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Abstract. This paper separately studies the friction strength and cementation
strength of loess skeleton. The carbonate, silt and coarse particles serving as the
skeleton structure in loess are separated, and carbonate samples, silt samples and
skeleton particle samples are made. Then, direct shear tests are conducted on the
samples. The variation laws of loess structure strength, friction strength and ce-
mentation strength with moisture content and vertical pressure are studied, and
the degree of influence of friction strength and cementation strength on loess
structure strength is explored. The results show that the structure strength, friction
strength and cementation strength of loess all decrease with the increase of mois-
ture content; with the increase of moisture content and vertical pressure, the pro-
portion of carbonate and silt cementation strength in the structure strength of lo-
ess gradually decreases, while the proportion of friction strength in the structure
strength of loess gradually increases.
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1 Introduction

The loess has obvious columnar joints and large pore structure. This special structural
feature directly affects the mechanical properties and engineering characteristics of lo-
ess, and studying the structural strength variation characteristics of loess has certain
theoretical value and practical significance in engineering. Xie Dingyil! proposed an
index that can reflect the structural characteristics of loess regarding the arrangement
of particles and the influence of particle connection, and verified the rationality of this
quantitative index through experiments.N. Phien-wej!?) mainly studied the collapse and
strength characteristics of Thai loess, and the research results indicated that the loose
structure was the main reason for its easy collapse, and this structure was mainly at-
tributed to the clay bridge bonds. Dang Jingian!®*! analyzed the composition of the
strength of unsaturated loess and the source of structural strength through direct shear
tests, proposed a method for determining structural strength, and explored the relation-
ship between loess structural strength and shear strength. Jozef Horabik* measured the
strength of artificial aggregates containing different proportions of kaolinite (as a
binder) and feldspar (as a skeleton particle) through uniaxial compression tests. Tian
Kanliang!®! proposed that the structural strength of loess is composed of the chemical
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bonding strength between soil particles and the friction strength between soil particles.
However, the substances that can provide bonding strength are mainly carbonate salts
and clay minerals. Therefore, this paper separated the clay minerals, carbonate salts,
and coarse particles as the skeleton structure in loess, prepared clay mineral-cemented
samples, carbonate-cemented samples, and skeleton particle samples, and conducted
direct shear tests on all samples to analyze the characteristics of loess structural
strength, friction strength, and bonding strength, and explore the strength of the influ-
ence degree of friction strength and bonding strength on loess structural strength.

2 Test Materials and Methods

2.1  Source of Test Soil Sample and its Basic Physical Properties

The test soil samples were collected from the northern mountain of Lanzhou City,
Gansu Province. They are of light yellow homogeneous structure with pinhole-like
pores. The samples were taken by the artificial chisel method and then wrapped tightly
with cling film to prevent damage to the samples during transportation. The sampling
process is shown in Figure 1. Physical and mechanical parameters tests were conducted
on the undisturbed loess samples. The natural moisture content was 8%, the dry density
was 1.59g/cm?, the liquid limit and plastic limit were 28% and 16% respectively, the
plasticity index was 12%, and the specific gravity of soil particles was 2.7.

(c) Sampling. (d) Packaging soil samples.

Fig. 1. Sampling process of undisturbed loess.
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2.2 Sample Preparation

Five sample types were prepared: intact loess, saturated remolded loess, skeleton par-
ticles, clay, and carbonate. Water contents were set at 8, 10, 12, 15, 17, and 20% for
intact loess; 8, 10, 12, and 15% for other three types. All samples had a dry density of
1.59 g/cm?. Sample quantities were 24, 4, 16, 16, and 16 for each type respectively.
Samples of undisturbed loess and saturated remolded loess were prepared according to
the sampling methods specified in "Standard for geotechical testing method" (GB/T
50123-2019).

