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Abstract: In recent years, highway infrastructure in the Ningxia region of China has rapidly ad-
vanced. Cement-loess is extensively utilized in the roadbed and foundation reinforcement. It is
necessary to conduct micro-macro-analysis and model derivation of the electrical resistivity on
Ningxia cement-loess, which are beneficial for both the practical application of electrical resistivity
and the evaluation of the geotechnical properties of cement-loess. Therefore, a series of electrical
resistivity measurements, microstructural observations (scanning electron microscopy), mineral anal-
yses (thermogravimetric analysis), and theoretical analyses were adopted on the cement-loess. The
following conclusions can be drawn: The electrical resistivity is negatively related to dry density and
water content, while it is positively related to cement dosage and curing age. A cement dosage of 6%
exhibits a lower hydration reaction potential compared to 12%, causing a slower increase in electrical
resistivity. The formation of calcium silicate gel around particles results in particle clustering and pore
filling, reducing the pore area and increasing electrical resistivity. Increased hydration also decreases
microscopic orientation, contributing to a higher electrical resistivity of cement-loess. Finally, a new
three-dimensional electrical resistivity model was created, finding that the electrical resistivity of
Ningxia cement-loess was determined by the dry density, water content (o;-w), cement dosage, and
curing age (a,-T) in an exponential function form. The new three-dimensional electrical resistivity
model could be used in the high-efficiency evaluation of the cement-loess geotechnical parameter,
offering valuable insights for the monitoring and maintenance of road infrastructure.

Keywords: electrical resistivity; cement-loess; dry density; water content; cement dosage; resistivity
model

1. Introduction

With the improvement in the highway network in the Ningxia region of China, most of
the road sections need to go through collapsible loess. Generally, this loess under dry and
slightly wet conditions has a certain structural strength; if the water content increases, the
pore structure and inter-particle bonding are rapidly destroyed [1,2]. A lack of appropriate
improvement can lead to the uneven settlement of the roadbed, pavement cracking, and
landslide disasters, which brings great safety risks to highway transportation [3]. Due to
the wide range of uses and economic benefits of cement-loess, along with the excellent
performance of cement itself [4], it has been widely used in compaction piles, strengthening
roadbeds, and preventing seepage and leakage in Ningxia highway engineering.

The electrical resistivity measurement method can be used to determine the geotech-
nical parameters and microscopic properties. Therefore, a series of scholars explored the
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relationship between soil electrical resistivity and physical or mechanical properties. Abu-
Hassanein et al. [5] found that the electrical resistivity of compacted clay was closely related
to saturation and compaction. In addition, the initial electrical resistivity of phosphate
tailings was negatively correlated with shear strength, cohesion, and internal friction angle,
which was helpful for the evaluation of the in situ properties of phosphate tailings [6].
Naseem et al. [7] established the correlation between conventional test data (liquid limit,
proctor compaction test, and cohesion and internal friction angle) and electrical resistivity,
and the established regression curve was used to determine the physical properties of
sandy clay. Meanwhile, the electrical resistivity method can reflect the relationship between
the mechanical properties of loess under load and dry-wet cycles, determining which factor
can demonstrate the impact of dry—wet cycles conditions on compacted loess [8].

Regarding the electrical resistivity of cement—soil, Taylor et al. and Tashiro et al. [9,10]
showed that there was a certain correlation between electrical resistivity and the cement
hydration reaction. Moreover, the ion concentration had a significant effect on the electrical
resistivity in the early hydration stage, and the compressive strength at 28 days was linearly
related to the electrical resistivity at 72 h [11]. The cement could be used to solidify the
contaminated soil, and the electrical resistivity method could reveal the effect of pollutants
and cement types on the contamination degree of cement-soil. Liu et al. [12] proposed a
predictive equation for electrical resistivity with the water—cement ratio and curing age,
which can be applied to cement—soil detection. The microstructure of cement-solidified
contaminated soil determined the electrical resistivity, which was directly proportional
to the curing age and inversely proportional to the heavy metal concentration [13,14].
Therefore, it was found that the electrical resistivity could be used as a non-destructive
testing method to evaluate the pollution level of contaminated sand. Heidari et al. [15]
found that resistivity can be used to predict the durability of cement—soil under chloride
ion erosion in seawater, as well as parameters such as the water—binder ratio and sediment-
sand ratio. This is because resistivity is closely related to the porosity and pore solution
of cement-soil. When the matrix is denser, water content is higher, and connectivity
is better, the resistivity of the cement—soil decreases [16]. In summary, resistivity can
sense the internal structure [17] and soil condition and establish correlations with its
internal parameters.

