas B2 tends to be the weakest 
requiring 5.07% supplementary stabilizers to achieve the 
target strength. On the other hand, B1 and B3 required 4.09% 
and 4.52% TSC respectively. Class F fly ash seemed to have 
increased the pozzolanic reactions of the blend enhancing 
bonding between soil particles. In addition, elastic moduli for 
all blends and the unmixed samples were calculated from 
stress-strain parameters from the UCS tests. The highest 
elastic modulus was found to be 88MPa for B4 at 4% TSC 
which is approximately 13.6 times greater than that of 
unmixed soil as presented in Figure 5 signifying its stiffness 
properties towards resisting excessive subsoil deformations 
and an indication of higher factor of safety. 
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Fig. 4. Strength performance for LCF triple blend stabilization of sodic soil 
 
 

 
Fig. 5. Elastic modulus estimation for various blends from stress-strain parameters 
 
3.1.4 Influence of Mellowing Period on UCS  
The time allowed to cure the sample after mixing the 
stabilizing agents is known as mellowing time and has a direct 
impact on soil strength attainment [41]. It is also known as 
amelioration period, rotting period or ageing period and is 
classified as the interval between mixing and compaction 
stages for stabilized soils [42]. Despite B4 achieving the 
highest UCS performance, it did not satisfy the minimum 
strength requirement proposed by TMR under 48 hours of 
mellowing. In accordance to the Australian standard AS 
5101.4 [39], if curing time is not specified prior to 
compaction, samples containing lime shall be cured for 48 to 
72 hours whereas for samples containing GP cement shall be 
cured for 2 to 3 hours. A random trial was conducted to 
investigate the effect of zero mellowing time with respect to 
48 hours during the addition of stabilizing agents. In case of 
B3 – 4% TSC, the UCS results showed significant upsurge 
(1.60 MPa) in contrast to the original achieved value of 0.60 

MPa when the samples were mixed with lime, cement, fly ash 
and OMC altogether and allowed to cure for 28 days. This 
might be because the C-S-H bonding development initiates 
between soil and lime within the mellowing period, which is 
broken due to further mixing of other additives at later stages 
of blending. Also, if the compaction is delayed which means 
if mellowing time is allowed, apart from the early bonding 
development, moisture might be lost during that time which 
might affect the level of compaction to be attained and 
hydration rate.  
 
3.2 Effects of triple blend stabilisation in the dispersivity 
of soil  
 
3.2.1 Emerson class test 
Emerson class test and Pin-hole test were carried out to 
determine the final performance in the dispersivity of blended 
soil with respect to the control sample. This test consisted of 
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the visual assessment of soil particles to deflocculation in 
water.  For each blend stabilized soil, three soil crumbs 
retained on 2.36 mm sieve were taken and mixed with 200 ml 
of water and were observed for a period of 10 minutes as 
recommended in AS 1289.3.8.1. Once the crumbs were 
placed into the water, it was noticed that the colloidal cloud 
of unstabilised soil covered the beaker bottom within 10 
minutes. According to the used standard, this soil was 
designated as number 1 which represented high dispersion. 
Figure 6 and Figure 7 shows the dispersion tests procedures 
and outcomes for the unstabilised soil and stabilized soil 
respectively.  

 
Fig. 6. Unstabilised soil dispersion 
 

 
Fig. 7. Emerson class test results 
 
 Emerson class test classification has been divided into 8 
categories as presented in Table 5. 
 
Table 5. Emerson Class test classification  

Emmerson 
Number 

Class 
Description 

1 Complete Dispersion 
2 Some Dispersion 
3 Dispersion after remolding 
4 No Dispersion (Calcite or gypsum present) 
5 Dispersion after soil water suspension 
6 Flocculation 
7 Swelling (Not slaking) 
8 Not swelling (Not Slaking) 

 
 As seen in Figure 7, all the blends with 2% and 4% TSC 
showed no dispersion and were grouped under Class 4 on the 
Australian Emerson scale. 

 
3.2.2 Pinhole test  
Pinhole test is one of the most the commonly used reliable 
and quick method to examine the dispersivity of the soil [43]. 
The stabilized soils were also subjected to pinhole test where 
dispersive characteristics were improved and were classified 
as completely erosion-resistant which is further discussed in 
the results portion. This test is performed by circulating a flow 
of water through a small hole of 1 mm diameter made into the 
soil sample under the varying head of water [2]. The test was 
performed on both un-stabilized soil and the triple blend 
stabilized soil according to the relevant Australian Standard. 
The test results showed that the additives inhibited the 
dispersivity characteristics of the stabilized soil. Naturally 
available sodic soil was classified as D2 where head at test 
termination was at 50 mm and flow wasn’t clearer until 10 
mins. D2 represents that the soil was dispersive in nature 
according to Table 6 in the AS 1289.3.8.3: 2014. 
 

