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Abstract. Zeolite and Portland cement have been used to stabilize a loess soil from the region of Kozloduy 
(North Bulgaria). This paper examines the microstructural behavior of cement–zeolite treated loess soil with-
out compaction at water content higher than optimum. Scanning electron microscopy and semi-quantitative 
energy dispersive spectroscopy analyses on stabilized loess were carried out after various curing periods. The 
identification of the formation of cementitious products in treated loess soil was conducted by SEM–EDS 
spectral analysis. Based on the study of the microstructural development, it was found that the modified loess 
microstructure undergoes significant modifications during the observed period.
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INTRODUCTION

Specific geotechnical problems complicate con-
struction in loess soil due to its strong sensitivity 
to water content increase and ground collapse con-
sequentially. Soil stabilization is a method used to 
change properties of problematic soils to enhance 
their geotechnical behavior. Stabilization with or 
without compaction (plastic soil–cement) has been 
widely applied to improve loess ground. There are 
various cement based pozzolanic materials, and dif-
ferent additives, that can be used to improve engi-
neering properties of loess soil.

Zeolites are a large group of natural alumosili-
cates containing more than 50 natural and 150 syn-
thetic zeolites. Because of their pozzolanic activity, 
they are often used in soil stabilization and the con-
struction industry. Similar to other pozzolanic ma-
terials, zeolite addition can improve the strength of 

stabilized soil by pozzolanic reaction with Ca(OH)2 
(Poon et al., 1999). In addition, due to the higher 
specific surface area available for reaction, the open 
zeolite structure is thought to contribute to increased 
reactivity. It has been reported that natural zeolites 
could be used for improving the strength, durabil-
ity, impermeability and interfacial microstructure 
of mortars, concrete and soils (Türköz and Vural, 
2013; Mola-Abasi et al., 2016; Salamatpoor et al., 
2018).

Due to cement hydration reaction in stabilized 
soils, chemical processes and physical transforma-
tions take place (Evstatiev, 1984; Glasser et al., 
1986). The hydration process begins fast during the 
first month, and then gradually retards. At the early 
stages of hydration, the cement dissolves into the soil 
pore spaces and begins formation of new phases such 
as calcium–silicate hydrates (C–S–H), calcium–alu-
minate hydrates (C–A–H), and calcium–aluminum–
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silicate hydrates (C–A–S–H). The improvement of 
the mechanical properties of the stabilized soil is a 
result of embodiment of these cementitious prod-
ucts in the soil matrix. It is known that the changes 
in engineering properties are directly related to the 
change in microstructure (Angelova and Evstatiev, 
1990). Consequently, it is important to assign mi-
crostructural changes that occur in order to deter-
mine how the additives affect structure.

The interdependence between stabilized soil 
microstructure and strength development has been 
studied insufficiently because, generally, engineer-
ing tests have been applied to determine improve-
ment effect. Scanning electron microscopy (SEM) 
has been effectively applied to study the stabiliza-
tion effect (Angelova and Evstatiev, 1990; Nonta-
nanandh et al., 2005; Kamruzzaman et al., 2006; 
Antonov, 2013; Romero, 2013; Ural, 2021, Quadri 
et al., 2022).

The literature analysis indicates that only limited 
information is available on the microstructure of 
plastic soil cement. The aim of the present paper is 
to investigate the microstructural peculiarities of ce-
ment–zeolite treated loess soil without compaction 
to derive a modified soil with less deformation and 
permeability characteristics.

MATERIALS AND METHODS

Loess soil from the region of Kozloduy (North Bul-
garia) was used in the current experimental study. 
The index properties of the loess soil were deter-
mined according to the BDS EN ISO/TS 17892. 
Granulometrically, the tested soil is composed of 
97% silt and 3% clay fractions. Its density of solid 
particles is 2.74 g/cm3, and the liquid and plastic 
limits are 35.6% and 17.3%, respectively. Based on 
the European Soil Classification System, the loess 
soil is classified as low plasticity clay (ClL).

As stabilizers, Portland cement and zeolite, both 
in 10% by the dry weight of soil, were used. The 
Portland cement was CEM II/B–L 32.5 according 
to the BDS EN 197–1 classification of cement. This 

cement contains 65–79% clinker, 21–35% lime-
stone and up to 5% additional components, and it is 
recommended for the production of mortar and con-
crete, as well as for soil stabilization. The used zeo-
lite was obtained from the Beli Plast quarry in the 
Northeast Rhodopes (Bulgaria). It contains about 
70% of clinoptylolite. The grain–size fraction of the 
zeolite is less than 0.08 mm.

The chemical compositions of the loess, cement 
and zeolite are presented in the Table 1. The chemi-
cal compositions of zeolite and loess soil were iden-
tified by using X-ray fluorescence analysis. The 
loss on ignition (LOI) was determined at 550 °С, 
because at this ignition temperature 99.8% of the to-
tal calcite fraction remains in the soil samples. The 
chemical composition of the cement was provided 
by the supplier.

