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Abstract: Soda residue (SR), a waste by-product of sodium carbonate production, occupies land
resources and pollutes the environment seriously. To promote the resource reusing of waste SR,
this paper studies the feasibility of utilizing SR for the preparation of soda residue soil (SRS) through
laboratory and field tests. The SR and fly ash (FA) were mixed with six different proportions (SR:FA is
1:0, 10:1, 8:1, 6:1, 3:1, 1:1) to prepare SRS, and the optimum water content, maximum dry density,
shear strength, and unconfined compression strength of the SRS were measured. The representative
SRS (SR:FA is 10:1) was selected to investigate the compression performance and collapsibility.
The preparation and filling method of SRS in the field was proposed, and the effects of gravel, sand,
and lime on the mechanical properties of SRS were studied through field tests. The results show
that the addition of FA contributed to the strength development of SR, and the addition of lime,
sand and rubble have a significant effect on the subgrade bearing capacity of SRS. The subgrade
bearing capacity and deformation modulus of SRS in field tests is more than 210 kPa and 34.48 MPa,
respectively. The results provide experimental basis and reference for the preparation of SRS,
the scientific application of SRS in geotechnical engineering to promote sustainable development.
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1. Introduction

Sodium carbonate is one of the important organic chemical raw materials, widely used in the
chemical industry, food industry, metallurgical industry, textile industry, and many other fields [1–3].
The ammonia soda process is the common method for manufacturing sodium carbonate, but this method
produces a large amount of soda residue (SR) during production [4,5]. According to statistics [6,7],
in China, the production of sodium carbonate using the ammonia soda process exceeds 10 million tons
per year, and the resulting SR reaches 3 million tons per year [8]. At present, building a storage yard
next to the soda plant and discharging the SR into the storage yard is a common way to dispose of the
SR [9–11]. However, this approach has the disadvantage of occupying amounts of land, polluting the
local ecology, and failing to achieve sustainable resource and economic development [12,13]. From the
remote sensing maps (Figure A1), more than 15 km2 of land areas near the soda plant were occupied
by the storage of soda residue in four stacking fields, and the effective utilization rate of SR is less
than 5% [14]. The dry SR powder was dispersed by the wind, and the pollution range is up to 5 km,
which can stimulate human eyes and the respiratory tract. In addition, the alkalinity and chloride ion
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from SR pollute the local soil and water ecological environment through seepage [15]. By monitoring
the water quality of the wells around the SR storage yard, the chlorine ion content of one well increased
from 86 mg/L to 1490 mg/L within four years, the chloride content of another well increased from
141 mg/L to 3720 mg/L within nine years, and the PH values were all greater than 9 [16]. The scientific
treatment of SR has been a troublesome problem.

Therefore, seeking sustainable methods to dispose of the SR has become the main subject of many
studies. Previous studies showed that the free chloride ion in SR can react with the fly ash (FA), and the
gelling substances generated by the reacting can fill the pores of the SR and reduce the seepage rate of
chloride ion and the PH of SR [17]. Moreover, FA can adsorb free chlorine ions in SR and effectively
inhibit the dissolution of chlorine ions from SR [18,19]. Mixing SR with FA and other materials can
effectively reduce the pollution of the local environment caused by chloride ion seepage from SR.
The chemical composition of SR and alinite mineral is very similar, but differing in content of Cao,
CaCI2 [20,21]. Hou [22] fired a white cement using SR as raw material. The main component of the
cement is alinite minerals, the chemical formula is Ca11(Si0.75Al0.25)O18CI, which is synthesized by
Cao, SiO2, Al2O3, MgO, and CaCI2. The cement has the advantages of the concrete hardening quickly
and early strength being high. Kesim et al. [23] used soda sludge (73.5 wt %), clay (26.3 wt %) and
iron ore (0.2 wt %) as material to prepare a cement successfully and studied the properties of the
cement. The reach of reference [23] showed that the compressive strength of the prepared cement
is 26.6 MPa. Some scholars also used SR as the raw material, using different admixtures, different
methods to produce different cement and mortar [1,4,8,12]. It is estimated that 7.8 –10.0 million tons
of SR have been output annually; less than one percent of the SR is reused scientifically, referenced
from the literature [10,14]. It can be seen that the SR consumption of these methods is little, and the
application of SR is also well below its discharge.

