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"
supersulfated cement (SSC) was
used as the main curing agent to pre- |
pare flowable solidified soil with con- 1
struction waste soil. The effect of :
the water-solid ratio (W/S) and alka- I
line component (AC) content on the
rheological behavior and mechani- |
cal properties of the solidified soil |
I
I
|
|
1
I
I
|
I
I
I

- == F551-0.7 150
-~ F552-0.7 3caiom,
FS$53-0.7 scaco,

0

L L

o B O N WA <21

o - SV S W N = T

4 P B SRR O P Y S = 1
- - I W E

Shear stress (Pa)

- 1 20 30

A 4 50 e 70 &
2 R 4 260)

0 10 20 30 40 50 60 70 80 90 100
Shear rate (s7')

was investigated. In addition, its engi-
neering applicability was further veri-
fied. The results showed that an
increase in the W/S caused a certain
shear-thinning phenomenon in the
solidified soil. The increase in the AC
content could improve the yield
stress and plastic viscosity, optimiz- i :
ing the rheological characteristics of |- — — — & — & & o o e o e e e = S e e e e e e e e e e =
the fresh solidified soil. During hardening, higher W/S had a negative effect on the formation of hydration products, resulting
in a loose microstructure, weakening the compressive strength and deformation resistance of solidified soil. In comparison, the
increase in the AC content improved the alkaline environment of the SSC system, which promoted the formation of hydration
products, enhancing the compactness of the solidified soil structure and refining the pore structure. When the W/S was 0.5 and
the AC content was 7%, the solidified soil showed favorable rheological and mechanical properties. Its yield stress and plastic vis-
cosity were 3.75 Pa and 0.088 Pa:s, respectively. After 28 d, its strength was 2.18 MPa, and the shrinkage degree only changed
by 0.604%. Field operation further demonstrated that the solidified soil could reach a self-leveling effect, and it had favorable
strength and slight shrinkage.
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1. Introduction

In recent years, with the rapid advancement of urbanization
and the large-scale development of underground space world-
wide, the generation of construction waste soil has increased
sharply('2l, According to statistics, the average annual growth
rate of construction waste soil can reach 10%, with approxi-
mately 1.62 billion tons produced, making it the largest com-
ponent of urban construction wastel>4. Currently, construc-
tion waste is mainly disposed of through open-air stockpil-
ing or simple landfilling, which occupies substantial land
resources. In addition, it also leads to dust emissions, which
can deteriorate air quality and cause continuous pollution
to the environment®8. Therefore, developing efficient
technologies for the resource utilization of construction
waste has become essential for promoting the green develop-
ment of civil engineering and protecting the ecological envi-
ronmentl7],

Directly using construction waste soil in civil engineer-
ing applications such as roadbeds and foundations, followed
by repeated compaction to achieve densification, is the sim-
plest disposal method. However, this approach was mainly
applicable to sandy gravel construction waste soill89, The
physicochemical properties of construction waste soil from dif-
ferent regions have significant differences. Hence, treating
cohesive construction waste soil by direct compaction might
resultin poor compaction efficiency, leading to structural insta-
bility and insufficient bearing capacity!'%", Therefore, solidifi-
cation technology has been proposed to treat construction
waste soil for the preparation of controlled low-strength mate-
rials (CLSM)['2, In the CLSM system, flowable solidified soil
has attracted increasing attention due to its adjustable fluid-
ity and controllable strength. On the one hand, it can con-
sume a large amount of construction waste soil; on the other
hand, it is used for backfilling in narrow spaces, including exca-
vations and pipeline trenches!3-15],

Flowable solidified soil is mainly composed of a curing
agent, soil, and water. The cementitious performance of the
curing agent is the key factor affecting the engineering perfor-
mance of the solidified soill'dl. Ordinary Portland cement
(OPC) is commonly used as the conventional curing agent.
Although this material is based on mature technology and pro-
vides a stable curing effect, its production is associated with
high energy consumption and substantial carbon emissions,
posing certain threats to the environment!'7.18, Moreover, the
use of OPC is inconsistent with China’s strategic goals of “car-
bon peaking and carbon neutrality”'9). Therefore, replacing
conventional curing agents with green and low-carbon alterna-
tives is an important development direction.

Granulated blast furnace slag (GBFS) and desulfurized gyp-
sum (DG) are industrial solid wastes, which are generated as
by-products of steelmaking and coal-fired power generation,
respectively29, The resource utilization of these solid wastes
can not only reduce the dependence on OPC but also miti-
gate the negative impact on the environment. The cementi-
tious system composed of GBFS, DG, and alkaline compo-
nents (AC) is generally referred to as supersulfated cement
(SSQO)21. As a low-clinker and low-carbon cementitious mate-
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rial, SSC has several advantages, including low hydration
heat, high later strength, low carbon emissions, and resis-
tance to salt erosion(22-241,

