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Unconfined compressive strength and failure mechanisms of
agar gum-treated sand under different curing conditions
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Abstract: Conventional sand reinforcement materials are associated with high carbon emissions and environmen-
tal pollution, necessitating sustainable alternatives. This study employs agar gum as a biopolymer binder to treat
poorly graded river sand (SP) from Xinyang, Henan Province. The effects of agar gum content (0.5% - 2.0%,
expressed as the mass percentage of agar gum powder to dry sand), curing time (3 d - 28 d), and curing temper-
ature (20 ‘C - 60 C) on the unconfined compressive strength (UCS) of treated sand were investigated, with mi-
croscopic reinforcement mechanisms examined via scanning electron microscopy (SEM). The results show that
UCS increases significantly with increasing agar gum content; the 28-d UCS of specimens with 2% agar gum
reaches 638.5 kPa, which is 3.35 times that of specimens with 0.5% agar gum. Seven days of curing achieves

over 90% of the 28-d strength, and UCS exhibits a strong negative correlation with residual moisture content.
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As curing temperature rises from 20 “C to 60 ‘C, UCS increases by an average of 11.78% per 10 °C increment.

Based on cementation states, six typical failure modes are identified: specimens with high agar gum content (=

1.5%) and sufficient curing (=7 d) exhibit brittle shear failure, whereas those with low content (<<1%) and

short curing (=<3 d) show progressive failure. Additionally, microscopic reinforcement mechanisms including

particle coating, pore filling, and interparticle bridging are discussed.

Keywords: agar gum-treated sand; compressive strength; scanning electron microscope; microscopic

mechanism

1 Introduction

Sand is one of the most widely available natural
soil materials. Its loose structure and low cohesion
pose significant challenges in engineering applica-
tions. Sand foundations are prone to liquefaction un-
der dynamic loads, leading to piping and sand boils
that can cause foundation instability. Under rainfall
conditions, sand slopes are susceptible to instability,
resulting in landslides and soil erosion. The low bear-
ing capacity of sand can also cause uneven settle-

ment, leading to cracks in buildings"*.

The geologi-
cal hazards and engineering issues associated with
natural sand have prompted researchers to continu-
ously explore effective sand improvement techniques.

Sandy soil reinforcement technology has
evolved from physical to chemical methods™. Tradi-
tional physical improvement methods primarily
include foundation treatments such as dynamic com-
paction, gravel piling, and grouting, as well as rein-
forcement methods involving the addition of various

fibers™!,

grids, geotextiles, and single-strand
Although geogrids can temporarily enhance overall
stability, their long-term performance is limited by
material ageing'. Fiber reinforcement, such as poly-
propylene fibers, can improve the overall strength of
soil, such as polypropylene fibers, increasing the
shear strength of sand by 40% - 60%'"". However,
this does not fundamentally alter the loose structural
characteristics of sand, and stress relaxation may
occur under long-term dynamic loads”. Adding silty
fines to the soil can change the cyclic liquefaction
resistance of sand, but this effect is sensitive to
changes in the content of silty fines, which may
instead lead to a reduction in soil liquefaction resis-

tance'

. Chemical reinforcement technology primari-
ly involves modifying sand by adding solidifiers, with

inorganic cementitious materials such as cement,

lime, and fly ash being the main representatives.
Through hydration reactions, these materials form
cementitious products that fill pores, significantly
improving the engineering properties of sand. These
inorganic solidifiers are widely applied in foundation
reinforcement and road base engineering due to their
low cost and excellent strength-enhancing effects'".
However, their application has several drawbacks:
the extensive use of cement leads to carbon dioxide
and nitrogen oxide emissions, with carbon emissions
per ton of cement production reaching 0.8 - 1.0

[11]

ton Currently, cement production accounts for

5% - 8% of global carbon dioxide emissions"?.
After solidification, the pH value of the soil can rise
to 12 - 13, which may adversely affect groundwater

8 Such materials also

and surrounding vegetation
increase soil brittleness, making the soil more prone
to cracking and damage, thereby limiting their appli-
cation in projects with high requirements for deforma-

tion coordination™**,

In recent years, there have
been attempts to use organic polymeric materials
such as polyacrylamide and epoxy resin for sand soil
improvement, but these synthetic polymers present
challenges such as slow degradation, potential toxici-

L[16]

ty, and high costs"™. In this context, environmental-
ly friendly improvement materials such as biopoly-
meric polymers have gradually become a research
hotspot in the field of geotechnical engineering due to
their sustainability, ecological friendliness, and
unique bonding mechanisms.

Biopolymers offer numerous advantages, includ-
ing widespread availability, low cost, low incorpora-
tion rates, and significant improvement effects.
They can be biodegraded by microorganisms into wa-
ter and carbon dioxide, thereby aligning with sustain-
able development requirements"”. Biopolymers can
be categorized into three major types based on their

sources: plant-based (agar gum, guar gum), animal-
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based (chitosan, casein), and microbial-based (xan-
than gum, carrageenan). Research has shown that
even small amounts of biopolymers can enhance the
interparticle cohesion of non-cohesive soils, thereby
significantly improving the bearing capacity of founda-

U Early studies primarily focused on the im-

tions
provement effects of microbial-based biopolymers
(such as xanthan gum). Chang et al. ™' mixed xan-
than gum with standard sand and air-dried the sam-
ples at room temperature (20 °C) for 28 days, finding
that 1% xanthan gum could increase the unconfined
compressive strength (UCS) of the samples from 0 to
0.88 MPa. Qureshi et al. ® treated desert sand with
xanthan gum and cured it in an oven at 45 “C for 28
days, finding that 1% xanthan gum resulted in a com-
pressive strength of 1. 076 MPa for the sand sample.
Muguda et al. *" mixed xanthan gum, guar gum, and
soil samples with 80% non-cohesive soil content,
and found that soil samples treated with 2% xanthan
gum and guar gum had higher compressive strength
than those treated with 8% cement. According to

1 [19]

Chang et a , the strength of xanthan gum-treated

sand samples originates from the hydrogel matrix

within the structure, which is formed by the drying of
the polymer solution. During the curing process, the
loss of water from the polymer solution causes hydro-
gel to shrink and harden, imparting it with a certain
degree of strength. Simultaneously, the hydrogel en-
capsulates and connects soil particles, thereby en-
hancing the overall strength of the sample. Scholars
have found that treating soil with biopolymers such
as agar gum, carrageenan, and xanthan gum effec-
tively improves the mechanical properties of various
soil types by increasing the cohesive force between

soil particles'®#*",

Table 1 shows a comparison of
key characteristics of different biopolymers and the
widely studied microbially induced carbonate precipi-
tation (MICP) method. Scholars have recognized
through extensive experiments the performance dif-
ferences between various biopolymers: plant-based
polymers such as guar gum and xanthan gum are cost-
effective but have poor water resistance™, while mi-
crobial-based polymers such as carrageenan provide
high strength but are sensitive to cultivation condi-

tions?.

Table 1 Comparison of agar gum with other biopolymers and MICP for sand stabilization.

Feature Agar gum!'®

Xanthan gum™*%"

Guar gum'?!

MICP?

Source Red algae
) ) Thermo-gelation (sol-gel transition upon
Gelation mechanism .

cooling)

Curing requirement Heating to =85 °C, then cooling

Thermal reversibility Yes (reversible)

Water resistance Moderate to high (depends on concentration)
Strength gain Dense gel network, particle coating,
mechanism bridging

pH stability Good (stable 4-10)

Key limitation Requires heating for initial dissolution

Bacteria
Tonic cross-linking
(mainly with Ca®")
Room temperature, air
drying
No
Poor (swells in water)
Hydrogel matrix
shrinkage
Moderate
Weak water resistance;

slow curing

Guar plant

Hydrogen bonding

Room temperature

No
Poor (swells in water)
Hydrogen bonding
networks

Moderate

Weak water resistance

Bacteria (urease)
Calcite precipitation

Urea + Ca”" solution
injection
No
High (insoluble calcite)
Crystal bridging and
pore filling
High (alkaline)
ammonia release;

complex bio-treatment

Compared with xanthan gum and guar gum,
agar gum exhibits unique thermo-gelation behavior
that allows rapid gel formation upon cooling, produc-
ing a uniform and dense gel network without requir-
ing prolonged air drying. Unlike MICP, which in-
volves complex bio-culturing and may release ammo-
nia, agar gum is a simple, environmentally friendly
additive that can be easily mixed with sand. Specifi-
cally, agar gum forms high-strength gels at 30 ‘C -

40 °C and exhibits excellent thermal reversibility (en-

abling potential recycling and reuse, a feature not
available in other biopolymers or MICP), along with
shear thinning, wetting properties, interfacial ten-
sion, and good pH stability. Smitha found that
0.5% agar gum could increase the cohesion of sand
by 15 times, laying the foundation for the application
of agar gum in sand engineering"*.