Fly ash (FA) is a by-product of coal combustion for electricity production, and an average of 0.3 tons
of FA output are following the 1.0 ton in the process of coal combustion [24–27]. FA is a corrosive waste,
and large amounts of fly ash pollute the local air and environment. The main chemical compositions
of FA consist of silicon, aluminum, and iron oxides, and the lime content is less than 10% [25,28].
SR has positive effects on the early strength, good stability, and microstructure of the FA [29], and the
mixture of SR and FA as the potential cement and engineering soil alternative for building material.
Sun et al. [30] used SR and FA as the main materials to prepare the new non-clinker solidified soil,
and investigated the engineering properties of the solidified soil. The research showed that, when the
mass percentage of the curing agent is 20%, the mechanical properties of the solidified soil is similar to
the solidified soil with 10% composite cement. Zhao et al. [10] developed an alkali-activated fly ash
cement that was composed of SR, FA, and NaOH. The results showed that the compressive strength of
the mixture is 22.04 MPa, the mixture can be used as an engineering soil. Yan et al. [31] studied the
properties of the mixture of SR and FA through laboratory tests. Ji et al. [32] investigated the feasibility
of using alkali waste to backfill the waste salt caverns through laboratory model test and found that the
compressibility of the SR is very high, the compression modulus is 2.51 MPa. In the subsequent study,
FA was used to improve the mechanical properties of the backfilled SR, and the research showed that
the mixing of fly ash can enhance the strength and compressibility effectively of the mixture. However,
studies on the disposal of SR are not comprehensive and in depth; most scholars used laboratory test
to study the mechanical characteristics of soda residue soil (SRS). Moreover, previous studies have not
investigated the method and feasibility of field filling of SRS; field tests can better simulate the real
stress state of soil, and the test results are more accurate and reliable. It has rarely been reported that
sand, rubble, and lime are used as raw materials for preparing the soda residue soil (SRS) through field
test, and the feasibility of the field-filling method of SRS has not been investigated in previous studies.

The main objective of this paper was to reuse the SR into a value-added product, as well as study
the feasibility of utilizing SR and FA as raw materials to prepare SRS for geotechnical engineering
through laboratory and field tests. Five types of SRS with different FA contents were prepared, and the
optimum water content, maximum dry density, direct shear strength, and unconfined compression
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strength were studied. The tests can be used to study the compaction characteristics of SRS with
different ratios and the influence of age and mixing proportions on the strength of SRS. The compaction
coefficient and collapsibility coefficient of SRS (SR: FA is 10:1) were also investigated. These experiments
can be used to study the influence of water content and compaction coefficient on the compressibility
characteristics and the water stability of SRS. Moreover, the mechanical properties of SRS with different
mixing proportions were studied and probed through a series of field tests. The test results will provide
an experimental basis for sustainable resource utilization of SR and FA.

2. Materials and Methods

2.1. Materials

The main raw materials for the test were soda residue (SR) and F class fly ash (FA), which were
taken from a soda plant and a power plant in Shandong province of China, respectively. In this
study, the chemical composition of SR and FA were obtained using XRF-1800X X-ray fluorescence
spectrometer. After drying and grinding the samples, they were passed through a 240 mesh sieve.
The samples were dispersed on a plexiglass support, and overlapped particles were manually separated
by using a spatula, referenced from the literature [33,34]. The prepared sample was put into the sample
table of the spectrometer; the cooling water switch was turned on, and the circulating water pump,
and the test was conducted. After the test, we turned off the spectrometer, and we turned off the
circulating water pump and the main power supply 15 min later. The chemical composition of SR and
FA can be identified by comparing the measured X-ray energy values with the known characteristic
X-ray energy values of each element, referenced from the literature [35]. The calibration and test
methods refer to the spectrometer: test methods for main performance of energy dispersive X-ray
fluorescence spectrometer (GB/T 31364-2015). The chemical composition of SR and FA are shown in
Table 1 [34].

Table 1. Chemical compositions of soda residue (SR) and fly ash (FA).

Soda Residue Percentage (wt %) Fly Ash Percentage (wt %)

CaCO3 51.22 SiO2 51.64
Mg(OH)2 12.78 Al2O3 25.17

NaCl 10.87 Fe2O3 13.24
CaSO4 9.24 CaO 3.23
Fe2O3 5.23 MgO 2.51
CaCl2 4.45 LOI * 3.14
CaO 2.10 Others 1.07

Acid insoluble 4.11 - -

* LOI: loss on ignition at 1000 ◦C (wt %).

The main chemical composition of SR is insoluble salts, including calcium carbonate (CaCO3),
calcium sulfate (CaSO4), and oxides of iron (Fe2O3). The SR includes 67.01% mass percentage of the
calcium-containing components, such as calcium carbonate, calcium sulfate, and calcium chloride
(CaCI2). It can be seen that the main components of the soil skeleton are present in the SR, which offers
the possibility of using SR to make engineering soil.