Regarding the soil electrical resistivity models, Archie [18] ignored the conductivity of
solid particles and only considered the conductivity path of free water between pores. An
applicable electrical resistivity model was proposed for saturated non-cohesive soil and
pure sandstone. Keller et al. [19,20] further studied the Archie model and considered the
effects of soil particle factors on the electrical resistivity model. Then, an electrical resistivity
model of unsaturated soil was established. Furthermore, Tumidajski et al. [21] conducted
experimental research on the electrical resistivity of cement—soil. Based on the structural
factors of this soil, they established an electrical resistivity model for cement-soil. Dong
et al. [22] established a relevant relationship between the electrical resistivity of solidified
contaminated soil, unconfined compressive strength, and pollution concentration. Zhang
et al. [23] introduced a comprehensive parameter N to replace porosity based on the Archie
formula, which can describe the effect of the solidifying agent dosage and the age hydration
reaction on the porosity and saturation in solidified soil. Although scholars have already
established regression models between soil resistivity and related factors, the study of
influencing factors on the electrical resistivity of cement-loess is still not comprehensive
enough. In addition, the electrical resistivity of other regions cannot be generalized to the
Ningxia region. For example, the electrical resistivity of Gansu cement-loess is 200% higher
than that of the Ningxia region, with a water content of around 15% [24].

In general, the electrical resistivity of soil mainly depends on the soil type, mineral
composition, pore structure, water content, and dry density. Cement-loess is different from
natural soils in terms of salinity, reactant, particle geometry, and microstructure [25,26].
To explore the electrical resistivity behavior and the detection method of cement-loess, a
comprehensive experiment was conducted in this study. The electrical resistivity was mea-
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sured under various conditions by using a self-made experimental apparatus. The effects
of conditions on the electrical resistivity of cement-loess were discussed. Furthermore, the
microstructure and mineral composites were investigated using SEM, TG/DTG, and XRD.
Finally, a new three-dimensional electrical resistivity model was established to describe the
electrical resistivity of cement-loess. Not only is this paper beneficial for the understanding
of the electrical resistivity of cement-loess, but it also provides an efficient method for the
future detection of Ningxia cement-loess.

2. Materials and Methods
2.1. Properties of Loess

The loess samples used in this study were taken from Haiping highway (Ningxia
Province) engineering. Moreover, the loess samples were dried in a 105 °C oven, pulverized
with a mallet, and passed through a 2 mm sieve. Table 1 shows the basic properties of loess,
including its water content limit, maximum dry density, and optimal water content. The
particle size distribution (Figure 1a) was measured by a (Dandong Baxter Bettersize2000LD
laser, Dandong, China) particle size analyzer, which showed that the sand content (particle
size > 0.075 mm) in the loess accounted for 16.51%, and the silt (0.005~0.075 mm) and
clay (<0.005 mm) contents were 69.19% and 14.3%, respectively. The liquid and plastic
limits (LP-100D liquid-plastic combine tester) of the loess were 24 and 15.1%, respectively.
The maximum dry density was 1.88 g/cm?, and the optimal water content was 11%.
The cement used for the test was ordinary cement. The mineral composition (Figure 1b)
of the loess and cement materials was determined by XRD (Bruker D8 Advance X-ray
Diffraction, Germany), which was 5iO;, NaAlSi3Og, CaCOj3, and Na zeolite. The element
contents (Table 2) were measured by XRF (PANalytical AXios 4.0 kW X-ray fluorescence
spectrometer, The Netherlands). Moreover, the main components of the cement were
tricalcium silicate, dicalcium silicate, and tricalcium aluminate, and the major elements
CaO and SiO; accounted for 33.89 and 10.21%, respectively. The test water was ordinary
tap water with an electrical conductivity of 203 pS/cm (25 °C).

Table 1. The basic properties of loess.

Basic Properties Value
Liquid limit/wy /% 24
Plastic limit/wp /% 15.1
Maximum dry density /pmax/g-cm ™3 1.88
Optimal water content/wep; /% 11.0
Specific gravity /G 2.70
Clay Silt Sand 12k a Quartz SiO,
]20 g b Albite NaAlSi;Oy
H 9 ¢ Calcite CaCO,
S
100 >
S £
Z 80 g 37
2 =
8 of 0 i ) i
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Figure 1. Particle size distribution (a) and XRD results of loess and cement (b) [24].
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Table 2. The element contents of loess and cement/%.
Materials CaO SiO, Al,O3 Fe, O3 SO; MgO Na,O Others LOI
Loess 9.31 44.4 10.49 4.38 0.11 2.64 1.42 1.01 8.51
Cement 474 21.87 5.96 3.61 3.31 1.96 0.62 0.86 3.70

tivity testing box
!

