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Abstract. A certain project in Lanzhou generated a large amount of abandoned
collaps-ible loess and red sandstone during the excavation process. In order to
achieve the dual goals of saving construction resources and protecting the envi-
ronment, a certain proportion of cement, fly ash, lime, and NaOH are added to
solidify and improve the abandoned soil, and it is prepared into a fluid filling
material. Through orthogonal design, unconfined compressive strength tests are
conducted on fluidic solidified soil with different ratios. The influencing factors
and their significance are analyzed, the optimal proportions of each factor are
obtained, and the regression equation of unconfined compressive strength is for-
mulated. Additionally, the microstructure of the soil is studied. The results show
that the cement content has the most significant impact on the unconfined com-
pressive strength, followed by the fly ash content. The order of the influence of
all factors on the unconfined compressive strength is as follows: cement content >
fly ash content > mass ratio of collapsible loess to red sandstone > NaOH con-
tent > lime content. The amount of soil voids and cementitious materials deter-
mines the magnitude of compressive strength. The research results provide cer-
tain references for the preparation of fluidic solidified soil in collapsible loess
and red sandstone areas.

Keywords: Construction resources; Solidification improvement; Construction
technique; Orthogonal experiment; Collapsible loess; red sandstone; Under-
ground engineering.

1 Introduction

At present, common backfilling projects mainly include the backfilling of foundation
pits and fertilizer tanks, the backfilling of comprehensive pipe galleries, and the back-
filling of underground pipe networks!). These types of projects are often carried out
after the completion of the main structure construction. Due to the narrow construction
surface and difficulty in compacting the support structure below, traditional backfilling
techniques are difficult to meet the compactness requirements of backfill soil!?!. Insuf-
ficiently compacted backfill soil may experience excessive compaction settlement and
collapsibility compression at a later stage, leading to potential structural damage to the
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building. Therefore, addressing trench backfilling under narrow and irregular working
surfaces has become an urgent priority.

Fluidic solidified soil is a self-compacting and self-leveling filling material®®!. It can
not only address the challenge of trench backfilling under narrow and irregular working
surfaces but also reuse the waste soil generated during the construction process, con-
tributing to energy conservation and emission reduction. Since the introduction of flu-
idic solidified soil, it has been widely studied by scholars worldwide!*”). Liu et al.[®l
applied the premixed fluidic solidified soil technology to the backfilling project of the
underground comprehensive pipe gallery foundation and proposed a new method for
the backfilling of the pipeline galleries. In order to use the waste soil generated by ex-
cavation in fill engineering, Chen et al.[”) studied the influences of cement and fly ash
content and age on the unconfined compressive strength of fluidic solidified soil, using
the silty clay, cement, and fly ash generated during excavation as raw materials. Wang
et al.l'” used waste soil and cement excavated by the Zhengzhou subway as raw mate-
rials to study the failure mode of fluidic solidified soil while considering fluidity and
compressive strength. Guo et al.l''l conducted a comparative analysis of the strength,
fluidity, and water stability between common engineering soil and construction waste
soil. Their research demonstrated that construction waste soil also exhibits excellent
fluidic solidification performance. Wang et al.['?! prepared fluidic solidified soil using
cement, steel slag powder, and industrial solid waste red mud. This approach improved
the mechanical properties of fluidic solidified soil, reduced the amount of cement used,
and explained the solidification mechanism of fluidic solidified soil from a microscopic
perspective. Although the aforementioned scholars have conducted in-depth research
on the influencing factors and properties of fluidic solidified soil, there is a lack of
research on fluidic solidified soil with collapsible loess and red sandstone as aggregates
under alkali excitation. If the research discovers that collapsible loess and red sandstone
can be prepared into a composite fluidic solidified soil that meets the required specifi-
cations, this not only promotes the reuse and resource utilization of engineering waste
soil but also contributes to the development of new materials that cater to various engi-
neering needs, thereby driving innovation and development in this technological field.