Table 6. Soil classification based on Pinhole dispersion test  
Classification1 Head at the 

termination of 
test (mm) 

Test time 
of head 
(min) 

Visibility of colour 
of flow at end of 

the test 

Final flow through 
specimen (mL/s) Designation Description 

D1 Highly dispersive 50 10 Very distinct - 
D2 Dispersive 50 10 Distinct to slight - 

PD1 Potentially dispersive 175 5 Slight to easy visible - 

PD2 Potentially dispersive 
(intermediate) 350 5 Slight >3.5 

ND1 Non-dispersive 1000 5 Slight to barely 
visible >5 

ND2 Completely erosion 
resistant 1000 5 Clear >5 

1 Table 12, [38]. 
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 It was observed that unblended sodic soil was not 
displaying clear flow within the initial 5 minutes of 
commencing the trial. According to the standard, the test was 
repeated with an additional 5 minutes where the flow became 
cloudier as anticipated and the soil was seen to be eroding. 
Therefore, the test was terminated with a constant head of 50 
mm and the soil was classified as D2 meaning dispersive in 
nature. On the other hand, all treated soils showed non-
dispersive behavior and were classified as completely erosion 
resistant (ND2). This was corresponding to the results verified 

during Emerson class test. A steady flow of water level was 
maintained even with the additional time and the collected 
water was found to be clear with no suspended particles. This 
proved that all blends of stabilized sodic soils were 
completely erosion resistant with head at termination of the 
test being 1000mm. All the samples treated with triple blend 
showed the same characteristics. Figure 8(a) Figure 8(b) 
shows the water flow characteristics through the unblended 
and blended sodic soils. 
 

 

  
(a) (b) 

Fig. 8. Water collected from Pinhole test for specimen blends B1 and B3 
 
3.3 Qualitative analysis of sodic soil stabilization  
 
3.3.1 Scanning Electron Microscopy (SEM) 
Micrographs obtained from Scanning Electron Microscopy 
(SEM) analysis were studied to understand the growth of LCF 
bonding morphology over strongly sodic soil stabilization. 
Changes in the soil structure where the formation of fabrics 
and ettringite needles were noticed. Figure 9 shows a 
microphotograph of the unmixed soil sample where there is 
no noticeable affinity between the soil particles.  
 Figure 10(a) and Figure 10(b) show SEM 
microphotographs of samples from 4% TSC B1 and B2 
blends with pronounced formation of ettringite crystals due to 
the greater availability lime stabilizer. Ettringites are needle-

like crystals which are normally formed under alkaline 
conditions (CaCO3) of soil with high activities of Ca ++, SO4

- 

- and Al +++ [44-45]. Likewise, Figure 10(c) and Figure 10(d) 
illustrates C-S-H net-like structures in the B3 and B4 with 4% 
TSC from fly ash cluster, thus initiating accelerated 
pozzolanic reaction. It can be concluded that blends with 2% 
TSC contributed to the formation of only ettringites crystals 
whereas blends with higher TSC of 4% result in C-S-H 
fabrics. Moreover, the fly-ash increases the pozzolanic 
reaction as it consists of spheres of silicon, aluminum, iron 
oxides and unoxidized carbon which forms the CSH or CAH 
when mixed with lime, cement and water enhancing the 
bonding between soil particles [11].  
 

 
 

  

(a) (b) 
Fig. 9. Micrographs for soil specimens with no additives (a) Unmixed soil 2500× Magnification (b Unmixed soil 500× Magnification 
 
 It can be clearly seen that the microstructural formation in 
B3 which has higher cement quantity with TSC 4% achieved 
a greater extent of C-S-H as well as ettringites formation. 
Similar SEM results were outlined previously by Kodikara J. 
where the binder with higher cement content will significantly 
grow the quantity of hydrated materials at a faster rate than 
other binders with similar curing periods [16]. In case of other 

blend proportions, the formation of C-S-H is not quite visible 
or is very low in content. Figure 11 presents the timeline for 
growth of C-S-H and C-A-H compounds for B3-4% and zero 
mellowing time. The triple blend sampling intervals were 1-
day, 7-day, 14-day and 28-day period and regularly tested for 
its unconfined compressive strength. 
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(a)  (b)  