>

2.2. Experimental Apparatus and Procedure

This study adopted the two-electrode method to measure the cement-loess electrical
resistivity. According to standard ASTM [27], we designed and constructed an electrical
resistivity testing box which was rectangular with an internal size of 12 cm x 4 cm x 7 cm.
The inner layer was made of high-strength plexiglass, the outer layer was made of a 1 cm
thick steel plate, and the electrodes in contact with the soil sample were made of stainless
steel. The resistivity test instrument adopted a (VICTOR-4090A, Shenzhen, China) digital
bridge with a maximum frequency of 100 kHz, 0.0001 (2-99.99 MQ) resistance range, and
maximum basic accuracy of 0.1%. The instrument can automatically identify and choose
the appropriate test range according to the measured cement-loess. The digital bridge
was clamped at both ends of the electrode through a crocodile clip, as shown in Figure 2,
which was used to measure the electrical resistance directly. Then, the electrical resistivity
could be further calculated based on the electrical resistance and the geometry of the
cement-loess sample.

VICTOR-4091C  digital

bridge instrument

Cement—loess sample

(2) (b)

Figure 2. A self-made electrical resistivity testing box: a VICTOR-4091C digital bridge instrument
(a) and a cement-loess sample (b).

The experimental condition (Table 3) included four water contents, four dry densities,
four curing ages, and three cement dosages, with a total of 192 cement-loess samples. The
test procedure is as follows:

(1). According to the designed water content, dry density, and cement dosage, the corre-
sponding mass of water, loess, and cement was mixed evenly and then layered into
the test box to ensure uniform sample density.

(2). The prepared cement-loess samples were wrapped with a plastic bag to prevent water
content loss. After the labeling was completed, the samples were placed in a standard
curing machine (temperature: 20 °C; humidity: 95%) with the corresponding curing
ages (1,7, 14, and 28 days).
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3).

(4).

©)-

(6).

A sample that reached the corresponding curing age was removed from the bag and
quickly placed into the electrical resistivity testing box, the digital bridge instrument
was connected with the electrical resistivity testing box, and then the electrical resistiv-
ity of the cement-loess sample was measured and recorded at the selected frequency
of 50 kHz.

Different water contents (8 and 12.5%) and cement dosages (6, 9, and 12%) were se-
lected for microscopic mechanism analysis at curing ages of 1, 7, and 28 days. After the
measurement of electrical resistivity, the samples were terminated in their hydration
reaction by low-temperature drying and sealed in a plastic bag for preservation [28].
The microscopic structure sample was cut and polished from an intact internal part,
and the sample size was 1 cm x 1 cm x 0.5 cm. The SEM (Saimofei QuattroS, Waltham,
MA, USA) was adopted to observe the microscopic structure.

Taken from the central part of the cement-loess samples, an agate mortar was used to
grind the sample into a powder for XRD and TG/DTG (TA Q600, USA) experiments,
which can reflect the changing mineral composition under various conditions.

Table 3. Experimental conditions.

Cement Dosage/% Dry Density/g-cm—3 Water Content/% Curing Age/Days

8.0 1,7,14,28

10.0 1,7,14,28

1.62 125 1,7,14,28

14.0 1,7,14,28

8.0 1,7,14,28

10.0 1,7,14,28

171 125 1,7,14,28

14.0 1,7,14,28

6[24],9,12 8.0 1,7,14,28
10.0 1,7,14,28

177 125 1,7,14,28

14.0 1,7,14,28

8.0 1,7,14,28

10.0 1,7,14,28

1.81 125 1,7,14,28

14.0 1,7,14,28

3. Results and Discussion
3.1. Electrical Resistivity Behavior of Cement-Loess
3.1.1. Dry Density and Water Content

Figure 3 shows the relationship between electrical resistivity, water content, and

