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Abstract

The application of carbonaceous mudstone soil-stone mixtures (CM-SRM) in embankment engineering is limited due to its poor
mechanical properties. This study aims to enhance the strength properties of CM-SRM by modifying it with guar gum, fly ash and red
clay. Unconfined compressive strength (UCS) tests and triaxial compression tests were carried out using orthogonal design methods
to systematically analyze the mechanical properties and modification mechanisms of modified CM-SRM. The results indicated that the
modified CM-SRM exhibited failure modes such as single-shear, single-shear-bulging, double-shear, and double-shear-bulging, with fly
ash and guar gum dosages significantly affecting both failure modes. Unconfined compressive strength and cohesion increased post-
modification, with minor changes in friction angle. Orthogonal analysis reveals that guar gum dosage significantly effects on UCS and
shear strength indexes, whereas the effect of fly ash is comparatively weaker. Based on the test results, a shear strength evaluation
method based on linear and nonlinear models is proposed. The study shows that the composite modification mechanisms of red clay,
fly ash, and guar gum on CM-SRM mainly includes bonding and filling effects, cation exchange, and gel aggregation. The suggested
dosage combination is 10% red clay, 5% fly ash, and 4% guar gum.
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1 Introduction

With the rapid development of global infrastructure, the
demand for embankment fillers has increased signifi-
cantly. Carbonaceous mudstone is a soft rock rich in clay
minerals, widely distributed in southwest China [1, 2].
Large amounts of waste carbonaceous mudstone are gen-
erated during highway construction excavations, and its
use as embankment fill can effectively reduce construc-
tion costs and minimize environmental pollution [3, 4].
However, carbonaceous mudstone easily disintegrates and
softens upon water exposure, showing low strength [5],
which limits its direct engineering application. Improving
the strength properties can advance the application of car-
bonaceous mudstone in sustainable infrastructure.

In recent years, modification methods have been widely
used to treat weak geotechnical materials, and common
modifiers are classified as inorganic and organic gelling
materials. Inorganic gelling materials such as cement [6],
lime [7] and gypsum [8] enhance shear strength through
physicochemical bonding [9]. For example, Wu et al. [10]
observed that a mixture of cement and metakaolin modi-
fication significantly improved soil strength and reduced
water sensitivity. Zeng et al. [11] noted that cement had a
greater effect on cohesion enhancement of disintegrated
carbonaceous mudstone (DCM) than red clay and fly ash.
Amulya et al. [12] found that alkaline solutions such as
sodium hydroxide combined with fly ash or granulated blast

Cite this article as: Zeng, L., Yu, H. C., Wang, W. G., Xue, C. W., Wen, W., Gao, Q. F., Bian, H. B., Luo, J. T., Song, J. P., Li, Y. J. "Strength Properties and
Evaluation Method of Composite Modified Carbonaceous Mudstone Soil-rock Mixtures", Periodica Polytechnica Civil Engineering, 69(4), pp. 1063-1077,
2025. https://doi.org/10.3311/PPci.40107


https://doi.org/10.3311/PPci.40107
https://doi.org/10.3311/PPci.40107
mailto:qianfeng.gao%40csust.edu.cn?subject=qianfeng.gao%40csust.edu.cn

1 064 Zeng et al.
Period. Polytech. Civ. Eng., 69(4), pp. 1063-1077, 2025

furnace slag improved the UCS, California Bearing Ratio,
and durability of clays. However, while inorganic gelling
materials significantly improve soil strength, their high
rigidity and poor ductility easily lead to brittle failure and
constrain adaptability under high-strain conditions. Organic
materials such as gum Arabic [13], polyurea [14] and guar
gum [15, 16] are flexible and improve the ductility of soils,
making them more plastic during failure. Organic gelling
materials enhance bonding through cross-linking struc-
tures, and although they help to improve soil ductility, the
enhancement of shear strength is not as significant as that
of inorganic gelling materials. Therefore, composite mod-
ification can increase the overall strength and ductility of
the soil, and enhance structural stability and durability [17].

Current studies mainly use the same type of materials
to modify carbonaceous mudstone [18-20], and usually
apply to DCM without considering large particles. In prac-
tice, disintegration of carbonaceous mudstone with large
particles requires high cost and time, while excessively
large particles lead to poor gradation, adversely affect-
ing engineering properties [21, 22]. Using modified car-
bonaceous mudstone soil-rock mixtures (CM-SRM) for
embankment filling can effectively solve these problems,
but limited studies currently examine the modification of
CM-SRM. For this reason, using red clay, fly ash, and guar
gum as modified materials, the UCS and triaxial com-
pression tests were carried out by the orthogonal design
method to analyze the failure mode, stress-strain char-
acteristics, and shear strength of CM-SRM, and explore
the composite modification mechanisms. A shear strength
evaluation method of modified CM-SRM was proposed
based on the test results, providing a scientific basis for the
application of modified materials in highway engineering.

