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The thixotropy of lime-modified loess is a key engineering problem in large-
scale mountain levelling and urban construction on the Loess Plateau in
China. We analyse the thixotropic factors and establish thixotropic models of
modified loess at macroscales and microscales to interpret the evolution of
the thixotropic mechanism of lime-modified loess. A custom-made volume-
preserving thixotropic instrument is used to eliminate the influence of
consolidation deformation on thixotropy and simulate soil consolidation in
the field. Consolidated undrained triaxial tests, nuclear magnetic resonance
analysis, and electron microscopy are used to investigate the thixotropy of soils
with different thixotropic periods (0 days, 7 days, 14 days, 21 days, 42 days,
84 days, 126 days, and 168 days). The results show that the failure strength
increases and the growth rate decreases with the thixotropic period length.
The failure strength increases rapidly in the early thixotropic stage; the inflexion
point occurs at 21 days, and stabilisation is observed at about 42 days. The
internal friction angle and cohesive force increase over time, the cohesive
force increased more obviously, which was 2.94 times of the initial thixotropic
period, the increase in internal friction angle is within 4°. The pore distribution
is more uniform at the microscopic level, and large and small pores are
transformed into medium pores over time. As the thixotropic period increases,
the amount of cementitious material generated in the modified loess and the
cementation degree increase, and the number of surface pits and large pores on
the particles substantially decreases, resulting in numerous flower-shaped and
grid structures. The thixotropic mechanism of modified loess consists of pore
homogenisation, gravitational repulsion between particles, and cementation
caused by the lime reaction.

KEYWORDS

microscopic structural evolution, loess, thixotropy of soil, thixotropic mechanism,
thixotropic parameter

1 Introduction

Due to insufficient space for urban development, Loess Plateau cities have proposed
vertical rather than horizontal expansion to develop new districts and relocate the
old city and other programmes. Extensive excavation, soil removal of soil, and
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the filling of ditches have been performed (Juang et al., 2019).
Large-scale high-fill projects have caused the destruction of loess
areas. Stabilisation of soil with lime is an economical and effective
soil improvement method (Gu and Chen, 2020; Metelková et al.,
2012). This method is widely used on the Loess Plateau in large-
scale high-fill improvement projects to eliminate large pores and
vertical fissures and improve the strength and stability of loess. The
engineering performance of lime-modified loess is higher than that
of natural loess. Filling gullies disrupts the long-term geological
equilibrium, and it requires a long time for the lime-modified fill
to achieve sufficient bearing capacity. Thus, the foundation soil
experiences uneven stress under external loads (Park et al., 2015;
Jeong et al., 2015), resulting in differential settlement and causing
foundation failures and building collapses (Hu et al., 2017; Abu-
Farsakh et al., 2015).

The thixotropy of loess (Li et al., 2020) refers to a significant
reduction in soil strength due to a disturbance. The soil regains its
strength after the cessation of the disturbance, resulting in a new
equilibrium system between the soil particles, cations, and water
molecules after a rest period (Zhang et al., 2013; Yang andAndersen,
2016; Rinaldi and Clariá, 2016). Zhang et al. (2017) investigated
the thixotropic behaviour of Zhanjiang clay in southern China
using scanning electron microscopy (SEM) and mercury intrusion
porosimetry. They found that changes in the internal force field of
the soil cause a transition from a dispersed to a flocculation state.
Thixotropy is an adaptive adjustment of the structure. Tang et al.
(2022a); Tang et al. (2021); Tang et al. (2022b) assessed the
thixotropy of structural clay in the Zhanjiang Formation of the
Beibu Gulf region and investigated the effects of the disturbance
degree, physical and mechanical soil properties, overlying pressure,
and the presence of water on the thixotropy of the Zhanjiang
Formation clay. Ren et al. (2024); Yang et al. (2021); Wang et al.
(2023) researched the effects of thixotropy and consolidation on
an increase in the undrained shear strength of deep-sea soil. They
assessed the influence and mechanism of reconsolidation on the
thixotropy of soft deep-sea soil and determined the long-term trend
of soil strength. Shahriar et al. (2018) observed that the maximum
strength recovery of samples occurred at a water content of 0.75
times thewL. Seng andTanaka (2012) found a significant thixotropic
effect on the shear modulus at a water content close to the wL. More
detailed information on the thixotropic parameters and mechanical
characteristics of loess has been described by Wei et al. (2023a);
Wei et al. (2023b).