The main chemical composition of FA consists of oxides of silicon (SiO2), aluminum (Al2O3) and
iron (Fe2O3), compounds of calcium, and magnesium. The silicon oxide and alumina oxide give FA
the properties of volcanic ash [10]. When the FA is mixed with SR, most of the FA is hydrated to form
gelling substances, and gelling substances filled in the pores of the mixture, which can improve the
strength of the mixture [15].
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2.2. Methods

2.2.1. Laboratory Test Methods

In order to investigate the mechanical properties of the SRS, the compaction test, direct shear
test, and unconfined compressive strength test were performed with different mix proportions
of SRS; the confined compression test and collapsibility test were performed with selected
representative proportions.

Compaction test. The SR and FA were dried, crushed, and passed through the 2.5 mm fine screen.
Thereafter, the SR and FA were mixed by mass ratio 1:0, 10:1, 8:1, 6:1, 3:1, 1:1, and each ratio prepared 5
samples of different water content. After the mixing and blending, the SRS was loaded into the test tube,
and the standard electric compaction apparatus was used to conduct the compaction test according to
the Chinese National Standard GB/T 22541-2008. According to the literature [15,30], the distribution
range of particle size of SR and FA is 1.0–35.0 µm; light compaction is used to determine the optimum
water content and maximum dry density of the SRS. The maximum dry density is the maximum
density in the compaction curve. The optimal water content is the water content corresponding to the
maximum dry density in the compaction curve. The schematic diagram of the equipment used in the
compaction test is shown in Figure 1a.

Direct shear test. According to the results of the compaction test, samples with mass proportions
of SR and FA of 1:0, 10:1, 8:1, 6:1, 3:1, and 1:1 were prepared, and two samples of each proportion were
prepared for parallel testing. The water content and dry density of the samples were controlled to
make it close to the optimal water content and maximum dry density. The mass of SRS required for
each sample was calculated from the dry density and volume of the sample, and the samples were
compacted by the compact cylinder and hammer. Thereafter, the direct shear test was carried out
according to the Chinese National Standard GB/T 50123-2019. The test instrument is the direct shear
apparatus, and the test method is quick shear, that is, after applying vertical pressure to the sample,
apply horizontal shear stress quickly to the sample to make it shear failure. Cohesion forces is the
mutual attraction between soil particles, and internal friction angle is the index of internal friction
between soil particles. The values of cohesion forces and internal friction angle are the intercept and
inclination of the shear strength line of the direct shear test. The schematic diagram of the equipment
used in the direct shear test is shown in Figure 1b.

Unconfined compression strength test. Unconfined compressive strength is the ultimate strength
of the sample against axial pressure without lateral pressure. In the test, the pressure when a clear
fracture surface appears on the side of the sample is the unconfined compressive strength. The sample
preparation method of the unconfined compression strength test is the same as that of the direct shear
test, but 6 samples of each proportion were needed for the unconfined compressive strength test.
After the samples preparation, the samples were kept in a constant temperature and humidity oven at
(20 ± 2) ◦C and 90% relative humidity for 7 d, 28 d, and 90 d, and the unconfined compressive strength
test was performed according to the Chinese National Standard GB/T 21043-2007. The test axial strain
rate is 1–3% per minute. The test was completed within 8–10 min. When the dynamometer reached a
peak, the test was stopped after 3–5% axial strain. When there is no peak reading, the test should be
carried out until the strain reaches 20% axial strain. The schematic diagram of the equipment used in
unconfined compression strength test is shown in Figure 1c.

Confined compression test. In order to study the effect of water content and compaction coefficient
on the compression performance of the SRS, the representative ratio (SR:FA = 10:1) was selected
for the confined compression test. The samples were prepared according to the Chinese National
Standard GB/T 50123-2019, two for each sample, and the confined compression test was performed on
the samples with different water content and compaction coefficients by high-pressure consolidation
apparatus. The schematic diagram of the equipment used in unconfined compression strength test is
shown in Figure 1d.
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Collapsibility test. In order to study the collapsibility of the SRS, the representative ratio
(SR:FA = 10:1) was selected for collapsibility test. The samples were prepared by the cutting ring
and tested by the double-line method according to the Chinese National Standard GB 50025-2018.
The schematic diagram of the equipment used in the collapsibility test is the same as that in the
unconfined compression strength test, as shown in Figure 1d.
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Figure 1. The schematic diagram of the equipment used in laboratory test: (a) Compaction apparatus;
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2.2.2. Field Test Methods

