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1. Introduction

The problem of marine clay (MC) is well-known worldwide. 

Occurrence of MC causes severe destruction to lightly-loaded 

structures, comparable to natural disasters like flood or earthquakes 

(Gunturi et al., 2015). MC is a type of expansive soil present in 

coastal areas that is characterised by poor engineering properties 

like high settlement, and meagre shear strength (Wu et al., 

2015a; Guo and Wu, 2017; Guo and Wu, 2018;  Jamaludin et al., 

2019). Constructing any infrastructure with MC is an extremely 

challenging task due to the effect of moisture variation on the 

swelling and shrinkage characteristics of the soil. MC expands or 

contracts when the moisture content increases or decreases due 

to seasonal variation (Mohammed Al-Bared and Marto, 2017; 

Saleh et al., 2019b). Due to the unsuitability of using MC in its 

natural state, in many instances, MC is improved with the aid of 

admixtures or aggregates, or by mechanical means, making it 

possible to use for construction purposes. 

Numerous studies have been conducted on stabilised MC 

using various admixtures such as lime (Yi et al., 2015), cement 

(Zhou et al., 2019), sodium silicate (Pakir et al., 2015), and bio-

encapsulation (Ivanov et al., 2015) among others. However, the 

high cost and long curing time of most chemical stabilisers have 

forced researchers to continue investigations into the problem of 

MC. Nevertheless, the auspicious qualities of PU, like high 

strength and short hardening time, are attracting the attention of 

many researchers. For example, injecting PU was used in soft 

soil to stabilise tunnel excavation (Li et al., 2016; Bayati and 

Khademi Hamidi, 2017). Injecting PU also reinforced a slope, 

retaining wall, jointed rock and sandy soil (Chun et al., 1997; 

Kazemian et al., 2010). PU micropile improved the bearing 

capacity and reduced the settlement of silty clayey soil (Valentino

and Stevanoni, 2016), PU grout repaired road pavements 

(Vennapusa et al., 2016; Mohamed Jais, 2017) and airport 

pavements (Priddy et al., 2010). PU also enhanced MC shear 

strength by more than 200% (Saleh et al., 2018). Still, there is 

limited information about the fundamentals of how stabilisation 

with PU is achieved. 

The research context shown above has led to further interest 

in investigating the morphology and changes in the microstructure 
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of MC stabilised with PU. This paper proposes a micro-level 

study of MC stabilised with PU. In this research, XRD, FESEM 

and EDX were carried out to explore the morphology and 

changes associated with MC stabilised with PU.

2. Materials and Method

The following section describes the materials used in the 

research and methods to prepare them.

2.1 Materials
The materials used for this study were MC and PU. The MC 

sample, collected from Batu Pahat, Johor Bahru, Malaysia, was air-

dried, pulverised mechanically, sieved over a 2 mm sieve, and then 

stored in an airtight plastic container. PU comprised two components: 

Polyol and Isocyanate. Properties of MC and PU were reported by 

Saleh et al. (2018, 2019a) and are presented in Table 1. 

2.2 Method
Dry MC was mixed with optimum moisture content (OMC) 

water and placed in an airtight plastic container for 24 hours for 

permeation, under controlled conditions of 20oC and more than 

90% humidity according to the American Society for Testing and 

Materials (ASTM, 2017). Wet MC was then mixed with a 

varying dosage of PU compacted in a cylindrical mould with a 

height of 76 mm and diameter of 38 mm. Fig. 1 shows various 

stages of the sample preparation for the UCS test. The specimens 

were cured for one, three and seven days and then tested using 

the UCS test. Untreated MC was tested immediately after 

demoulding. The loading of the test was conducted under strain 

control at a rate of 1.52 mm/min.

The consolidation test was performed based on British standard 

procedures (BS1377-5, 1990). Unsaturated samples were used for 

the consolidation test, using a method of sample preparation adopted 

Table 1. Materials Properties

Properties Unit Value Reference

Liquid limit % 65 (Saleh et al., 2018)

Plastic limit % 26

Fine fraction % 98.68

OMC % 25

MDD Kg/m3 1440

Viscosity of polyol mPas 260 ± 50

Polyol specific gravity - 1.15

Viscosity of Isocyanate mPas 185 ± 35

Isocyanate specific gravity - 1.24

pH - 3.25 (Saleh et al., 2019a)