Regarding the soil improvement effects of agar
gum, Jang et al. ' characterized agar gum used for

soil improvement by studying its contact angle,
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viscosity, and other properties. Studies on the shear
strength, compressive strength, and other static
properties of soil treated with agar gum biopolymers
have been conducted by relevant scholars. Khatami
et al. " found through triaxial compression tests that
the addition of agar gum and starch effectively
improved the cohesion and stiffness of treated sand.
Chang et al. ® found through immersion tests that
thermal treatment is a necessary and effective
condition for using thermosetting biopolymers such
as agar gum and carrageenan to treat soil. The
content of biopolymers, moisture content, and soil
type are important parameters influencing the
reinforcement behavior of thermosetting biopolymer
soil treatment. Smitha and Rangaswamy'’ validated
the potential of this material in reducing pore water
pressure and enhancing dynamic properties and
analyzed the effects of parameters such as agar gum
concentration, curing time, and strain amplitude.
Current research primarily focuses on the extent
to which biopolymers improve the engineering prop-
erties of soil, such as shear strength, compressive
strength, and permeability. However, there is no
systematic conclusion yet on the optimization effects
of agar gum-treated sand under different curing condi-
tions, such as concentration of agar gum, curing
time, and curing temperature. Additionally, existing
studies have primarily focused on macroscopic me-
chanical properties, lacking in-depth exploration and
systematic classification of the failure mechanisms of
cemented sand, and have not thoroughly explained
the microscopic reinforcement mechanisms of agar

gum on sand"“"*"

. The following critical gaps remain
unaddressed:

(1) Material scope. Most biopolymer studies
employ standard silica sand (e. g., Ottawa sand,
Fujian sand), whereas ordinary river sand—naturally
sourced from riverbanks and used in this study to
reflect realistic reinforcement performance—has
received little attention. The particle morphology,
mineralogy, and surface chemistry of river sand differ
from standard sands, potentially affecting biopolymer
adhesion and reinforcement efficiency.

(2) Systematic optimization. Although individu-
al effects of biopolymer concentration, curing time,

and temperature have been reported, no study has

systematically investigated the effects of these three
factors on agar gum-treated sand, particularly the
identification of optimal curing windows for practical
engineering.

(3) Failure mechanism classification. Existing
studies on biopolymer-treated sand predominantly
report stress-strain curves and strength values, but a
systematic classification of failure modes (e. g., Y-
type, X-type, sliding, petal-type) and their linkage
to microscopic gel distribution and moisture state is
lacking.

To fill these gaps, this study uses agar gum as
the primary soil reinforcement agent, with river sand
from Xinyang, Henan Province, as the experimental
material. Through UCS tests, the stress-strain char-
acteristics and peak compressive strength of treated
sand under different agar gum content and curing con-
ditions were obtained. The fracture failure character-
istics of the specimens under different conditions
were analyzed and combined with scanning electron
microscopy (SEM) images to conduct an in-depth
study on the microstructural characteristics of agar
gum-treated sand. The adhesion behavior of poly-
mers on sand particle surfaces and the evolution pat-
terns of pore structures were investigated to explore
the mechanical mechanisms of agar gum polymer re-

inforcement of sand.

2 Materials

2.1 Sand

The sand used in this study was river sand from
Xinyang, Henan Province. By simulating the parti-
cle size distribution of soil in highly liquefiable areas,
sand samples corresponding to low-graded sand (SP)
under the unified soil classification system were pre-
pared, as shown in Fig. 1. Sieving tests were con-
ducted on the graded sand to obtain the grading
curves of the sand samples, as shown on Fig. 2. De-
tailed physical parameter tests were conducted on the
graded sand to determine the basic physical proper-
ties of the sand samples, as shown in Table 2.

Fujian standard sand (a widely used type of
standard sand) is typically a well-graded quartz sand
(SW) with rounded particles, whereas the Xinyang
River sand is poorly graded (SP, C, = 2.37) with

sub-angular to sub-rounded particles, predominantly
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Fig.1 Graded sand sample
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Fig.2 Grading curve of sand

composed of quartz with minor percentages of
feldspar and mica. SP sands are common in natural
riverbeds, beaches, and aeolian deposits, making
the findings directly relevant to such liquefaction-
prone environments. However, the results may not
be directly transferable to well-graded sand (SW) or
sand with significant fines, and caution should be
exercised when extrapolating to other conditions.
2.2 Biopolymer

The experiment used agar gum, an environmen-
tally friendly plant-based biopolymer, as a soil condi-
tioner. Agar gum is typically a polysaccharide ex-
tracted from several types of red algae, with a chemi-

cal structure formed by polysaccharides linked to ga-

lactose molecules, as shown in Fig. 3. Agar gum
processed into powder form, as shown in Fig. 4(a),
is widely used in various fields such as food, cosmet-
ics, research, and industry. Agar gum is a water-sol-
uble biopolymer that dissolves easily in boiling water
and exhibits thermal gelation properties, meaning it
forms a gel state when the temperature drops below a
specific threshold. Therefore, when an agar gum-
containing aqueous solution is heated above 85 °C, it
gradually dissolves and remains in a sol state, as
shown in Fig. 4(b).

uid at 45 °C, and when the temperature drops below

Its diluted solution remains liq-

a specific threshold (generally below 37 °C), it gradu-
ally turns into a compact gel, as shown in Fig. 4(c).
Typically, agar gum powder dissolves in water at a
temperature of approximately 85 °C - 90 °C and trans-
forms into a gel at a temperature of approximately
32 °C - 45 °C. Therefore, agar gum solutions always
exist in a gel state at room temperature (25 °C). Agar
gum possesses high mechanical strength and can gen-
erate greater cohesive and adhesive forces between
soil particles. Thus, when heated agar gum solutions
in the sol state are injected into the ground, they
gradually cool to a certain temperature and transform
into agar gum. The gel formed by agar gum increas-
es the cohesive force between soil particles, reduces
effective stress, and prevents an increase in pore wa-
ter pressure. Additionally, the strength of the soil in-
creases with the concentration of agar gum after injec-
tion. Higher agar gum concentrations result in a dens-
er gel network in the soil, reducing the size of the
gaps between soil particles and enhancing the soil's
compressive strength. In this study, agar gum pow-
der was mixed with distilled water to prepare an agar
gum solution, which was then heated to dissolve the
powder, resulting in a polymer solution in the form
of a soul. The agar gum concentration was defined as

the weight ratio of agar gum powder to dry sand.

Table 2 Physical properties of the soil

) o Specific gravity Maximum Minimum density/
Soil classification } D10/ mm D30/ mm D60/ mm C, C,
G, density/(g/cm®) (g/cm®)
SP 2.68 1.53 1.34 0.18 0.29 0.43 2.37 1. 04

2.3 Sample preparation

The preparation process for the test specimens
in this study was carried out in accordance with the
Standard for Geotechnical Testing Methods (GB/T

50123—2019)"*. Specimens for the unconfined com-
pression strength test were made from poorly graded
sand with relative density 30% and dimensions 50

mm diameter and 100 mm high. The relative density
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Fig.3 Chemical structure of agar gum

(b) Agar gum sol

(c) Gelatinous agar gum

Fig.4 Agar gum in different states

of 30% represents easily liquefiable loose sand. The
specimens were prepared using the wet mixing meth-
od. Prior to specimen preparation, the soil sample
was dried in an oven at 105 °C for 24 hours. First,

the agar gum biopolymer in powder form was dis-

solved to achieve the desired concentration. The re-
quired agar gum content was calculated as a percent-
age of the mass of dried sand. A certain amount
(0.5%, 1%, 1.5%, 2%) of agar gum powder was
added to water (to achieve an initial moisture content
of 25.3% in the sample), mixed thoroughly, and
heated until the agar gum completely dissolved in the
water to form a semi-viscous solution, as shown in
Fig. 5(a)-(b). The initial moisture content of 25. 3%
was selected based on preliminary tests over a range
of 20% - 35%: values above 30% caused demolding
difficulties and gel segregation, while values below
22% led to poor workability and non-uniform mix-
ing. The 25.3% value (&=75% of saturation) provid-
ed optimal workability and was adopted for all tests.
To ensure uniform distribution of agar gum using
manual mixing, the dry sand was preheated to 60 ‘C
for 2 h, and the agar gum solution was heated to
90 °C then cooled to 60 °C. The entire mixing process
was conducted on a heating plate maintained above
60 °C . The preheated sand was first folded and
turned over 30 times with a spatula, then continuous-
ly stirred for two minutes until the mixture exhibited
a uniform dark yellow color with no dry sand or gel
lumps, as shown in Fig. 5(c). The relative density
of 30% in the mold was equivalent to a dry density of
the specimen equal to 1.45 g/cm?® After mixing, the
gel-soil mixture was evenly layered into a cylindrical
mold, with each layer 3.33 cm high, as shown in
Fig. 5(d). The layers were scraped at the interface,
and a lubricant was applied to the inner wall of the
mold before filling to facilitate demolding. After a
few minutes, the sample inside the mold cooled and
solidified, and the specimens were removed {rom the
All demolded speci-

mens were placed in an oven to provide uniform cur-

mold, as shown in Fig. 5(e).
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ing conditions, as shown in Fig. 5(f). The oven was
set at the target temperature (20 °C, 40 °C, or 60 C)
with no additional humidity control; the relative hu-
midity inside the oven was measured to be 15% -
25% (ambient laboratory conditions) using a hygrom-
eter. No humidification or dehumidification was ap-
plied. The specimens were weighed before and after
curing to record changes in moisture content. The
wet mixing method was adopted to ensure uniform
distribution of agar gum in the soil samples. This ap-
proach addressed the limitation of the dry mixing

method, where adding water to powdered soil within

=

into clean water

(d) Placing the mixture into

the mold

(a) Adding agar gum powder (b) Heating the agar gum-

water mixture

_ddniamn

(e) Removing the samples from the

minutes under heating conditions prevented complete
dissolution of agar gum. In the UCS test, sand sam-
ples with different agar gum contents (0.5%, 1%,
1.5%, 2%) cured under four different curing times
(3, 7, 14, and 28 days) and different agar gum con-
centrations (0. 5%, 1%, 1.5%, and 2%). Addition-
ally, samples with a 2% agar gum concentration
cured for 7 days at different oven temperatures
(20°C, 40°C, and 60 °C) were also tested. Consisten-
cy of curing conditions for treated samples was en-

sured by measuring the moisture content of samples.