Based on the results of the laboratory tests and taking all aspects into consideration, five mixing
proportions of the SRS were selected for the field tests. In order to consume as much SR as possible,
the proportions of SR to FA were chosen to be 12:1 and 10:1 according to the actual discharge of
waste from the soda plants and power plant. For further application of SRS and considering the
feasibility of practical engineering, three other formulations of SRS were prepared, referenced from the
literature [15,36]. The SRS was prepared using the common building materials such as standard sand
(S), II class rubble (R), and II class lime powder (L). The specific mixing proportions of the SRS used in
the field test are presented in Table 2.

Table 2. The mixing proportions of the soda residue soil (SRS).

No. Mixing Proportions *

A1 SR:FA = 12: 1
A2 SR:FA = 10: 1
A3 SR:FA:L = 13:6:1
A4 SR:FA:S:L = 10:5:4:1
A5 SR:FA:R:L = 10:5:4:1

* SR: soda residue, FA: fly ash, S: sand, R: rubble, L: lime powder. The proportions are the mass proportions.

The raw materials of SRS were weighed according to the mixing proportion and mixed the raw
materials with JS 500 mixer, as shown in Figure 2a. The mechanical agitation of the mixer can destroy
the aggregate skeleton, compound salt skeleton and internal electric field of the SR, promote the
dissolution and precipitation of CaCl2, accelerate the dehydration and solidification, and enhance
the strength of SRS. When the mixing of the SRS was completed, the SRS was dried out naturally,
and when the water content of the SRS was close to the optimum water content determined by the
laboratory test, the preparation for SRS filling begins.
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Figure 2. The preparation process of soda residue soil (SRS): (a) Mixing of raw materials by JS 500 mixer;
(b) Excavation of test pits.

The test pits were excavated manually with the dimensions of 4.5 m × 1.7 m × 1.3 m
(length ×width × depth), which are shown in Figure 2b. Then, the SRS A1 to A5 were filled into
separate test pits. The filling of SRS using a superficial compaction method. The SRS were filled in five
layers, the thickness of each filling layer of the SRS being 30 cm, with frog-rammer tamped 3 times.
In order to guarantee the compaction quality, the center of the SRS should be tamped first, and then the
surrounding area should be tamped evenly. After compaction of each layer, the micro penetration test
was carried out with a WY-4 soil penetration meter produced by the Nanjing soil instrument factory
according to the Chinese National Standard GB/T 50123-2019. The blow count of WY-4 soil penetration
meter was recorded when the meter penetrated into the SRS at 10 cm. After 25 days of filling, the soil
penetration meter was used again to detect the compactness of the surface SRS. When the SRS A1
and SRS A2 were filled, the water content and dry density were determined by taking samples with a
cutting ring and calculating the compaction coefficient of the SRS. The micro penetration test points
and compaction coefficient test points are shown in Figure 3a.
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In order to further study the bearing capacity of the SRS, the plate load test was carried out
according to the Chinese National Standard GB 50007-2011. The bearing plate size used in the test was
0.5 m × 0.5 m. The test adopted the method of step-by-step loading and monitored the settlement of
the soil through the observation system. The plate load test system is shown in Figure 3b. Three test
points were taken for each of the SRS A1 and SRS A2 and were recorded as A1-1, A1-2, A1-3, A2-1,
A2-2, and A2-3. One test site was taken for each of A3 alkali cinder, A4 alkali cinder, and A5 alkali
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cinder, which was recorded as A3, A4, and A5. Due to time constraints, one test site was taken for each
of SRS A3, SRS A4, and SRS A5, and recorded as A3, A4, and A5.

3. Laboratory Test Results and Analysis

3.1. Compaction Test Analysis

Compaction test is to determine the relation curve between water content and dry density.
The maximum dry density and optimal water content of soil samples can be obtained by the
compaction curve, so as to study the compaction characteristics of SRS. The compaction test results
are shown in Figure 4. It can be seen that, with the increase in the amount of FA added, the dry
density of the SRS is gradually increasing, and the optimal moisture content is gradually decreasing.
The maximum dry densities of the SRS with the mixing proportion of 1:1 and 1:0 are 1.00 g/cm3 and
0.94 g/cm3, and the optimal water content was 46.0% and 63.1%, respectively. It can be seen that,
with the increase of FA addition, the optimal water content of SRS decreases and the maximum dry
density increases. This means that the addition of FA can absorb the water in the SR and fill in the
voids in the SR agglomerate to increase its compactness. This reaction took place in a short time,
increasing the strength of the soda residue soil. The increase of calcium ions and hydroxide ions leads
to the following reactions [10,37]:

Ca2+ + CO3
2− = CaCO3↓ (1)

Mg2+ + 2OH− = Mg(OH)2↓ (2)

Ca2+ + SO4
2− = CaSO4↓ (3)

From the above equations, it can be seen that the strengthening mechanism of the SRS is as follows:
the calcium oxide absorbs water and reduces the water content of the SRS; the ions in the pore water of
the SR exchange reaction, resulting in precipitation, and the crystals act as cementation between the
particles. Compared with the general engineering soil, the dry density of the SRS is less, and the use of
SRS as the backfill soil will produce less additional stress and additional deformation, which is suitable
for filling works.
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3.2. Direct Shear Test Analysis

The direct shear test results of the SRS with different proportions are shown in Figure 5. With the
increase of FA content, the cohesion forces and internal friction angle of the SRS are improved, but there
are some differences in their trends. When the addition of FA is small, the angle of internal friction
increases slowly (increase of only 1.6◦), and with the increase of the addition of FA, the angle of internal
friction increases rapidly (increase of 4.6◦). This is due to the fact that when the FA is mixed in small
amounts, most of the FA is hydrated to form gelling substances. The hydration reaction of the FA is as
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follows: when the fly ash and soda residue were mixed, calcium oxide in FA reacts with the water in
SR to form calcium hydroxide [37]:

CaO + H2O→Ca(OH)2 (4)

Calcium hydroxide reacts with silicon dioxide and aluminum oxide to form hydrate calcium
silicate and hydrated calcium aluminate:

m Ca(OH)2 + (n − 1)H2O + SiO2→mCaO·SiO2·nH2O (5)

mCa(OH)2 + (n − 1)H2O + Al2O3→mCaO·Al2O3·nH2O (6)

The calcium sulfate in the soda residue reacts with these hydrates to form ettringaite:

mCaO·Al2O3·nH2O + CaSO4·2H2O→mCaO·Al2O3·CaSO4·(n + 2)H2O (7)

The hydrate calcium silicate, hydrated calcium aluminate, and ettringaite are hydraulically setting
compositions, which form crystals on the surface of the fly ash vitreous gradually, and play a cementing
role on soda residue particles, thus improving the strength of the soda residue soil.

With the increase of FA content in the SRS, due to the limited stimulation effect of SR, the FA filled
in the pores of the SR to improve the density and surface mechanical bite force, resulting in the rapid
increase of the angle of internal friction.

There are some differences in the trends of cohesion force and internal friction angle with FA
addition. With the incremental addition of FA, the internal friction angle was dramatically enhanced,
with an increase of 12 kPa for 10:1 SRS, compared with that of 1:0 SRS. With the continuous increase of
FA addition, the increase of cohesion was 7 kPa, 5 kpa, and 3 kPa, respectively. This indicated that the
hydration reaction between SR and FA produces gelling substances, which can improve the cohesive
force of SRS. However, due to the limited stimulation effect of SR on FA, the increase rate of cohesive
force decreases.
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3.3. Unconfined Compression Strength Test Analysis

The unconfined compression strength test results of the SRS with different proportions are shown
in Figure 6. It can be seen that the SRS compression strength of all ages gradually increases with the
increase of FA admixture. The unconfined compression strength of the SRS sample cured for 90 d at
the proportion of 1:1 is 21 times that of the SR sample. The unconfined compression strength of the SRS
of each proportion cured for 90 days is 1.8 to 2.4 times that of the SRS cured for 7 days. It indicates that
the compression strength of the SRS is age-dependent, and the hydration of the FA is a slow process.
Liu et al. [38] studied the microstructure of the SRS by scanning electron microscope (SEM) and found
that, when the age is early, the SR pores were filled with FA, the FA did not appear to erode and
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hydrate. With the growth of age, the phenomenon of flocculent gelling material and erosion appeared
on the surface of the FA; when curing to 90 days, most of the fly ash was eroded, hydration reaction
was sufficient, gelling material filled in the pores, which can explain the SRS with the unconfined
compression strength with the age of increasing reasons [39,40].
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3.4. Confined Compression Test Analysis

Samples A1 to A4, B1 to B1 were prepared for confined compression test. The water content and
compaction coefficient of the samples are listed in Table 3. The influence of water content (43.2%,
54.1%, 65.2%, 69.9%) and compaction coefficient (0.70, 0.80, 0.90, 0.95) on the coefficient and modulus
of compressibility of the SRS were investigated. The confined compression test results are shown in
Figure 7. The coefficient and modulus of compressibility of each sample are illustrated in Table 4.