dry density. It can be seen that the electrical resistivity of the cement-loess significantly
decreases as the dry density rises. According to the three-element electrical resistivity
model of cement-loess [20], the conductive path of the cement-loess is propagated in series
and parallel along soil particles, water, and cement. Under the same water content, a lower
dry density indicates that the air phase in the cement-loess is proportionally higher, leading
to poor connectivity between the pore water and the loess particles, resulting in a higher
electrical resistivity value. As the dry density gradually increases, the compaction degree
of the cement-loess gradually increases. The air phase in the unit volume is discharged,
and the proportion of solid and liquid phases increases in the cement-loess. Therefore,
more conductive paths can be formed inside the cement-loess, including conductive paths
formed between solid-solid, solid-liquid, and liquid-liquid phases, leading to a gradual
decrease in the electrical resistivity.
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Figure 3. The relationship between electrical resistivity, water content, and dry density at curing ages
of 1 (a), 7 (b), 14 (c), and 28 days (d).
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From Figure 3, it can be seen that the influence of water content on resistivity is
significant when the water content is lower than the optimal value, and then, the influence
of the water content decreases. Under the same dry density condition, the low-water-
content sample has relatively scarce free water in its pores, and the air phase volume
proportion in the internal pores is relatively high. Thus, the connecting channels that are
formed by the pore water in the cement-loess are limited. These factors result in poor
connectivity between pore water and loess particles, and the loess particles are loosely
arranged with a smaller contact surface area, leading to a higher electrical resistivity. As
the water content increases, the conductive path abilities become more obvious, and the
electrical resistivity shows a significant downward trend [29]. When the water content is
higher than the optimal value, a large number of double-layer conductive structures can
be formed, and the water film can produce a wedging effect between loess particles. As a
result, the electrical resistivity of cement-loess is significantly reduced by the soluble salts
in the loess that dissolve in the pore water along with the replacement of the air phase by
the liquid phase. However, the decreasing level of resistivity slows down and tapers off.

3.1.2. Curing Age and Cement Dosage

Figure 4 shows the relationship between electrical resistivity, curing age, and cement
dosage. Moreover, the variation in the cement-loess electrical resistivity with the curing
age is divided into reaction and growth stages under a cement dosage of 12%. During the
reaction stage (1-7 days), the change in the electrical resistivity of cement-loess slows down.
The second stage is the growth stage (i.e., 7-28 days), during which the internal C-S-H gel
has a stronger bonding ability to the loess particles and the cement-loess becomes more
compact, blocking the conduction path and rapidly increasing the electrical resistivity. On
the other hand, the reaction and growth stages are almost the same under a cement dosage
of 6%, which proves that the potential of the hydration reaction is not sufficient under a low
cement dosage level. As the curing age increases, the water content gradually decreases
due to the consumption of the hydration reaction, and the concentration of free water and
ions within the pore channel decreases in synchrony, causing a reduction in the conductive
paths and consequently leading to an increase in electrical resistivity.

As can be seen from Figure 4, the electrical resistivity roughly increases with the cement
dosage. At curing ages between 1 and 7 days, the growth rate becomes smoother under the
three cement dosages. However, the electrical resistivity has an obvious increasing trend at
curing ages between 14 and 28 days, which is mainly because the cement dosage of 12%
corresponds to more hydration than that at 6% beyond an adequate curing age. At the
same time, the amount of cement hydration reaction products increases, which blocks the
conductive path. Furthermore, the change in electrical resistivity with curing age under
different cement dosages shows a similar trend, with a rapid increase in electrical resistivity
as the curing age increases.

In this paper, the electrical resistivity of cement-loess was almost 1/2~1/15 of the
resistivity of loess solidified with white-mud-based solid waste cementing material. In
addition, the resistivity of cement-loess had an exponent relationship with the water
content, whereas the resistivity of loess solidified with white-mud-based solid waste
cementing material had a linear relationship [30]. For cement—fly ash-solidified soils, the
electrical resistivity increased very quickly in the first day [13]. However, the increased rate
of electrical resistivity grew slowly with time over the same duration.
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Figure 4. The relationship between electrical resistivity, curing age, and cement dosage at water
contents of 8 (a), 10 (b), 12.5 (c), and 14% (d).
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3.2. Microstructure and Weight Loss Curve
3.2.1. Microstructure

As shown in Figure 5, the microstructure of the cement-loess was evaluated under
various conditions (p; = 1.62 and 1.77 g/cm3; w = 12.5%; t = 28 days; a, = 9%). It can
be observed that there are obvious differences in the pore distribution under the various
dry densities, with small pores distributed densely in the cement-loess with a higher
dry density. Specifically, the percentage of pore volume with 1.62 g/cm? is much higher
than that of 1.77 g/cm?® [31,32]. When the dry density decreases and the pore volume
increases, there is reduced particle contact between cement-loess. This blocks the contact
and connectivity between the soil particles, and the corresponding cement-loess has a
higher resistivity. In addition, it can be seen that dense point-like hydration products
form on the surface of the soil particles, filling the pores and further bonding the particles.
Moreover, larger agglomerated structures of the particles and cement hydration products
can be observed, which hinder the propagation of current, slowing down the decrease in
electrical resistivity caused by the change in dry density.