As a type of remolded soil, the compressive strength of fluidic solidified soil is one
of the important indicators to evaluate its soil performance, and it is an important basis
for judging whether it can be applied to engineering. In this paper, waste collapsible
loess and red sandstone produced after the excavation of a project in Lanzhou are used
as aggregates, combined with cement, fly ash, lime, and NaOH to prepare fluidic solid-
ified soil. Under the premise of ensuring fluidity, the influence of the mass ratio of
collapsible loess to red sandstone, cement, fly ash, lime, and NaOH content on the un-
confined compressive strength of fluidic solidified soil is quantitatively analyzed
through orthogonal experiments. Moreover, the causes of the strength formation of flu-
idic solidified soil are studied from the microscopic level, which provides a theoretical
basis for the application of fluidic solidified soil in collapsible loess and red sandstone
areas in northwest China.
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2 Materials and Experimental Methodology

2.1 Materials

The collapsible loess and red sandstone used in the experiment are waste soil generated
during the excavation process of a project in Lanzhou. The collapsible loess was treated
with a 2 mm sieve to remove impurities as fine aggregate, and the red sandstone was
crushed with a crusher, passing through 2 mm and 5 mm sieves respectively. Particles
with a particle size of 2-5 mm were taken as coarse aggregates. Figure 1 shows the
particle size distribution diagram of collapsible loess, and Figures 2a and 2b show the
XRD results of collapsible loess and red sandstone. The cement used in the experiment
is P.O 42.5 ordinary Portland cement, the fly ash is a grade I fly ash, the lime has a CaO
content of 95%, NaOH purity of 98%, and the water is local tap water from Lanzhou.
The addition of cement effectively enhances the compressive strength of fluidic solidi-
fied soil and shortens its initial setting time. At the same time, the introduction of fly
ash not only helps improve the fluidity of fluidic solidified soil and reduce shrinkage
but also actively responds to environmental protection concepts. In addition, the addi-
tion of lime supplements the required Ca?" for the hydration process, while NaOH fur-
ther stimulates the activity of fly ash, collectively enhancing the performance of fluidic
solidified soil. The physical properties and chemical composition of the experimental

materials are shown in Tables 1-5.
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Fig. 1. Particle size distribution diagram of collapsible loess
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Fig. 2. XRD results

Table 1. Basic physical properties of collapsible loess used in the experiment

Natural Moisture Con- Liquid Plastic Plastic Limit Liquid Limit
tent/% Limit/% Limit/% Index Index
7.98 25.19 16.43 8.85 0.12

Table 2. Basic physical properties of red sandstone used in the experiment

Natural Density/(g.cm Specific Void Ratio Cohesive Internal Fric-
3) Gravity Force/kPa tion Angle /°
1.75 2.60 1.42 23.10 32.35

Table 3. Chemical composition of cement and fly ash

Chemical Composi- CaO AlLOs SiO2 Fe20s Other
tion
cement/% 62.87 4.49 23.15 2.84 4.63
Fly Ash/% 2.66 32.79 56.36 4.43 4.41

Table 4. Chemical composition of lime

Cherm.ce.ll CaO Saltness Alkali Metal LOSS. 9n fe- Other
Composition nition
Percentage 95.7 0.25 0.37 3.2 0.42
Table 5. Chemical composition of NaOH
Chemical Com- NaOH Carbonate Alkali Metal Other

position
Percentage 98.6 0.20 0.11 0.15
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2.2 Orthogonal Experimental Design

To investigate the impact of various factors on the unconfined compressive strength of
fluidic solidified soil, the orthogonal experimental design is conducted to plan experi-
ments. Five examination factors are considered: Factor A represents the mass ratio of
collapsible loess and red sandstone, Factor B stands for the cement content, Factor C is
the fly ash content, Factor D denotes the lime content, and Factor E is the NaOH con-
tent. The content of cement and fly ash is the percentage of each material to the mass
of aggregate, and the content of lime and NaOH is the percentage of each material to
the mass of fly ash. Five levels are selected for each factor, and an L25(5%) orthogonal
table is used. The mix ratio of the orthogonal experimental scheme is shown in Table
6.