(¢) Pouring hot agar gum solution into the

dry sand and mixing them

(f) Curing the samples in an

mold after cooling oven

Fig. 5 Sample preparation process

3 Methodology

3.1 Testing plan

The effects of different sample concentrations,
curing time, and curing temperature on the UCS and
final moisture content of agar gum-treated sand were
investigated. To study the effects of these conditions
on the microstructure of agar gum-treated sand,
SEM testing was performed on samples prepared
under the same conditions.

First, multiple preliminary experiments were
conducted on agar gum-treated sand with different

moisture contents, considering key factors such as

specimen strength, workability, and subsequent re-
search. In the following studies, the relative density
Dr of the specimens was controlled at 30%, and the
moisture content of the specimens was controlled at
25%, i. e., W/ W, X100=25, where W, repre-
sents the mass of the agar gum solution and W, repre-
sents the mass of the dry soil. Subsequently, the ef-
fects of agar gum content, curing time, and curing
temperature on the UCS of agar gum-treated sand
were investigated.

For the UCS test, the agar gum concentration
was set at 0.5%, 1.0%, 1.5%, and 2.0%. This

range was selected based on the feasible interval for
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Table 3 Testing plan

Solution Content,

Agar gum concentration,

Experiment  Relative Density /% Curing temperature /°C Curing time /days
(W /W )/ % (M,/M,) /%
20 7 2
40 3 0.5/1.0/1.5/2.0
40 7 0.5/1.0/1.5/2.0
ucs 30 25
40 14 0.5/1.0/1.5/2.0
40 28 0.5/1.0/1.5/2.0
60 7 2.0
20 7 2.0
40 3 0.5/1.0/1.5/2.0
40 7 0.5/1.0/1.5/2.0
SEM 30 25
40 14 0.5/1.0/1.5/2.0
40 28 0.5/1.0/1.5/2.0
60 7 2.0

effective dissolution and gelation of agar gum in wa-
ter. Preliminary tests showed that when the concen-
tration exceeded 2.0% , the solution viscosity be-
came excessive, leading to non-uniform mixing with
sand and uneven gel distribution within soil pores;
therefore, concentrations above 2. 0% were not con-
sidered. This gradient design aimed to identify the
optimal concentration range that balances construc-
tion feasibility and reinforcement effectiveness. To
evaluate the effect of curing temperature on the gela-
tion process and subsequent strength development,
three levels (20 °C, 40 °C, and 60 °C) were selected;
20 °C represents typical room temperature conditions
and the ground surface temperature in most regions
during spring and autumn; 40 °C and 60 “C simulate
the high-temperature environment that the material
may experience in summer or in specific regions (e.
g. , sun-exposed ground surfaces). Four curing times
(3, 7, 14, and 28 days) were set to capture strength
growth pattern over time, evaluating both early-stage
strength and long-term stability, and to provide a ba-
sis for determining the appropriate curing period in
engineering practice. Weight tests were conducted
before and after curing to determine changes in mois-
ture content, and representative samples were select
ed for subsequent SEM testing to investigate micro-
structural reinforcement mechanisms. Table 3 out
lines the experimental plan.
3.2 UCS test

The unconfined compressive strength is an im-
portant indicator of soil mechanical properties. The

results of UCS tests can reflect parameters such as

soil compressive strength, elastic modulus, and re-
sidual strength, making them commonly used in stud-
ies aimed at improving soil mechanical properties. In
this study, the YZM-II multifunctional pavement ma-
terial strength testing machine was used to conduct
UCS tests on each sample at a displacement rate of
2.4 mm/min, as specified in the Chinese standard
GB/T 50123-2019"* for unconfined compression
tests. The testing equipment is shown on Fig. 6.
During the test, the sample was placed at the center

of the lifting plate, as shown in Fig. 7.

e

I
|
J.' 3
|

.
=t

Fig. 6 YZM-II multifunctional road surface material

strength testing machine

The UCS test procedure is as follows: (1) Place
the specimen on the lifting plate, start the machine to
slowly raise the lower pressure plate until the top of
the specimen just contacts the upper pressure plate.

At this point, the axial force gauge displays a read-
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Fig.7 UCS test on agar gum-treated sand sample

ing. Then, zero the readings of the axial displace-
ment gauge and axial force gauge. (2) Begin the test
by slowly raising the lower loading plate to apply
load to the specimen until it is destroyed. During the
test, record the axial displacement and axial stress
readings, and take photographs at regular intervals to
document the specimen’s failure process. After the
test, photograph and record the final failure state of
each specimen. Each group of specimens should in-
clude three parallel specimens, and the average value
should be taken as the result for analysis to reduce ex-
perimental error. (3) Plot the axial stress-axial strain
relationship curve based on the test data. Take the
axial stress corresponding to the peak point on the
curve as the compressive strength of the specimen; if
the curve does not have a distinct peak point, take
the axial stress corresponding to 15% strain as the
compressive strength value.

Previous experiments have not investigated the
UCS of non-cohesive sand. An attempt was made to
prepare samples using untreated sand in a mold, but
due to extremely low cohesion, the samples could
not be formed into cylinders, making it impossible to
conduct UCS tests on untreated sand. All other sam-
ples were successfully formed and tested. As a refer-
ence, based on published data for similar poorly grad-
ed loose sand (SP), the internal friction angle typical-
ly ranges from 25° to 30° and the cohesion is negligi-
ble (close to 0 kPa)®. This provides a baseline for
evaluating the improvement effect of agar gum treat-

ment. At the end of each UCS test, photographs

were taken of the treated samples with different agar
gum concentrations and curing times to investigate
the effects of these factors on the failure modes of the
samples under compression and to identify the typical
failure modes of the samples under compression.
Three specimens were prepared and tested for each
combination of agar gum concentration, curing time,
and curing temperature. The UCS values reported in
Section 4. 1 are the mean of the three measurements.
Data dispersion was assessed by calculating the stan-
dard deviation (SD) and the coefficient of variation
(CV = SD/mean X 100%). Across all test condi-
tions, the CV values ranged from 1.2% to 8.7%,
indicating good repeatability of the experimental re-
sults.
3.3 Scanning electron microscope imaging
Imaging was performed using a ZEISS EVO 18
scanning electron microscope. After curing, a repre-
cm X 1

2 mm) was cut [rom the central region of each cylin-

sentative block (approximately 1 em X
drical specimen using a fine wire saw and a sharp
blade. The block was carefully broken along its weak
plane into smaller fragments (height <<5 mm) to ex-
pose a fresh fracture surface with minimal distur-
bance, then mounted on an aluminum stub using con-
ductive adhesive, and loose particles were removed.
Gold coating was applied using a small ion sputter
coater to enhance conductivity. The specimen was
placed in the sample chamber under low vacuum,
and images were captured at magnifications of 40X ,
70X, 120X, and 300X

4 Results and discussion

4.1 UCS test results
4.1.1

tion

Effects of agar gum biopolymer concentra-

The stress-strain curves of agar gum-treated
sand at different concentrations and curing times are
shown in Fig. 8. This figure shows that the stress of
agar gum-treated sand at all concentrations and cur-
ing times first increased and then decreased with in-
creasing axial strain. At a low agar gum concentra-
tion of 0.5%, the stress-strain curve patterns are
less consistent, likely due to the agar gum not being
uniformly distributed in the sand at low concentra-

tions, as shown in Fig. 8(a). The stress-strain
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growth trends of agar gum-treated sand samples at
1% agar gum concentration are similar, generally ex-
hibiting strain softening behavior, as shown in Fig. 8
(b). When the agar gum content is higher, reaching
1.5% and 2%, the stress-strain curves of samples at

different curing times exhibit consistent patterns,
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showing a more pronounced strain softening type,
along with distinct peak strength and post-peak stress
decline phenomena, as shown in Fig. 8(c), (d). At
higher agar gum concentrations, the post-peak stress-
strain curve of the samples changes more gradually,

exhibiting a certain degree of ductile failure.
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Fig. 8 Axial stress-strain curves of agar gum-treated sand with different agar gum concentrations under different curing times

Typically, the peak value of the axial stress-
strain curve of the sample is taken as the UCS value.
If the sample does not have a peak, the stress at 15%
strain is taken as its UCS value. In the current
exhibited
distinct peaks and failed before reaching 15% strain.

study, all agar gum-treated samples
Untreated sand lacks cohesion to form a sand
column, so its UCS cannot be measured. However,
after treatment with low-concentration agar gum,
cylindrical samples can be formed for testing. As
shown in Fig. 9, the UCS value of the sample with
0.5% agar gum content after 3 days of curing is
127.69 kPa, indicating that agar gum treatment can
impart a certain degree of stiffness and cohesion to
non-cohesive sand.