¢ HV spot | det 'mode |HFW | mag O WD
10.00kV 3.0 ETD SE 138 um 3000x 8.4 mm

(a) 1.62, 12.5%, 28 days, and 9% (b) 1.77, 12.5%, 28 days, and 9%

Figure 5. Microstructures under different dry densities (dry density, water content, curing age, and
cement dosage, respectively).

Figure 6 shows the changes in the microstructure of cement-loess under water contents
of 8 and 12.5%. It shows that the water content affects the hydration reaction, which further
influences the electrical resistivity. At the optimal water content, a thicker and more
enveloping hydration product was formed on the surface of the loess particles, and the
morphology of the loess particles gradually became less distinct. The C-S-H clusters were
denser compared to those with lower water contents, and the loess particles merged with
the cementing products with no visible distinction. This indicates that more hydration
products are produced when the water content is abundant, and the hydration products
further fill the pores and bind the loess particles, resulting in a less steep decline in electrical
resistivity as compared to the water content increases in Section 3.1.1.

Figure 7 shows the changes in the microstructure of cement-loess at different curing
ages. As the cement component continued to undergo hydration reactions during the
curing period, the surface hydration products and degree of bonding between particles
were observed at different curing ages (1, 7, and 28 days). The hydration products such
as calcium silicate gel that formed on the surface of the particles showed a clear increase
with curing age, resulting in gradually clustering particles and further filling the pores
and bonding loess particles, forming a more compact bonding structure. The amount
of hydration products that formed changed from a dispersed distribution to a clustered
pattern, and the contact and connection between particles changed. It can be clearly
seen that the particles were wrapped from hydrates to form a network structure with
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o |HV spot det |mode HFW  mag O
138 ym 3000 8.8 mm 55 10.00kV 3.0 ETD SE 138 um 3000x 8.4 mm

10.00kv 3.0 ETD SE

surrounding particles, ultimately forming larger agglomerates and blocky structures. The
internal structure of the cement-loess followed the curing age and gradually became
denser, and the connectivity between pores continued to shrink, which caused the electrical
resistivity to continue to increase under macroscopic conditions.

D ————————s0um—— s | HV spot det |mode HFW mag O WD | —1 | —

(a) 1.77, 8%, 28 days, and 12% (b) 1.77, 12.5%, 28 days, and 12%

% m;
s 10.00kV | 3.0 ETD SE

Figure 6. Microstructures under different water contents (dry density, water content, curing age, and

cement dosage, respectively).

Figures 8 and 6a shows the changes in the microstructure of cement-loess under differ-
ent cement dosages. The curing age affected the degree of cement hydration reaction, while
the cement dosage affected the final amount of cementitious materials generated. A layer of
C-S-H gel covering appeared on the surface of loess particles, and with an increasing cement
dosage, the production of cementitious products increased. The structure characterized by a
distribution of large and small pores became increasingly filled with cementitious materials,
creating a bulky mass of amorphous gel clusters that surrounded dispersed blocks and
particles at lower cement dosages. The C-S-H gel hydration products that formed at a
cement dosage of 6% displayed a dispersed pattern on the surface of the particles, while at
cement dosages of 9 and 12%, a dense and indistinguishable whole was formed between
loess particles and cementitious materials. These microstructural changes due to varying
cement dosages correspond to an increase in cement-loess electrical resistivity.

pores

pOLes /
mag O WD —soum— o et mode |HFW | mag —soum—+

7
138 ym 3 000x 9.7 mm s 10.00 kv | 3.0 ETD SE 138 ym 3 000x 9.8 mm

(a) 1.77,12.5%, 1 days, and 6% (b) 1.77,12.5%, 7 days, and 6%

Figure 7. Cont.
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10.00 kv

spot | det |mode HFW

mag O
3.0 ETD SE 138 ym 3000x 9.7 mm

% spot |det |mode HFW  mag o |WD
10.00kv 3.0 ETD SE  138pm 3000x | 9.4 mm

(c) 1.77,12.5%, 28 days, and 6%

Figure 7. Microstructures under different curing ages (dry density, water content, curing age, and
cement dosage, respectively) [24].

spot det [mode HFW  mag o\

10.00kvV 3.0 ETD SE 138 ym 3000 x | 9.5 mm

(a) 1.77, 8%, 28 days, and 6% (b) 1.77, 8%, 28 days, and 9%

Figure 8. Microstructure under different cement dosages (dry density, water content, curing age, and
cement dosage, respectively).