Table 6. Mix ratio of the orthogonal experimental scheme

Level Factor A Factor B/%  Factor C/%  Factor D/%  Factor E/%
1 80:20 4 3 0 0
2 75:25 5 6 4 2
3 70:30 6 9 8 4
4 65:35 7 12 12 6
5 60:40 8 15 16 8

2.3  Sample Preparation and Experimental Methods

During the sample preparation process, the lime and NaOH were dissolved in the pre-
weighed water and then poured into a well-mixed material of collapsible loess, red
sandstone, and fly ash, which were thoroughly stirred. In order to ensure the fluidity of
the fluidic solidified soil, a cylindrical acrylic cylinder with an inner diameter and
height of 80 mm was used for the test. According to the pre-test, water was continuously
added in increments of 0.01 from a water solid ratio of 0.37 until the target flowability
was not less than 160 mm!*3l. The flowability test is shown in Figure 3.

According to the "Specification for Mix Proportion Design of Cement Soil" (JGJ
T233-2011)14, a 70.7 mm x 70.7 mm x 70.7 mm cube mold was selected for the un-
confined compressive strength test. After the sample was demoulded, it was maintained
under the standard curing conditions with a humidity of over 95% and a temperature of
20 + 2 °C. The curing period was set at 3, 7, 14, and 28 days. Three samples were
prepared for each age under the same mix proportion, and the average value of the test
results was taken. When the age was reached, the universal experimental press was used
for the test, and the press speed was controlled to 1 mm/min until the sample was de-
stroyed. The morphology of the damaged sample is shown in Figure 4.
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Fig. 4. Morphology of the sample after destruction

3 Analysis of Experimental Results

3.1  Analysis of Orthogonal Experimental Results

In this paper, the 28-day unconfined compressive strength was taken as an indicator.
Firstly, the experimental results were visually analyzed using the intuitive analysis
method. Then, the experimental data was processed using range analysis and variance
analysis methods to determine the significance of the influence of the five factors on
the experimental indicators and their impact rules on different indicators. The experi-
mental data results are shown in Table 7.

3.1.1 Intuitive Analysis

As shown in Table 7, the unconfined compressive strength of samples in group 18
is the highest among all tests. At this time, the mass ratio of collapsible loess to red
sandstone is 65:35, the content of cement is 6%, the content of fly ash is 15%, the
content of lime is 8%, and the content of NaOH 1is 4%. The combination of fluidic
solidified soil with the maximum unconfined compressive strength is AsB3CsDsE3. It
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shows that the combination of cement, fly ash, lime, and NaOH can significantly im-
prove the unconfined compressive strength of fluidic solidified soil.

Table 7. Results of orthogonal experiments

No Factor A Factor Factor Factor Factor Unconfined Compression
B/% Cl% D/% E/% Strength /MPa
1 A B: C D, E, 0.55
2 A B, Cs D, Es 1.19
3 A B; (O D, E4 1.31
4 A By C; Ds E; 1.59
5 A Bs C, Ds E, 1.65
6 A, B, C; Ds E4 0.83
7 A B, C, D, E; 1.00
8 A, B; C, Dy E, 1.09
9 A Bs Cs D, E, 1.71
10 A, Bs Cy Ds Es 1.87
11 As B: Cs Ds E, 1.20
12 A B, Cy Ds E, 1.21
13 As B; Cs D, Es 1.28
14 As Bs C, D, E4 1.64
15 As Bs C D, E; 1.67
16 Ay B, C, D, Es 0.88
17 Ay B, C Ds E4 1.22
18 Ay B; Cs Ds E; 2.28
19 Ay B. (O D, E, 1.94
20 Ay Bs C; D, E, 2.08
21 As B: Cy Dy E; 1.26
22 As B, C; D, E, 1.49
23 As B; C, Ds E, 1.50
24 As Bs C Ds Es 1.23
25 As Bs Cs D, E, 1.59

3.1.2 Range Analysis

In order to determine the order of the influence of different factors on the unconfined
compressive strength, range analysis was conducted on the test results, as shown in
Table 8.
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Table 8. Range analysis results of orthogonal experiments

K; value Factor A Factor B/%  Factor C/%  Factor D/%  Factor E/%
K 6.29 4.72 5.76 6.36 7.05
K 6.50 6.11 6.67 7.06 7.37
K; 7.00 7.46 7.27 7.20 7.80
Ky 8.40 8.11 7.59 7.26 6.59
K; 7.07 8.86 7.97 7.38 6.45
I3 1.26 0.94 1.15 127 1.41
K 1.30 1.22 1.33 1.41 1.47
K 1.40 1.49 1.45 1.44 1.56
Ka 1.68 1.62 1.52 1.45 1.32
K 1.41 1.77 1.59 1.48 1.29
R 2.11 4.14 221 1.02 135