The test specimens were prepared in accordance 
with JGS 0821–2020 without compaction at 41.5% 
water content. The molded specimens were sealed 
and stored in a curing chamber at a relative humid-
ity of 95% and a temperature of 20 °C. After respec-
tive curing of 7, 28 and 180 days, the samples were 
taken out of the molds. After that, small specimens 
with an approximate volume between 1 cm3 and 
1.5 cm3 were cut. Prior to the SEM analyses, the 
samples were dried with minimum structural distur-
bance in a vacuum oven at 20 °C. The dried samples 
were then kept in a desiccator under vacuum until 
tested.

The SEM analysis was conducted using a JEOL 
733 Superprobe SEM and microprobe ORTEC Sys-
tem 5000 equipped with Energy Dispersive Spec-
troscopy (EDS) (14 kV, 1 nA) at the Geological 
Institute of the Bulgarian Academy of Sciences. For 
the SEM analysis, the stabilized loess samples were 
secured on aluminum mounting stubs by carbon 
glue and sputters coated with one layer of carbon 
in order to enhance the conductivity of the tested 
specimen, and then were coated with a 20-nm layer 
of gold. The samples were analyzed with a focused 
electron beam with accelerating voltage of 14 kV 
and secondary electron images were produced. 
SEM images were taken at different levels of mag-

Table 1
Chemical composition of the materials used (wt.%)

SiO2 Al2O3 Fe2O3 CaO N2O K2O MgO TiO2 SO3 H2O LOI

Loess 51.68 11.59 4.12 11.69 0.98 1.49 4.27 0.56 – 1.32 1.32
Zeolite 71.66 10.57 1.09 3.40 0.81 2.82 1.49 0.17 – 5.07 5.07
CEM II 17.82 3.29 2.55 60.78 0.16 0.28 1.61 – 2.52 – 1.40
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nification to provide a detailed view of the treated 
soil matrix.The observations were performed on 
specimens of untreated loess soil as well. In addi-
tion, to identify the formation of new phases, SEM–
EDS analyses were carried out.

RESULTS AND DISCUSSION

The SEM micrographs of the undisturbed untreated 
loess soil taken at different magnifications are pre-
sented in Figure 1. The skeleton matrix structure 
of the intact loess soil is seen at low magnification 
(Fig. 1a). The aggregates and the inter-aggregate 
pore spaces are clearly displayed at higher magnifi-
cation (Fig. 1b). The sizes of particles vary signifi-
cantly, ranging from 1 μm to 20 μm. These particles 
are mainly angular to subangular, according to the 
classification scale developed by Powers (1953), 
and are randomly distributed and oriented. The pla-
coid and flaky microaggregates were identified as 
quartz and illite. The inter-aggregate pore space is 
empty or is filled by calcite and clay cementations, 
which act as bridging and bonding between parti-
cles and provide a relatively high stability of loess 
structure at unsaturated condition (Liu et al., 2016). 
Some areas of the sample are dense, while others 
are very porous.

SEM imaging with EDS was performed on the 
stabilized loess soil. The SEM micrographs show 
significant changes in the microstructure of loess 
soil mixed with Portland cement and zeolite after 
7–day curing. The transformation of loess matrix 
by reaction products and subsequent changes due to 
hydration reaction are clearly apparent (Fig. 2a). As 
the studied composite mixture has relatively high 
water/cement ratio and the soil matrix is porous, the 

fibrous growths have the space to develop properly 
and are clearly distinguishable in the sample. Dou-
ble et al. (1978) reported similar observations. At 
higher magnification, the rapid initial formation of 
hydration products was detected (Fig. 2b). The soil 
particles and the pores are partly covered and filled 
by fibrous phases with length about 0.5–1.0 μm. 
Identical fibrous phases were observed in the micro-
structure of compacted loess–cement after a 7–day 
curing period by Angelova and Evstatiev (1990).

In order to identify the elemental composition 
of the developed hydration products, the SEM-EDS 
spectral analysis was conducted over the marked 
points (Fig. 2b). Precise analysis of these hydration 
products in the loess–cement–zeolite by EDS is dif-
ficult because of the complex matrix that surrounds 
them. The results of SEM–EDS analysis are pre-
sented in Fig. 2c, d. The spectrum profiles display 
different charts, depending on the composition and 
distribution of hydration products developed in the 
stabilized loess matrix. The semi-quantitative anal-
yses show that, at both selected points, Ca and Si 
can be detected, which indicates the presence of C–
S–H phases. The average Ca/Si ratio in the analyzed 
points is 1.47 by weight. The high percentage of Ca 
in the sample after a 7-day curing period confirms 
the availability of extra compounds for pozzolanic 
reaction.

Under the SEM, the overall morphology of C–
S–H (at normal temperature) can vary from the 
common fibrous type to irregular grains forming a 
reticular network (Shondeep et al., 2001). Figure 2b 
shows fibrous structure of C–S–H.

The generation of C–S–H phases proves that a 
pozzolanic reaction does take place in the loess soil 
when cement and zeolite are added. The zeolite ad-
dition causes extra changes to the soil matrix due 

Fig. 1. SEM images of the untreated loess soil: a) ×1000 magnification; b) ×4000 magnification (white rectangle from a).