By comparing the directional frequency, the orientation of cement-loess pores can
be intuitively evaluated. When the distribution of directional frequencies is uneven, it
indicates that the pores tend to appear within a specific range of angles, indicating a
pronounced orientation of the soil. On the other hand, when the distribution of directional
frequencies is more uniform, it suggests that the occurrence probability of pores is relatively
equal across different angle ranges, indicating a more uniform orientation of the soil.

Based on the directional frequency distribution shown in Figure 9, the probability of the
occurrence of cement-loess pores in different orientation angle ranges can be determined.
For specimens under two different dry density conditions in Figure 9a, the specimen under
high dry density conditions exhibits weak orientation frequencies at a dry density of 1.77%,
a water content of 12.5%, a curing age of 28 days, and a cement dosage of 9%. In contrast,
the specimen under low dry density conditions shows higher orientation frequencies, with
a concentration of pores appearing at angles from 120 to 140° and 300 to 320°, indicating a
more pronounced orientation. Furthermore, higher water content and longer aging periods
show a more uniform range of pore angles and weaker orientation frequencies. Moreover,
the orientation frequencies are more uniform under the higher water content and curing
age in Figure 9b,c, further proving that the hydration reaction causes a uniform trend in
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orientation frequencies. However, under the three cement dosage conditions in Figure 9d,
the directional frequency corresponding to a cement dosage of 9% is the most uniform, and
the corresponding electrical resistivity value does not significantly differ from that under a
cement content of 12%, as shown in Figure 4a. Therefore, it can be preliminarily concluded
that there is a negative correlation between electrical resistivity values and orientation. In
other words, the electrical resistivity under the condition of 9% cement content is due to
a large amount of hydration products clogging the pores of the cemented loess, and the
weaker orientation increases the curvature of the specimen, weakening the current pathway
and resulting in an increase in resistivity.
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Figure 9. The directional frequency distribution of cement-loess pores under the conditions (dry
density; water content; curing age; cement dosage, respectively) of different dry densities (a), different
water contents (b), different curing ages (c), and different cement dosages (d).

For the analysis of pore number and pore size, we selected the conditions of Figures 7
and 8, which contain a larger number of microstructural SEM images, to conduct the
analysis of average pore diameter and pore area ratio. In Figure 10a, as the curing age
increases, small pores are gradually filled by cementitious products, resulting in a decrease
in the proportion of pores smaller than 1 pm over time. The filling of small pores by
cementitious products, along with the partial filling of larger pores, leads to a more uniform
average pore diameter. In Figure 10b, the increase in the cement dosage provides a stable
source for the synthesis of cementitious products, resulting in the generation of more
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cementitious products. This explains why the pore area ratio decreases as the cement
dosage increases.
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Figure 10. Pore sizes and percentages at different curing ages and different cement dosages.

3.2.2. Weight Loss Curve

TG/DTG can prove the changes in hydration products and mineral composition of
cement-loess. The four factors affecting the cement-loess were analyzed and compared.
The crystalline water of C-S-H gel hydration products was detected at decomposition
temperatures of 50 to 200 °C using TG/DTG, while calcium hydroxide (CH) produced by
the hydration reaction in the specimen underwent a dehydration reaction between 400
and 500 °C, and the mass loss between 600 and 750 °C was related to the decomposition
of calcium carbonate (CC) [33-35]. The hydration products C-S-H gel and CH in the
specimen mainly originated from the following reactions of C3S and C,S. By analyzing
the components of the cement-loess based on the above theories, the changes in electrical
resistivity were further explained through variations in mass changes in the TG/DTG curve.

Figure 11 shows the comparison of TG/DTG results of cement-loess with different
dry densities. The higher-dry-density specimens produce slightly more hydration products,
but the difference is not significant. The fluctuation in the sample mass loss rate mainly
comes from the calcite component of the loess; this is not discussed further. The compaction
degree is greater for specimens with higher dry densities, resulting in a noticeable decrease
in electrical resistivity. Figure 12 shows the comparison of TG/DTG results of cement-loess
with various water contents and cement dosages. The weight loss of hydration products
increases when the water content and cement dosage are higher. It is noteworthy that the
higher the water content, the higher the weight loss of CH. This indicates the generation of
calcium hydroxide in the specimens, which also explains the slower decrease in resistivity
with increasing water content. Figure 13 shows the TG/DTG results of cement-loess at
different curing ages. The weight loss of hydration products increased significantly with the
age of curing. The depletion of water and the accumulation of cementation products in the
long-maintained soil gradually obstructed the conductive paths, leading to a macroscopic
increase in the electrical resistivity of the cement-loess.
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Figure 11. Comparative analysis of TG/DTG under different dry densities (w = 12.5%, t = 28 days,
e = 9%).