At all curing times, samples with a 2% agar

800

600

UCS [kPa]
s
g

200 F

7 m 28
Curing time [days]
Fig.9 UCS of agar gum-treated sand at different

concentrations and curing times

gum content consistently showed significantly higher
UCS than those with 0.5% and 1% agar gum-
treated sand. As shown in Fig. 9, after 28 days of
curing, the 2% agar gum-treated sand exhibited the

highest UCS, reaching 638.47 kPa. Following
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closely behind were the sand samples with the same
agar gum concentration cured for 14 days, with a
peak UCS of 616. 36 kPa. It can also be observed
that the UCS of agar gum-treated samples stabilized
at around 7 days and further increases in curing time
resulted in only minor increases in UCS. Agar gum-
treated sand after seven days of curing can achieve
approximately 90% of the strength reached after 28
days.

The UCS increased with the increase in agar
gum content at all curing times, indicating that agar
gum content is an important factor influencing the
compressive strength of treated sand. Both low agar
gum content (0. 5%, 1%) and high agar gum content
(1.5%, 2%) enhanced the UCS of sand to some
extent, but the improvement effects vary with
different agar gum contents. As shown in Fig. 10,
increasing agar gum content at low agar gum content
does not significantly enhance the compressive
strength of sand. At a curing time of 3 days,
increasing the agar gum content from 0.5% to 1%
resulted in a 0. 34-fold increase in the compressive
strength of the samples, and at a curing time of 28
days, the increase was 0.33-fold, with consistent
growth patterns. At high addition levels, increasing
the agar gum content significantly improves the
compressive strength of sand. At a curing time of 7
days, the compressive strength of sand treated with
2% agar gum reached 601.38 kPa, which is 0.6
times higher than the compressive strength of sand
treated with 1. 5% agar gum at the same curing time
(375.95 kPa). When the curing time was 28 days,
increasing the agar gum content from 1.5% to 2%
resulted in a 0.62-fold increase in the compressive
strength of the samples, consistent with the trend
observed at a curing time of 7 days. As shown in
Fig. 10, the trend of strength changes caused by
concentration variations 1is largely independent of
curing time. At high addition rates, increasing agar
gum concentration resulted in a greater increase in
sample strength.

4.1.2

curing time

Effects of residual moisture content and

The relationship between the UCS and moisture
content of sand treated with agar gum at different cur-

ing times and agar concentrations is shown in Fig.

700

UCS [kPa]

0 L L

10 . 1.5 2.0
Concentration of agar gum [%]

Fig. 10 Variation of UCS of agar gum-treated sand at

different curing times under different concentrations

11. At the start of curing, all samples had the same
initial moisture content. As the curing time in-
creased, the residual moisture content of samples at
all agar concentrations gradually decreased, and the
UCS correspondingly increased. After 14 days of
curing, the UCS and residual moisture content of
samples at all concentrations basically stabilized. As
shown in Fig. 11(c)-(d), after 7 days, the increase in
UCS of the high-concentration (1. 5% and 2%) sam-
ples slowed down. Between 14 and 28 days, the
compressive strength of 1. 5% agar gum-treated sand
increased by 2%, and the residual moisture content
decreased by 4.9%; the UCS of the 2% agar gum-
treated sand increased by 3.6%, and the residual
moisture content decreased by 2.1%. As shown in
Fig. 11(a), the compressive strength of the low-con-
centration (0.5%) samples increased more signifi-
cantly with increasing curing time. The compressive
strength and residual moisture content changes of the
samples with high-concentration were more stable
than those of low-concentration samples. As shown
in Fig. 11(a),(d), at the same curing time, the resid-
ual moisture content of high-concentration samples
was always greater than that of low-concentration
samples, and as the curing time increased, the differ-
ence in residual moisture content gradually de-
creased. Furthermore, at any curing time, high-con-
centration samples showed greater compressive
strength than low-concentration samples.

Systematic analysis revealed that the residual
moisture content of samples at 3 days of curing
showed little variation across different concentra-
tions. Therefore, the average moisture content for

each curing time group was calculated to observe the
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Fig. 11 Relationship between UCS and residual moisture content of agar gum-treated sand at different curing times and

concentrations

relationship between residual moisture content and
UCS. As shown in Fig. 12, as the moisture content
decreases, the UCS of polymer-treated sand at vari-
ous polymer concentrations increases significantly,
reaching the highest compressive strength at the low-
est moisture content. After curing, the gel between
sand particles solidifies wrapping around sand parti-
cles in the form of envelopes, fibers, and films,
which increase the cohesive forces between sand par-
ticles; treated sand soil begins to exhibit increased
compressive strength, shear strength, and stiffness.
To distinguish the contributions of moisture loss and
gel structure evolution, we made a quantitative com-
parison for the 2% concentration specimens after 3
and 7 days of curing: UCS increased by 34.5% (from
447 kPa to 601 kPa), while residual moisture content
decreased by 21.5% (from 1.49% to 1.17%). The
strength gain was proportionally greater than the
moisture reduction, indicating that the formation of
interparticle bridges and a continuous gel network
evolution was the dominant strengthening mecha-

nism during this period. From 7 to 28 days, UCS in-

creased by only 6.2% (from 601 kPa to 638 kPa),
despite a continued moisture reduction of 17.1%
(from 1.17% to 0.97%). This confirms that after
the gel network matures, further moisture loss does
not contribute significantly to strength improvement.
Therefore, the strength increase is governed primari-
ly by gel structure evolution in the early curing stage
(0 - 7 d) and only secondarily by moisture loss in the
later stage (7 - 28 d).

The relationship curves between the UCS of

treated sand at various agar gum concentrations and
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Fig. 12 Relationship between UCS and average residual
moisture content of samples at different curing times and

concentrations
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the moisture content of the samples are shown in
Fig. 13. At concentrations of 1%, 1.5%, and 2%,
the UCS strength exhibits a significant negative cor-
relation with the residual moisture content. This 1s
likely since as moisture content increases, part of the
agar gum between sand particles transforms into a sol
state. The friction and bonding forces between sand
particles and the sol-gel are weaker than those be-
tween sand particles and the dried solid agar gum, re-
sulting in a decrease in the overall strength. Addition-
ally, when the internal moisture content of the sam-
ple is high, water may exist in the form of free water
between sand particles. When sand particles are sub-
jected to force, this water acts as a lubricant; under
pressure, the pore water pressure within the soil in-

creases, leading to a decrease in overall strength.
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Fig. 13 Relationship curves between the UCS and
residual moisture content of agar gum-treated sand at

different concentrations

4.1.3 Effects of curing temperature

The stress-strain curves of 2% agar gum-treated
sand at different curing temperatures are shown on
Fig. 14. As can be seen in the figure, the stress-
strain curves at different temperatures follow a simi-
lar pattern, but the peak strengths vary. Figure 15
shows the relationship between UCS and moisture
content of 2% agar gum-treated sand at different cur-
ing temperatures. From this graph it can be conclud-
ed that, for the same concentration and curing time,
the higher the curing temperature, the higher the
UCS of the sample. Additionally, at the start of cur-
ing, the iitial moisture content of all samples was
the same. As the curing temperature changed, the re-
sidual moisture content of samples at different con-
centrations gradually decreased, and the UCS corre-
spondingly increased.

The compressive strength data obtained from
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Fig. 14 Axial stress-strain curves of 2% concentration

agar gum-treated sand at different curing temperatures
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Fig. 15 Relationship between UCS and residual moisture
content of agar gum-treated sand at different curing

temperatures

the 2% agar gum concentration samples cured at
20 °C are in good agreement with the compressive
strength-moisture content relationship curve obtained
from samples cured at 40 °C (Fig. 13). However,
the data obtained from samples cured at 60 °C do not
align well with the other curves, possibly because the
crystalline water present in the gel was unable to
evaporate at high temperatures. As shown in Fig.
16, compressive strength shows a linear positive
correlation with curing temperature of agar gum-
treated sand. On average, the UCS increased by
11.78% for every 10 °C increase in temperature, and
between 40 °C and 60 C, a 10 °C increase resulted in
over 14% strength growth. However, the moisture
content of samples cured at 60 “C for 7 days remained
at 94.94% of that observed at 40 °C, indicating that
the overall change in residual moisture was not
significant. This suggests that curing temperature
affects sample strength through mechanisms beyond
just moisture content.
4.1.4 Effects of curing conditions on failure pattern
Depending on the agar gum concentration and

curing time, the failure modes of the specimens
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Fig. 16 UCS of 2% concentration agar gum-treated sand

at different curing temperatures

vary. Six common typical fracture failure modes
were selected for study. Figure 17(a) shows Y-type
cracking failure, which is commonly observed in
high-concentration (2%) samples after curing for7
days or more. Y-type failure involves the overall fail-
ure of the stress concentration point in the sample.
After failure, the upper part of the sample forms a
conical shape, with the conical cracking point located
in the top region of the sample. The outer sand sur-
face develops cracks in segments, ultimately fractur-
ing into 2 - 4 parts. High-concentration specimens
contain a larger quantity of agar gums uniformly dis-
tributed within the pores of the sand sample after ade-
quate curing. Therefore, the gel-soil within the spec-
imen achieves sufficient bonding and bridging during
curing, resulting in higher overall strength. Addition-
ally, such specimens have lower moisture content,
and during failure, the sand fragments that split off
are distinctly block-shaped, with the sand appearing
dry and no visible moist areas. Such Y-shaped crack-
ing is commonly observed in stronger samples, while
weaker samples exhibit X-shaped cracking. In this
context, stronger soils such as the highly cemented
agar-soil samples, tend to fail in a brittle manner,
with shear localizing along a single dominant failure
plane inclined approximately 45 degrees to the load-
ing axis. As loading continues past peak strength,
the upper portion of the sample often shifts or rotates
along this plane, resulting in a characteristic Y-
shaped crack pattern that signifies sudden and local-
ized failure.