Ju et al.?%! prepared SSC using steel slag, GBFS, and DG,
and found that ettringite (AFt) crystals were interspersed
within the calcium silicate hydrate (C-S-H) gel network, thus
making the microstructures denser and improving mechani-
cal properties. This indicated that this SSC had the potential
to replace the OPC. Subsequently, Ren et al.2] developed an
SSC-based grouting material by optimizing the proportions
of steel slag and DG. The resulting material formed denser
microstructures, which exhibited a low permeability coeffi-
cient and achieved compressive strength exceeding 2.5 MPa.
Based on this, Hao et al.[2] further applied SSC to low liquid
limit silt soil. The flowable solidified soil showed a spread diam-
eter exceeding 370 mm and a 28-d compressive strength of
up to 1.2 MPa. However, current research on the applicability
and compatibility of SSC with construction waste soil (espe-
cially silty clay) is still relatively limited. The effect mecha-
nism of SSC on the key engineering properties of flowable
solidified soil containing construction waste soil has not yet
been systematically investigated.

Therefore, in this study, SSC was used as the main cur-
ing agent to prepare the flowable solidified soil combined
with construction waste soil. The rheological parameters of
the solidified soil during the fresh mixing stage, as well as its
strength and volume stability during the hardening stage,
were systematically characterized. Subsequently, the phase
composition, microstructure, and pore structure were deter-
mined, revealing the effect mechanisms of SSC on solidified
soil. In addition, a field backfilling operation was conducted
to verify the feasibility of solidified soil in engineering applica-
tions. The findings could provide a theoretical basis and experi-
mental evidence for the low-carbon resource utilization of con-
struction waste soil, which might promote its large-scale appli-
cation in engineering.

2. Materials and methods

2.1. Raw materials and concrete preparation

The construction waste soil was from the Jinan East Station
area in Jinan City, Shandong Province, China. The main type
of the construction waste soil was silty clay, with a high mois-
ture content (w) of 30.8%. Its liquid limit (W,) could reach
42.2%. In addition, the related soil parameters, including rela-
tive density (Gs), plastic limit (Wp), and plasticity index (/p) of
the soil, were provided, as shown in Table 1.

The particle size distribution and phase composition of
the construction waste soil raw materials were measured, as
shown in Fig. 1. The specific surface area and average parti-
cle size of the construction waste soil particles were 0.454
m2 g1 and 75.29 um, respectively. In addition, the main min-
eral component of the construction waste soil was quartz,

Table 1. The basic physical properties of construction waste soil.

Type Q (%) Gs W, (%) We (%) Ip
Silty clay 30.8 2.74 422 24.8 17.4
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Fig. 1. The (a) particle size distribution and (b) phase composition of construction waste soil.

and a small amount of muscovite existed within it.

The main raw materials of the SSC curing agent were
GBFS with the a 28-d activity index of 105%, DG with a crys-
talline water content of approximately 19%, and AC (mainly
composed of cement clinker). The main chemical compo-
nents of SSC are shown in Table 2.

The mix proportions of the flowable solidified soil are
shown in Table 3. The mass proportion of GBFS in the SSC
was fixed at 80%, while the AC content was set at 3%, 5%,
and 7%, respectively, with the DG content adjusted accord-
ingly. Meanwhile, the cementitious material-soil ratio (C/S)
was maintained at 0.15, and the water-solid ratio (W/S) was
setat 0.5, 0.6, and 0.7, respectively.

The preparation procedure of the flowable solidified soil
was as follows. Firstly, the dried construction waste soil was
crushed and passed through a 0.6 mm sieve. Subsequently,
the construction waste soil, SSC, and water were added into a
cement mortar mixer and thoroughly mixed for 3 min to
obtain the fresh flowable solidified soil. The well-mixed slurry
was then poured into molds and placed on a vibrating table
for 60 s. Finally, the specimens were cured in a standard cur-
ing room at a temperature of 20 + 2 °C and a relative humid-
ity of 95% + 5% for the specified periods.

Table 2. The chemical composition of raw materials in SSC (%).

Raw materials CaO SiO, ALO; Fe)0O3 SO;  MgO
GBFS 3641 3410 17.61 1.01 1.62 6.22

DG 43.18 0.77 0.7 0.11 45.75 054

AC 4529 2263 6.96 10.43 1.12 5.39

Table 3. The mix proportions of flowable solidified soil.

NO. GBFS DG AC /s wr/s
FSS1-0.5 80% 17% 3% 0.15 0.5
FSS1-0.6 80% 17% 3% 0.15 0.6
FSS1-0.7 80% 17% 3% 0.15 0.7
FSS2-0.5 80% 15% 5% 0.15 0.5
FSS2-0.6 80% 15% 5% 0.15 0.6
FSS2-0.7 80% 15% 5% 0.15 0.7
FSS3-0.5 80% 13% 7% 0.15 0.5
FSS3-0.6 80% 13% 7% 0.15 0.6
FSS3-0.7 80% 13% 7% 0.15 0.7

2.2, Fluidity and rheological behavior characterization

A coaxial cylindrical rheometer was used to investigate the rhe-
ological properties of flowable solidified soil. The testing proce-
dure was as follows: Firstly, a pre-shear step was applied at a
shear rate of 100 s~! for 30 s; subsequently, the shear rate
was increased from 1 s71 to 100 s~! and then decreased back
to 1 s71, with a holding period of 10 s at each shear rate.
Based on the test results, the rheological parameters, includ-
ing yield stress and plastic viscosity, were determined and cal-
culated. Each group sample was tested three times under the
same conditions, and the average results were calculated as
the rheological parameters.