The principle for preparing skeleton particle samples is that the mass ratio of quartz
and feldspar in the sample should be consistent with that in the original state of loess;
the particle size range should be the same as that of sand particles in the original state
of loess. The particle size range of the sample can be obtained from Table 1, and the
mineral composition and content of the sample can be known from Table 2 based on
the mineral composition analysis of the original state of loess. Therefore, in the skeletal
particle specimen, soil particles within the 0.075-0.25 mm size range account for
58.86% of the total mass. Within this specific particle size fraction, quartz sand consti-
tutes 75.4% with a mass of 50.57 g, potassium feldspar occupies 15.3% with a mass of
10.25 g, and albite comprises 9.2% with a mass of 6.24 g. Subsequently, soil particles
within the 0.25-0.5 mm size range represent 22.24% of the total specimen mass. In this
particle size interval, quartz sand maintains a consistent proportion of 75.4% with a
mass of 10.33 g, potassium feldspar retains 15.3% with a mass of 2.09 g, and albite
persists at 9.2% with a mass of 1.28 g. Finally, soil particles within the 0.5-1 mm size
range constitute 19.29% of the total specimen mass. Within this coarsest fraction,
quartz sand continues to dominate at 75.4% with a mass of 11.27 g, potassium feldspar
remains at 15.3% with a mass of 2.28 g, and albite sustains its 9.2% proportion with a
mass of 1.39 g. The skeletal particle specimen can be systematically prepared by pre-
cisely combining these soil particle categories according to their specified size fractions
and corresponding mass proportions as delineated above.

Table 1. Composition of intact loess particles.

1-0.25mm 0.25-0.075mm 0.075-0.005mm <0.005mm
11.7% 13% 55.87% 18.43%

Table 2. Analysis of mineral composition of undisturbed loess.

Mineral Percent Mineral Percent
Silicon Oxide 45.4% Muscovite 8.5%

synthetic 14.7% Albite 5.6%

Keokuk 11.5% illite 3.3%
Benson Mines 9.2% chlorite 1.8%

The clay particles in the clay sample were prepared by water method. The sifted air-
dried soil was first soaked, boiled, cooled, and 4% sodium hempetaphosphate solution
was added, then the suspension was poured into the settling cylinder, and finally the
suspension was fully stirred to make the soil particles settle in the water. Then, the
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settling time t of soil particles d > 0.005mm is calculated by equation (1). When the test
reaches the time t, soil particles d > 0.005mm will settle and accumulate at the bottom
of the cylinder, while soil particles d < 0.005mm float in the suspension. The test pro-
cess is shown in Figure 2.

d* = K1, (1)

Where: ¢ is the settling time of soil particles with d > 0.005 m, s; d is the diameter of
soil particles, mm; K is the calculation coefficient of soil particle size, which is obtained
according to the " Standard for geotechical testing method " (GB/T50123-2019); L, is
the fall distance of soil particles in water in t time, cm.

(a)Settling 0.5min. (b)Settling 30min.

(c)Settling 180min. (d)Clay minerals.

Fig. 2. Moisture method test process.

In this test, the sedimentation distance L, was 34 cm, and the suspension was sucked
out by siphon principle after standing for 180 min, and the clay particles were separated
by filtration!. Combine 14.37g of clay with 81.47gThe clay sample with 15% clay
content was prepared by mixing the skeleton particles evenly.

It can be seen from Table 2 that the main salt substance in loess is calcium carbonate.
Therefore, 14.37g carbonate powder (d=0.045mm) and 81.47g skeleton particles are
mixed evenly to make a carbonate sample with 15% calcium carbonate content. Con-
sidering that the direct mixing of calcium carbonate powder and skeleton particles in
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the sample preparation method could not give full play to the cementation effect of
calcium carbonate in the sample, a chemical reaction method was adopted to add chem-
ical reagents to precipitate calcium carbonate in the sample to strengthen the skeleton
particles!”), and the chemical reaction equations were shown in equations (2) and (3).

CaCOs3 +2HCI — CaCl + H0+COy T ()
2NaHCO3 + CaCly = CaCO3 - +2NaCl + H20 + CO2 T 3)

Drop the corresponding mass of concentrated hydrochloric acid into the sample. Cal-
cium carbonate powder will undergo a chemical reaction with the concentrated hydro-
chloric acid to produce calcium chloride. Then, add sodium bicarbonate solution. It will
react with calcium chloride, and the generated carbonate ions combine with calcium
ions to form gelatinous crystals. These gelatinous crystals are mainly distributed in the
particle pores and between particles, playing the role of filling and cementation. The
test process is shown in Figure 3.
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(a)hydrochloric acid. (b) sodium bicarbonate.

(c) Drop in reagent. (d) Dry out.