Research on loess has focused on its strength, deformation,
wetting, freezing, thawing, and dynamic properties (Xu et al., 2022;
Hu et al., 2022; Zhou et al., 2020; Zhou et al., 2018; Li et al., 2016).
However, few studies have investigated the thixotropic properties of
loess.The soil volume is fixed during thixotropy in many tests.Thus,
eliminating the effect of a strength increase on thixotropy due to
soil consolidation is challenging.Themeasured strength includes the
strength due to soil consolidation and the thixotropic strength, and it
is impossible to differentiate between the compression consolidation
and the thixotropic properties. In addition, the mechanism of
thixotropy of loess is unknown, and the fine structural evolution,
the relationship between the soil particle activities and the pore
water, and the link between fine structural changes andmacroscopic
strength are unclear (Peng et al., 2021; Peng et al., 2024; Wang et al.,
2022; Ren et al., 2021; Tan et al., 2024; Xue et al., 2024). We used

a custom-made volume-preserving thixotropy apparatus to create
samples, eliminate the effect of a change in the consolidation volume
on thixotropy, and improve the sample homogeneity. Consolidated
undrained triaxial tests, nuclear magnetic resonance (NMR) tests,
and electron microscopy are conducted to examine the thixotropic
properties of soils in different thixotropic periods (0 days, 7 days,
14 days, 21 days, 42 days, 84 days, 126 days, 168 days). The
evolution of the pore structure is analysed at the macroscale and
microscale to interpret the thixotropic mechanism of lime-modified
loess.

2 Materials and methods

2.1 Materials and sample preparation

The soil for the test was obtained from a steep bank in Xi’an City,
Shaanxi Province, at a depth of 7.0–8.0 m.The soil was immediately
placed in a black soil bag that was sealed to prevent moisture
loss and labelled with the depth, time and vertical orientation.
The samples were placed on shock-absorbing cushioning material
in the vehicle and transported back to the indoor laboratory. The
soil samples were cubes with a side length of 35 cm, consisting of
uniformly hard, yellowish-brown Q3 loess. The soil extraction site
is shown in Figure 1.

The bags were inspected for damage before unsealing them to
ensure that they were not torn. The soil samples were removed,
crushed, and passed through a 2 mm geotechnical sieve. The water
content, specific gravity, liquid-plastic limit, and other basic physical
property indices of the soil samples were determined according to
the Chinese Standard for Geotechnical Test Methods (GB/T 50123-
2019). The results are listed in Table 1.

2.2 Test methods

2.2.1 Volume-preserving thixotropic apparatus
and sampling methods

A custom-made thixotropic apparatus (Figure 2) was used to
create samples similar to the compression process of modified
loess in the engineering. This device simulates the consolidation
of loess after resting and maintains the soil volume constant
during the thixotropic period. It eliminates the influence of
consolidation factors and ensures that the soil strength can be
attributed to the thixotropic characteristics rather than the soil
consolidation. This method allows for distinguishing between
compression consolidation and the thixotropic properties of the soil.
The equipment consists of a steel plate, I-beam, jack, screw, steel
cylinder, and other components. The soil samples were placed into
the lower steel plate model box. The jack provided a counterforce
and compressed the soil body using a fixed displacement and
fixed bolts during the thixotropic period (0 days, 7 days, 14
days, 21 days, 42 days, 84 days, 126 days, and 168 days). The
volume remained the same during this period. At the end of
the thixotropic period, the steel plate was removed, and the soil
was moved away from the side wall using a sample chipper.
Standard triaxial samples with a dimension of 3.91 cm × 8 cm were
created.
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FIGURE 1
Soil extraction site.

TABLE 1 Basic physical property indices of the loess specimens.

Natural water
content ω/%

Density
ρ(g/cm3)

Liquid limit
ωL/%

Plastic limit
ωp/%

Plasticity
index Ip

Optimal
moisture
content
ωop/%

Maximum dry
density ρdmax

18.10 1.63 31.95 20.82 11.13 16.86 1.62

FIGURE 2
Structure of the custom-made thixotropic apparatus.

2.2.2 Macro mechanical property tests
The GDS triaxial test system was used to conduct consolidated

undrained triaxial tests under different peripheral pressures (50 kPa,
100 kPa, 200 kPa) on eight modified soil samples in the thixotropic
stage. The samples had 17% water content, 1.5 g cm−3 dry density,
and contained 3%, 6%, and 9% of a lime admixture. The test was
terminated when the axial strain reached 15%. The peak load,

breaking strength, cohesive force, and angle of internal friction
were recorded.