——12.5%12%
------ 8%-12%
—— 12.5%9%

—— 12.5%6%
------ 8%-6%

1 L 1 N 1 L 1 -10

200 400 600 800
Temp/°C

(a) pa=1.77 g/ecm?, t = 28 days, av=9%

DTG-102%/(%-°C™)

Mass/%

Mass/%

0 200 400 600 800
Temp/°C

(c) pa=1.77 g/cm3, w = 12.5%, t = 28 days

DTG 107/(%-°C™)

400
Temp/°C

(b) pa=1.77 g/em?, w = 8%, t =28 days

DTG 107/(%-°C™)

Figure 12. Comparative analysis of TG/DTG under different water contents (a) and cement
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Figure 13. Comparative analysis of TG/DTG under different curing ages.

3.3. Electrical Resistivity Model

As discussed in Sections 3.1 and 3.2, the electrical resistivity of cement-loess is affected
by the dry density, water content, curing age, and cement dosage. Therefore, it is necessary
to construct a model that can reflect the multiple influencing factors on the electrical
resistivity of cement-loess. Then, the dry density of cement-loess can be calculated based
on the electrical resistivity model, which can be used to detect the cement-loess piles in
the future.

Derivation of Electrical Resistivity Model

In 1942, a relationship was found between resistivity and porosity that was only
applicable to saturated, cohesionless soil and pure sandstone by neglecting the solid-phase
conductivity and only considering the conductive path of free water in the pores [18].

p = apypn " 1

where p and py, represent the electrical resistivity of the soil and pore water, respectively
(Q2'm); a is a calculation parameter; n represents porosity; and m represents the cementa-
tion factor.

Subsequently, a resistivity model applicable to unsaturated soil was established [19]:

p = appn "S, " 2)

where S, is the saturation of the sample (%) and p is the calculation parameter of satura-
tion S,.

Equation (2) takes into account the influence of porosity and saturation on the soil
electrical resistivity. To analyze the influence of dry density and water content on the
electrical resistivity, porosity and saturation in Equation (2) are replaced by the equivalent
conversion formulas of the three soil parameters. Substituting Equations (3) and (4) into
Equation (2), we can obtain Equation (5) [24].

_ wpg
Sy = " 3)
n=1--d (4)
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p = apu(1- ﬁ)  (wpa) ™" ®)
sUhw
where w is the water content; dy, is the density of water; and ds is the relative density of
soil particles.
Therefore, the resistivity equation (Equation (5)) can be simplified as a correlation
between resistivity, water content, and dry density, as the resistivity of water p, density of
water dy, and relative density of soil particles ds; remain constant.

p=a(wps) " (6)

With regard to Equation (6) and the correlation with the experimental data, an analysis
of the relationship between resistivity, dry density, and water content (0;-w) was established.

The variation in the electrical resistivity of cement-loess with dry density and water
content (p;-w) is shown in Figure 14, in which it can be observed that the electrical resistivity
of cement-loess decreases with an increase in dry density and water content. The data show
a certain regularity with Equation (6), but there is significant scatter between the data and
the fitted curve. In addition, the calculation parameters a and b show significant differences
under three cement dosage conditions. For cement-loess, the connectivity of pores, which
are filled with cementitious materials produced by the cement hydration reaction, affects
the magnitude of electrical resistivity. Therefore, relying solely on dry density and water
content cannot fully reflect the variation in the electrical resistivity in cement-loess.
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As mentioned in Section 3.2, the cement component in the loess undergoes a hydration
reaction. With the increase in curing age, the amount of cementitious material accumulates,
leading to changes in the bonding and pore filling of the loess, resulting in changes in the
electrical resistivity. Therefore, the electrical resistivity model for the cement-loess should
consider the curing age and cement dosage. Zhang et al. [23] established an empirical model
with the comprehensive parameter N, which was modified from the Archie resistivity, as
shown in Equations (7) and (8). In this equation, cement dosage ay, porosity #, and curing
age T were considered.

p=aN" ?)