In contrast, Fig. 17(b) illustrates an X-type fail-

ure, commonly observed in medium-concentration

(1.5%) samples that have been adequately cured.
This form of failure is characterized by an X-type
crack initiating at the center of the sample. A conical
cracking point develops at the center of the sample,
with cracks propagating outward in block-like pat-
terns, eventually causing the sample to fracture into 4
- 6 parts. Unlike the localized failure of Y-shaped
cracks, X-shaped cracking reflects a more ductile fail-
ure mechanism, characterized by the formation of
symmetrical shear planes on both sides of the sam-
ple. Although the agar gels fully during curing, the
internal distribution of gel within the sand particles 1s
less significant compared to that in higher-concentra-
tion samples, contributing to the nature of the failure.

Fig. 17(c) shows a sliding failure mode, com-
monly observed in high-concentration (2% ) samples
with a short-curing time (one day). This failure mode
is typical of hard materials such as concrete or dry
clay. The gelatinous clay within the specimen did not
fully gel during curing, and the overall moisture con-
tent of the specimen was high. During failure, the
sand blocks that split off were not clearly defined,
and the central portion of the sand remained mostly
moist. Figure 17(d) shows petal-type failure, which
is commonly observed in samples with low concentra-
tion (1%) and short-curing time. After compression,
the sample gradually develops tooth-like cracks, ulti-
mately resulting in petal-type overall bulging. The
gelatinous soil within the sample was fully bonded
during curing, resulting in a high overall moisture
content. During failure, the fragments separated
from the sample were clearly visible, and the central
part of the sample had a visible moist section. Figure
17(e) shows bottom crack failure, which is common-
ly observed in samples with low concentration
(0.5%) and insufficient curing (less than 3 days). Un-
der compression, the sample exhibited gradual swell-
ing at the bottom, ultimately leading to failure due to
development of bottom cracks. The overall moisture
content of the specimen was low, and the clay soil in-
side did not fully gel during curing, causing uneven
gel distribution. The bottom strength was lower than
the overall strength of the specimen. Therefore, dur-
ing compression failure, vertical cracks first develop
at the weak bottom section, but the cracks propagate

upward, and the specimen does not directly fracture.
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(d) Petal-type failure

(b) X-type failure

(e) Bottom crack failure

(c) Sliding failure

(f) Bottom brittle failure

Fig. 17 Failure patterns of agar gum-treated sand in UCS tests at different curing conditions

Figure 17(f) shows brittle failure at the bottom, com-
monly observed in specimens with low concentration
and adequate curing. During compression, no obvi-
ous crack development was observed on the outer
side of the specimen. After reaching the strength lim-
it, the bottom suddenly fractured. At this point, the
overall moisture content of the specimen was very
low, and there was no ductile failure. Therefore, the
weak bottom region of the specimen underwent brit-
tle failure.

When the specimens are fully cured for 28 days,
agar gum-treated sand typically exhibits a Y -type fail-
ure. As the agar gum concentration decreases, the Y-
type cracking point of the specimens gradually shifts
downward, as shown on Fig. 18. During Y-type fail-
ure, the specimen fractures into two parts: the top
conical section and the outer sand surface. The outer
sand surface may fracture into 2 - 4 sections. The
higher the agar gum concentration, the higher the po-

sition of the conical cracking point in the sample. At

a 2% concentration, the cracking point is located at
the top of the sample, and the volume of the top coni-
cal portion is smaller, as shown in Fig. 18(a). At
this point, the volume of the top conical portion ac-
counts for approximately 1/6 to 1/5 of the total sam-
ple volume. When the concentration is gradually re-
duced to 1.5%, the cracking point shifts from the
top to the upper middle of the sample, and the vol-
ume of the top cone increases, accounting for approx-
imately 1/4 to 1/3 of the sample volume, as shown
in Fig. 18(b). The Y-type fracture pattern of the 1%
concentration sample is shown in Fig. 18(c). At this
point, the conical fracture point is located at the bot-
tom of the sample, and after failure, the upper cone
volume can account for approximately one-third to
one-half of the total sample volume. It can be ob-
served that as the concentration decreases, the vol-
umes of the various parts of the fractured sample be-
come increasingly similar, and the fracture point

gradually shifts from the top to the bottom of the sam-
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ple. The six failure modes, dominant failure control-

ling factor, critical threshold, and corresponding

(a) R,=2%

b)R,=1.5%

macro-mechanical response for each mode are sum-

marized in Table 4.

=

() R=1%

Fig. 18 Distribution of Y-type cracking points in treated sand at various agar gum concentrations after 28 days of curing

Table 4 Summary of failure modes and their controlling factors with thresholds and responses

Failure mode Dominant controlling factor

Critical threshold

Macro-mechanical response

Y-type Cementation uniformity (high) +
(Fig. 17a) low water content

X-type . o

) Cementation uniformity (moderate)
(Fig. 17b)

Sliding . .

. High water content (lubrication)
(Fig. 17¢)
Petal-type Low concentration + moderate
(Fig. 17d) water

Bottom crack Non-uniform cementation (weak

Agar gum ~2%, curing =7 days,

residual moisture <<1. 2%

High peak strength, sharp post-peak
drop, brittle failure

Medium-high strength, symmetrical

Agar gum 1. 5%, curing =7 days

shear planes, moderate post-peak decline

Agar gum =>1. 5%, residual moisture => Lower peak strength, gradual failure, no

1.5%, short curing (<3 days)

distinct cone

Low peak strength, bulging

Agar gum &~1%, curing 3 - 7 days

deformation, ductile-like response

Very low strength, progressive cracking

Agar gum <<0. 5%, curing <3 days

(Fig. 17¢) bottom)
Bottom brittle Low concentration + very low
(Fig. 171) water

Agar gum <<0. 5%, curing =7 days,
moisture <<0. 9%

from bottom, no clear peak
Low strength, sudden brittle fracture at

bottom, no warning

4.2 Microstructural analysis
4.2.1

tion

Effects of agar gum biopolymer concentra-

Scanning electron microscope images of agar
gum-treated sand cured at different concentrations for
7 days are shown on Fig. 19, with a magnification of
40x. At lower agar concentrations (0.5%), some of
the sand is cemented, but the sample cross-section
clearly shows areas where cementation is insuffi-
cient, resulting in numerous pores formed by particle
detachment. At higher concentrations (1.5% and
2%), the specimen cross-section shows a higher
strengthening effect, with agar gum uniformly distrib-
uted among sand particles. Figure 20 was obtained
after binarizing SEM images; black represents non-
porous areas and white represents pore areas. It is

clear that as the concentration of the bonding solution

increases, black areas increase and white areas de-
crease, indicating a reduction in the pores between
soil particles. The pore contours in the binary image
were retained as closed curves and displayed. The
sum of the areas of all closed curves represents the
pore area S1 in the sample cross-section. The ratio
of pore area S1 to the total cross-sectional area S is
the pore area ratio v of the sample cross-section. The
local pore area ratios at various locations for samples
of different concentrations are shown on Fig. 21. At
lower agar concentration, the area of pore contours in
the image is larger, indicating a higher pore area ratio
of the sample cross-section. The pore area ratio v of
the 0.5% sample can reach 19.94%. As agar gum
concentration increases, the pore area ratio of the
sample cross-section gradually decreases, dropping

to 7.64% at 2% concentration. The higher the agar
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gum content, the more polymer fills the pores be- to the soil results in fewer particles detaching from
tween sand particles, and the more firmly the parti- the cross-section of samples with higher binder solu-
cles are bonded together. When preparing electron tion concentrations, leading to a reduction in cross-
microscope samples, applying the same disturbance sectional pore area.

Fa) "

(c)R,=1.5% (d)R,=2%

Fig. 19 Scanning electron microscope images of cross-sections of agar gum-treated sand cured at different concentrations

for 7 days (magnified 40 times)

Fig. 20 Binarized cross-sectional image of agar gum-treated sand cured for 7 days at different concentrations (magnified 40

times)
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Fig. 21 Local pore area ratio of agar gum-treated sand at

various concentrations

Observing the distribution morphology of agar
gum at various concentrations, it can be noted that at
lower concentrations, agar gum coats the surfaces of
some sand particles, resulting in scattered bonding of
the particles, whereas at higher concentrations, the
gel can both coat the surfaces of sand particles and
form bridges between them, thereby creating a
uniform three-dimensional network structure. It can
be inferred that when the agar gum concentration
exceeds a certain threshold, the binder solution
becomes oversaturated, resulting in excess gel filling
the sand pores thereby reducing particle-to-particle
contact. Therefore, there is an optimal concentration
for polymer-reinforced sand.