  

(c)  (d)  
Fig. 10. SEM micrographs for post 28 days curing and 48 hours mellowing: (a) Blend 1, 2% TSC; (b) Blend 2, 2% TSC; (c) Blend 3, 4% TSC; 
(d) Blend 4, 4% TSC 
 

  

(a)  (b)  
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(c)  (d)  
Fig. 11. SEM micrographs for Blend 3, 4% TSC at zero mellowing: (a) 1-day curing (b) 7-days curing (c) 14-days (d) 28-days curing 
 
 In case of B3-4% trials, the SEM micrographs revealed 
that the C-S-H fabric formation directly attributed towards 
higher strength of triple blended strongly sodic soil after 28 
days with zero initial mellowing. The reason behind this 
consistency is that the bond generated due to zero mellowing 
was not subjected to breakage because of mixing the third 
stabilizer after 48 hours. Figure 11(a) shows the initiation of 
the formation of the C-S-H fabric after 1-day curing. 
Similarly, Figure 11(b), (c) and (d) shows the chemical 
reaction leading to densification of C-S-H bonds resulting in 
strength gain characteristics and contributing towards UCS 
performance. Overall, the formation of ettringites at 28 days 
was found to be limited in Blend 3 as it contains reduced 
amount of lime content in contrary to the case of 48 hours 
mellowing period. 
 
3.3.2 XRD Analysis 
 XRD (X-Ray Diffraction) is a powerful tool for the 
mineralogical study of soil [46]. XRD performed in the 
unmixed soil indicated that the sodium composition was 
dominant as shown in Figure 11. Likewise, Figure 12 
shows the XRD results of blend with 4% TSC where the 
stabilized soil show that Ca, Al and Si as the dominant 
species. As discussed earlier, sodium ions are present in 
larger content in dispersive soil which expands in size 
once hydrated creating larger space between soil 
platelets leading to electrostatic bond breakage causing 
dispersion. The XRD analysis showed that the 
percentage of Na was 22.7% by weight whereas after 
stabilization it went down to 1.9%. Similarly, Ca 
increased from 2.5% to 22.8% after stabilization which 
shows the shift of Na ions. The amount of Si and Al also 
increased significantly from 4.3% to 29.1% and 1.7% to 
10.4% respectively. B4 shows higher amount of Si due 
to higher proportion of fly ash. Furthermore, in the 
stabilized soil, the oxygen content hiked due to the 
added moisture and oxides compounds from lime, 
cement, fly ash and soil minerals.  

 

 
Fig. 12. XRD analysis of Unblended sodic soil 
 

 
Fig. 13. XRD analysis of Blend sodic soil with 4% TSC 
 
 
4. Conclusion 
 
Treatment of sodic soils using proper dosage of LCF 
stabilizers ensures that pavement subgrade does not fail 
prematurely, thereby, avoiding high costs in maintenance and 
rehabilitation. Four different proportions of lime/cement/fly-
ash blends were investigated in this study with blend 
proportions involving 30/40/30, 25/40/35, 20/40/40 and 
20/50/30. The results show that UCS of the soil increased with 
addition of LCF stabilizers with B4-4% TSC providing the 
lowest shrinkage and highest performance. Likewise, the 
Youngs’ modulus for this blend had a growth factor of 15 
when compared to unblended strongly sodic soil with an ESP 
of 15-25%. Pinhole and Emerson class test results verified 
that the dispersivity of sodic soil is predominantly reduced to 
erosion resistant (ND2) and no dispersion (Class 2) 
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respectively. SEM analysis showed pronounced growth of C-
S-H and ettringite matrices over curing periods ranging 
between 0 and 28 days. XRD analysis verified decreased 
20.8%Na proportion and 20.3% increase in Ca concentration. 
Overall, B3-4% sample prepared under zero mellowing time 
recorded a 1132% increase in strength by 1.47MPa when 
compared to B3 with 48-hour mellowing. This research 
indicates that the triple blend stabilization technique is an 
innovative approach from the Australian geotechnical 
engineering perspective. This technique further provides a 
more sustainable practice by incorporating fly ash (industrial 
byproduct) reduces the need for the use of both lime and 
cement (which have to be synthesized and thus, are costly). 
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