Fig. 3. Calcium carbonate curing process.
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2.3 Test Methods

The direct shear test is conducted by applying horizontal loads to cause shear defor-
mation in the specimens until the structure fails. Usually, four sets of specimens are
selected for the test, which are loaded under normal stress conditions with gradient
variations. The shear displacement and peak shear strength at the time of specimen
failure are recorded, and then the shear strength index of the soil is calculated using
Coulomb's law. In this test, the ZJ-type strain-controlled direct shear apparatus is used,
with the shear rate controlled at 0.8 mm/min. The vertical pressures applied are 100,
200, 300, and 400 kPa. For the loess specimens, the peak strength or the shear stress at
the shear displacement of 4 mm on the shear stress-shear displacement curve under the
above vertical pressures is taken as the shear strength. The shear stress-shear displace-
ment curves of loess specimens with different moisture contents under different vertical
pressures are tested respectively.

Fig. 4. ZJ strain controlled direct shear instrument.

3 Study on Structural Strength Characteristics Of Loess

3.1 Definition of Structural Strength of Loess

Figure 5 shows: Curve 1 - intact loess stress-strain curve; Curve 2 - saturated remolded
loess curve; Curve 3 - deviatoric stress difference (termed loess structural strength
curve) between curves 1 and 2. g and g represent intact and saturated remolded loess
strengths (7) at strain ¢. Saturated remolded loess exhibits disrupted particle arrange-
ment, destroyed cementation, and weakened frictional structure due to saturation!®],
Structural strength equals 9,49, at identical ¢.
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A 1—Undisturbed loess

q 2—Remolded saturated loess

3—Deviator stress-strain curves of undisturbed
loess and remolded saturated loess
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Fig. 5. Stress-strain curves of undisturbed loess and saturated remolded loess.

3.2  Strength Development Curve of Loess Structure

According to the method for obtaining the strength of loess structure in Figure 5, the
curves showing the variation of the strength of loess structure with the increase of strain
under different moisture contents are plotted in Figure 6, so as to facilitate the analysis
of the relationship between the original strength of loess structure and the moisture
content.
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Fig. 6. The curves representing the development of the original state of soil's structural strength
under different moisture contents.

As can be seen from Figure 6, the abscissa represents strain ¢ and the ordinate rep-
resents the original soil structure strength g -g . For each water content and vertical
N

pressure, there is a peak point on the soil structure strength curve, which is located
within the strain range of 4-7%. This peak is what we commonly refer to as the strength
of the soil body when it is destroyed, that is, the maximum structural strength value that
the soil body can withstand. The original soil structure strength gradually decreases
with the increase of water content. At a vertical pressure o = 400 kPa, the maximum
structural strength of the soil body is as high as 342 kPa. As the water content increases,
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the maximum structural strength decreases to a minimum of 87 kPa. The original soil
structure strength gradually increases with the increase of vertical pressure. For exam-
ple, at a water content w = 10%, although the structural strength curves under different
vertical pressure conditions intersect, the maximum structural strength increases with
the increase of vertical pressure. At a vertical pressure o = 100 kPa, the maximum struc-
tural strength is 179 kPa, and at a vertical pressure o = 400 kPa, the maximum structural
strength is 288 kPa. Through the above analysis, it can be known that the maximum
structural strength of the soil body is affected by the factors of water content and verti-
cal pressure. The variation curve of the original soil structure strength can be divided
into two stages. In the first stage, within the strain range of 0-7%, the original soil struc-
ture strength increases sharply with the increase of strain, and the soil structure strength
is fully exerted. In the second stage, within the strain range of 7-15%, the original soil
structure strength either decreases rapidly to remain unchanged with the increase of
strain or decreases slowly to remain unchanged with the increase of strain, indicating
that the soil structure is in the adjacent failure stage when the maximum structural
strength value is reached, and the soil particles have a relative sliding tendency. After
the maximum structural strength value, the soil particles slide, and the original structure
of the soil is destroyed. As the strain gradually increases, the soil particles are arranged
and connected with each other to form secondary structures, and the external force can-
not destroy the secondary structures, thus the variation curve of the structural strength
is in a gentle state.