According to the Chinese standard (DB37/T 5345-
2025)1281, the self-leveling flow spread diameter of fresh flow-
able solidified soil was measured. The uniformly mixed slurry
was poured into a mold with a height of 150 mm and upper
and lower diameters of 75 mm each, and the surface was lev-
eled using a scraper. Then, the mold was lifted, and a steel
ruler with a range of 500 mm and an accuracy of 1 mm was
used to measure the diameters of the slurry in the maximum
direction and its perpendicular direction. Each group sample
was tested three times under the same conditions, and the
average results were calculated as the test results.

2.3. Mechanical properties and volume stability
characterization

According to the Chinese standard (JTG 3441-2024)29, the
unconfined compressive strength of flowable solidified soil
with ®50 mm x 50 mm dimensions was determined at differ-
ent curing periods using a compression testing machine at a
loading rate of 1T mm min~'. Each group sample was tested
three times under the same conditions, and the average
results were calculated as the test strength.

According to the Chinese standard (JTG 3420-2020)3,
the drying shrinkage volume change rate (SVR) of flowable
solidified soil with 25 mm x 25 mm X 280 mm dimensions
was measured. Before measurement, the specimens were
cured under standard conditions for 1 d, and then immersed
in water at 20 °C for further curing for 2 d. Subsequently, the
specimens were placed in a drying shrinkage chamber at
20 °C and 50% humidity to continue curing for different peri-
ods. At each period, the length change of the specimens was
measured. Each group sample was tested three times under



H.Qiuetal.

the same conditions, and the average values were calculated
as the test results. The test specimens are shown in Fig. 2.

Fig. 2. The specimens of flowable solidified soil after drying shrink-
age curing.

2.4. Microscopic properties measurement

X-ray diffraction (XRD) was used to analyze the phase evolu-
tion characteristics of flowable solidified soil with 26 ranging
from 5° to 80° at a scanning rate of 5° min~'. Before testing,
the specimens were ground into powder.

Scanning electron microscopy (SEM) was used to charac-
terize the micromorphology of flowable solidified soil at
room temperature under an accelerating voltage of 15 kV. To
enhance electrical conductivity and ensure reliable signal qual-
ity, the specimens were subjected to vacuum drying and
gold-sputter coating before observation and were subse-
quently affixed to the specimen stub using conductive adhe-
sive. To eliminate potential interference from moisture, all spec-
imens were pre-dried for 24 h in a vacuum drying oven at
40 °C before XRD and SEM testing.

Low-field nuclear magnetic resonance (NMR) was used to
determine the pore structure characteristics of flowable solidi-
fied soil with ®50 mm X 50 mm dimensions under a con-
stant magnetic field of 0.3 T. Each group sample was tested
three times under the same conditions, and the average
results were selected. Before measurement, the specimens
were saturated with water under vacuum conditions for 24 h.
Following saturation, the specimens were tightly wrapped
with cling film to maintain their water retention state.

2.5. Field backfilling operation

To verify the feasibility of applying flowable solidified soil pre-
pared using SSC in practical engineering, the field backfilling
operation was carried out based on the laboratory test
results using the mixture with the best performance. The
physicochemical properties of the construction waste soil
used in the field operation were consistent with those of the
soil used in the laboratory. In addition, the field backfilling
area was an excavation with 5 m x5 m x 1.5 m dimensions.

3. Results and discussion

3.1. Fluidity and rheological behavior
The rheological curves of the flowable solidified soil are
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shown in Fig. 3. With the increase in AC content, the shear
stress of the solidified soil exhibited a consistent upward ten-
dency under the same shear rate conditions. This indicated
that a higher AC content could promote the formation of inter-
nal flocculation structures, thereby having a positive effect
on the yield stress of solidified soil.

With the increase in W/S, at the same AC content, the
shear stress of the solidified soil significantly decreased, and
the rheological curves became gentler, indicating that the
increase in the W/S weakened the interaction between parti-
cles, enhancing the flowability of the solidified soil. When the
W/S was 0.5 and 0.6, the rheological curve of fresh solidified
soil was approximately a straight line, indicating that its rheo-
logical characteristics in a stable state essentially conformed
to the Bingham model. However, when the W/S was
increased to 0.7, the rheological curves exhibited certain non-
linear characteristics, suggesting that the solidified soil might
undergo shear-thickening or shear-thinning effects during
shearing. Hence, the Bingham model might not accurately
describe the rheological behavior, while the Herschel-Bulkley
(H-B) model might be more appropriate for characterizing
this processB3.