2 Test materials and methods

2.1 Test materials

2.1.1 Carbonaceous mudstone

The carbonaceous mudstone used for the tests was taken
from an excavated slope of the Lantian Expressway in
Guangxi, China, and particles with a size of less than 20 mm
were sieved for subsequent tests. Firstly, X-ray diffrac-
tion (XRD) and X-ray fluorescence spectroscopy (XRF)
were carried out to analyze the mineral and chemical com-
position of the carbonaceous mudstone. The results show
that the main minerals are quartz, muscovite, kaolinite,
illite and calcite, and the chemical composition is shown in
Table 1. Studies have shown that carbonaceous mudstones
typically have a particle size of less than 2 mm when fully
disintegrated, and exhibit soil-like properties, and hence

referred to as DCM [23]. Consequently, this study set 2 mm
as the boundary between 'soil' and 'stone', with particles
larger than 2 mm defined as 'stone'. Subsequently, the basic
physical properties of the DCM were tested according to
the Chinese technical specification (JTG 3430-2020) [24],
with results shown in Table 2, revealing that the DCM
qualifies as low liquid limit silt (ML).

A previous study [4] shows that CM-SRM exhibits
good engineering performance at 96 % compaction and 60
% stone content, but its UCS is less than 400 kPa, which
severely limits its application. Therefore, this study carried
out modification tests under the same compaction condi-
tion and stone content to enhance the strength properties
of CM-SRM. After the CM-SRM was prepared accord-
ing to 60 % stone content, a particle gradation curve was
obtained by carrying out a sieve test (shown in Fig. 1), and
the maximum dry density of 2.29 g/cm?® and the optimum
water content of 6.77 % of the CM-SRM were determined
by compaction tests.

2.1.2 Modified materials

Red clay is widely distributed in Guangxi, Hunan, and other
areas of southern China, and was mainly formed by carbon-
ate rocks through red clayification, with a high liquid limit
and high plasticity [25, 26]. To reduce transport costs and
source materials locally, red clay for the test was collected
from the slopes near the sampling site of carbonaceous mud-
stone. The red clay was air-dried, crushed, and processed
through a 2 mm sieve, and the sieved portion was used as the
modified material (see Fig. 2(a)). Its particle gradation curve
is shown in Fig. 1, and its chemical composition and basic
physical properties are shown in Tables 1 and 2. Based on
the Chinese technical specification (JTG 3430-2020) [24],
this red clay is a high liquid limit clay (CH), with the main
chemical compositions of SiO,, Al,O, and Fe,O,.

Fly ash is a fine industrial waste with a large specific sur-
face area, strong adsorption capacity and good pozzolanic
activity, which is widely used as concrete admixture and soil
modifier [27]. The fly ash used in the test was produced by
Zhengzhou Huifeng New Materials Co. Ltd, with a particle
size of less than 0.045 mm, and the main chemical composi-
tions of Si0,, Al,O,, Fe,0, and CaO (see Table 1, Fig. 2(b)).

Guar gum is a natural polysaccharide polymer
extracted from guar beans, which is a light-yellow pow-
der (Fig. 2(c)), with good thickening properties and can be
dissolved in water to form a gel [28]. Guar gum is widely
used in food, petroleum, and papermaking due to its low
cost, environmental friendliness, and stability in acidic
and thermal conditions [29].
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Table 1 Chemical composition (%)

Material Sio, AlLO; Fe O, CaO MgO K,0 TiO, P,05 Na,O SO, Loss on ignition
DCM 52.9 21.7 6.7 3.9 2.1 1.9 1.4 1.1 — — 8.3
Red clay 427 39.2 7.3 — 0.8 1.7 1.2 0.3 — — 6.8
Fly ash 48.3 29.7 4.8 29 1.6 1.4 — — L5 1.8 8.0
Table 2 Basic physical properties
. . . . . . _ s T Plasticity
Material ~ Specific gravity ~ Optimum water content (%) Maximum dry density (grem™)  Liquid limit (%)  Plastic limit (%) index
DCM 2.66 10.86 2.01 34.1 26.7 7.4
Red clay 271 23.57 1.61 55.3 28.2 271
100 Table 3 Orthogonal test scheme
—=— CM-SRM Specimen Red clay dosage  Fly ash dosage Guar gum
—e— Red clay P (%) (%) dosage (%)
80 - T, 0 0 0
— T, 0 5 2
N
% 60 T 0 10 4
=Y T, 0 15 6
£ T. 5 0 2
S 404 :
D) T, 5 5 0
~
T, 5 10 6
20+ T, 5 15 4
T, 10 0 4
0 T T T 1 7, 10 5 6
10 10! 10° 107! 102 T, 10 10 0
Grain size (mm) , 0 5 5
Fig. 1 Particle gradation curve T, 15 0 6
T, 15 5 4
(b) T 15 10 2
§ T, 15 15 0

Fig. 2 Modified materials: (a) red clay, (b) fly ash, and (c) guar gum

2.2 Test methods

To investigate the strength properties of modified CM-SRM
with different dosage levels, UCS tests and triaxial compres-
sion tests were carried out. Referring to the previous stud-
ies [11, 18, 30], four levels of red clay dosage of 0%, 5%,
10%, and 15%, fly ash dosage of 0%, 5%, 10%, and 15%,
and guar gum dosage of 0%, 2%, 4%, and 6% were set.
The orthogonal design is suitable for analyzing the effects of
factors and their interactions on the experimental results due
to its high efficiency in multifactor multilevel studies [31].
Therefore, this study used a three-factor, four-level orthogo-
nal design method, and the test scheme is shown in Table 3.