3.3  Analysis of Influencing Factors of Structural Strength of Loess

It can be inferred from Figure 7 that under various vertical load conditions, the struc-
tural strength (g -g,) of undisturbed loess exhibits a continuous attenuation character-
istic as the moisture content (w) increases. When the moisture content of the soil mass
is below the threshold value of 14%, the decline rate of the structural strength is rela-
tively rapid. Once the moisture content surpasses this threshold, the attenuation trend
significantly slows down.

This non - linear variation pattern is in good agreement with the moisture - sensitivity
characteristic of the mechanical properties of loess. In a low - moisture state, the loess
shows a relatively high sensitivity to moisture. This is because the internal structure of
the loess at low moisture content is more susceptible to the influence of water mole-
cules. The addition of a small amount of water can disrupt the original particle - to -
particle bonding forces, leading to a rapid reduction in the structural strength.

Conversely, under high - moisture conditions, the sensitivity of the loess to moisture
weakens. At this stage, most of the pores in the loess are already filled with water, and
the water has already played a major role in softening the structure. Further increasing
the moisture content has a relatively small impact on the overall mechanical properties.
This characteristic is specifically reflected in the curve of the structural strength versus
moisture content, where the slope of the curve gradually decreases from a large value
to a small value, indicating the change in the sensitivity of the structural strength to the
moisture content.
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Fig. 7. Relationship between loess structural strength and moisture content.

3.4  Research on Friction Strength Characteristics of Loess

To better explore the characteristics of the frictional strength of soil particles in undis-
turbed loess, direct shear tests were conducted on skeleton particle samples. The rela-
tionship between the frictional strength of skeleton particles and moisture content is
plotted in Figure 8.

As shown in the figure, at the same moisture content, the frictional strength (atang)
of skeleton particles increases with the vertical pressure (o). The four curves span a
wide band, indicating that the vertical pressure significantly affects the frictional
strength.

At a constant vertical pressure, the frictional strength decreases with increasing
moisture content. When ¢ = 400 kPa, atang shows a rapid decline. The smaller the o,
the slower and smaller the decrease in otang. This suggests that the frictional strength
is influenced by both moisture content and vertical pressure.

This indicates that the frictional strength is also affected by the moisture content.
This is due to the lubrication effect of water and the action of matric suction. As the
moisture content increases, the lubrication effect of water is fully exerted, reducing the
frictional force when soil particles move out of position relative to each other. Mean-
while, the matric suction formed by capillary tension gradually decreases as the mois-
ture content rises, thereby weakening the frictional strength®.
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Fig. 8. Relationship between granular skeleton frictional strength and moisture content.

3.5 Study on Cementation Strength Characteristics of Loess

As shown in Figure 9, both clay-cementation strength (C,) and carbonate-cementation
strength (C;) decrease with increasing moisture content (w). At w =8%, mean C; and C,
reached 80.35 kPa, declining to 36.8 kPa at w =15%, indicating significant moisture
dependence. C; slightly exceeded C, at identical w. Within w =8—-15%, C, decreased by
7.06 kPa per 1% w increase, versus 4.37 kPa for C,, demonstrating stronger moisture
sensitivity for carbonate cementation.

The reduction in clay-cementation strength (C,) with increasing moisture content is
attributed to thickened hydration films on particle surfaces, which reduce direct in-
terparticle contacts and weaken bonding forces!!”!.Similarly, carbonate-cementation
strength (C;) decline stems from cementation degradation: (1) partial dissolution of car-
bonates in water induces cement loss; (2) intergranular spacing increases due to water
molecule intercalation, diluting cementation materials, collectively reducing C, with
moisture risel!!l,

4 Proportional Contribution Analysis of Frictional and
Cementation Strengths in Loess Structural Strength

Figure 10 presents the percentages of clay particle strength (C./(g, - ¢5)), carbonate ce-
mentation strength (C/(q. - g5)), and skeletal particle frictional strength (ctang/(q. - g))
within the structural strength of undisturbed loess under varying moisture contents and
vertical pressures. Under identical vertical pressure, both C./(q, - g9 and C/(q. - qs)
progressively decrease with increasing moisture content, whereas atang/(q, - q;) exhib-
its a gradual enhancement. At constant moisture content, atang/(q, - qs) increases with
ascending vertical pressure, reaching 57% under high vertical pressure (o = 400 kPa)
and declining to a minimum of 20% under low vertical pressure (¢ = 100 kPa).
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Conversely, C./(q. - g5) and C/(q, - q;) demonstrate progressive reduction with elevated
vertical pressure.