Loss on ignition % 8

Sulphate ions mg/l 6,071

Chloride ion mg/l 287

Nitrate ions. mg/l 22

Marine clay classification - CH

Fig. 1. Sample Preparation for the UCS Test: (a) Pulverised Marine Clay, (b) Moist Marine Clay, (c) PU Foam Added to MC, (d) Mixing PU Foam 
and MC, (e) Compacting MC-PU Mixture using Hydraulic Jack, (f) Extruding the Compacted MC-PU Mixture from Mould
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by Estabragh et al. (2020); Olgun and Yıldız (2010). Specimens for 

the consolidation test were prepared by pre-consolidating them in a 

cylindrical mould using static compaction and transferred to rings of 

50 mm in diameter and 20 mm in height. The mould had removable 

collars at both ends and the same diameter as the oedometer ring. PU 

(8%) was added to MC and mixed with the treated specimen before 

being compacted in the mould.

The specimens tested with the UCS test were dried and used 

for FESEM and EDX analysis. Mineralogical composition of the 

MC was identified with the aid of a diffraction pattern. A beam 

of XRD (Cu Kα radiation) was passed through the sample; the 

detector was scanned through an angle 2 theta ranging between 

10 and 90 degrees at a rate of 8 degrees per minute. Individually 

crystals have a distinctive pattern of diffraction angles and an 

equivalent concentration of the diffracted beam (intensity). In 

that manner, mineralogy of MC was analysed as per the standard 

Powder Diffraction File (JCPDS, 1995). The plot was drawn by 

taking the position of 2 theta angles along the abscissa and 

intensity in terms of counts along the ordinate. XRD gave different 

peaks for the different basal spacing. 

The FESEM machine examines the morphological nature of 

MC. The embedded EDX in the FESEM machine enabled the 

characterisation of elemental compositions of MC.

3. Results and Discussions

The analysis and discussion of results of MC treated with PU are 

presented in this section.

3.1 Influence of Polyurethane on Shear Strength of 
Marine Clay

Preliminary assessment of strength improvement was conducted 

through the UCS test. Fig. 2 displays the UCS result of the 

treatment of MC with a different dose of PU cured for one, three 

and seven days. The result shows that an increase in the dose of 

PU caused an improvement in the shear strength of MC. Conversely, 

an increase in the dose of PU also caused a corresponding 

decrease in the axial strain of MC. For example, during the 3-day 

curing period, an increase in PU content from 4% to 12% caused 

an improvement in strength of MC from 125 kPa to 216 kPa. 

Continuous increase in PU content causes improvement in 

strength, and decrease in axial strain of MC. However, when PU 

content extended beyond 8%, the mixture of soil and PU started 

forcing itself out of the mould due to increase in the volume of 

the mixture of MC and PU, as shown in Fig. 3(a). Consequently, 

the mould could not accommodate the mixture of PU and MC. 

Increase in the volume of the MC-PU mixture is due to normal 

characteristics of PU, which increased in volume by about 20 

times from its original size (Vipulanandan et al., 2012; Babcock, 

Fig. 3. Behavior of Marine Clay during Treatment with PU: (a) Mixture of MC and PU Coming Out of the Mold, (b) Bulging Failure of Untreated 
Marine Clay, (c) Shear Failure of MC Untreated with PU

Fig. 2. Effect of PU on the Unconfined Compressive Strength of MC
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2018). Therefore 8% PU content was adopted for further tests 

during this research.

The result also shows that increase in curing time leads to a 

corresponding improvement in strength of MC. For example, 

using 8% PU increased MC UCS from 66 kPa to 137.5 kPa, 165 

kPa and 174 kPa during the one, three and seven days curing 

periods, respectively. Moreover, the treatment of MC with PU 

also changed the failure pattern of MC from bulging to shear 

failure. Untreated MC underwent lengthy axial deformation, 

accompanied by lateral bulging, as shown in Fig. 3(b). Meanwhile, 

PU-treated MC created higher deviator stress and little axial 

deformation that came with shear failure, as shown in Fig. 3(c).

3.2 Effect of Polyurethane on Consolidation 
Characteristics of Marine Clay

Figure 4 shows the results of the one-dimensional consolidation 

test of both untreated MC and MC treated with 8% PU. The 

results show that consolidation curves of MC treated with 8% 

PU are located above untreated MC. This is similar to the 

behaviour of expansive clay soil treated with acetone (Estabragh 

et al., 2020). Compression and swelling indexes (Cc and Cr) of 

untreated MC are 0.2682 and 0.0049, respectively, while 

compression and swelling indexes (Cc and Cr) of MC treated 

with 8% PU are 0.0061 and 0.0017, respectively. The trend of 

the results is also similar to that reported by Estabragh et al. 