EN

2.2.1 Specimen preparation

Each specimen in this study was a cylindrical sample with
a diameter of 100 mm and a height of 200 mm. The spec-
imens were compacted to 96% density, with a 60% stone
content and optimal water content of 10.86%. Firstly, the
sieved dry soil material was weighed according to the per-
centage of each particle group in Fig. 1, and was uniformly
mixed by adding modified material according to Table 3.
Subsequently, pure water was added to the mixture, mixed
uniformly and put into a sealed bag for 24 h, so that the
water inside the soil material was uniformly distributed.
Finally, the wet mixture was put into moulds and com-
pacted in 5 layers by the static compaction method to
obtain cylindrical specimens, which were cured indoors
under natural conditions (20 °C + 3 °C, relative humid-
ity > 50%) for 7 days for subsequent tests.
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2.2.2 UCS tests

The tests used a WDW-20 universal testing machine, with
strain-controlled loading at a rate of 1%'min'. During load-
ing, axial force - axial strain curves were observed: if a
peak appeared in the curve, loading continued for an addi-
tional 3%—5% strain until axial force stabilized; if no peak
appeared, loading stopped at 16% axial strain.

2.2.3 Triaxial compression tests

The triaxial tests used an Autotriax Dynatriax 100/14 sys-
tem from Controls (Italy) (Fig. 3), with modules for com-
puter control, data acquisition, pneumatic pressure control,
triaxial chamber, and actuator [32]. Tests were conducted
under undrained and unconsolidated conditions at confin-
ing pressures o, of 50 kPa, 100 kPa, and 150 kPa, with
strain-controlled loading at 0.6%min'. The loading stop-
ping conditions were the same as those of the UCS tests.

3 Results and discussion

3.1 UCS properties of modified CM-SRMs

3.1.1 Failure modes

The failure mode of rock materials is closely related to their
strength properties. Observation of the failure modes of the
modified specimens under the unconfined condition with
different modification schemes indicates four main failure
modes: single-shear, single-shear-bulging, double-shear,
and double-shear-bulging (Fig. 4) [33]. The unmodified
CM-SRM exhibits a single-shear failure mode (Fig. 4(a)),
where a distinct shear plane forms during compression,
meaning low strength along the shear plane and weak struc-
tural integrity. For the low dosage of fly ash and guar gum
conditions (e.g., 7;), the modified specimens still showed
single-shear failure. With increased fly ash dosage (e.g., T},
Fig. 4(c)), the failure mode of the modified specimen's

Actuator

Air pressure
control system

Computer

Triaxial

chamber

Fig. 3 Triaxial test system [32]

Fig. 4 Typical failure modes of specimens under unconfined conditions:
(a) single-shear (7)), (b) single-shear-bulging (7},), (c) double-shear (T},),
and (d) double-shear-bulging (7},)

changes to double-shear failure, i.e., with two planes of shear
failure during the compression, meaning that the specimens
have a more stable structure and higher shear strength.
In addition, after guar gum addition, the modified speci-
mens will bulge during the compression, resulting in sin-
;» Fig. 4(b)) or double-shear-bulg-
ing (e.g., T, Fig. 4(d)) failure modes. Bulging may be caused
by local stress concentration and strong plasticity of the

gle-shear-bulging (e.g., T

material. Guar gum in the modified specimen can bind other
particles to form aggregates, enhancing inter-particle bond-
ing and overall plasticity, causing particle rearrangement
and volume expansion of the specimen during the com-
pression. However, the guar gum is unevenly distributed,
and the strengths of carbonaceous mudstone particles and
aggregates are different, leading to stress concentration and
uneven bulging during compression.

3.1.2 Stress-strain characteristics
Fig. 5 shows the stress-strain curves of specimens under
the unconfined condition. Both modified and unmodi-
fied specimens exhibit an initial increase followed by a
decrease in stress-strain curves, indicating strain-soften-
ing characteristics. The axial stress of unmodified speci-
mens decreased rapidly after the peak of the stress-strain
curve, and the strain softening effect is significant. In con-
trast, modified specimens show a slower rate of decrease
in axial stress after the peak, and the strain softening effect
is weak, particularly in the specimens without or with only
2% guar gum. The modified specimen with 15% red clay
and 15% fly ash (7) exhibits the lowest strain softening,
indicating the weakest brittleness characteristics.

Usually, the peak of the stress-strain curve corresponds
to the compressive strength (UCS) and the failure strain of
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Fig. 5 Stress-strain curve: (a) 0% red clay, (b) 5% red clay,
(c) 10% red clay, and (d) 15% red clay
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the specimen, and Fig. 6 shows the test results of each spec-
imen. The UCS of the unmodified specimen is 261.4 kPa
and the failure strain is 3.2%, which means that it reaches
the peak value at a small strain and shows high brittleness,
and the strength decreases rapidly after the destruction,
which is detrimental to structural safety. Both UCS and
failure strain of the modified specimens increased, indicat-
ing that the addition of modified materials can effectively
improve the strength and reduce the brittleness of CM-SRM.
Among the specimens, the one modified with 5% red clay,
10% fly ash and 6% guar gum (7,) shows the highest UCS of
652.1 kPa, which is an increase of 149.5%. While specimen
T, with 15% red clay, 15% fly ash and 0% guar gum shows
the highest destructive strain of 6.8% with an increase of
112.5%. Additionally, with a constant red clay dosage, UCS
increased with increasing guar gum dosage, while failure
strain increased with increasing fly ash dosage.