4.2.2 Effects of curing time

Scanning electron microscope images of 2%
agar gum-treated sand at different curing times are
shown in Fig. 22, with a magnification of 40X . As
can be seen in the images, the longer the curing
time, the greater the degree of drying and shrinkage
of the agar gum in the samples. At shorter curing
times (3 days), most of the gel retains a relatively flat
morphology, with a small portion exhibiting shrink-
age, primarily distributed as a gel layer enveloping
the surfaces of sand particles. During curing, water
gradually evaporates and migrates from the gel, caus-
ing the gel matrix to shrink in volume, become thin-
ner, and even curl. After 7 days of curing, most of
the gel exhibits a dried and contracted state, with the
gel matrix both enveloping the surfaces of sand parti-
cles and forming a relatively uniform network struc-
ture between particle pores, resulting in a more uni-

form distribution of the gel matrix. When the speci-

men is subjected to external forces, the dry gel be-
tween the particles provides a certain degree of
strength and stiffness, thereby enhancing the overall
strength of the specimen. As shown in Fig. 11(d),
the effect of curing time on the compressive strength
of the specimen follows a certain pattern: the strength
of the 2% specimen after 7 days is 1. 34 times that of
the specimen after 3 days, while the strength of the
specimen after 28 days is only 1. 06 times that of the
specimen after 7 days. As time progresses, the gel
loses more water, leading to gradual increases in the
specimen's shear strength, cohesion, and internal
friction angle. When the specimen is sufficiently
cured (around 7 days), the gel is distributed uniform-
ly between particles, and the internal moisture gradu-
ally evaporates completely, resulting in the specimen
achieving high strength and gradually stabilizing. In
the later stages of curing, the evaporation rate of in-
ternal moisture slows down, the internal friction an-
gle remains largely unchanged, and the increase in
strength becomes increasingly smaller.
4.2.3 Effects of curing temperature

As shown in Fig. 23, the curing temperature ex-
erts a pronounced effect on both the polymer gel vol-
ume and the final moisture distribution of samples af-
ter a curing of 1 day. At this early stage (1 day), the
moisture content and the spatial distribution of dry
and wet gels differ considerably among samples sub-
jected to various temperatures. At room temperature
(20 °C) curing, the thermal gradient of the samples is
lower, resulting in a smaller dehydration rate gradi-
ent. This allows internal moisture to continuously
migrate towards the surface over a longer curing
time, forming a more uniform moisture distribution.
The cross-section contains a significant amount of un-
dried gel. At 40 "C, the overall moisture content of
the samples decreases by 26. 42% , and the undried
gel of the cross-section becomes smaller. At 60 C,
the moisture content of the sample decreases signifi-
cantly by 61.01%. The sample dehydrates more rap-
idly and over a larger area, thereby quickly forming a
dry gel portion with lower permeability and higher
stiffness, which hinders further reduction in the mois-
ture content of the undried gel portion at the center.

Scanning electron microscope images of 2%

agar gum-treated sand cured at different temperatures
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(a) Curing for 3 days

(c) Curing for 14 days

[ 200.0pm

(d) Curing for 28 days

Fig. 22 Scanning electron microscope images of cross-sections of agar gum-treated sand with 2% agar gum at different

curing times (magnified 40 times)

Moderate temperature (40°C)

Moisture
content
Distance
from center
Moisture
content
Distance
from center
Moisture
content

Distance §
from center

Fig. 23 Schematic diagram of the volume and water distribution of polymer hydrogel in the cross-section of samples at

different curing temperatures after a curing of 1 day

for 7 days are shown on Fig. 24. From SEM images
magnified 70 times, it can be observed that the mor-
phology and distribution of the agar gum vary signifi-
cantly with temperature. At 20 °C, the agar gum ap-
pears as thin films or strips attached to the surfaces of
sand particles or distributed between them, as shown
in Fig. 24(a). At 40 °C, the gel matrix rapidly forms

a medium-thickness outer shell, inhibiting further

contraction of the gel body due to its low permeabili-
ty and high stiffness. At this temperature, the agar
gum appears as thicker, smaller-area strip-like or
sheet-like thick films, adhering to the surfaces of
sand grains or between sand grains, with irregular
shapes, as shown in Fig. 24(b). When the tempera-
ture reaches 60 ‘C, the rate of water exchange be-

tween the gel and air increases significantly, leading
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to the rapid formation of a hard outer shell. Com-
pared to the intermediate temperature condition, the
gel matrix undergoes a significant contraction, and
some membrane-like gels develop cracks. The gel
takes on a more complex, fragmented form, with

small pieces distributed between sand particles, bond-

L\élrge and thin
hydrogel

[100.0pum

(a) 20 °C

w
Moderate and flake-like -
hydrogel

(b) 40 °C (c) 60 °C

ing them together, as shown in Fig. 24(c). The gel
shows the least shrinkage at moderate temperatures
(40 °C), with its outer shell forming in a relatively
short time. At higher curing temperatures, the thick-

er hydrogel outer shell exhibits the highest strength.

« Breakage
of hydrogel

Shrink@ge
10f hydrogel
; [

$¢

Fig. 24 Scanning electron microscope images of 2% agar gum-treated sand cured at different temperatures for 7 days.

5 Mechanism

The fundamental reason for the change in the
macroscopic physical and mechanical properties of
sand under external loads lies in the alteration of its
microstructure. When agar gum polymer solution is
mixed with sand, it coats the surfaces of sand parti-
cles, fills the pores between particles, and effectively
binds the particles together, thereby improving the
mechanical properties of the sand. Sand particles are
connected by polymer bridges with strip-like or mem-
brane-like structures, and the pores between sand
particles are also filled with polymers. After analyz-
ing many SEM images, it can be concluded that the
relationship between polymers and sand particles in-
volves three mechanisms: surface coating of parti-
cles, pore filling, and inter-particle connection, as
shown in Fig. 25. The schematic diagram of the
agar gum development process is shown on Fig. 26.
During the initial curing stage, the gel encapsulates
sand particles and fills the sand pores (Fig. 26a). In
the early stage, the outer layer of the agar gum gradu-
ally dehydrates to form a gel shell, which possesses
hardness and cohesive force, imparting a certain
strength to the sample (Fig. 26b). During the curing
process, the gel gradually dehydrates and contracts,
causing the outer shell to thicken. Ultimately, it ex-
hibits the three distribution states of sand particle
coating, pore filling, and inter-particle bridging. At
this stage, the agar gum is fully cured and has good

bonding with the sand particles, forming a relatively
stable three-dimensional network structure (Fig.
26¢).

Surface coating
s J

o

Pore filling

s

Iﬂ'ou ™ Connection bridge

(a) SEM diagram

- Soil particle
l:l Pore

Agar hydrogel
Hydrogel shell

(b) Colorings diagram

Fig. 25 The distribution of polymer gel in sand particles

5.1 Effects of agar gum biopolymer concentra-
tion
Agar gum concentration modifies the macroscop-

ic mechanical behavior of sand by regulating the mor-
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(@) Initial stage

(b) Early development stage

(¢) Fully-developed state

The development process of agar hydrogel in sand

- Soil particle
l:l Pore

Agar hydrogel
Hydrogel shell

Surface coating

Fig. 26 The development process of agar gum hydrogel in sand

phology of the gel network and pore structure. At
low agar gum concentrations (0.5%), the gel exhib-
its a scattered distribution, resulting in widespread ar-
eas of msufficient gelation. Microscopically, this
manifests as localized point-wise gelation (Fig. 19a),
while macroscopically, it corresponds to significant
dispersion in the stress-strain curve (Fig. 8a). This
state only confers cohesive strength to the sand foun-
dation, with a UCS of approximately 127. 69 kPa at
a 3-day curing time. When the concentration increas-
es to 1%, the gel forms an initial local connection
network between sand particles, and the stress-strain
curve exhibits consistent strain softening characteris-
tics (Fig. 8b). The failure strain also increases sys-
tematically with the increase in concentration: at a 7-
day curing time, strain is approximately 4% at a
0.5% concentration (Fig. 8a) and reaches 6. 2% at a
2% concentration (Fig. 8d). This indicates that a
higher gel content leads to a greater deformation be-
fore fracture, which may be due to the denser gel net-
work having a stronger energy dissipation capacity.
When the concentration reaches the critical
threshold of 1.5% - 2%, the agar gum forms a
three-dimensional network structure (Fig. 19¢ - d),
causing particle wrapping and bridging. At this
point, the macroscopic mechanical behavior shows a
typical strain softening curve with a gentle post-peak
segment (Fig. 8c - d), indicating that the gel net-
work suppresses brittle failure through an energy dis-
sipation mechanism, conferring quasi-ductile proper-
ties to the material. Quantitative analysis of the mi-
croporous structure further supports this mechanism:

binarized images show that the pore area ratio v of

the sample cross-section decreases systematically as
the concentration increases from 0.5% to 2% (Fig.
20~22). This phenomenon is attributed to insuffi-
cient gel coverage at low concentrations causing parti-
cle detachment, resulting in a high porosity of
19.94%; whereas at medium to high concentrations,
the gel fully fills the pores and bridges the particles,
reducing the porosity to 7% - 12%. The reduction
in porosity not only enhances the overall density of
the treated sample but also significantly increases in-
terfacial adhesion by increasing the effective bonding
area, enabling the 2% concentration sample to
achieve a 28-day strength of 638. 47 kPa (3. 35 times
that of the 0. 5% sample).