The rheological curves of flowable solidified soil under dif-
ferent W/S and AC content were fitted using the Bingham
model and the H-B model, respectively. When the W/S was
0.5 and 0.6, the R? obtained from the two models exceeded
0.99, as shown in Table 4. In the H-B model, the parameter n
is a critical indicator for distinguishing shear-thinning from
shear-thickening behavior. At this W/S, the rheological index
of solidified soil was basically close to 1, indicating that dur-
ing the mixing, only a slight thickening or thinning phe-
nomenon occurred, and the rheological behavior closely
approximated the Bingham fluid. Therefore, the Bingham
model could better describe the rheological characteristics of
the solidified soil under this condition.

However, when the W/S was increased to 0.7, compared
with the Bingham model, the fitting effect of the H-B model
was significantly better, with R? exceeding 0.99. Under this con-
dition, the rheological indices for FSS1-0.7, FSS2-0.7, and
FSS3-0.7 were determined to be 0.729, 0.641, and 0.754,
respectively. This indicated that at this W/S, the solidified soil
exhibited shear-thinning behavior. With the increase in shear
rate, the apparent viscosity of the fresh solidified soil gradu-
ally decreased. This thinning characteristic was beneficial for
reducing the pipeline transportation resistance during the
pumping stage, improving the flow-filling ability and self-level-
ing effect.

The rheological parameters mainly included the vyield
stress and plastic viscosity. The effect of AC content and W/S
on the yield stress of the flowable solidified soil is shown in
Fig. 4a. The yield stress can characterize the static flow resis-
tance of the freshly mixed solidified soil and reflect the abil-
ity of the internal flocculation structures to resist initial flow,
which is negatively correlated with the dispersion distance of
the flocculation structuresB2, The yield stress of FSS1-0.5 was
2.29 Pa. With the increase in AC content, the yield stress of
FSS2-0.5 and FSS3-0.5 increased to 3.02 Pa and 3.75 Pa, respec-
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Fig. 3. The rheological curves of flowable solidified soil with (a) 0.5, (b) 0.6, and (c) 0.7 W/S.

Table 4. Therheological equationsand correlation coefficients of flow-
able solidified soil.

NO. Rheological model (Bingham/H-B)  R? (Bingham/H-B)
FSS$1-0.5  1=2.29+0.070y/1=2.59+0.031y"17> 0.99/0.99
FSS2-0.5  1=3.02+0.078y/1=3.26+0.045y"11° 0.99/0.99
FSS3-0.5  1=3.75+0.088y/1=4.03+0.049y" 124 0.99/0.99
FSS$1-0.6  1=1.58+0.057y/1=1.53+0.065y%972 0.99/0.99
FSS2-0.6  1=2.09+0.063y/1=1.81+0.012y0863 0.99/0.99
FSS3-0.6  1=2.24+0.081y/1=2.18+0.091y0976 0.99/0.99
FSS$1-0.7  1=0.66+0.051y/ 1=0.16+0.186Yy%72° 0.97/0.99
FSS2-0.7  1=1.80+0.055y/1=0.99+0.313y0641 0.95/0.99
FSS3-0.7  1=2.08+0.073y/1=1.44+0.237y%7>* 0.98/0.99

tively. In comparison, an increase in W/S led to a reduction in
yield stress to some extent, with the yield stress for FSS1-0.6
and FSS1-0.7 decreasing to 1.58 Pa and 0.66 Pa, respectively.

The plastic viscosity of the flowable solidified soil is
shown in Fig. 4b. Unlike the yield stress, the plastic viscosity
can reflect the resistance of fresh solidified soil to shear flow,
which is closely associated with the concentration and mor-
phology of solid particles, as well as interparticle interactions
within the slurry33l, The plastic viscosity of FSS1-0.5, FSS2-0.5,
and FSS3-0.5 was 0.070, 0.078, and 0.088 Pa-s, respectively.
When the W/S was 0.7, the plastic viscosity of FSS1-0.7, FSS2-
0.7, and FSS3-0.7 decreased to 0.051, 0.055, and 0.073 Pas,
respectively.

The increase in AC content could provide more alkaline
components and active ions to the fresh flowable solidified

soil. These alkaline components rapidly dissolved and altered
the ionic environment of the slurry, which could accelerate
the dissolution rate of GBFS in an alkaline environment to
some extent. This process facilitated the dissociation of Si-O
bonds, which activated the cementitious reactivity of GBFS
and accelerated its hydration reaction in the sulfate environ-
ment. Meanwhile, reactive ions could also directly participate
in the nucleation and growth of hydration products34,

Therefore, compared with the SSC system with lower AC
content, the system with higher AC content could generate
more hydration products. These hydration products
enhanced the interparticle bonding and flocculation struc-
tures in the fresh solidified soil, increasing the yield stress. In
addition, they increased the specific surface area and volume
fraction of solid particles in the slurry, resulting in greater inter-
nal friction resistance during flow and increasing plastic viscos-
ity correspondingly.