3.1.3 Orthogonal analysis
For comparing the effect of different dosage levels on the
UCS and failure strain of CM-SRM and assessing their

(2) 7007 0% red clay :5% red clay :10% red clay:15% red clay

600 ) [

500

w IS
o o
(=) (=]
1 1
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Tl TZ TS T4 T5 T6 T7 TS T9 TlO Tll TlZ TIS Tl4 TIS r
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Fig. 6 UCS and failure strain of Modified CM-SRM: (a) UCS, and
(b) failure strain
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significance, range analysis and variance analysis were car-
ried out, and the results are shown in Fig. 7 and Table 4,
respectively. By comparing the mean values and range of
UCS at different dosage levels (Fig. 7(a)), it is observed that
the mean value of UCS increases gradually with the increase
in the dosage of the three modified materials. Among them,
the growth rate of UCS first rises then declines with the
increase of red clay dosage, gradually decreases with fly ash
dosage, and almost remains stable with the guar gum dos-
age. Range analysis indicates that the UCS variation due to

a) 700 4 : '
@ —a—Redclay | —®—Flyash | —&— Guar gum
= Range =56.8 | Range=45.1 | Range=325.1
& 600 :
19} i
& :
- :
s 500"/./‘5
] H
E /.
< 1
> !
£ :
& 400 - ;
= :
300 +————— b
0 5 10 150 5 10 150 2 4 6
Dosage (%)
(b) 71 : !
—a—Redclay { —e—Fly ash | —&— Guar gum
X
= Range =0.771% Range=12.473 i Range =0.292
'S 64
2
=
& 5-
G
S
L]
Q A—\\A
= H
> 43 i i
= i i
< H
2 i
=
3 T T T : T T T T b T T T 1
0 5 10 150 5 10 150 2 4 6

Dosage (%)

Fig. 7 Mean value of the test indexes at each dosage level: (a) UCS, and
(b) failure strain

guar gum is notably greater than that from fly ash and red
clay, with red clay contributing slightly more than fly ash.
Combined with the variance analysis (Table 4), the p-values
of red clay, fly ash and guar gum are less than 0.05, suggest-
ing significant effects of all three factors on UCS.

Fig. 7(b) shows that the mean failure strain is positively
correlated with red clay and fly ash dosage, and negatively
correlated with guar gum dosage. Both the rate and range of
change in failure strain with fly ash content are greater than
those of the other two modified materials. Combined with
the results in Table 4, it can be seen that the effect of red clay
and guar gum dosage on the failure strain is not significant,
while only fly ash dosage has a significant effect.

3.2 Shear strength properties of modified CM-SRMs
3.2.1 Failure modes

Under triaxial compression conditions, CM-SRMs showed
four main failure modes: single-shear, single-shear-bulging,
double-shear and double-shear-bulging, with a few speci-
mens showing a single bulging failure. Fig. 8 illustrates the
failure modes of some CM-SRMs (7}, T}, 7,5) under triax-
ial compression conditions. Unmodified specimens display
single-shear failure under both unconfined and triaxial
compression conditions, with more pronounced failure as
confining pressure increases. At g, = 150 kPa, the unmodi-
fied specimens fractured completely along the shear plane,
with a large number of particles spalling near the shear
plane to make defects (Fig. 8(a)). Lateral confinement lim-
ited the lateral expansion and increased the internal stresses
of the specimens, making them more susceptible to failure
along the shear plane. As the confining pressure increases,
the internal stress of the specimen may exceed the shear
strength, leading to complete fracture along the shear plane
and more significant failure. Modified specimens under
50 kPa confined pressure showed a different failure mode
from that with unconfined conditions, mainly showing sin-
gle-shear or double-shear failure without bulging. This
may be attributed to lateral confinement, which also leads
to a more uniform internal stress distribution, resulting in

Table 4 Variance analysis results for UCS and failure strain

Test index Factor Deviation sums of square Mean square F value p value
Red clay dosage 7737.636 2579.212 16.020 0.003
[S[&) Fly ash dosage 4909.933 1636.644 10.166 0.009
Guar gum dosage 248053.060 82684.353 513.574 0.001
Red clay dosage 1.270 0.423 3.414 0.094
Failure strain Fly ash dosage 13.196 4.399 35.465 0.001
Guar gum dosage 0.226 0.075 0.607 0.635
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Fig. 8 Failure modes of specimens under triaxial compression
conditions: (a) unmodified specimen (7)), (b) modified specimen (7)),

and (c) modified specimen (7,5)