(2020) on the effect of organic chemical on mechanical properties of 

expansive clay.

3.3 Mineralogy of Marine Clay Using X-Ray Diffraction 
Analysis

Figure 5 displays the results of MC XRD patterns. Significant 

peaks were observed at values of 2 thetas, shown in Table 2. The 

peaks were indexed using a sin2θ method (Ramesh and 

Punithamurthy, 2017; Kundu et al., 2018), and the result is shown in

Table 2. Among all peaks, the peak at 2 theta, equal to 26.54o

was the highest, followed by that at 20.8o. The 2 sharp narrow 

peaks at 2 theta, equal to 20.8o and 26.54o, are characteristic 

peaks of Quartz (SiO2) (Nian et al., 2019). Remarkably, diffraction 

peaks indicating quartz were very sharp, signifying its excellent 

crystalline structure (Yang et al., 2017). Other reasonably high 

peaks from XRD results are at 36.50o, 39.42o, 42.41o, 54.87o and 

59.93o. 

Unique diffraction angles (2 theta) and indexing pattern 

(Table 2) were used to study the mineralogy of MC as per the 

standard Powder Diffraction File (JCPDS, 1995). For example, 

existence of peaks at 19.8o and 34.9o established the presence of 

Montmorillonite, (Na, Ca)0,3(Al, Mg)2Si4O10(OH)2·n(H2O) mineral 

group in MC (Rahman et al., 2013; Mohd Yunus et al., 2015; 

Fig. 4. Results of the One Dimensional Consolidation Test Fig. 5. XRD Result of MC

Table 2. Indexing the MC XRD Result 

2Theta (deg.) Theta (rad.) sin2θ Ratio 1 Ratio 2 Ratio 3 m hkl

19.80 0.17279 0.0296 1.00 2.00 3.00 1 100

20.80 0.18148 0.0326 1.10 2.20 3.31 1 100

26.59 0.23203 0.0529 1.79 3.58 5.37 2 110

34.93 0.30482 0.0901 3.05 6.09 9.14 3 111

36.50 0.31850 0.0981 3.32 6.63 9.95 3 111

39.42 0.34404 0.1138 3.85 7.70 11.55 4 200

42.41 0.37008 0.1308 4.43 8.85 13.28 4 200

50.10 0.43719 0.1793 6.06 12.13 18.19 6 211

59.93 0.52298 0.2495 8.44 16.88 25.32 8 220
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Murmu et al., 2019). Similarly, Calcite (CaCO3) was present for 

peaks at 2 theta equal to 36.5o, and 39.42o (Cai and Liu, 2017; 

Nian et al., 2019) and Clinochlore, (Mg, Fe2+)5Al2Si3O10(OH)8

for peaks at 42.1o, 50.1o and 59.93o (Nian et al., 2019).

Furthermore, using Eq. (1), the crystallinity of MC was 

computed as 30.16%

(1)

Ap is the area of crystalline peaks, equal to 20,703.05 nm2 and 

At is the total area of all peaks, equal to 68,649.48 nm2. Values 

for the areas were computed using a peak analysis with origin 

Pro software. Therefore, the crystallinity of MC was computed at 

30.16%.

3.4 Field Emission Scanning Electron Microscopy Analysis
The microstructure of MC was observed using the FESEM 

analysis. Fig. 6 shows the results of FESEM analysis for untreated 

MC. Based on the results, the fundamental unit of MC showed 

uneven, curled and flaked units. Particle clusters had negatively 

charged surfaces and were arranged to form a structure of 

honeycomb pores (Nian et al., 2019). Individual particles of the 

soil had a fuzzy arrangement and cusp-like crystals in a joined 

fashion. The bunches consisted of small pieces, similar to units 

with distinct edges, as shown in Fig. 6. The connections among 

the units were primarily surface-to-surface and surface-to-edge, 

and the contact of the particles determines the flocculated 

structure (Lei et al., 2018).

Figure 7 displays FESEM results of PU. From the PU image, 

it is clear that PU was composed of closed cells or voids. The 

voids were small, non-identical, distributed, and with an inconsistent 

diameter of about 2.3 µm. The presence of moderately rough and 

non-homogeneous intramolecular voids are typical characteristics of 

ductile material like PU (Wu et al., 2015b). The voids are mostly 

polygon- or spherical-shaped, with large contact surface areas. 