2.2.3 Nuclear magnetic resonance test to assess
fine-scale pore changes

The principle of nuclear magnetic resonance (NMR) is to
obtain the distribution spectrum of longitudinal signal strength
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FIGURE 3
The fine-scale pore analysis steps.

and transverse relaxation time T2 by measuring the relaxation
characteristics of hydrogen ions in soil pore water. Derivation of T2
and Pore Radius Relationship as follows:

1
T2
≈ ρ2

2
R

Where ρ2 represents the surface relaxation strength, which is
dependent on the material properties, R is the pore radius. The
smaller the T2 value, the smaller the pore radius R; The larger the
T2 value, the larger the pore radius R.

Fine-scale pore changes in the lime-modified loess due to
thixotropy were assessed using MesoMR23-060H-I NMR tests.
The change in the pore number during the thixotropic period
was examined for different pore sizes to determine fine-scale
structural changes.Themodified loess specimens for six thixotropic
periods were vacuum-saturated and subjected to NMR tests. The
T2 distribution was analysed. The modified loess samples had a
water content of 17%, a dry density of 1.5 g cm−3, and a lime
proportion of 6%. The thixotropic periods were 0 days, 7 days, 21
days, 42 days, 84 days, and 168 days. The analysis steps are shown
in Figure 3.

2.2.4 Evolution of microscopic particles of
lime-modified loess

Changes in the microscopic particle structure of lime-
modified loess due to the thixotropic effects were assessed using
SEM (Phenom-World Phenom XL) at 1000x magnification. We
determined the degree of internal cementation and the filling
degree of the particles and pore spaces with the newly generated

gelatinous material. The water content of modified loess was
17%, the dry density was 1.5 g cm−3, the lime proportion was
6%, and the thixotropic periods were 0 days, 7 days, 21 days,
42 days, 84 days, and 168 days. The analysis steps are shown
in Figure 4.

3 Results

3.1 Thixotropic mechanical properties of
lime-modified loess

3.1.1 Strength recovery characteristics
Figure 5 shows the relationship between the shear strength of

modified loess and the thixotropic period for different lime contents
and consolidation pressures. The strength increases, and the growth
rate decreases as the thixotropy period increases for all lime contents
and pressures. The strength increases faster in the early thixotropy
period, and an inflexion point occurs at 21 d subsequently, the curve
stabilises at about 42 days.

We use the peripheral pressure of 100 kPa as an example.
The strength increases from 1014.80 kPa to 2212.62 kPa as the
thixotropic period increases from 0 days to 168 days for a lime
content of 3%, an increase of 218%. For a 6% lime content,
the breaking strength increases from 1101.57 kPa to 2486.15 kPa,
an increase of 226%. For a 9% lime content, the breaking
strength increases from 1374.58 kPa to 2652.13 kPa, an increase
of 193%.
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FIGURE 4
Sample preparation (A), installation (B) and microstructure analysis (C).

3.1.2 Cohesion and internal friction angle
characteristics

TheMohr’s circle strength envelope was plotted according to the
peak bias stresses of the three lime-modified loess samples at different
confiningpressures.Therelationshipbetween the cohesion c, the angle
of internal friction φ, and the thixotropic period is shown in Figure 6.
The internal friction angle and cohesion increase with the thixotropic
period. The curve flattens after 21 days. The rate of increase is higher
for the cohesion than for the internal friction angle. The increase in
cohesion from 0 days to 168 days is 294%, 227%, and 201% for lime
contents of 3%, 6%, and 9%, respectively. In contrast, the internal
friction angle only increases by 4°.

3.1.3 Thixotropic parameter of lime-modified
loess based on triaxial shear strength

The thixotropic parameter reflects the thixotropic properties of
the soil. We used the shear strength index c and φ derived from the
triaxial test to establish a thixotropic parameter of the lime-modified
loess based on the triaxial shear strength J t . J t is the ratio of the shear
strength of the lime-modified loess at a given time in the thixotropic
period to the shear strength in the thixotropic period 0 days.

The thixotropic parameter of the lime-modified loess at rest t
is defined as:

Jt =
τ f .t
τ f .0
=

ct + [
1
2
(σ1 + σ3) −

1
2
(σ1 − σ3) sin φt] tan φt

c0 + [
1
2
(σ1 + σ3) −

1
2
(σ1 − σ3) sin φ0] tan φ0

where ct, φt、and τf·t denote the cohesion, friction angle, and
ultimate shear strength, respectively, obtained from the triaxial
shear test after the compression of the lime-modified loess in the
thixotropic period t; c0、φ0、and τf·0 denote the cohesion, friction
angle, and ultimate shear strength, respectively, obtained from the

triaxial shear test after the compression of the lime-modified loess
in the thixotropic period 0 days.