shear stresses being concentrated on a single weak plane
for most specimens, which exhibits single-shear failure.
While double-shear failure occurs in some of the more sta-
ble structural specimens (Fig. 8(c)). With the increase of
confining pressure, modified specimens gradually began to
bulge (Fig. 8(b)), implying that the plasticity of modified
specimens is significantly increased and stronger inter-
nal bonding. As shown in Fig. 8(c), modified specimen 7,
showed only bulging under 100 kPa and 150 kPa of con-
fining pressure without shear failure. This indicates that
stress redistribution within the specimen under high con-
fining pressure, with the material resisting stresses through
plastic deformation, leads to higher overall strength and
reduced stress concentration.
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3.2.2 Shear strength indexes
Under triaxial conditions, the stress-strain curves of each
specimen showed strain-softening characteristics. As axial
strain increases, the deviation stress shows an obvious
peak, after which it decreases rapidly and tends to stabi-
lize gradually. Fig. 9 illustrates the stress-strain curves of
unmodified specimen 7, and modified specimen 7,, under
different confining pressures. It can be found that the curve
shifts to the upper left as the confining pressure increases,
the peak corresponding to the deviation stress increases,
and the axial strain decreases, i.c., both strength and brit-
tleness of specimens increase. Due to initial pores inside
the specimen, the pore compression under the confining
pressure makes the interparticle contact closer and restricts
the lateral movement of the particles to a certain extent,
which enhances the strength and brittleness, and this phe-
nomenon is more significant in the modified specimen.
Under the same confining pressure, modified specimens
have larger deviation stresses and axial strains correspond-
ing to the peak, reflecting greater strength and plasticity,
consistent with results under unconfined conditions.
Based on the Mohr-Coulomb theory [34], the Mohr's
circle of each specimen can be plotted. With the envelope
of the Mohr's circle under different confining pressures,
whose intercept is the cohesion ¢, and the slope is the tan-
gent of the internal friction angle ¢. As shown in Fig. 10,
the cohesion of unmodified specimen 7; is 39.63 kPa and
the internal friction angle is 35.87°, while the cohesion of
modified specimen 7|, is increased to 95.45 kPa and the
internal friction angle is 37.16°. Fig. 11 presents the cohe-
sion and internal friction angle of the specimens under
different modified schemes. Compared to unmodified

1000+ Unmodified specimen (7))

—0—o0;=50kPa
—O0— ¢, = 100 kPa
—&— g, =150 kPa
modified specimen (7'5)
—=—0g;=50kPa
—0—¢g, =100 kPa
—A— ;= 150kPa

& [ x®
(=3 (e (=3
(=} (=] (=}
1 1 1

Deviation stress o (kPa)

[

[=3

o
1

0 3 6 9 12 15 18
Axial strains ¢ (%)

Fig. 9 Stress-strain curves of some specimens under triaxial

compression conditions
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specimens (7)), modified specimens exhibit an increase in
both cohesion and internal friction angle. Among them,
with the largest increase in cohesion of 251.7% and the
smallest of 15.4%, while internal friction angle increases
are limited, with a maximum rise of 11.1%. Thus, the main
effect of the modified material is to increase the cohesion
of CM-SRM, which has less effect on the internal friction
angle. With a constant red clay dosage, the cohesion of the
specimens is positively correlated with the guar gum dos-
age (Fig. 11(a)), whereas there is no obvious pattern in the
internal friction angle (Fig. 11(b)). When the guar gum dos-
age is fixed, cohesion of specimens is positively correlated
with the red clay dosage (e.g., T}, T, T, T,,), but specimens'
cohesion decreases when the fly ash dosage is 0% (e.g., T;).

Cohesion primarily consists of the original cohesion
and the cured cohesion [35]. Guar gum can fill the voids
between particles in CM-SRM and increase the contact
area, thus improving the original cohesion. It also forms a
gel that envelops soil particles into compact bonded aggre-
gates, thereby enhancing the cured cohesion. Additionally,
clay minerals in red clay adjust particle gradation,
enabling closer particle contact and forming binding sub-
stances that create aggregates with loose particles, further
improving both types of cohesion. Fly ash has fine par-
ticles and surface activity [36], which can fill fine voids
and reduce water-soil interfacial tension, enhancing origi-
nal cohesion. However, due to its poor bonding properties,
increasing only fly ash content cannot greatly improve
cohesion. While mixing red clay and guar gum, mixing fly
ash can fill the small voids between the particles and make
the particle structure more stable, thus effectively improv-
ing the original and curing cohesion. The internal friction
angle is closely related to the interparticle friction and
interlocking effects [37]. The bonding of red clay and guar
gum enhances the friction and interlocking effect, but its
water absorption reduces the lubrication effect, which in
turn reduces the friction. Meanwhile, fly ash is tiny and
spherical in shape, which can form a lubricating effect on
the surface of the particles to reduce the friction. Thus, the
combined effect of these materials slightly increases the
internal friction angle, but with no clear pattern.