As shown in Table 8, the order of the influence of all factors on the unconfined
compressive strength is as follows: cement content > fly ash content > mass ratio of

collapsible loess to red sandstone > NaOH content > lime content.
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Fig. 5. Relationship between each factor and unconfined compressive strength

After orthogonal experimental analysis, the average unconfined compressive
strength of each factor at each level can be calculated. The relationship between each
factor and the unconfined compressive strength is shown in Figure 5.

As illustrated in Figure 5a, when factor A (mass ratio of collapsible loess to red
sandstone) decreases, the unconfined compressive strength increases first and then de-
creases. At A4 (65:35), it shows a maximum value of 1.68 MPa, which is 0.42, 0.38,
0.28, and 0.27 MPa higher than A, A,, As, and As, respectively. It can also be seen that
the influence of factor A on the unconfined compressive strength from large to small is
As> As> A3 > A, > A). The above situation is because when the ratio of collapsible
loess to red sandstone is 65:35, there is a large packing density and a small porosity,
which can not only increase the compactness of the fluidic solidified soil but also reduce
the amount of cementitious materials and the water solid ratio, thereby improving the
unconfined compressive strength of the fluidic solidified soil.

Figures 5b and 5c show that the unconfined compressive strength increases with the
increase of cement and fly ash content, but the influence of cement content on the un-
confined compressive strength is more significant than that of fly ash. When the cement
content increases from 4% to 8% and the fly ash content increases from 3% to 15%, the
unconfined compressive strength of fluidic solidified soil increases by 87.7% and
38.4%, respectively. This is because the voids in the soil are filled with cementitious
substances generated by cement hydration. A higher cement content results in increased
generation of cementitious substances through hydration, leading to a greater degree of
filling and higher macroscopic unconfined compressive strength exhibited by the flu-
idic solidified soil.

As shown in Figure 5d, with the increase of lime content, the unconfined compres-
sive strength shows an increasing trend. When the lime content increases from 0% to
4%, the unconfined compressive strength increases by 11%. When the lime content
increases from 4% to 16%, the unconfined compressive strength value only increases
by 4.5%. This is due to the ion exchange effect in the mixing process of fluidic solidi-
fied soil. Calcium hydroxide (CH) produced by cement hydration is absorbed by the
soil sample, so that the concentration of CH in the fluidic stabilized soil can not reach
the saturation state, and the content of Ca>* and OH- required to produce the hydrated
calcium silicate gel (C-S-H) decreases, resulting in the reduction of the production of
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C-S-H, thus reducing the unconfined compressive strength of the fluidic stabilized soil.
The addition of lime supplemented the missing Ca?* and OH-, which improved the un-
confined compressive strength. However, when the lime content exceeded 4%, the Ca*"
and OH- used to produce C-S-H in the fluidic solidified soil had reached saturation
state. Therefore, the addition of more lime did not significantly improve the unconfined
compressive strength.

As shown in Figure Se, the unconfined compressive strength of fluidic solidified soil
firstly increases and then decreases with the increase of the content of NaOH. When
the NaOH content increases from 0% to 4%, the unconfined compressive strength grad-
ually increases and reaches the maximum value of 1.56 MPa at 4% content. When the
NaOH content increases from 4% to 8%, the unconfined compressive strength begins
to decrease. This is because adding a small amount of NaOH can stimulate the activity
of fly ash to generate more calcium aluminate hydrate (C-A-H) and aluminate silicosil-
icate (CA-S-H), which macroscopically shows an improvement in unconfined com-
pressive strength. When the content of NaOH exceeds the optimal content, the soil
structure of the fluidic solidified soil begins to be destroyed by NaOH, and the uncon-
fined compressive strength shows a decreasing trend.

3.1.3 Analysis of Variance

Although range analysis can intuitively show the order of the influence of each factor
on the unconfined compressive strength, it does not accurately analyze the errors of
each factor, nor can it show the significance of the influence of each factor on the un-
confined compressive strength. In order to compensate for the shortcomings of range
analysis and adopt a more reliable analysis of variance, this article used IBM SPSS
Statistics 27 software to conduct an analysis of variance on various factors. The analysis
results are shown in Table 9.