For moisture contents (w = 8%, 10%, 12%, and 15%) and vertical pressures (o =
100, 200, 300, and 400 kPa), the averaged values reveal the following trends: C./(q, -
qs) registers 28.25%, 27.5%, 26.5%, and 24.5% respectively; C/(q. - ;) measures 33%,
30%, 29.75%, and 26.5% correspondingly; while otanp/(q. - q) displays progressive
increments of 34.5%, 34%, 38.25%, and 42.5% across the moisture content spectrum.
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Fig. 9. Clay- and carbonate-cementation strengths versus moisture content.
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Fig. 10. The percentage contributions of cementation strength and frictional strength to the
structural strength of loess.
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5 Conclusions and Prospects

5.1 Conclusion

(1) Loess structural strength (g -¢ ) reflects post-destruction weakening magnitude.
s

Saturated remolded soil exhibits destroyed cementation and friction weakening via sat-
uration. g subtracts g at identical strain ¢ defines intact loess structural strength.

(2)The original loess exhibits unique structural evolution characteristics during the
shear process, and its stress-strain curve presents a typical two-stage response pattern.
Experimental data show that when the shear strain reaches the critical value, the me-
chanical response of the sample undergoes a fundamental transformation. Before the
critical shear strain, as the shear action continues to intensify, the shear stress shows a
significant positive growth trend. This stage corresponds to the stage where the original
structure of the soil maintains its integrity, and the intrinsic cementation effect and par-
ticle arrangement characteristics of the soil can be fully demonstrated. After the shear
action exceeds the critical threshold, the shear stress response shows a progressive
weakening feature. At this time, micro-structural reorganization occurs within the soil:
the original particle cementation system begins to disintegrate, and a new contact net-
work gradually forms. This structural reconfiguration process directly leads to the non-
linear attenuation characteristics of the mechanical response.

(3) The structural strength of loess is primarily influenced by moisture content and
vertical pressure. As the moisture content decreases and vertical pressure increases, the
structural strength of undisturbed loess increases. At a constant vertical pressure, the
structural strength of undisturbed loess decreases with increasing moisture content.
With constant moisture content, the structural strength increases as vertical pressure
rises. The larger the vertical pressure, the greater the decrease in structural strength. At
lower moisture content, the structural strength of undisturbed loess is more sensitive to
changes in vertical pressure, whereas at higher moisture content, the structural strength
shows less variation with changes in vertical pressure.

(4) As moisture content decreases, the clay cementation strength (C,), carbonate ce-
mentation strength (C;), and friction strength (otang) increase. C, and C; are more sen-
sitive to moisture content, with C, slightly lower than C; at the same moisture content.
otang is primarily influenced by vertical pressure.

(5) As moisture content decreases, the ratios of C,/(¢, - ¢s) and C/(q, - ¢5) increase,
while otanp/(q, - q;) decreases. With higher vertical pressure, the ratios of C./(g, - ¢s)
and C/(q. - q,) decrease, while atanp/(q, - q,) increases. The clay cementation strength
(C/(q. - g5)) accounts for approximately 27%, carbonate cementation strength (C/(q. -
gs)) for 30%, and skeletal particle friction strength (otang/(q, - g5)) for 37% of the total
structural strength of loess.

5.2 Prospects

The study of loess structural strength remains a prominent research focus. Although
this work conducted extensive experimental investigations on loess structural strength,
frictional strength, and cementation strength, revealing specific variation patterns,
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current understanding still faces theoretical gaps and technical bottlenecks due to con-
straints in research cycles, experimental conditions, cognitive limitations, and the ab-
sence of robust engineering validation mechanisms. Building on existing findings, fu-
ture research should: (1) Perform comparative experiments on vertical profiles at vary-
ing depths to establish depth-gradient models of structural strength, while advancing
regional variability studies through parallel experiments on representative loess profiles
in typical distribution areas to construct strength evolution maps incorporating regional
differentiation. (2) In the future, it is necessary to conduct comparative analysis on the
formation mechanisms, humidity sensitivity and engineering applicability differences
of the structural strength of loess and the viscosity strength of polymers, in order to
optimize the soil improvement techniques.
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