3.2.3 Orthogonal analysis

Fig. 12 shows the results of range analysis of cohesion
and internal friction angle, with variance analysis results
shown in Table 5. As shown in Fig. 12, the mean value of
cohesion increased steadily with the increase of red clay
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Fig. 12 Mean value of the test indexes at each dosage level: (a)

cohesion, and (b) internal friction angle

and guar gum dosage, while the mean value of the inter-
nal friction angle tended to stabilise after the increase.
With increased fly ash dosage, the cohesion showed a
trend of increasing and then decreasing, while the internal
friction angle did not change significantly. Range analysis
indicated that the guar gum dosage has the greatest effect
on both cohesion and internal friction angle, at 78.6 kPa
and 2.17°, respectively. Variance analysis (Table 5) shows
red clay and guar gum significantly affect cohesion, while
fly ash does not, and the significant effect factor of inter-
nal friction angle is only the guar gum dosage. It can be
seen that guar gum dosage has the most significant effect
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on shear strength indexes, red clay dosage has a significant
effect on cohesion only, and fly ash dosage has less effect.
Considering the dosage of modified materials and the
shear strength indexes, it is suggested to use 10% red clay,
5% fly ash and 4% guar gum modified CM-SRM.

3.3 Composite modification mechanisms

To investigate the composite modification mechanisms
of three modified materials on CM-SRM, micrographs of
unmodified samples and composite modified samples at
the recommended dosage were obtained using scanning
electron microscopy (Fig. 13). The test method is the same
as that described in reference [11, 13].

It can be observed that the unmodified CM-SRM pri-
marily exhibits a platy and layered structure formed by the
stacking of CM particles, with numerous microcracks and
isolated plate particles, resulting in a relatively loose over-
all structure. After composite modification, the CM-SRM
exhibits a large number of dense agglomerates and spher-
ical fly ash particles, with the particles interconnected
through a gel network, enhancing their bonding. Some
pores are also filled with fly ash and associated binding
products, demonstrating improved structural integrity.

Fig. 13 SEM images of CM-SRM before and after modification:
(a) unmodified CM-SRM (200x), (b) unmodified CM-SRM (500x),
(c) suggested dosage of composite modified CM-SRM (200x), and

(d) suggested dosage of composite modified CM-SRM (500x)

Table 5 Variance analysis results for cohesion and internal friction angle

Test index Factor Deviation sums of square Mean square F value p value
Red clay dosage 814.714 271.571 10.016 0.009
Cohesion Fly ash dosage 298.950 99.650 3.675 0.082
Guar gum dosage 13885.725 4628.575 170.715 0.001
Red clay dosage 0.410 0.137 0.197 0.895
?I‘f;t‘al friction Fly ash dosage 1713 0.571 0.822 0.528
Guar gum dosage 13.238 4.413 6.349 0.027
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Based on the above test results, combined with relevant
literature and material properties, the composite modifi-
cation mechanisms of red clay, fly ash, and guar gum on
CM-SRM can be inferred (Fig. 14). It mainly includes the
following three aspects:

(1) Binding and filling effects

The CM-SRM solution is weakly alkaline [13], which
promotes the pozzolanic reaction between the active SiO,
and AL O, in fly ash and red clay with Ca(OH), (Fig. 14(b)),
producing hydrated products with binding properties such
as calcium silicate hydrate (C-S-H) and calcium aluminate
hydrate (C-A-H) [11, 38, 39]. These hydration products can
bind nearby particles to form structurally dense aggregates,
enhancing the material's overall integrity. Meanwhile, dis-
persed fly ash and red clay particles fill the initial pores of
the CM-SRM matrix [39] (Fig. 13(c)), and through pozzo-
lanic reactions and the inherent binding properties of red
clay, strengthen the connection between the fillers and the
matrix [40], forming a more stable structure (Fig. 14(a)).

However, aggregation may occur when the dosage of fly
ash and red clay is too high, reducing the activity and dis-
persibility of SiO, and Al,O,, thereby inhibiting the poz-
zolanic reaction and leading to a reduction in the strength
improvement of CM-SRM (Fig. 12(a)).

(2) Cation exchange

Red clay is mainly composed of minerals such as kaolin-
ite and hematite, which possess high specific surface areas
and strong cation exchange capacities [35, 41]. Addition of
red clay increases the concentration of free cations such as
K*, Ca?", and Mg?" in the system, which then undergo cat-
ion exchange with Na" in CM-SRM (Fig. 14(c)). The cation

(a)

Si0, +xCa (OH), + yH,0 — xCaO Si0, - yH,0 (C-S-H)
ALO, +3Ca(OH), + yH,0 = xCa0- ALO, - (y+1)H,0 (C-A-H)

©)

OH-

(o)

Unmodified CM-SRM

= =0 Na*
C & — Z K
& o 58 o
Mg
2(Na-CMSRM) + Ca(OH), - Ca-CMSRM +2Na* + 20H"
Guar gum |
N ) (d) Gel network formation 4
Modified materials around particles ¢ D'\ .
E# cm
Red cla;
L y —_
Fly ash
Guar gum ‘ /‘

B Hydration product Aggregate surrounding
Composite modified CM-SRM particles

Fig. 14 Composite modification mechanisms: (a) overall structural
changes, (b) pozzolanic reaction, (c) cation exchange, and
(d) gel aggregation

exchange process will result in a reduction in the thickness
of the double layer and bound water film, thereby enhanc-
ing the interparticle bonding force [11]. Adsorption of cat-
ions on the particle surface will also reduce the interpar-
ticle spacing, bringing the particles into closer contact.
At the same time, the OH™ released during the reaction pro-
cess will increase the alkalinity of the environment, pro-
viding a favorable environment for volcanic ash reactions.