In contrast, with the increase in the W/S, the free water
content in the fresh flowable solidified soil increased, which
could dilute the concentration of solid particles per unit vol-
ume of slurry. This weakened the physical contact and chemi-
cal bonding between the particles, increasing the average
interparticle distance and reducing the strength of the floccula-
tion structures, leading to a decrease in yield stress. Mean-
while, the increased W/S thickened the water film on particle
surfaces, which lubricated the relative sliding between parti-
cles and reduced the internal friction resistance during flow,
thereby decreasing the plastic viscosity of the solidified
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Fig. 4. The (a) yield stress and (b) plastic viscosity of flowable solidified soil.

s0ilB3],

When the W/S was 0.7, the increase in free water signifi-
cantly reduced the concentration of solid particles in the solidi-
fied soil. Under a lower shear rate, certain flocculation struc-
tures could still form between the particles. However, with
the increase in the shear rate, the weak flocculation struc-
tures were gradually disrupted, and the particles rearranged
along the flow direction, reducing the flow resistance and
exhibiting shear-thinning behavior.

The self-leveling flow spread diameter of the fresh flow-
able solidified soil was measured, as shown in Fig. 5. The
spread diameter of FSS1-0.5 was 215 mm. With the AC con-
tent increased from 3% to 7%, the spread diameter of FSS2-
0.5 and FSS3-0.5 decreased by 6 mm and 10 mm, respec-
tively, indicating a negative correlation between AC content
and the fluidity of the solidified soil. When the W/S increased
from 0.5 to 0.7, the spread diameters of FSS1-0.6 and FSS1-
0.7 increased by 36 mm and 55 mm, respectively, compared
with that of FSS1-0.5. This indicated that the W/S had a
more significant influence on the spread diameter of the solidi-
fied soil.

It could be seen that under different AC content and W/S
conditions, the evolution tendency of the spread diameter of
solidified soil was consistent with its rheological behavior dur-
ing shear. An increase in AC content had an enhancing effect
on the flocculation structures within the slurry, reducing the
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Fig. 5. The fluidity of flowable solidified soil.

fluidity of the solidified soil correspondingly. In contrast, the
increase in W/S significantly improved the fluidity of the solidi-
fied soil through dilution and lubrication, achieving a better
self-leveling effect. Overall, the self-leveling flow spread diame-
ters of the flowable solidified soil under different AC content
and W/S were all larger than 200 mm, which satisfied the rele-
vant standard requirement (DB37/T 5345-2025).

3.2. Mechanical properties

The compressive strength of the flowable solidified soil after
curing for 3 d and 28 d is shown in Fig. 6. The strength of
FSS1-0.5 at the two curing periods was 0.55 MPa and 1.03
MPa, respectively. In comparison, the strength of FS52-0.5
and FSS3-0.5 increased to 0.73 MPa and 1.04 MPa at 3 d, and
156 MPa and 2.18 MPa at 28 d, respectively. With the
increase in AC content, the strength of the solidified soil
showed an upward tendency. For FSS3-0.5, when the W/S
increased to 0.6, the strength of FSS3-0.6 at 3 d and 28 d
decreased by 0.41 MPa and 0.76 MPa, respectively. When the
W/S was 0.7, the strength of FSS3-0.7 at the corresponding cur-
ing periods further decreased by 0.59 MPa and 1.02 MPa,
respectively.

The Ca(OH), generated during AC hydration increased
the alkalinity of the alkaline component system. This pro-
moted the hydrolysis of GBFS and induced the formation of
calcium aluminate hydrate (C-A-H). The C-A-H further reacted
with SO42~ supplied by DG to form AFt. The combination of
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Fig. 6. The mechanical properties of flowable solidified soil.
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AFt and C-S-H gel provided framework support for the solidi-
fied soil, thereby improving its compressive strength3¢l. Mean-
while, a higher AC content could consume the free water
adsorbed on soil particles. The resulting hydration products
could fill the pore structures of soil particles, which bonded
the loose particles together to form a denser structure, fur-
ther enhancing the strength of the solidified soil.

During mixing and early curing, the negative charges
inside the silty clay particles could adsorb free water and
form a water film around the particles. This increased the inter-
particle spacing and weakened the frictional resistance and
bonding effect between particles. This adverse effect became
more pronounced with increasing W/S.

As the water film gradually disappeared during curing,
more pores were left within the clay particle, resulting in a
decrease in compactness and a reduction in the strength of
the solidified soil. In addition, the increase in the W/S
reduced the amount of hydration products. As a result, fewer
hydration products were available to fill pores and bond soil
particles. Meanwhile, the nucleation sites of hydration prod-
ucts became relatively dispersed, making it difficult to form a
continuous and dense skeleton network within the solidified
soil, thereby further decreasing its strength(27.37],

Overall, when the W/S was 0.5 and 0.6, the strength of
the flowable solidified soil with different AC contents all satis-
fied the relevant standard requirement (DB37/T 5345-2025).
However, when the W/S increased to 0.7, only the solidified
soil with an AC content of 7% could satisfy the standard
requirement. This indicated that the W/S had a more signifi-
cant effect on the strength of the solidified soil than the
change in AC content. Therefore, reasonable control of the
W/S was essential to ensure the mechanical properties of solidi-
fied soil.