Figure 7 shows the relationship between the thixotropic
parameters of the three lime-modified loess samples and the
thixotropic period under a confining pressure of 100 kPa.The larger
the thixotropic parameter J t , the higher the degree of thixotropy of
the soil. The J t values of the samples with lime contents of 3%, 6%,
and 9% increase.The value is the largest for the sample with 6% lime
content. This curve stabilises first (21 days), and the curves for the
samples with 3% and 9% lime content stabilise at about 42 days.The
thixotropic parameter values of the modified loess with different
lime contents are 2.11, 2.23, and 1.88, respectively, at 168 days.

3.2 Pore size distribution in different
thixotropic periods

NMR tests were conducted to determine the relationship
between the pore relaxation time T2 and the signal intensity for
the lime-modified loess samples in different thixotropic periods.
The transverse relaxation time T2 is directly proportional to the
pore radius R. The pores were categorised into small (d < 0.4 μm),
medium (0.4 μm ≤ d < 4.0 μm), and large pores (d ≥ 4.0 μm).

Figure 8 shows the pore size distribution in different thixotropic
periods for the sample with a 6% lime content. The curves have three
peaks and show that small pores have the highest proportion. As the
thixotropicperiod increases from0 days to168days, thepeak intensity
decreases, and thepeakshifts from0.02μmto0.06 μm.Theproportion
of small pores is 15.2% at 0 days and 9.7% at 168 days. A smaller peak
is observed for the mesopores. The proportion of pores in the range
of 0.4 μm–4.0 μm pores increases with the thixotropic period from 0
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FIGURE 5
Relationship between the shear strength of modified loess and the thixotropic times for different lime contents and consolidation pressures.

days to 168 days.The proportion of mesopores is 1.1% at 0 days, 3.3%
at 42 days, and 4.7% at 168 days.The proportion of macropores is the
smallest. It increases negligibly from 0 days to 168 days.

Figure 9 shows the pore size distribution of samples with different
lime contents for the thixotropic period of 7 days. Small pores have
the largest proportion, followed by medium and large pores. As the
lime content increases from 3% to 9%, the proportion of small pores
increases from11.2%to17.7%.Theproportionofmesoporesdecreases
as the lime content increases from 3% to 6% and then remains stable.
The change in the macropores is not significant.

3.3 Micromorphology changes during the
thixotropic period

The SEM images of the lime-modified loess in six thixotropic
periods (0 days, 7 days, 21 days, 42 days, 84 days, and 168 days)
are shown in Figure 10.

Large pores and pits between the particles are observed at 0 days
and 7 days. The aggregates are loose and scattered, with a few rods
and fibrous structures. Some colloidal compounds occur, and the
degree of interparticle cementation and stability are low. At 21 days
and 42 days, the number of large pits, pores, and aggregates on

the specimen surface has increased, and the degree of cementation
has increased significantly. Many flower-like structures and grids
occur on the surface of the aggregates and soil particles. This is
the crystalline lattice of quicklime, hydrated calcium silicate, and
calcium aluminates resulting from the crystallisation of volcanic
ash in the limestone loess. The number of pits and large pores on
the surface is much lower at 84 days and 168 days, consistent with
the NMR test results. The large intergranular voids have been filled
by particles, and the surface of the soil particles and aggregates is
covered by lamellar and flocculent structures. The soil samples are
dense and exhibit good properties. In addition, the cementitious
materials harden as the thixotropic period increases, forming a
protective film on the soil particles and cementing the particles
together. As a result, the density and integrity of the soil samples are
improved, increasing the strength of the modified loess.

4 Discussion of mechanisms

In this section, the experimental results of the present study and
previous findings (Zhang et al., 2017; Ren et al., 2021) are utilized
to comprehensively and systematically discuss the thixotropic
mechanism of lime-modified loess from the microcosmic point
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FIGURE 6
Relationship between internal friction angle, cohesive force, and thixotropic period for different lime dosages.

FIGURE 7
Relationship between the thixotropic parameter and the thixotropic period for different lime dosages.

of view. As the fine-scale pore size distribution changes from
0 days to 168 days, the number of small and large pores decreases,
with the former decreasing more than the latter. The number of

medium pores increases, indicated by an increase in the peak of
the pore size distribution curve. The small pores decreased by 5.5%
and the medium pores increased by 3.6% with the increase of
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FIGURE 8
Pore size distribution in different thixotropic periods for the sample with a 6% lime content.