(3) Gel aggregation

Guar gum possesses strong water absorption and
expansion capabilities, as well as molecular entanglement
properties [28, 42]. When mixed with water, it generates
a large number of positively charged active functional
groups. These functional groups can attract negatively
charged clay minerals, forming stable aggregates [43].
Additionally, the hydrogels formed by guar gum disso-
Iution can bind to mineral surfaces via hydrogen bond-
ing and van der Waals forces, enveloping the CM-SRM
particle surfaces to form a three-dimensional gel network
structure (Fig. 13(d)), thereby enhancing cohesive forces
among aggregating nearby particles [44, 45].

The combined effects of the above three effects enable
the composite modified CM-SRM to exhibit superior
strength properties.

4 Strength evaluation method for CM-SRM
considering modified material dosage

Current evaluation method s for the strength of soil-rock
mixtures mostly focusses on high-quality fillers, while
poor fillers typically require modification to improve their
properties in engineering. To promote the application of
modified CM-SRM in engineering, this study establishes
a strength evaluation method for CM-SRM considering
the dosage of modified materials based on the results of
orthogonal tests. The method's validity is verified by com-
paring the evaluation results with the test data.

4.1 Modifying the theoretical equations for UCS

The lateral pressure of the specimen under the unconfined
condition is 0 (i.e., the confining pressure o, = 0 kPa), which
belongs to a special case in the triaxial test. According to
the ultimate equilibrium condition at a point in soil, the
theoretical value of UCS, ¢ is obtained as:

q, =0, =2ctan (45 + %j , )

where ¢ and ¢ are the cohesion and internal friction angle
of the specimen, respectively, and o, is the axial stress to



which the specimen is subjected. The theoretical value
of UCS was calculated by substituting the shear strength
indexes of each specimen (Fig. 11) into Eq. (1), and the
results are shown in Fig. 15.

Comparison between the UCS test results and the the-
oretical calculation results reveals a maximum deviation
percentage of 40.7% and an approximately linear correla-
tion. Accordingly, Eq. (1) is corrected based on the UCS
test results, and the corrected UCS theoretical value Q is
calculated by linear fitting as:

0,- a{Zc tan [45 . gﬂ ‘b, @

where a and b are fitting parameters, in this study a = 0.94
and b = 118.32. The maximum percentage deviation
between the corrected theoretical and experimental values
of UCS is only 7.6%, which can be used to calculate the
UCS through the shear strength indexes.

4.2 Strength evaluation methods for composite
modification CM-SRMs

Firstly, the multiple linear regression models were used to
establish the evaluation equations of shear strength indexes,
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=
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=
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&
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Fig. 15 Relationship between theoretical and test values of UCS

Zengetal.
Period. Polytech. Civ. Eng., 69(4), pp. 1063-1077, 2025 | II 073

and the equations were divided based on whether interactions
between factors were considered. The evaluation results are
shown in Table 6. Comparing both linear models, it is known
that considering the interaction between factors has limited
improvement on the evaluation accuracy, but it adds more
fitting parameters, so the interaction between factors can be
ignored. The correlation coefficient R? of the cohesion eval-
uation equation is greater than 0.97, which shows a good
evaluation effect, while the R? of the internal friction angle
evaluation equation is only 0.64, which shows a less evalu-
ation effect. By comparing coefficients of various dosages,
the influence degree of different factors on the shear strength
indexes can also be assessed, and the results reflected through
Table 6 are consistent with the orthogonal analyses.
Compared to linear regression models, nonlinear regres-
sion models are able to capture the non-linear relationships
within data more effectively, thereby providing a more
accurate evaluation ability. To determine the optimal eval-
uation equation, this study compared the non-linear and
linear evaluation equations for the shear strength indexes.
Orthogonal analysis results (Fig. 12) show that cohesion
mean value generally matches a linear relationship with
red clay and guar gum dosage, while it matches a quadratic
relationship with fly ash dosage. The internal friction angle
shows a quadratic relationship with the dosage of red clay
and guar gum, and a cubic relationship with the fly ash
dosage. Subsequently, fitting the data by the corresponding
functions (see Table 7), the correlation coefficients of each
regression equation exceeded 0.85. Further linear combi-
nation of these regression curves yielded the non-linear
evaluation equation for CM-SRM cohesion and internal
friction angle based on dosage of modified materials as:

¢=Ax: +Bx, +Cx, + Dx, + E 3

@ = Fx; +(Gx, + Hx, + Ix; +1)> +J , )

where, A, B, C, D, E, F, G, H, I, J are undetermined coef-
ficients. The test results of shear strength indexes of the
specimens can be substituted into Egs. (5) and (6) to solve
the undetermined coefficients, and the results are:

Table 6 Multiple linear regression equation

Evaluation Consideration of factor . .
. . . Evaluation equation R?
index interactions

No c=127x +046x,+13.16 x, +37.84 0.97
Cohesion ¢ ’