As the bonding solution concentration increas-
es, the strength growth pattern of the sample exhib-
its a non-linear characteristic. In the low concentra-
tion range (0.5% - 1%), a 100% increase in concen-
tration only results in a strength increase of 0. 33-
0. 34 times, whereas in the high concentration range
(1.5% - 2%), the same concentration increase leads
to a strength increase of 0. 6-0. 62 times, confirming
the enhancing effect of the continuous network on
load transfer. At low concentrations, the polymer
primarily fills the pores between particles, resulting
in limited enhancement of shear strength. With fur-
ther increase in agar content, the polymer encapsu-
lates the sand particles, thereby further increasing the
sample strength. Notably, specimens at a 2% con-
centration reached 90% of the 28-day strength at 7-
day curing, indicating that high-concentration can ac-
celerate the maturation of the cementing network,

which has significant practical application value in en-
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gineering.

Scanning electron microscopy observations also
revealed the potential risks of concentration overload:
when the concentration exceeds 2%, excess gel
forms thick gel films between particles, which al-
though further reduces porosity, may weaken the me-
chanical interlocking effect between sand particles.
This phenomenon suggests the existence of an opti-
mal concentration threshold. Combining the strength
growth rate inflection point (the largest increase oc-
curs in the 1.5% - 2% range) with microstructural
characteristics, it is recommended that engineering
applications use the 1. 5% - 2% range as the optimal
concentration window.

5.2 Effects of curing time

The development of the mechanical properties
of agar gum-treated sand is primarily influenced by
the evolution of moisture content and the gel phase
transition process during the curing time. As shown
in Fig. 11, as the curing time increases, the residual
moisture content of samples at various concentrations
systematically decreases, while the UCS correspond-
ingly increases. This phenomenon is attributed to the
continuous evaporation of water, which triggers a
physical phase transition in the gel. The loss of free
water promotes the gradual transformation of the ini-
tial sol-gel state of agar gum into a solid gel matrix,
thereby enhancing the cohesive force between sand
particles and the interfacial adhesive strength. After
14 days of curing, both strength and moisture con-
tent changes stabilize (Fig. 1lc-d), indicating that
the gel network has entered a mature stage.

Samples with different concentrations exhibit
significant differences in water retention characteris-
tics. Under the same curing time conditions, the re-
sidual moisture content of samples with concentra-
tions between 1.5% and 2% is consistently higher
than that of low-concentration samples (Fig. 1la-d).
For example, at 3 days of curing time, the moisture
content of the 2% sample is 1. 34 times that of the
0.5% sample. This phenomenon is attributed to the
three-dimensional network structure formed by high-
concentration agar gum, which effectively binds
bound water and slows down the internal water mi-
gration rate. However, long-term curing weakens

the influence of concentration gradients, and by the

28-day curing time, the water content ratio decreases
to 1. 11 times (Fig. 12), reflecting that the water dif-
fusion process ultimately tends toward homogeniza-
tion.

The contribution of curing time to strength de-
velopment exhibits a non-linear characteristic. Low-
concentration samples showed a strength increase of
11.2% between 14 and 28 days (Fig. 1la), reveal-
ing their slow-maturing binder network characteris-
tics; in contrast, high-concentration samples exhibit-
ed an increase of only 2% - 3.6% during the same
period (Fig. 1lc - d), confirming their early rapid
curing advantage. Notably, the 2% concentration
sample achieved 94.19% of the 28-day strength at
the 7-day curing time (Fig. 11d), providing a theoret-
ical basis for engineering applications to shorten the
curing cycle.

Scanning electron microscope images (Fig. 22)
provide direct evidence for the microscopic mecha-
nisms. In short-curing time samples, the gel forms a
smooth coating layer on the surface of sand particles
(Fig. 22a), retaining sol characteristics; as curing
progresses, water evaporation causes the gel to con-
tract and curl, forming interparticle bridges (Fig.
22b); while long-term specimens develop a uniform
gel network structure (Fig. 22c-d), forming a three-
dimensional network system between sand particles
and gel. By the 7-day curing time, the gel network is
largely formed (Fig. 22b), corresponding to the
strength entering a plateau phase (Fig. 12). Further
extending the curing time causes the gel to undergo
minor contraction and densification, contributing lit-
tle to strength enhancement. The microscopic evolu-
tion 1s highly consistent with macroscopic strength
growth.

It is evident that the curing process of treated
sand has a critical threshold. The 7-day period repre-
sents the gel network formation stage, during which
gel morphology transitions from smooth, sheet-like
coatings (Fig. 22a) to a shrunken, bridged network
(Fig. 22b), driven by rapid water evaporation. For
the 2% concentration specimens, UCS increases by
34.5% (from 447 to 601 kPa) between 3 and 7 days,
while residual moisture decreases by 21.5% (from
1.49% to 1.17%). This strength gain exceeds the

rate of moisture loss, confirming that gel structure
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evolution dominates this stage and contributes over
90% of the total strength growth (Fig. 11d). After 7
days, the system enters the bonding stabilization
phase (Fig. 22c-d), where residual water slowly de-
sorbs, resulting in only minor strengthening. From 7
to 28 days, UCS increases by only 6. 2% (from 601
to 638 kPa) despite a continued moisture reduction of
17.1% (from 1.17% to 0.97%), further demon-
strating that once the gel network matures, addition-
al drying has a limited effect on strength enhance-
ment. This two-stage mechanism originates from a
fundamental shift in water migration: free water rapid-
ly dissipates in the early stage to form the bonding
framework, whereas bound water desorption only
slightly adjusts structural density in the later stage.
High-concentration agar gum achieves early strength
enhancement through a dense network (Fig. 11d),
while low-concentration systems rely on progressive
strengthening via discrete gelation points (Fig. 1la).
The 7-day curing time thus serves as the critical node
for gelation maturity (Fig. 12), establishing a scien-
tific benchmark for optimizing engineering curing cy-
cles.

5.3 Effects of curing temperature

Curing temperature regulates the mechanical
properties of agar gum-treated sand through a dual
pathway. When the temperature rises from 20 °C to
60 °C, the UCS of the 2% concentration sample
shows a significant increase of 25%. This strength-
ening effect is primarily attributed to the accelerated
water migration caused by temperature, as higher
temperatures systematically reduce the residual mois-
ture content (Fig. 15), driving the transformation of
the sol-state agar gum into a solid gel matrix. How-
ever, it is worth noting that the strength increase of
the 60 °C sample far exceeds its moisture content de-
crease, and its data points significantly deviate from
the moisture content-strength fitting curve (Fig. 13),
indicating the presence of a strengthening mechanism
independent of moisture content.

Changes in curing temperature also induce un-
even moisture distribution. Fig. 27 illustrates the ef-
fect of curing temperature on agar gum. At room
temperature (20 ‘C), the dehydration rate of the agar
gum is gradual, with water uniformly diffusing to

form a continuous film, resulting in a thin outer hard

shell (Fig. 27a). Under moderate temperature condi-
tions (40 ‘C), moderate dehydration forms a medium-
thickness outer shell, whose low permeability effec-
tively inhibits internal shrinkage, preserving a larger
gel volume (Fig. 27b). Under high-temperature con-
ditions (60 °C), the gel surface hardens rapidly, caus-
ing the outer shell to form quickly, with more pro-
nounced shrinkage of the gel matrix (Fig. 27c).
Cracks may appear in some parts of the internal film
(Fig. 27d), leading to obstructed water migration
within the sample and the formation of a “dry exteri-
or and wet interior” dual-layer structure, exacerbat-
ing uneven gelation. Specimens cured at 40 C
achieve the optimal balance between bonding unifor-
mity and network density (Fig. 24b), with moderate
bonding shell thickness and no significant cracks.
Scanning electron microscope images reveal the
reconstructive effect of temperature on the morpholo-
gy of the gel (Fig. 24). Under 20 °C curing condi-
tions, the gel exhibits a thin and flat film morpholo-
gy, with molecules maintaining an ordered helical
structure, forming a homogeneous gel layer with lim-
ited mechanical performance. At a curing tempera-
ture of 40 “C, the molecular conformation undergoes
an entropy-driven transformation. This coil-to-helix
transition is well documented for agar gum and is
known to promote the formation of additional junc-
tion zones, thereby increasing cross-linking densi-
ty™

lecular cross-linking, constructing a strong and tough

. Disordered curled polymer chains promote mo-

three-dimensional network. When the temperature
increases to 60 °C, the gel fractures into complex
small pieces due to excessive shrinkage. Although
this enhances local bonding strength, microscopic
cracks exacerbate structural heterogeneity, potential-
ly leading to overall strength reduction. The impor-
tance of this conformation transition lies in high tem-
peratures disrupting molecular order and promoting
interchain cross-linking, while the cooling process
permanently solidifies the cross-linked structure, ulti-
mately imparting a denser gel network to the high
Additionally, higher

temperatures mean more frequent interpenetration be-

temperature cured samples.

tween the gel and sand particles before complete so-
lidification, resulting in stronger bridging and net-

work structures, which reasonably explains the high-
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Fig. 27 Schematic diagram of the effect of curing temperature on agar gum

est slope of strength increase in the 40 ‘C - 60 C
range shown in Fig. 15. Linking gel morphology
The macro-mechanical effect of gel network morphol-
ogy in terms of UCS strength is as follows: at 20 °C,
thin flat films (Fig. 24a) yield a UCS of 549 kPa; at
40 °C, thicker strip-like gels (Fig. 24b) increase the
UCS to 627 kPa (an increase of 14.3%); at 60 C,
fragmented and cracked gels (Fig. 24c) produce the
highest UCS of 687 kPa (an increase of 9. 5% rela-
tive to 40 “C). The strengthening from 40 °C to 60 ‘C
exceeds that could be expected from moisture loss
alone (residual moisture decreased by only 5.1%),
suggesting that molecular conformation change and
the resulting fragmented gel morphology provide ad-
ditional strengthening beyond dehydration.