Table 9. Analysis of variance

Degree of Mean

Factor DEVSQ F Value Significance
Freedom Square
A 0.532 4 0.133 2.029 0.255
B 2.012 4 0.503 7.680 0.037
C 0.627 4 0.157 2.393 0.209
D 0.160 4 0.040 0.612 0.677
E 0.238 4 0.060 0910 0.535
Error 0.262 4 0.065
Sum 53.647 25

According to Table 9, the order of the significance of unconfined compressive
strength of fluidic solidified soil with collapsible loess and red sandstone as aggregates
is as follows: cement content > fly ash content > mass ratio of collapsible loess to red
sandstone > NaOH content > lime content. This is consistent with the conclusion ob-
tained from the range analysis.

As depicted in Figure 5, all the unconfined compressive strengths of different factors
at different levels of content have peak values. Upon combination of the comprehensive
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analysis of significance, unconfined compressive strength measured the experiment,
and cost, the optimal mix ratio of fluidic solidified soil with collapsible loess and red
sandstone as aggregates is obtained as follows: the mass ratio of collapsible loess to red
sandstone is 65:35, the cement content is 6%, the fly ash content is 15%, the lime con-
tent is 8%, and the NaOH content is 4%. The water-solid ratio satisfying the fluidity is
0.39 under this mix ratio. For the convenience of practical engineering applications, the
total amount of materials other than water is calculated at 100%, and the proportion of
factors A to E is 81.4%, 4.9%, 12.2%, 1%, and 0.5%, respectively.

The 28-day unconfined compressive strength of the fluidic solidified soil with the
optimal mix ratio (denoted as S-S) was compared with that of the fluidic solidified soil
with 6% cement (denoted as S-1), 6% cement, and 15% fly ash (denoted as S-2), and it
was found that S-1 was 0.72 MPa and S-2 was 1.75 MPa. To achieve the same strength
as S-S, a cement content of approximately 16% is required for S-1 (the unconfined
compressive strength after 28 days with a single addition of 16% cement is 2.32 MPa).
Upon comparison of S-2 with S-S, it can be seen that the unconfined compressive
strength of the fluid solidified soil added with a small amount of lime and NaOH is
more than 30% higher than that without the addition.

3.2  Establishment and Prediction of Regression Model

3.2.1 Establishment of Regression Model

In order to better predict the unconfined compressive strength of fluidic solidified
soil, a regression equation is established to provide a reference for the application de-
sign of fluidic solidified soil in engineering. The regression model for the mass ratio of
collapsible loess to red sandstone, cement, fly ash, lime, and NaOH content is:

Y=a;+b1x1tbaxatbaxstbaxstbsrstbex +baxd +bex] +baxi +biox? )]

where Y is the unconfined compressive strength, x; represents the mass ratio of col-
lapsible loess to red sandstone, x, represents cement content (%), x3 represents fly ash
content (%), x4 represents lime content (%), xs represents the content of NaOH (%), aj,
by, by, bs, bs, bs, bs, by, bs, by, and byg are regression coefficients. According to the
analysis of Table 7, the following regression equation can be obtained:

Y=-0.68+0.256x1+0.375x2+0.222x3+0.15 Lx;+0.180x5-0.03 1x 2 -0.028x 2 -0.019x 2 -
0.018x3-0.037x )

The corrected Chi-square value corresponding to the unconfined compressive
strength is 0.0397, which means that the fitting model has a relatively good agreement
with the observed data, so the regression equation is also effective and reliable.

3.2.2 Validation of Regression Models

In order to check the accuracy of the regression equation, the predicted values of the
regression equation were compared with the measured values. As can be seen from
Figure 6, the predicted values are basically close to the measured values, with an
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average residual value of 11.3%, which can fully meet the requirements for geotech-

nical testing.
24 —s— Predicted Values
" |-*— Measured Values

The 28 d Unconfined Compressive

0.0

0 2 4 6 8 1012 14 16 18 20 22 24 26
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Fig. 6. Relationship between measured and predicted values of unconfined compressive
strength

4 Microstructure Analysis

At present, researchers generally use electron scanning microscopy (SEM) to observe
the microstructure and morphology of materials to reveal the influence of microstruc-
ture on the strength formation of fluidic solidified soil. In order to better evaluate the
feasibility of S-S, the microstructure of S-1 and S-2 at the same age (28 d) was com-
pared with that of S-S, and the reasons for the strength formation of fluidic solidified
soil at the microscopic level were evaluated by SEM. Its microscopic image is shown
in Figure 7. Figure 7 shows the microstructure of each sample after being magnified by
2000 times.