Yes ¢=1.23x +040x,+15.10 x; - 0.01 x, x, = 0.21 x, x, = 0.21 x, x, + 0.05 x, x, x, + 37.88 0.98
Internal friction No ¢ =0.03x, +0.05x,+0.39 x, +36.89 0.62
angle ¢ Yes 9=0.12x,+0.19x,+0.88 x, - 0.01 x, x, - 0.04 x, x; = 0.05 x, x, + 36.02 0.64
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Table 7 Regression equation of modified material dosage and shear strength indexes

Evaluation index Factor Evaluation equation R?
Red clay dosage c=1.27x +80.8l1 0.99
Cobhesion ¢ Fly ash dosage c=-0.14x,, +2.54x,+83.42 0.99
Guar gum dosage ¢=13.16 x, +50.88 0.99
Red clay dosage ¢ =-0.003 x,, + 0.066 x, + 38.340 0.98
Internal friction angle ¢ Fly ash dosage ¢ =0.002 x,, - 0.051 x,, + 0.295 x, + 36.890 0.99
Guar gum dosage ¢ =—0.035 x,, + 0.604 x; +37.285 0.85
A=-0.13,B=1.27,C =2.54, @) ¢ (Test data)
D=13.16,FE =34.39 1807 —®— ¢ (Linear equation) -15
®) e ¢ (Nondi .
F =0.0002,G = 0.0070, H = —0.0039, ¢ (Non-linear equation)
D, (Linear equation) &
1=0.1330,J =36.2100 150 . . F12 &
D, (Non-linear equnon) ~
< & /
Finally, the non-linear evaluation equation for the cohe- v 120 / 5 §
. . .. . . = ] B )
sion and internal friction angle of CM-SRM is obtained as: = 8
S k=
e =
c=-0.13x] +1.27x, +2.54x, +13.16x, +34.39 ©) j:)) 90 1 6 g
Q <
R*=0.98 O £
60 R
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The evaluation results of shear strength indexes for linear ~ . . F4~
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and non-linear equations are shown in Fig. 16. A compar- 2 0 A o N
. . . . . " s S
ison of the two cohesion evaluation equations (Fig. 16(a)) g 394 F3 g
. . . = 5
reveals that, while the non-linear equation has a small mean g =
of error percentage, its maximum error percentage exceeds é 38 L2 5
. . . S S 0
10%. For the evaluation equation of internal friction angle S 57 | g
. . =
(Fig. 16(b)), the percentage error of both methods is less 5‘5’ IS
. — 4 )
than 4%, and the comparison of the mean of percentage 36 A~
error and the correlation coefficient shows that the non-lin- ;s i A m BN EENE ] pApuN,

ear equation is more accurate. Hence, the linear equation is
chosen to evaluate the cohesion, and the non-linear equa-
tion is chosen to evaluate the internal friction angle.

After determining the evaluation equations for cohe-
sion and internal friction angle, the shear strength tf of
composite modified CM-SRM under different normal

Tl TZ T? T4 TS TG TT TS TQ TlO T]lTlZ TIS T14TIS TIG

Fig. 16 Comparison of evaluated and tested values of shear strength
indexes: (a) cohesion, and (b) internal friction angle

stress conditions can be obtained by combining with
Mohr-Coulomb criterion, which is calculated as:

7, =1.27x +0.46x, +13.16x, +37.84 + & tan[o.ooozxg +(0.0070x, —0.0039x, +0.1330x, +1) + 36.2100} (8)
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0.0002x + +36.2100
1.27x, +0.46x, +0.1330x; +1

0, =11832+0.94 2( than 45+

+13.16x; +37.84
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The UCS for each modification scheme was calculated
using Eq. (8) and compared with the test values, as shown
in Fig. 17. The evaluated UCS closely matches the test val-
ues, with a maximum percentage difference of about 6.5%
and a minimum value of about 0.1%, indicating that this
equation provides a high degree of accuracy in evaluat-
ing the UCS of composite modified CM-SRM. In practi-
cal engineering, Eq. (8) or Eq. (9) can be selected to cal-
culate the shear strength or UCS of composite modified
CM-SRM based on the stress conditions of the filler, so as
to provide a reference for embankment structural design.

5 Conclusions

In this study, the strength properties of CM-SRM under dif-
ferent modification schemes were systematically analysed
and a method for the evaluation of shear strength param-
eters was proposed. The main conclusions are as follows:

1. The failure modes of modified CM-SRM mainly
include single-shear, single-shear-bulk, double-shear
and double-shear-bulk etc., which are significantly
affected by the fly ash and guar gum dosage and the
confining pressure.

2. Whether modified or not, CM-SRM exhibited strain
softening behaviour. The addition of modifiers weak-
ened the softening effect, with fly ash having the most
significant effect. Additionally, the UCS and cohesion
of modified CM-SRM are significantly increased,
while the internal friction angle changes little.

8009 5 uCs (Test) p, 8
—o—UCS (Prediction) —_
700 1 X
=
4 (]
600 3
< [}
ov) 5}
< 500 s
7o) bS]
Q )
= 4001 &
5
2
300 A B
200 +—+—+—+—+—+—++—+—+++r++rr-0

Tl T2 T3 T4 TS T6 T7 TS T9 T10T11T12T13T14T15T16

Fig. 17 Relationship between evaluated and tested values of UCS
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