- (%)

where n; is the porosity of the sample after curing, a, is the cement dosage, T is the
curing age, and B is the curing age index reflecting the variation in resistivity with age.
In addition, Equation (8) can also be recognized as a form of comprehensive parameter
N. However, it is not suitable to replace n; with p;-w directly. p;-w can be expressed with
a different calculation parameter in Equation (8). Therefore, p;-w and (8) were treated
independently in this study, which can be finally represented as Equation (9). As can be
seen from Equation (9), the electrical resistivity of cement-loess can be expressed as a
three-dimensional face by p;-w and ay,-T.

e
p=clfa @l ©)
(a0 T)
where parameter c is the calculation parameter of p;-w and a,,-T, parameter e reflects the
variation in electrical resistivity with p;-w, and parameter f reflects the variation in electrical
resistivity with a;,-T.

To further validate the applicability of Equation (9), the electrical resistivity data under
different conditions were fitted with dry density, water content, curing age, and cement
dosage using the four-variable equation (Equation (9)) with correlation coefficients R?
greater than 0.93. After fitting all the data in the origin with the function of nonlinear
surface fitting, a three-dimensional surface can be obtained (Figure 15). This indicates that
the electrical resistivity has a good power-law relationship with the established overall
factors, implying that the fitted equation can serve as a model for evaluating the param-
eters of Ningxia cement-loess. Specifically, Equation (6) can be further substituted into
Equation (9), which is used to predict dry density using electrical resistivity, water content,
cement dosage, and curing age. In addition, electrical resistivity and water content can
be measured in situ, and cement dosage and curing age can be obtained from the project
design information. Therefore, the dry density and compaction coefficient can be calcu-
lated directly from the in situ measurement value. Tumidajski’s [21] model considered the
resistivity of pore water, curing age, and void ratio. However, his model cannot reflect
the cement dosage contribution. Dong et al.’s [36] model considered the cement dosage
contribution but neglected the dry density. Moreover, other electrical resistivity models of
soil did not reflect the contribution of cement [37]. Based on the data in Figures 4 and 14, we
found that the electrical resistivity could not be predicted well without the cement dosage
and dry density. Otherwise, the input parameters (p;-w and a,,-T) of the electrical resistivity
model of this paper could be easily obtained. In addition, the parameters e and f (in Table 4)
expressed the change in the input parameters. Therefore, the electrical resistivity in this
paper obtained good fit results in Figure 15.
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Figure 15. The fitting curves of cement-loess resistivity with dry density, water content, curing age,
and cement dosage.

Table 4. The parameters of the fitting curve.

Parameters Value
e —2.18
f —0.302

c 0.837

R? 0.937

4. Conclusions

In this study, a series of electrical resistivity experiments on cement-loess were con-
ducted, and then, microscopic methods were adopted to prove its electrical resistivity laws.
Finally, a modified electrical resistivity model was established, considering dry density,
water content, cement dosage, and curing age. The following conclusions can be drawn:
(1). The electrical resistivity of cement-loess decreased with the dry density and water
content, whereas it increased with the cement dosage and curing age. If the water
content was higher than its optimal value (11%), the reduction in electrical resistivity
was 23.4%, which was 38.1% lower than that at a water content of 8~10%. This
included the soluble salts in the loess that dissolve in the pore water. In addition,
the hydration reaction potential was insufficient when using a cement dosage of 9%
compared to that achieved at 12%. Therefore, the electrical resistivity at a cement

dosage of 12% was 22.8% higher than that at a cement dosage of 9% at a curing age of
28 days.
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(2). A higher cement dosage, increased water content, and extended curing age con-
tributed to improved hydration reactions within the cement—soil system. As a result,
a greater quantity of C-S-H gel was produced. The hydration reaction consumed
the water in the soil, and the filling of the pores by the hydration products reduced
the pores and increased the resistivity. Additionally, the increase in hydration re-
duced the orientation microscopically, which induced the increase in cement-loess
electrical resistivity.

(3). A modified Archie resistivity formula was used to establish a power-law regression
model, which considers p;-w and a,-T independently. Further, a three-dimensional
fitting model was established using water content, dry density, curing age and cement
dosage as comprehensive influencing factors. Finally, the prediction accuracy of the
electrical resistivity model was 0.94 R?. Therefore, the electrical resistivity could quan-
titatively express the influencing factors, which proved that the electrical resistivity is
very important.

(4). Inthe practical application, we can adopt the same-sized electrodes from this study,
and the electrical resistivity values in the field would be almost identical to the experi-
mental ones. In future studies, the relationship between mechanical characteristics
and electrical resistivity should be explored. Moreover, a quick and multi-featured
piece of detection equipment will be developed based on the electrical resistivity. In
addition, a calibration method will be explored in cement-loess, which can reduce the
detection time and cost.
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