Statistical analysis of foam cells using image J software based on 

the method of Wei et al. (2017) showed that average minimum 

and maximum sizes of the voids were 1.5 µm and 3.4 µm, 

respectively. The shape of PU images is similar to that observed 

by other researchers (Vlad et al., 2011; He et al., 2016; Wei et al., 

2017). 

Figure 8 shows the FESEM image of treated MC. The image 

illumination can identify the components of the images. MC 

parts appear brightest, while the black spots show as pores or 

cracks (Cai and Liu, 2017). A comparison of the images of 

untreated and treated MC is given in Figs. 6 and 8. The 2 images 

show no significant difference, only a re-arrangement of individual 

particles. This means there is no evidence of the formation of a 

new compound due to the reaction between MC and PU. 

However, the image of untreated MC is brighter than that of 

treated MC. Coating MC particles with PU foam, while mixing 

the dual could be the reason that makes the treated sample 

slightly darker. Again, proportional areas of the pores and cracks 

(black sports part of the images) computed using image J 

software were 3.6% and 6.6% for treated and untreated MC, 

respectively, as presented in Table 3 and Fig. 9. Smaller percentages 

of the areas of the pores in treated MC confirm that microstructure 

of the treated MC is denser than untreated MC. This is in 

agreement with findings by Shaikh et al. (2014).

Crystallinity
Ap

At

----- 100%×=

Fig. 6. FESEM Image of the Untreated MC Fig. 7. FESEM Image of PU

Fig. 8. FESEM Image of the MC Treated with 8% PU
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The cluster size of MC particles is relatively bigger before 

treatment with PU. After the treatment of MC with the 8% PU, 

there is a decrease and narrowing in the size and distribution of 

MC-PU composite particles. The reduction in the size of MC-PU 

composite particles caused a rise in the densification of treated 

MC, and consequent enhancement of the shear strength of MC 

treated with PU (He et al., 2016).

Table 3. Computation of Pores and Cracks (black sports part of the images)

Sample Count
Total Area
(µm2)

Average Size
(µm2)

%Area
 (%)

Mean 
(µm)

Perimeter
 (µm)

Circularity

Untreated MC 4210 2.627 6.24E-04 6.604 254.191 0.069 0.887

Treated MC 1615 1.823 0.001 3.613 254.259 0.096 0.847

Fig. 9. Black Sports Part of the Images: (a) Untreated MC, (b) Treated MC

Fig. 10. EDX Result for: (a) Untreated MC, (b) Treated MC, (c) PU at the Edge of the Enclosed Cells, (d) PU at the Center of Enclosed Cells (voids) (a) 
EDX of Untreated MC, (b) EDX of MC Treated with 8% PU, (c) EDX of PU at the Edge of the Enclosed Cells, (d) PU at the Centre of Enclosed 
Cells (voids)
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3.5 Energy Dispersive Spectroscopy Analysis
EDX is a microanalysis method used in combination with FESEM. 

EDX analysis identifies x-rays released from the specimen 

through electron beam bombing to characterise the composition 

of elements in the sample (MEEI, 2014). Figs. 10(a) and 10(d)

display EDX results of MC (before and after treatment) and PU. 

It can be seen that the total quantity of significant elements (O, C, 

Si Al and Fe) contributed to 96.2% within the MC specimens. 

The elemental nature of MC is similar to that reported by Phetchuay 

et al. (2016).

On the other hand, the elemental composition of PU was 

captured around the centre of the enclosed cells or pores and at 

the edge of the pores. The elemental composition of PU at the 

centre of the enclosed cells or void is different from that at the 

edge of the enclosed cells. The elemental composition of PU at 

the edge of the enclosed cells showed O, C, N and Cl contributed 

22.5%, 70.7%, 5% and 1.1%, respectively. The result is comparable 

to that of other studies (He et al., 2016). In contrast, the elemental 

composition of PU at the centre of the enclosed cells showed that 

O, C, Si, Al, Fe and N contributed 39.3%, 37.1%, 8.8%, 5.3%, 

2.8% and 3%, respectively. The distribution of all elements 

present in each sample of MC and PU is shown in Fig. 10. 

Results of EDX analysis (see Fig. 11) show that after oxygen, 

core components of both untreated and treated MC are Si, Al, 

and Fe. There is an apparent decrease in concentration levels of 

Si, Al and Fe before and after the treatment of MC with PU. 