3.3. Volume stability

The length of the specimens after demolding and mainte-
nance in water for 2 d was defined as the initial length. The
dimensional changes of the specimens were measured using
a length comparator to determine the change in SVR of solidi-
fied soil at different curing periods, as shown in Fig. 7. The
SVR could be calculated by Equation (1):
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Fig. 7. The volume stability of flowable solidified soil.
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L—Ly

[ X100 (1)

SVR =

where Ly is the initial length before drying, mm; and Ly is the
length after drying for different periods, mm. Due to the reduc-
tion in the length of the solidified soil during drying, the SVR
all showed negative values, indicating the occurrence of volu-
metric shrinkage. Under the negative value condition, the
smaller SVR of solidified soil indicated more significant dry-
ing shrinkage deformation.

During the dry curing for 1 d and 3 d, the difference in
SVR among the solidified soil with different AC content and
W/S was relatively small, indicating that the early drying shrink-
age deformation had not yet significantly differentiated. After
the curing time increased to 7 d, the SVR of solidified soil
under different conditions showed an evident difference.
When the W/S was 0.5, the SVR of FSS1-0.5 was —0.544%,
whereas that of FSS3-0.5 was alleviated to —0.472%, corre-
sponding to a 13.24% decrease in shrinkage degree. When
the W/S increased to 0.7, the SVR of FSS1-0.7 and FSS3-0.7
were —0.924% and -0.832%, respectively; compared with
FSS1-0.5, the corresponding shrinkage degree increased by
69.85% and 52.94%. At this curing period, the drying shrink-
age of the solidified soil was effectively mitigated as the AC
content increased from 3% to 7%.

When the curing age reached 14 d, the drying shrinkage
of the flowable solidified soil continued to increase. The SVR
of FSS1-0.5 and FSS3-0.5 were —0.672% and —0.580%, respec-
tively. Under the W/S of 0.7, the corresponding SVR of the
solidified soil were —1.172% and —1.072%, respectively. This
indicated that drying shrinkage deformation of solidified soil
was more significant under a higher W/S, whereas increasing
the AC content could inhibit the development of volume insta-
bility to some extent. As a further increase in curing periods,
the increment in SVR gradually decreased and tended to stabi-
lize, while the overall variation tendency among different mix-
tures remained basically consistent.

An increase in the W/S increased the initial free water con-
tent in the flowable solidified soil system. During subse-
quent drying and curing, the migration and evaporation of a
large amount of water more readily generated capillary nega-
tive pressure within the solidified soil, thereby inducing more
significant drying shrinkage deformation. Meanwhile, the
higher initial water content weakened the compactness of
the internal structure and resulted in a looser microstructure,
which further aggravated shrinkage deformation.

In comparison, increasing the AC content could provide
more alkaline components to the solidified soil, promoting
the hydration reaction of the SSC system and generating
more hydration products. These hydration products could
reduce capillary tension and enhance the bonding effect
between soil particles by forming a denser spatial structure,
thereby effectively inhibiting the drying shrinkage deforma-
tion of the solidified soil(38],

3.4. Microscopic properties analysis

3.4.1. XRD pattern
The microscopic properties of flowable solidified soil are
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strongly correlated with its mechanical properties and vol-
ume stability. The XRD pattern can reveal the chemical evolu-
tion of solidified soil using SSC as the curing agent during
hardening through its crystalline phase characteristics. The
phase composition of the flowable solidified soil after curing
for 28 d under different AC content and W/S was character-
ized to evaluate the hydration degree of SSC, as shown in
Fig. 8.
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Fig. 8. The phase composition of flowable solidified soil after curing
for 28 d.

In the XRD pattern, the presence of the SiO, characteris-
tic peaks was mainly related to the quartz in the construc-
tion waste soil, but no obvious muscovite mineral phase was
observed. Distinct AFt crystal characteristic peaks appeared,

Signal A = SE2
WD = 6.4mm Mag= 1.00KX

EHT = 3.00kV Aperture Size = 60.00 ym
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indicating that AFt was the main hydration product of the
SSC system. This product played an important role in the
early strength development and volume stability of solidified
soil. With the increase in W/S, the intensity of the AFt character-
istic peak gradually decreased, indicating that higher W/S
diluted the reaction system and reduced the effective concen-
trations of Ca?*, AlO,°~, and SO,2-, thereby inhibiting suffi-
cient crystallization and growth of AFt. In comparison, the
AFt characteristic peaks gradually strengthened with increas-
ing AC content, indicating that an appropriate alkaline environ-
ment facilitated the dissolution of reactive components in
GBFS and promoted the hydration reaction of the system to
accelerate the formation of AFt39),

In addition, characteristic peaks of Ca(OH), were also
present in the pattern. The Ca(OH), was generated during
the hydration of calcium silicate minerals in cement clinker
contained in AC. The presence of Ca(OH), provided a favor-
able alkaline environment for the SSC system and promoted
the formation of AFt“9l, Moreover, the presence of CaCOj; char-
acteristic peaks indicated that SSC came into contact with a
certain amount of CO, and underwent carbonation reactions.

