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Abstract

This research work studies the microstructure of a sandy-clay soil as it is stabilized with corn cob ash (CCA) in dosage
rates of 0-3%, in steps of 0.5%, and comparing with OPC-CCA blends (2:1) and OPC alone. The aim being to study the
progressive flocculation and agglomeration of the molecules of the soil, upon the addition of varying blends of CCA- OPC
in small doses. The samples were taken for microstructural examination using the scanning electron microscope (SEM),
and for elemental composition using the Energy Dispersive X-ray Spectroscope (EDS). Corresponding samples of the
stabilized soil were subjected to the unconfined compressive strength (UCS) tests. The cat-ion exchange capacity of the
soil was also computed. The SEM images indicate that for the CCA stabilized soil, the lattice structure of soil molecules
is most clearly defined at 1% CCA content. This is comparable to the cat-ion exchange capacity of the soil (1.17%), and
also corresponds to the point of maximum UCS (313.7KN/m2). Significantly, the UCS value returned for CCA stabilized
soil was higher than that for OPC alone and for the OPC-CCA blend, within the test range of this study. The paper
concludes that a significant level of stabilization could be attained with this soil type, with small doses of CCA, without
the need for OPC, whose effect is more pronounced at higher doses and at the pozzolanic phase.
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1. Introduction

1.1. Background

Soils are the major constituents of roads, dams, embankments and other major engineering structures and
infrastructure. Their suitability for purpose is often assessed not only in terms of the mechanical properties and strength
parameters, but also in terms of the economics of hauling the soil materials to site. Where suitable materials are not
readily available, engineers have had to deploy various soil improvement techniques to the readily available soil. One
of these methods is the stabilization of the soil by the addition of a suitable binder, the most common of which is
Ordinary Portland Cement (OPC).
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However, increasing global concerns with anthropogenic carbon dioxide emissions, of which cement production plays
a major part, has led to interest in finding partial or complete substitutes for OPC. A major area of focus in this respect
is agricultural waste ash, which tends to be carbon neutral and also possess pozzolanic properties [1]. These bio
derivatives include rice husk ash, locust bean pod ash and corn cob ash, among others [1], [2], [3].

While the mechanism of soil-cement/ soil-lime stabilization is well developed, and explained in terms of cement
hydration and pozzolanic reactions, it does not account for some observations being reported in literature for the
observed increase in strength parameters when up to 1.5% bio-ash is added to some soils [3], [7].

1.1.1. Statement of the Problem

It is necessary to seek more understanding of the mechanism of bio-ash stabilization at the micro level, with a view to a
better optimization of the process. This could help in reducing the nuisance of agricultural waste, in this case corn cob,
as well as the carbon footprint of construction sector through partial or complete substitution of ordinary Portland
cement.

1.1.2. Aim
To study the progressive flocculation and agglomeration of the molecules of the case study soil, upon the addition of
varying blends of OPC:CCA 2:1; OPC alone; and CCA alone, all in small doses of 0 - 3%
1.1.3. Objectives
The objectives of the study are:
e Determine the elemental composition of laterite soil and bio ash respectively, using Energy Dispersive X-ray
Spectroscopy
e Determine the Unconfined Compressive Strength (UCS) of the stabilized soil at various levels doses of OPC -
CCA blends.
e Carry out a SEM examination of the soil stabilized progressively with OPC-CCA blends.

e Relate the lattices of the molecular structure of the various stabilized soil samples with the maximum UCS
values attained and the CEC of the soil

2. Material and methods

2.1. Materials

The soil was obtained from a borrow site in the Leme area of Abeokuta (7.030N, 3.450E). It is a soil type that is generally
referred to as “Laterite”, widely available locally and commonly used for road construction and embankment works. It
is often identified from its reddish brown colour and can be classified as silty clayey sand, in the Unified Soil
Classification System.

The bio-ash for this study is corn cob ash. The corn cob was obtained from Igbo-Ora, [7.440 N, 3.290E Long] a
predominantly farming community some 20 km North of Abeokuta and pyro-processed at a controlled temperature of
550 - 6000C. The resulting ash was passed through the 90 micron sieve to obtain the corn cob ash used for the study.

Ordinary Portland cement grade 32.5 was obtained in the open market in Abeokuta, in the standard 50kg bag.