FIGURE 9
Pore size distribution of samples with different lime contents in the 7 days thixotropic period.

thixotropy (Figure 8). This finding suggests a change from small
to medium pores during the thixotropic period, this is consistent
with the study of Zhanjiang clay (Zhang et al., 2017). The large
and small pores are transformed into medium pores, and the
pore size distribution is homogenised due to a change in the
soil structure attributed to the thixotropic process. The results
obtained by Zhang et al. (2017) show that the particle movement
results from the unbalance between attractive and repulsive forces.
According to Figure 10, as the thixotropic period increases, the soil
particles are displaced and coalesce, large aggregates are formed, the
degree of orientation of the particles increases, and the interparticle
linkage increases. Wei et al. (2023a); Wei et al. (2023b) thought
that in a soil-water-electrolyte system, undisturbed loess is stable
due to the balance of the particles’ gravitational and repulsive
forces. The interparticle linkage is destroyed after disturbance, and

particles are dispersed. When the disturbance stops, the bilayer ions
are redistributed, the microstructure is reorganised, the repulsive
force between the particles decreases, and the gravitational force
increases. Flocculation occurs when the particles are close to each
other, and the structure changes fromdispersed to a flocculated state
after the disturbance.

Previous studies endeavored to determine the basic
characteristics of Xi’an loess (Wei et al., 2023a; Wei et al., 2023b)
that affect the thixotropic behavior, the chemical reaction is not the
principal factor. In this work, aggregates and soil particles appear
on the surface of particles during the thixotropic process. Many
flower-like structures and networks are formed at 7 days–84 days,
these flower-like structures in the red frame (Figure 10) represent
the hydrated lime crystal grid, hydrated calcium silicate, calcium
aluminate, and other cementitious substances that have been formed
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FIGURE 10
SEM images of lime-modified loess in different thixotropic periods. (A) 0 days (B) 7 days (C) 21 d (D) 42 days (E) 84 days (F) 168 days.

through crystallization and volcanic ash processes in the lime loess.
In summary, according to theNMR and SEM results, the thixotropic
mechanism of lime-modified loess consists of three parts: pore
homogenisation, gravitational repulsion between particles, and
lime-induced gelling, these three parts change the microstructure
and cause flocculation. Loss of strength occurs after soil disturbance.
The strength recovery due to thixotropy after resting is characterised
by destruction of the soil structure, particle dispersion, and a change
in the gravitational and repulsive forces between the particles,
resulting in flocculation. The changes at the micro-level may be
a timedependent process because of the adaptive adjustment of
the structure and may result in the energy transformation process
known as thixotropy.

5 Conclusion

In this study, the evolution of the strength and the
microstructure of lime-modified loess during 168 days of thixotropy
was evaluated to elucidate thixotropic mechanisms. The following
conclusions can be drawn:

(1) The strength of the loess samples with three lime contents
under different confining pressures increased as the
thixotropic period increased, but the growth rate decreased.
The strength increased faster in the early thixotropy period,
and an inflexion point occurred at 21 days. Subsequently, the
curve stabilized at about 42 days. The strength in the late
thixotropic period increased at a lower rate and was 2.26
times higher than in the early thixotropic period. The angle
of internal friction and the cohesion increased during the
thixotropic period. The rate of increase was larger for the
cohesion. It was 2.94 higher in the late thixotropic period than
in the early one. In contrast, the rate of increase in the internal
friction was only 4°. The maximum value of the thixotropic
parameter was observed for the sample with a 6% lime content.

(2) As the thixotropic period increased from 0 days to 168 days,
the peaks of small and large pores in the pore size distribution
curves shifted toward the mesopores. The number of small
and large pores decreased, and the rate of decrease was higher
for the former than the latter. The number of mesopores
increased. The structure of the lime-modified loess changed
due to thixotropy. The large and small pores transformed
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into medium pores, and the pore distribution became more
homogeneous.
(3) The SEM images showed that the amount of cementitious
materials, such as the crystalline lattice of the slaked lime,
hydrated calcium silicate, and calcium aluminate, increased
during the thixotropic period. The degree of cementation
increased, and the number of pits and large pores on
the particle surface decreased. Many floral and reticulated
structures appeared, and the density and integrity of the soil
samples increased. The thixotropy mechanism of the lime-
modified loess consisted of a change in the microstructure and
increased flocculation.
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