We can conclude that curing temperature en-
hances sand strength through a synergistic mechanism
—both reducing moisture content and optimizing the
gel network restructuring. The 40 “C - 60 °C temper-
ature range provides the optimal balance between gel
uniformity and cross-linking density, while tempera-

tures above 60 °C carry the risk of structural heteroge-

neity. Temperature, along with agar concentration
and curing time, form a three-dimensional system for
performance regulation, with a 40 ‘C - 60 “C curing
temperature window balancing efficiency and stabili-
ty.
5.4 Destruction mechanism

The interaction between agar gum concentration
and curing time discussed in Section 4.1.4,
determines the formation of six typical failure modes
(Fig. 17) which result from the interaction between
the gel network state and the moisture content.
When the specimen is subjected to external loads,
the sand-gel mixture forms an integrated load-bearing
system. Within this system, the movement of sand
particles is restricted, and particle movement shifts
from high-stress chain zones to low-stress chain
zones. As the microstructure becomes unstable,
stress concentration causes sand particles to undergo
compression, tension, and rotation. When particle
movement exceeds the polymer membrane's load-
bearing limit, inter-particle failure occurs at the

weakest points of the polymer membrane bond. The
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underlying mechanisms of this failure can be
summarized as follows:

In samples with high agar concentration (==2%)
and long-curing time (=7 days), agar gum forms a
which

shows a mechanical behavior similar to sandstone-

cross-linked, continuous, dense network,
like rocks. Microscopically, this manifests as the
bonding phase uniformly covering the particle surfac-
es, while macroscopically, it results in efficient
stress transmission along the axial direction, leading
to significant tensile stress concentration at the top of
the sample, ultimately triggering a Y-type cracking
pattern (Fig. 17a). Notably, the uniformity of ce-
mentation decreases with decreasing concentration:
when the concentration drops to 1.5%, the forma-
tion of local cementation islands causes stress concen-
tration points to migrate to the middle and upper
parts (Fig. 18b); when the concentration further de-
creases to 1%, the cementation gradient distribution
causes the cracking points to settle at the bottom of
the specimen (Fig. 18c). When the concentration de-
creases to the critical value of 0.5%, the synergistic
effect of point-like bonding and gravitational settling
forms a weak zone at the bottom, becoming the trig-
ger for bottom bulging or brittle failure (Fig. 17e-f).

Water content, as a key parameter characteriz-
ing the curing process, regulates the transition of fail-
ure modes by altering the rheological properties of
the gel. High water content primarily occurs in short-
curing time specimens (e. g., 2%-1d combination),
where unlinked gel exerts a lubricating effect, signifi-
cantly reducing interparticle friction resistance and in-
ducing overall shear slippage akin to saturated clay
(sliding failure in Fig. 17c¢). Moderate water content
is observed in low-concentration, short-curing time
specimens (1%-1d), where the failure mechanism in-
volves the coupling of gel chain stretching and frac-
ture with the rearrangement of unbound sand parti-
cles, ultimately forming a petal-shaped morphology
(Fig. 17d). Extremely low water content in long-
term cured specimens induces a brittle transformation
of the entire specimen. High-concentration systems
exhibit brittle fracture characteristics (Y/X-type fail-
ure), while low-concentration systems experience
fragmentation and collapse due to point-like cementa-
tion hardening (Fig. 171).

The failure behavior results from the selection of
pathways for energy release within the material, a
process directly regulated by the spatial configuration
of the cementation network. In uniformly strongly ce-
mented systems (high concentration, long-term cur-
ing), stress concentrates along the axial height, ulti-
mately releasing energy through conical cracks in a
single event, manifesting as Y-type cracking with the
conical volume accounting for only 1/6 to 1/5 of the
total (Fig. 18a). In non-uniform cementation sys-
tems (low concentration), gravitational settling forms
a weak cementation layer at the bottom, and stored
energy is preferentially released along this weak
zone, leading to progressive swelling or sudden brit-
tle fracture (Fig. 17e-f). In systems with weak local
surfaces (medium concentration and long-curing
time), non-uniform regions in the network cementa-
tion induce multi-directional crack intersection and ex-
pansion, forming typical X-type through cracks (Fig.
17Db).

In uniformly strong cemented systems, 28-day
long-term samples generally exhibit Y-type cracking
(Fig. 18), with the cracking points continuously shift-
ing downward as concentration decreases. This con-
firms the controlling effect of cementing uniformity
on failure pathways. This entails a warning for long-
term engineering projects: to prevent the risk of brit-
tle collapse at the bottom, high-concentration struc-
tures should be designed as brittle materials to avoid

cone failure.

6 Conclusion

The aim of this study was to investigate the
effects of polymer concentration, curing time, and
curing temperature on the UCS of agar gum-treated
sand and the underlying mechanisms leading to UCS
changes. The following key findings were obtained
from analysis of experimental data and specimen
failure patterns.

1) Effect of agar gum concentration: The UCS
increased with increasing agar concentration due to
the formation of a three-dimensional gel network,
and pore filling. At 2% concentration, the 28-day
UCS reached 638.5 kPa, which is 3. 35 times that
at 0.5%. The failure strain increased from ~1.7%

to ~3.2% as concentration rose from 0.5% to 2%,
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indicating that deformation capacity increased with
higher gel network density. From an engineering per-
spective, although agar gum (1.5% - 2% dosage)
has a higher material cost (=120 - 160 RMB/ton)
RMB/ton at 5%

dosage), its environmental benefits (no CO* emis-

than cement stabilization (&=25

sion, no soil pH rise, biodegradability) make it a bet-
ter choice for ecologically sensitive or temporary ap-
plications.

2) Effect of curing time and residual moisture:
Seven days of curing was found to be the critical
threshold for gel network maturation, achieving >
90% of the 28-day strength. The UCS was
negatively correlated with residual moisture content;
the probable cause is that free water lubricates
particle contacts while solid gel provides bonding.

3) Effect of curing temperature: The UCS in-
creased with temperature, with an average gain of
11.78% per 10 °C rise. The 40 “C - 60 °C range in-
duced molecular conformation changes that increased
cross-linking density, but temperatures above 60 °C
might have caused excessive gel shrinkage and micro-
cracks. For field application, 40 ‘C - 60 “C curing
can be achieved during summer, or using solar green-
house covers (raising temperature by 15 ‘C - 25 °C),
or industrial waste heat. Challenges include tempera-
ture uniformity and moisture control, which require
attention in pilot-scale trials.

4) Failure modes and microscopic mechanisms:
Six failure modes (Y-type, X-type, sliding, petal-
type, bottom crack, bottom brittle) were identified,
controlled by gel uniformity and moisture distribu-
tion. High concentration (=1.5%) and long curing
time (=7 d) were found to cause brittle Y/X-type
failure; low concentration (<<1%) and short curing
(3 d) caused progressive or swelling failure. Mi-
croscopic strengthening arose from particle coating,
pore filling, and interparticle bridging by the hard-
ened gel.

5) In engineering applications, a combination of
agar gum concentration of 1.5% - 2.0%, curing
time of 7 days, and curing temperature of 40 C -
60 °C is recommended for sand strengthening. This
combination balances strength efficiency and structur-
al uniformity while avoiding risks of interface weaken-

ing and structural heterogeneity.

The present study has some limitations due to
time constraints. Quantitative analysis of stress con-
centration, crack propagation, and energy release
mechanisms for the six failure modes were not includ-
ed. These aspects will be addressed in future numeri-
cal simulations (DEM/FEM). Moreover, we will
further explore the mechanical theory behind the ex-
perimental data by adopting appropriate constitutive
models for soils (e. g. , elastoplastic or damage mod-
els) to better explain the observed stress-strain behav-
ior and failure mechanisms. Future research will also
conduct dynamic triaxial tests to investigate liquefac-
tion resistance and explore long-term durability under

dry-wet and freeze-thaw cycles.
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