Table 3. Water content and compaction coefficient of each sample.

No. A1 A2 A3 A4 B1 B2 B3 B4

Water content/% 43.2 54.1 65.2 69.9 65.2 65.2 65.2 65.2
Coefficient of compaction/MPa 0.90 0.90 0.90 0.90 0.70 0.80 0.90 0.95
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Table 4. The coefficient and modulus of compressibility of each sample.

No. A1 A2 A3 A4 B1 B2 B3 B4

Coefficient of compressibility/MPa−1 0.449 0.495 0.388 0.492 1.644 1.347 0.480 0.267
Modulus of compressibility/MPa 6.496 6.619 7.751 6.140 2.310 2.551 6.556 11.016

As shown in Figure 8 and Table 4, it can be seen that, when the compaction coefficient is 0.9,
the compressibility coefficient a1-2 of the SRS is 0.1 MPa−1 < a1-2 < 0.5 MPa−1, the SRS is of medium
compressibility soil. When the compaction coefficient is the same, the water content has less influence
on the compressibility of the SRS. The coefficient of compression of SRS A4 with a water content
of 69.9% is higher than that of SRS A1 with a water content of 43.2%, the difference between the
two is only 0.043 MPa−1. It is indicated that the SRS has good water stability, even in water its
compressibility does not change greatly. When the water content is the same, the compaction coefficient
of the SRS compression properties has a greater impact. When the compaction coefficient is 0.7
and 0.8, the modulus of compressibility of the SRS B1 and SRS B2 is 2.310 Mpa and 2.551 Mpa,
respectively, the SRS is of high compressibility. As the compaction coefficient increases, the modulus of
compressibility increases, and the modulus of compressibility of SRS B4 is 11.016 MPa, about 5 times
that of SRS B1.
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As shown in Table 5, the compressibility coefficient a1-2 is usually used to judge the compressibility
of soil. When the water content and compaction coefficient are 65.2% and 0.95, respectively, B4 SRS has
the best compressibility and compressibility coefficient of 0.267, which is medium-compressibility soil.
Therefore, in practical engineering, the medium-compressibility soil can be obtained by controlling the
compaction coefficient and water content of the SRS [41,42].

Table 5. The criterion for judging the compressibility of soil.

Compressibility of Soil Coefficient of Compressibility a1-2/MPa−1

Low-compressibility soil a1-2 < 0.1
Medium-compressibility soil 0.1 ≤ a1-2 < 0.5

High-compressibility soil a1-2 ≥ 0.5

3.5. Collapsibility Test Analysis

The results of the collapsibility test of the SRS are shown in Figure 8. With increasing axial
stress, the height of the SRS sample after water immersion is slightly higher than that of the no-water
immersion SRS sample; the collapsibility coefficient first decreases and then increases, but is less than
0.015. According to the specification GB 50025-2018, the SRS belongs to non-collapsible soil. This is
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because the structure of SRS is different from that of the collapsible soil. When the collapsible soil meets
water, the cohesion between the soil particles weakens, and the soil structure is destroyed rapidly,
resulting in settlement. This indicates that the SRS can maintain a stable soil structure after being
exposed to the water and will not collapse. SRS will not settle when it meets water, which will affect
the bearing capacity, so it can be used as engineering soil.

4. Field Test Results and Analysis

4.1. Micro Penetration Test Analysis

The results of the micro penetration test are shown in Figure 9. It can be seen that the hammer
numbers of A2 SRS are slightly higher than that of A1 SRS. The blow counts of A3 SRS, A4 SRS, and A5
SRS are significantly higher compared to that of A1 SRS and A2 SRS. These results indicated that the
strength of SRS can be improved by increasing FA content and adding sand, rubble, and lime to SRS.
The hammer numbers of A1 SRS, A2 SRS, A3 SRS, A4 SRS, and A5 SRS increased by 2.62, 1.90, 2.56,
2.08, and 1.81 times, respectively, compared to that of SRS 25 days ago. These results can be attributed
to the hydration reaction of SR and FA. As confirmed in the researches of Zhao et al. [1], Liu et al. [38],
and Wang et al. [43], the hydration reaction between SR and FA is slow, and the strength of SRS is
increased gradually with the increasing of age, which is consistent with the results of the unconfined
compression strength test.
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4.2. Compaction Coefficient Test Analysis