Figure 1 is a Google Map of the Study Area
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2.2. Methods
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Figure 1 Google Map of the Study Area (Abeokuta and Igbo-Ora)

2.2.1. Laboratory Tests

Vv

Laboratory tests on soil, OPC, CCA and Soil/OPC/CCA mixes in various blends, were performed in two categories. The
first category focused essentially on classification (Specific Gravity, Particle Size Distribution and Atterberg Limits) and
strength (Unconfined Compressive Strength) and was carried out at the civil engineering laboratory of the University
of Lagos, Nigeria. The second category focused on the examination of the microstructure of the tested samples using the
Scanning Electron Microscope, as well as their elemental composition, by means of Energy Dispersive X-Ray

Spectroscopy (EDS). It was performed at the laboratory of Department of Geology, University of Ibadan, Nigeria.

The test matrix for this study is presented in Table 1.

Table 1 Laboratory test and sample examinations

Material Composition %
Soil Binder Tests

OPC CCA
100.00 0.00 0.00 PSD; Specific Gravity; Atterberg Limits
99,50 0.50 0.00 UCS XRD EDS; SEM
99.00 1.00 0.00 UCS XRD EDS; SEM
98.50 1.50 0.00 UCS XRD EDS; SEM
99.50 0.00 0.50 UCS XRD EDS; SEM
99.00 0.00 1.00 UCS XRD EDS; SEM
98.5 0.00 1.50 UCS XRD EDS; SEM
99.50 0.33 0.17 UCS XRD EDS; SEM
99.00 0.67 0.33 UCS XRD EDS; SEM
98.50 1.00 0.5 UCS XRD EDS; SEM

CCA = Corn Cob Ash; OPC = Ordinary Portland Cement; PSD = Particle Size Distribution; SEM = Scanning Electron Microscope; UCS = Unconfined

Compressive Strength; XRD EDS = Energy Dispersive X-Ray Spectroscopy
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3. Results and discussion

3.1. Physical Characterization and Elemental Composition of Soil

The results of the physical characterization test of the soil was carried out in accordance with established procedure
[5], [6], [7] is presented in Table 1, showing the soil to be A-7-6(10) material, while the elemental composition from

which the cat-ion exchange capacity was subsequently computed is shown in Figure 1.

Table 1 Physical Characterization of Soil Sample

Parameter Value
% Passing Sieve No 200 48%
Specific Gravity 2.67
Liquid Limit 48%
Plastic Limit 17%
Plasticity Index 31
Group Index GI 10
AASHTO Classification A-7-6
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Figure 1 Elemental Composition of the Natural Soil

3.2. Cat-ion Exchange Capacities
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From the percentage composition of the base forming cations Ca2+ and K+ shown in Figure 1, and neglecting the cation
exchange capacity of the potentially acid forming cations Al3+ and Fe2+ since they are firmly held within the soil
structure lattice and therefore not available for exchange [9] the cation exchange capacity was calculated using Equation

1 thus:

CEC = X2[(%composition of base cation)/(Equivalent weight) * 100] (1)

The calculations are as tabulated in Table 2.

[81,[91,[10], [11],[12]
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Table 2 Cation exchange capacity of soil sample

S/n | Element Caz2+ Mg2+ Na+ K+ CECtotal
1 Atomic weight (from Periodic Table) | 40 24 23 39

2 Valency 2 2 1 1

3 Equivalent weight [(1)/(2)] 20 12 23 39

4 % composition (from Fig. 1) 1.2 0 2.0 1.2

5 CECmeq/100gm [(4)/(3)*100] 0.24 0 0.46 0.468 | 1.17

6 Base Saturation % [(CEC)/(5)] 20.51 0 39.3 40.0

The CEC of 1.17 meq/100g is within the range of 1-3meq/100g expected of kaolinite clay and compares well with the
theoretical value of 2.2meq/100g arrived at by [8] from calculations of the kaolinite microstructure.