3.4.2. SEM microstructure

The microstructure evolution of the flowable solidified soil
after curing for 28 d was observed using SEM. The effect of
the W/S and AC content on the microstructure was compara-
tively analyzed, as shown in Fig. 9. In the microstructure of all
solidified soil specimens, needle-rod-shaped AFt crystals and
flocculent C-S-H gel structures could be observed. These hydra-
tion products adhered to the surfaces of soil particles to
grow and accumulate within the interparticle pores, forming

b,
Aperture Size = 60.00 um

EHT = 3.00kV
WD = 6.6mm Mag= 1.00KX

W
EHT = 300kV
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Aperture Size = 60.00pm
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Fig. 9. The microstructure of (a) FSS1-0.5, (b) FSS3-0.5, (c) FSS1-0.7, and (d) FSS3-0.7after curing for 28 d.
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filling, encapsulating, and bonding effects with the soil parti-
cles. This provided the microstructural basis for the strength
development and volume stability of the solidified soil“],

At a W/S of 0.5, the microstructure of the solidified soil
was optimized when the AC content increased from 3% to
7%, as shown in Fig. 9a and b. The increase in AC content
could enhance the alkaline environment of the SSC system,
which promoted the dissolution of reactive components in
GBFS and accelerated the release of active ions (CaZ*, AlO,>-,
and SiO4*"). This could provide more reactant sources for the
formation of hydration products, increasing the amount of
hydration products generated correspondingly.

In comparison, more AFt crystals were formed in FSS3-
0.5. These crystals grew between soil particles, which could
fill the interparticle pores and act as a framework to some
extent. Meanwhile, the abundant C-S-H gel adhered to the sur-
face of soil particles and provided a bonding effect on the par-
ticles, thereby effectively improving the compactness of the
solidified soil microstructures. This further enhanced the
integrity and deformation resistance of the overall structure,
ultimately contributing to the improvement in compressive
strength and volume stability!3!,

When the W/S increased to 0.7, the microstructure of the
solidified soil exhibited a more obvious porous and loose char-
acteristic, as shown in Fig. 9c and d. Many pores and discontin-
uous soil particle structures could be observed in FSS1-0.7
and FSS3-0.7. Due to the evaporation and migration of the
high content of free water during the solidified soil harden-
ing, more capillary pores and interconnected pores were
formed. Consequently, the number of pores and pore diame-
ters increased, weakening the bonding effect between soil par-
ticles.

Meanwhile, the increase in W/S affected the hydration
reaction of the SSC system and reduced the formation of
hydration products. As a result, the AFt crystals and C-S-H gel
could not easily form a continuous and dense bonding net-
work, thereby weakening the filling effect of the hydration
products on the pores between soil particles and the bond-
ing effect on the particles*2. Although the amount of hydra-
tion products in FSS3-0.7 increased to some extent, the
improvement effect on the porous and loose structure of the
solidified soil was relatively limited. Therefore, at a higher
W/S, the mechanical properties of the solidified soil
decreased, accompanied by significant volume shrinkage.

3.4.3. NMR pore structure

The transverse relaxation time (T,) spectra of pore water in
the flowable solidified soil were obtained using NMR, which
was used to characterize the internal pore structure and pore
size distribution of the solidified soil, as shown in Fig. 10. The
T, relaxation time was positively correlated with the pore size
of the solidified soil. The T, spectra of the solidified soil gener-
ally exhibited an obvious bimodal distribution feature.

The first peak appeared within the short relaxation time
range, which was mainly associated with gel pores and transi-
tion pores in the solidified soil. This peak showed the high-
est signal intensity, indicating that small pore structures domi-
nated the total pore volume of the solidified soil. The second
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Fig. 10. The T, spectra curves of flowable solidified soil.

peak was basically located within the relaxation time range
of 10-100 ms, which was primarily related to capillary pores.

With the increase in the W/S and the decrease in the AC
content, the signal intensity of the relaxation peaks in the T,
spectra increased, indicating an increase in the number of
large pores and a gradual coarsening of the pore structure in
the solidified soil. The area enclosed by the T, spectra curves
and the horizontal axis can reflect the total signal intensity of
pore water in the solidified soil and is closely related to the
total pore volumel®l. The calculated results are shown in
Fig. 11a.

In comparison, FSS3-0.5 exhibited the smallest inte-
grated area of 3004.79, corresponding to the lowest porosity
of only 8.28%. When the W/S increased to 0.7, the integrated
areas of FSS1-0.7 and FSS3-0.7 increased to 7654.73 and
5749.77, with corresponding porosities of 10.33% and 9.54%,
respectively. This indicated that a higher W/S increased the
internal pore volume of the solidified soil.

The solidified soil with a higher W/S contained more free
water. During hardening, the evaporation of excess water read-
ily led to the formation of more capillary pores and intercon-
nected pores, resulting in an increase in total porosity. In com-
parison, increasing the AC content promoted the hydration
reaction and generated more hydration products, which filled
the pores between soil particles and enhanced interparticle
bonding, thereby reducing the porosity of the solidified soil
to some extent.