Concentration of the elements changes from 27.3% to 11.3%, 

15.5% to 6.7% and 6.2% to 2.7% for Si, Al, and Fe, respectively. 

Moreover, there is also an apparent increase in the concentration 

of C and N from 7.2% to 28.2%, and 0% to 3.7% for untreated 

and treated MC, respectively. However, ratios of Si/Al and Si/Fe 

for both untreated and treated MC remain similar, as presented in 

Table 4. Retaining the same ratios of Si/Al and Si/Fe before and 

after the treatment of MC with PU is another verification that Si, 

Al and Fe ions did not dissolve during the treatment of MC with 

PU (Ahmari and Zhang, 2013; Zhang et al., 2018). Si, Al and Fe 

ions are core cementation ions required for a pozzollanic reaction 

(Hemalatha and Santhanam, 2018; Bensaifi et al., 2019). Therefore, 

if ratios of Si/Al and Si/Fe remain unchanged before and after the 

treatment of MC with PU, it indicates that treatment of MC with 

PU did not result in a pozzollanic reaction. Non-occurrence of 

pozzollanic reaction during the treatment of MC with PU is also 

established, as there was no aqueous environment of pH 12.4 – a 

requisite for cementation reaction to take place (Ling et al., 

2014).

4. Conclusions

Results of a micro-level analysis of MC stabilised with 8% PU 

are presented in this paper. From the research findings, the 

following conclusions are made:

1. The UCS results revealed an improvement in shear strength of 

MC from 66 kPa to 145 kPa, 164.5 kPa, 172.5 kPa and 

193.7 kPa during the three-day curing period, due to the 

addition of 6%, 8%, 10% and 12% PU, respectively. 

Additionally, 8% PU improved the shear strength of MC 

from 66 kPa to 137.5 kPa, 165kPa and 174 kPa during the 

one, three and seven days curing periods.

2. The results of the one-dimensional consolidation test revealed 

that treatment of MC with 8% PU reduces compression 

indexes from 0.2682 to 0.0061, and swelling indexes from 

0.0049 to 0.0017, respectively. 

3. The result of XRD identified the presence of quartz (SiO2) as 

the significant crystalline material in MC for peaks at 2 thetas 

equal to 20.8o and 26.54o. Other minerals detected in MC were 

Montmorillonite, (Na, Ca)0,3(Al, Mg)2Si4O10(OH)2·n(H2O)

for 2 theta peaks equal to 19.8o and 34.93o, Calcite (CaCO3) 

for peaks at 2 theta equal to 36.5o, and 39.42o and Clinochlore, 

(Mg, Fe2+)5Al2Si3O10(OH)8 for peaks at 2 theta equal to 

42.1o, 50.1o and 59.93o. Moreover, the crystallinity of MC 

is 30.16%

4. The FESEM results revealed that MC showed crumpled, 

curled and flaked soil particles with a fuzzy arrangement 

and cusp-like crystals in a joined fashion. The contact 

among the particles is surface-to-surface and surface-to-

edge. The PU foam is composed of intramolecular closed 

cells or voids that are nonhomogeneous, non-identical, 

distributed, and of inconsistent diameters of about 2.3 µm 

on average. Treatment of MC with PU did not cause the 

formation of a new compound, but it caused re-arrangement 

and increase in the densification of the soil particles, 

resulting in improvement in shear strength. 

Fig. 11. EDX Results of the PU, Untreated and Treated MC

Table 4. Core Components of MC before and after Treatment with PU

ELEMENTS Untreated MC MC treated with PU

O 40 44.5

C 7.2 28.2

Si 27.3 11.3

Al 15.5 6.7

Fe 6.2 2.7

N 0 3.7

Si/Al ratio 1.8 1.7

Si/Fe ratio 4.4 4.2
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5. EDX results revealed that O, C, Si, Al and Fe are elements 

that contributed more than 96% of the elemental composition 

of MC, while O, C, N and Cl contributed 98.8% of the 

elemental composition of PU. There was also an apparent 

decrease in the concentration of Si, Fe and Al ions, and 

increase in the concentration of C and N after treatment of 

MC with PU. However, the ratios of Si/Al and Si/Fe for 

both untreated and treated MC remain alike, indicating that 

Si Al and Fe ions did not dissolve during the treatment of 

MC with PU.
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