The chemical analysis of CCA showing the elemental composition is as presented in Figure 2, while the analysis of the
alkaline forming compounds (Ca0O, Mg0O, K20 and Na20) able to produce exchangeable cations is presented in Table 3
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Energy KeV

Figure 2 Elemental Analysis of CCA Sample

Table 3 Analysis of cations available for exchange in CCA

S/N | Element Caz* Mg2+ Na+* K+ CECrotal
1 Atomic weight (from Periodic Table) | 40 24 23 39

2 Valency 2 2 1 1

3 Equivalent weight [(1)/(2)] 20 12 23 39

4 % composition (from Figure 2) 14.4 1.4 0.9 1.2

5 CEC meq/100gm [(4)/(3)*100] 72.00 11.67 391 3.08 90.66
6 Base Saturation % [(CEC)/(5)] 79.42 12.87 431 3.40

It can be seen from Tables II and III that the CEC for the soil sample is 1.17meq/100g and that for the CCA is
90.66meq/100g, giving a ratio of of 0.013 (i.e. 1.17/90.66) or 1.3%. This ratio is the theoretical percentage of CCA in the
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soil-CCA mix, needed to just fill up the exchangeable sites of the soil. This is corroborated by reports from earlier studies
[9] [10]. The two figures (1.17 meq/100 g and 1.3%) are quite comparable indicating some sort of relationship between
the two variables.

3.3. Soil-CCA: Unconfined Compressive Strength

Figure 5 shows the plot of Unconfined Compressive Strength (UCS) versus % CCA content at curing times of 0, 7 and 28
days respectively. Peak UCS occurred at 1% CCA, which compares well with the 1.3% calculated amount of bio-ash
required to just fill the exchangeable sites of the soil sample. Further addition of CCA beyond this point becomes
deleterious to the stabilization process. Also, while curing is certainly advantageous, no additional benefit is derived in
curing beyond 7 days, as the results clearly show no difference between 7 days and 28 days UCS, both peaking at 313.7
KN/m2

® Soil-CCA, no curing
{instant)

m Soil-CCA, 7 days curing

¥ Soll-CCA, 28 days curing
Soil-CCA, no..,

Unconfined Compressive Strength,
KN/m2
~
=

CCA Content %

Figure 5 UCS vs CCA content for different curing periods

While these peaks are far below the strength requirements of 1800 KN/m2 [14] for pavement base course work, they
could still be useful for soil improvement schemes and for other embankment works.

3.4. Soil-CCA: Examination of the microstructure

The images of the soil microstructure and the progressive re-arrangement of the molecules as the CCA content was
increased is presented in Table 4 (a - d) for CCA content up to 1.5%. The images beyond 1.5% CCA are not of interest to
this research work since the strength from this point on has fallen into the decline zone. The progressive re-arrangement
of the clay platelets is clearly visible. In particularly the point at which the lattice structure is clearly well formed
corresponds to the point of maximum strength as obtained from the UCS test results. These may be attributed to the
alkaline environment provided by the bio-ash which facilitates the movement of ions, thereby promoting van der Walls
type reaction and hence improved flocculation of the clay platelets. beyond the optimum point however, excess ash
appears to inhibit flocculation process while the additional water content needed for compaction at higher CCA content
only serves to aid the sliding the clay platelets over one another leading to a dispersed structure and hence lower
strength. Similar phenomenon has been reported by Horpibulsuk et al. [14]

Table 4 Changes in soil microstructure with varying CCA content

Soil-CCA 0% 0.5% 1.0% 1.5%
UCS 28 116.4 KN/m? 275.0 KN/m? 313.7 KN/m? 266.0 KN/m?
days,

SEM

Image
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3.5. Soil - OPC: Unconfined Compressive Strength

Figure 6 is a plot of the Unconfined Compressive Strength versus OPC content at curing times of 0, 7 and 28 days
respectively. The 28 days’ result appears to follow the established pattern of an active zone, followed by an inert zone,
as articulated by Horpibulsuk et al. [14]. The sharp rise from 1.5% OPC can be attributed to the cement hydration
reaction, forming strong bonds between OPC and the soil particles. The UCS results are expectedly higher than that of
CCA alone as shown in Figure 5. Also the well-known advantage of curing up to 28 days for cement stabilized soil is
clearly manifest, with UCS of 450 KN/m? and 200 KN/m? at 2% OPC content for 28 and 7 days curing respectively. It is
however worthy of note, that at binder dosage rates of up to 1.5%, the UCS results for CCA as seen from Figure 5 (266
KN/m? at 28 days) are higher than those for OPC (190 KN/m? at 28 days) as shown in Figure 6

= OPC-Sod, No curing

B OPC-Sod, 7 days curing

» OPC-Soill, 28 days curing

-

5 1

——

15

Unconfined Compressive Strength,
KN/m2

OPC Content %

Figure 6 UCS versus OPC content at curing times of 0, 7 and 28 days
It is seen that curing effect is more pronounced up to 7 days, but 28 days UCS not significantly greater 7 days