In general, according to different pore sizes, the pore struc-
tures of solidified soil can be classified into gel pores (< 10
nm), transition pores (10-50 nm), capillary pores (50-100
nm), and macropores (> 100 nm)744, The changes in the pro-
portion of different pore size structures in the solidified soil
under different AC content and W/S are shown in Fig. 11b.
The proportion of gel pores in FSS1-0.5 was 17.10%, which
increased to 25.05% in FSS3-0.5 with increasing AC content.
The gel pores in solidified soil are closely related to the forma-
tion and accumulation of hydration products. Therefore, the
increase in the gel pore proportion indicated an increase in
the amount of hydration products, which contributed to
improving the compactness of the microstructures of the solid-
ified soil.
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Fig. 11. The (a) porosity and spectra areas, and (b) pore percentage distribution of flowable solidified soil.

In comparison, the proportion of gel pores decreased
with increasing W/S. The gel pore proportions in FSS1-0.7
and FSS3-0.7 were 11.33% and 14.47%, respectively. Under a
high W/S, the higher water content in the solidified soil sys-
tem increased the spacing between soil particles, making it dif-
ficult for hydration products to sufficiently fill the porest3.
For FSS3-0.5, the proportions of capillary pores and macrop-
ores were the smallest, at only 8.82% and 6.28%, respectively.
In comparison, the proportions of capillary pores in FSS1-0.7
and FSS3-0.7 increased to 15.39% and 12.05%, while the corre-
sponding proportions of macropores increased to 11.91%
and 10.80%, respectively. For the solidified soil with a high
W/S, excess water migrated or evaporated during hardening
and drying, resulting in the formation of more capillary pores
and macropores among soil particles. This weakened the
pore-filling effect of hydration products.

3.5. Field backfilling operation analysis

Based on the laboratory test results, the FSS3-0.5 mixture
with a W/S of 0.5 and an AC content of 7% was selected for
the field backfilling operation. The ambient temperature and
relative humidity on the backfilling day were 21 °C and 67%,
respectively. The mixed solidified soil was transported by a
ready-mix truck and directly poured into the backfilling area.

Due to its favorable flowability, the material achieved a self-
leveling filling effect. To reduce water evaporation and pre-
vent early shrinkage caused by moisture loss, the backfilling
area was immediately covered with plastic film for curing
after pouring.

Field backfilling observations showed that the solidified
soil had developed a certain load-bearing capacity after 24 h
of drying and hardening, which was sufficient to support per-
sonnel standing and subsequent construction operations.
After hardening for 7 d, the interface between the solidified
soil and the excavation wall exhibited a favorable contact
state, and no obvious volume shrinkage deformation or sur-
face cracking caused by water evaporation was observed, as
shown in Fig. 12.

Meanwhile, the workability and mechanical properties of
the in-situ flowable solidified soil were tested, and the results
are shown in Fig. 13. The solidified soil exhibited favorable
flowability, with a field-measured spread diameter of 212
mm, which was close to the laboratory test result. This indi-
cated that the material could achieve a favorable self-
leveling state during pouring. Subsequently, specimens were
prepared simultaneously from the field mixture and covered
with plastic film. They were then cured under the same natu-
ral environmental conditions as the solidified soil in the excava-
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Fig. 12. The field backfilling process of flowable solidified soil.
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Fig. 13. The (a) spread diameter and (b) compressive strength of flowable solidified soil during field backfilling.

tion to reflect the actual field hardening process as closely as
possible.

The compressive strengths of the field-prepared speci-
mens after curing for 7 d and 28 d were measured to be 1.22
MPa and 1.86 MPa, respectively. These results indicated that
the flowable solidified soil showed favorable mechanical prop-
erties and could satisfy the bearing capacity requirements of
backfilling engineering applications to some extent.

4, Conclusions

This study focused on the rheological behavior, mechanical
properties, and engineering applicability of the flowable solidi-
fied soil that could be applied to low-carbon backfilling in
geotechnical and tunnel engineering. The following conclu-
sions can be drawn:

(1) The increase in AC content optimized the rheological
properties of the fresh solidified soil by strengthening its floc-
culation structure. Compared with FSS1-0.5, the yield stress
and plastic viscosity of FSS1-0.7 decreased by 71.18% and
27.14%, whereas the corresponding rheological parameters
of FS$S3-0.5 increased by 63.76% and 25.71%, respectively.

(2) The increase in the W/S had a negative effect on the
mechanical properties and volume stability of flowable solidi-
fied soil, while increasing the AC content could mitigate this
effect. Compared with FSS1-0.5, the strength of FSS1-0.7
decreased by 57.28%, and its shrinkage degree increased by
69.85%. The strength of FSS3-0.5 increased by 111.65%, while
its shrinkage degree decreased by 13.24%.

(3) An increase in W/S weakened the interaction between
hydration products and soil particles, resulting in loose struc-
tures. However, increasing the AC content accelerated the for-
mation of hydration products, strengthening the bonding
effect of products on soil particles. Hence, the compactness
of solidified soil was improved, and its pore structures were
effectively optimized.

(4) An appropriate W/S and AC content could synergisti-
cally improve the rheological behavior and mechanical proper-
ties of flowable solidified soil. The field operation showed
that the solidified soil had a favorable self-leveling effect.
After curing for 7 d, the overall structure remained relatively
stable, and the strength was 1.22 MPa, indicating its poten-
tial feasibility for engineering applications.
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