As shown in Figure 7a, a small amount of aggregates (C-S-H) and needle substances
(ettringite) are attached to the surface of the soil particles of S-1. The microstructure of
the sample presents large voids, and the filling effect of the cementitious material gen-
erated between the loess and red sandstone particles is poor.

As depicted in Figure 7b, the voids in S-2 are significantly smaller than those in S-
1, and the soil particles of S-2 are filled with substances such as C-S-H, C-A-H, CA-S-
H, and unreacted fly ash particles. This is because fly ash is filled between soil particles,
allowing the voids to be filled. In the absence of an activator, fly ash has lower activity
and slower reaction, resulting in less C-A-H and CA-S-H generated, smaller agglom-
erate volume, and lower compactness.

As illustrated in Figure 7c, S-S forms dense large clumps of aggregates and needle-
like substances. A large amount of these aggregates and substances are attached to the
surface and voids of soil particles. As a result, the voids between the soil are basically
filled by agglomerates. This is because the addition of alkali causes breakage of the Si-
O and Al-O bonds of SiO, and Al,Oj in fly ash, generating a large amount of cementi-
tious substances such as C-A-H and CA-S-H. These cementitious substances encapsu-
late the particles of collapsible loess and red sandstone, and fill the voids between soil
particles, thereby making the microstructure of fluidic solidified soil denser, with
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higher cementation ability, and greater unconfined compressive strength at the macro
level.

18xm

(©) S-S

Fig. 7. Microstructure diagram

5 Conclusion

In this paper, the effects of the mass ratio of collapsible loess to red sandstone, cement,
fly ash, lime, and NaOH content on the unconfined compressive strength of fluidic so-
lidified soil are studied through orthogonal experiments. Furthermore, the microstruc-
ture of fluidic solidified soil with the optimal ratio is analysed. The following conclu-
sions are drawn:

(1) The unconfined compressive strength of fluidic solidified soil increases with
higher levels of cement, fly ash, and lime content. Conversely, the unconfined com-
pressive strength initially rises and then declines with increasing mass ratio of collaps-
ible loess to red sandstone and NaOH content. Overall, the order of influence on un-
confined compressive strength is as follows: cement content > fly ash content > mass
ratio of collapsible loess to red sandstone > NaOH content > lime content.

(2) The optimal mix ratio of fluidic solidified soil with collapsible loess and red
sandstone as the aggregate is obtained as follows: the mass ratio of collapsible loess to
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red sandstone is 65:35, the cement content is 6%, the fly ash content is 15%, the lime
content is 8%, the NaOH content is 4%, and the water-solid ratio is 0.39.

(3) When the added aggregates are the same, the fluidic solidified soil with a single
addition of cement requires an additional 10% cement to achieve the same strength as
the optimal mix ratio. When other aggregates are the same, the 28 d unconfined com-
pressive strength of the fluidic solidified soil under the optimal mix ratio is increased
by more than 30% compared to the fluidic solidified soil without adding lime and
NaOH. The optimal mix ratio not only optimizes material performance and improves
construction efficiency, but also reduces costs and promotes sustainable development.

(4) A regression equation is proposed to predict the unconfined compressive strength
of fluidic solidified soil with collapsible loess and red sandstone as aggregates, when
there are changes in the material content, a more accurate prediction of the unconfined
compressive strength can be achieved. The microscopic scanning results show that the
compressive strength of fluidic solidified soil is determined by the sizes of internal
voids and the amount of generated cementitious material.

(5) The fluidic solidified soil prepared with collapsible loess, red sandstone, cement,
fly ash, lime, and NaOH not only effectively repurposes the engineering waste soil, but
also has good compressive performance, making it feasible as engineering backfill ma-
terial.
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