Scanning electron microscopy investigation of loess soil stabilized with cement and natural zeolite
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to its high cation exchange activity. Snellings et al. 
(2010) reported that the exchangeable cation pro-
cess, which results in Ca2+ ions replacing the Na+ 
and K+ cations from zeolite, also has influence on 
the pozzolanic activity, distribution and the forma-
tion of the reaction products.

As time goes by, the amount of fibrous phases 
increases. After a 28-day curing period, the hydra-
tion products start the formation of a reticular fi-
brous network (Fig. 3a, b), which was attributed to 
the C–S–H gel hydration products. The produced 
C–S–H phases grew remarkably and develop-
ment of ettringite (3CaO∙Al2O33CaSO4∙32H2O or 
C6AS3H323CaO) was noted. The results from semi-
quantitative analyses confirmed that the hydration 
products consist predominantly of C–S–H phases 
with Ca/Si = 1.81 by weight (Fig. 3c), accompa-
nied by smaller amounts of ettringite (Fig. 3d). The 
EDS spectrum profile in Fig. 3d is characteristic 
for ettringite, which is one of the primary hydration 
products. Its formation is a result of the reaction of 
calcium aluminate (CaAl2O4) with calcium sulfate 
(CaSO4), both present in Portland cement (Merlini 
et al., 2008).

When compared with an intact loess SEM mi-
crograph (Fig. 1), the microstructure of treated loess 
after 28-day curing (Fig. 3a, b) was much denser: 
the inter-particle spacing has decreased, the bonds 
between loess particles have increased considerably 
and the soil–hydration clusters tend to be larger. As 
reported in previous studies, this leads to strength 
growth and permeability reduction of the treated 
soil (Tchakalova and Todorov, 2008; Mola-Abasi 
et al., 2016; Rajabi and Ardakani, 2020).

The ensuing curing period showed many modi-
fications in the soil microstructure. The soil ma-
trix changes after 180-day curing are illustrated in  
Fig. 4a, b. At this stage, a greater degree of floc-
culation than on the 28th day and growth of reac-
tion products were observed. Fibrous and gel-like 
hydration products were detected and recognized 
by the SEM–EDS analysis as C–S–H (Fig. 4c, d), 
with average Ca/Si ratio of 3.04 by weight. The 
percentages of corresponding chemicals increase 
with the increase in the curing period up to 180 
days. Jha and Sivapullaiah (2015) reported that 
this increase may be attributed to formation of 
pozzolanic reaction products.

Fig. 2. Stabilized loess soil after 7 days of curing: a) SEM ×1000 magnification; b) SEM ×4000 magnification (white rectangle 
from a); c) EDS spectrum 1; d) EDS spectrum 2.
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Fig. 3. Stabilized loess soil after 28-day curing: a) SEM ×1000 magnification; b) SEM ×4000 magnification (white rectangle from 
a); c) EDS spectrum 1; d) EDS spectrum 2.

Fig. 4. Stabilized loess soil after 180-day curing: a) SEM ×1000 magnification; b) SEM ×4000 magnification (white rectangle from 
a); c) EDS spectrum 1; d) EDS spectrum 2.

Scanning electron microscopy investigation of loess soil stabilized with cement and natural zeolite
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The preponderance of C–S–H reaction prod-
ucts during all curing time can be linked with the 
use of medium silica zeolite (SiO2/Al2O3 = 6.78, 
see Table 1) as well. As reported by Liguori et al. 
(2019), the prevalence of Si over Al in the zeolite 
framework enables fixing a greater amount of Ca 
at longer curing times, therefore the addition of 
zeolite raises the pozzolanic activity.

The fibrous phases form bridges between the soil 
aggregates and the gel-like phases bond aggregates 
and fill the inter-aggregate pore space. Even though 
the loess soil is treated without compaction, at high-
er magnification it is seen that the microstructure of 
the treated soil matrix is dense (Fig. 4b) and is fully 
comparable to the improvement with compaction.

CONCLUSIONS

• Based on the study presented in the paper, the 
following conclusions can be derived:

• Cement–zeolite treatment without compac-
tion of loess soil causes changes in its micro-
structure;

• SEM images show significant physical modi-
fication of the loess soil matrix over time. Mi-
crographs of the treated loess after 180-day 
curing indicated the presence of dense retic-
ulated compounds among the soil particles, 
and thereby appearance of compact and non-
porous matrix;

• Cementitious materials, such as calcium–
silicate hydrate (C–S–H) and ettringite 
(3CaO∙Al2O33CaSO4∙32H2O or C6AS3H323CaO), 
produced over time by cement hydration and 
pozzolanic reactions, were observed and con-
firmed by SEM-EDS analysis. C–S–H are the 
dominant reaction product;

• The Ca/Si ratio in C–S–H phases was found to 
vary at different curing times between 1.47–
3.04, which indicates possible secondary ce-
mentitious reactions between the soil and the 
stabilizers;

• Cement–zeolite treatment without compaction 
of loess soil can markedly improve its engi-
neering properties, such as collapsibility/com-
pressibility, strength and water-resistance.
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