Table 6 presents the water content, density, and compaction coefficient of the SRS with different
mixing proportions. The formula of compaction coefficient is shown in Formula (8). It can be seen that
the compaction coefficient of A1 SRS soil is 0.94 and that of A2 SRS is 0.99. The compaction coefficient
of the filling foundation should not be less than 0.90 according to the Chinese National Standard GB
50007-2011. It indicates that the compaction quality of SRS by the filling method used in the test is
good, which can improve the soil compactibility, reduce the permeability of soil, and reduce the height
of capillary water, so as to prevent the soil-base softening caused by water accumulation. The reason is
that mechanical compaction can change the soil structure of soil and improve its strength and stability.

K =
ρd

ρdmax
(8)

where K is the compaction coefficient, ρd is the dry density, ρdmax is the maximum dry density.
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Table 6. Compaction coefficient of the SRS.

No. Density
/g·cm−3

Water Content
/%

Dry Density
/g·cm−3

Maximum Dry
Density/g·cm−3

Compaction
Coefficient Average *

A1
1.49 71.8 0.88 0.96 0.92

0.941.54 67.1 0.92 0.96 0.96

A2
1.55 67.5 0.93 0.94 0.99

0.991.51 65.3 0.91 0.93 0.98

* This is the average of the compaction coefficients.

4.3. Plate Loading Test Analysis

The plate loading test is the most reliable test method for determining the soil parameters such
as bearing capacity and deformation modulus. The load-settlement curves for each test point were
obtained by monitoring the settlement of the SRS under load. Due to the influence of various factors,
there is a certain discrepancy between the measured settlement and the actual settlement, and the
measured settlement needs to be corrected by the least squares method, which is calculated by the
formulas according to the Chinese National Standard GB 50007-2011:

Ns0 + c0

∑
p−

∑
s′ = 0 (9)

s0

∑
p + c0

∑
p2
−

∑
ps′ = 0 (10)

where N is the load series, s0 is the corrected settlement, c0 is the slope of the curve, p is the load, s’ is
the initial settlement value under different loads.

Combining Formulas (9) and (10), the corrected settlement s0 and slope c0 can be calculated:

c0 =
N

∑
ps′ −

∑
p
∑

s′

N
∑

p2 − (
∑

p)2 (11)

s0 =

∑
s′
∑

p2
−

∑
p
∑

ps′

N
∑

p2 − (
∑

p)2 (12)

The measured load-settlement curves and corrected load-settlement curves for each test point are
shown in Figure 10. In the test, due to the limitation of the upper limit of loading, the SRS all did not
reach the ultimate destruction state, so there is no descending section in the load-settlement curve.
Modulus of deformation of the SRS is calculated by the formulas:

E0 = I0
(
1− µ2

)pd
s

(13)

where E0 is the modulus of deformation, I0 is the shape coefficient of the bearing plate, s is the
settlement of the bearing plate, d is the length of side of the bearing plate, µ is the Poisson’s ratio of the
soil. According to the load-settlement curves in Figure 10, the subgrade bearing capacity and modulus
of deformation of the SRS with different admixture can be obtained, as shown in Table 6.
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Figure 10. Measured and corrected plate load curves of soda residue soil: (a) A1-1 test point; (b) A1-
2 test point; (c) A1-3 test point; (d) A2-1 test point; (e) A2-2 test point; (f) A2-3 test point; (j) A3 test 
point; (h) A4 test point; (i) A5 test point. 
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Figure 10. Measured and corrected plate load curves of soda residue soil: (a) A1-1 test point; (b) A1-2
test point; (c) A1-3 test point; (d) A2-1 test point; (e) A2-2 test point; (f) A2-3 test point; (j) A3 test point;
(h) A4 test point; (i) A5 test point.
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As shown in Figure 10 and Table 7, the Subgrade bearing capacities of A1 SRS, A2 SRS, and A3
SRS are 210 kPa, 220 kPa, and 270 kPa, respectively, and the deformation moduli are 34.48 MPa,
44.68 MPa, and 73.24 MPa, respectively. With the increased FA content, the subgrade bearing capacity
and deformation modulus of SRS increased. The strength and compression property of SRS can be
improved by adding lime. It is because the water in SRS is absorbed by lime, and the water content of
SRS is reduced. Meanwhile, the FA is activated by NaOH to form N-A-S-H gels to fill the pores of solid
particles, and the pozzolanic reaction between SR and FA is accelerated to form C-S-H gels to improve
the subgrade bearing capacity and deformation modulus of SRS, referenced from the literature [15,38].