3.6. Soil - OPC: Examination of the Microstructure

Table 5 captures the images of the soil microstructure and the progressive re-arrangement of the molecules as the OPC
content was varied from 0 to 1.5% (a - d)

Table 5 Changes in soil microstructure with varying OPC content

Soil- 0% 0.5% 1.0% 1.5%
OPC

UCS 28 116.4 KN/m? 150.9 KN/m? 171.0 KN/m? 190.0 KN/m?
days,

SEM

Image

The progressive agglomeration of the soil particles into bigger lumps as the OPC content was varied from 0 - 1.5% is
clearly visible. This is the established pattern for Soil-OPC stabilization [12] and it is line with the observed patter of the
UCS-OPC performance graph of Figure 6

3.7. So0il-OPC-CCA: Unconfined Compressive Strength

Figure 7 is a plot of the Unconfined Compressive Strength versus OPC content at curing times of 0, 7 and 28 days
respectively. The binder is an OPC:CCA, 2:1 blend
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B OPC:CCA, 2:1, No curing

®OPCCCA, 2:1, 7 days
curing

# OPC:CCA, 2:1, 28 days
curing

Unconfined Compressive Strength
KN/m2

Binder (OPC:CCA) Content %

Figure 7 UCS versus Binder content at curing times of 0, 7 and 28 days.

Figure 7 shows a short active zone characterized by a sharp rise in UCS from 116KN/m2 (for both 7 days and 28 days
cured samples), for the natural soil, to 146 and 151 KN/m2 for 7 days and 28 days cured samples respectively. This
occurred at just 0.5% binder content, beyond which the performance curve steadily declines.

It would then appear that beyond a certain optimal amount of ash content, ash becomes deleterious to the performance
of OPC as soil stabilizing agent.

3.8. S0il-OPC-CCA: Examination of the Microstructure

Table 6 captures the images of the soil microstructure and the progressive re-arrangement of the molecules as the OPC
content was varied from 0 to 1.5% (a - d)

Table 6 Changes in soil microstructure with varying binder content (OPC:CCA, 2:1)

Soil- | 0% 0.5% 1.0% 1.5%
OPC-
CCA

ucs 116.4 KN/m? 285 KN/m? 276.1 KN/m?2 266.0 KN/m?2
28
days,
SEM
Imag
e

Itis seen from Table VI that the point at which the lattice is distinct and clearly well formed (b) corresponds to the point
at which the highest UCS value of 285 KN/m2 was returned. Even though an increased agglomeration of the particles is
visible at (d), this is attributed to the contribution of the OPC, which is not dominant at the range of tests conducted for
this research

4., Conclusion

This paper investigated the potential of CCA as substitute for OPC in the stabilization of soils for road and embankment
works, focusing particularly on small doses of 0 - 3%, and the changes that take place in the micro-structure of the soil
at the peak of strength, measured as UCS. The following conclusions can be drawn from this work:
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e The bio-ash effect on the clay particles is clearly pronounced at small doses of 0.5 and 1.5%, which are
considered quite close to the theoretically calculated cat-ion exchange capacities of 1.17 % for the A-7-6 soil
investigated.

e  While the active zone is very short for bio-ash alone (0 - 1%), it peaks at a higher value of 311 KN/m?, than for
OPC alone and OPC-CCA blend whose active zones are 0 - 3% and 0 - 0.5%, with peaks of 291 KN/m2 and 450
KN/m? respectively.

e The lattices of the soil-CCA structure are particularly well formed in a relative compact edge to surface
structure, at 1% CCA dosage, but seem to collapse at 1.5% dosage.

e Curing up to a 7-day period clearly has a positive effect on the performance of the CCA stabilized soil. There is
no strength advantage in curing beyond 7 days.

e Flocculation effects of bio-ash are apparently more pronounced when acting alone than when in combination
with OPC. This was visible both in the UCS results and the microstructural investigation

Recommendation
The findings of this paper indicate a potential for the development of bio-ash as a sole soil stabilizing agent and not

necessarily in combination with OPC.

A wider study that would lead to the commercial development of bio-ash as a complete substitute for OPC in the
stabilization of soils is hereby recommended. This would have a positive knock-on effect on bio-waste management and
anthropogenic CO2 contribution of the construction industry.
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