Table 7. Subgrade bearing capacity and modulus of deformation of the SRS.

No. A1-1 A1-2 A1-3 A2-1 A2-2 A2-3 A3 A4 A5

Subgrade bearing capacity/kPa ≥210 ≥220 ≥270 ≥330 ≥330
Modulus of deformation/MPa 34.48 44.68 73.24 68.93 50.40

The subgrade bearing capacities of A4 SRS and A5 SRS are more than 330 kPa, and the deformation
moduli are 68.93 MPa and 50.40 MPa, respectively. The subgrade bearing capacities of A4 SRS (addition
sand ) and A5 SRS (addition rubble) are 60 kPa higher than that of A3 SRS, but the deformation moduli
of A4 SRS and A5 SRS are 4.31 MPa and 22.84 MPa, which is lower than that of A3 SRS. It can be seen
that the addition of sand and rubble had a significant effect on the subgrade bearing capacity of SRS,
but a slight influence on modulus of deformation. This is because sand and gravel can serve as the
soil skeleton of SRS, significantly improving the strength of the soil [44]. The compressibility of SRS
is related to grain composition [45]. When the grain composition of the soil is not good, the rubble
(sand) were wrapped by the mixture of SR and FA, the first stage soil skeleton between rubble (sand)
cannot be formed. Rubble (sand) becomes the filling material of the second-stage soil skeleton, so the
deformation modulus of soil cannot be improved significantly. Therefore, although the strength of A4
SRS and A5 SRS is higher, the deformation modulus is smaller than that of A3 SRS.

The comparison of subgrade bearing capacity and deformation modulus between soda residue
soil and general soil are listed in Table 8 [46,47]. It can be seen that the subgrade bearing capacity
and deformation modulus of A4 SRS are 330 kPa and 68.93 MPa, respectively, which are obviously
higher than clay and sand soil. The maximum subgrade bearing capacity of SRS is 330 kPa (A4 and A5
SRS), which is significantly higher than the test result (180 kPa) of Yan et al. [31], and the maximum
modulus of deformation of SRS is 73.24 MPa (A3 SRS). The minimum subgrade bearing capacity and
deformation modulus of SRS are 210 kPa and 34.48 MPa, respectively, which are close to that of sand
soil. It indicates that the SRS can be used as engineering soil (such as: atrium filling soil, workshop
foundation soil, road subgrade backfill soil) in geotechnical engineering. However, SRS should not
be used in drinking water sources, cultivated land, and environmentally sensitive areas to avoid
secondary pollution of surrounding soil and groundwater, and the effect of cost should be considered
in actual filling engineering.

Table 8. Comparison of mechanical indexes between soda residue soil and general soil.

Mechanical Indexes A4 SRS Clay Sand Soil

Subgrade bearing capacity/kPa >330 120~180 150~220
Modulus of deformation/MPa 68.93 10~22 16~35

5. Conclusions

The objective of this paper was to validate the feasibility of using soda residue as the main
raw material for preparation of soda residue soil; the preparation method in the field was proposed,
and mechanical properties of soda residue soil with different mixing proportions and materials were
investigated. Conclusions could be drawn as follows:
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(1) The main chemical composition of SR is insoluble salts, and cohesive forces, angle of internal
friction, and unconfined compression strength of SR are 40 kPa, 15.6◦, and 0.02 kPa, respectively.
The mechanical properties of SR need to be improved.

(2) The addition of FA contributed to the strength development of SR, incorporating about 50% FA
makes the admixture possess the highest cohesive forces, angle of internal friction, and unconfined
compression strength, which account for 74 kPa, 32◦, and 0.43 kPa, respectively. The SRS optimum
water content range is 46–63%, and the corresponding dry density is 0.94–1.00 g/cm3. The SRS
has good water stability and will not collapse.

(3) The addition of sand and rubble in SRS has a significant effect on subgrade bearing capacity, but a
slight effect on the modulus of deformation. The subgrade bearing capacity and deformation
modulus can be improved by adding lime. The subgrade bearing capacity and deformation
modulus of SRS in field tests are more than 210 kPa and 34.48 MPa, respectively.

In summary, the research investigated the mechanical properties of SRS with different mixing
proportions. However, to further promote the engineering application of SRS, it is necessary to
investigate the effect of other admixtures (such as sodium silicate and sodium sulphate), different
mixing proportions and the particle size of raw material on the mechanical characteristics of SRS.
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