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In this study, the mechanical properties of composite foundations in red mud ground were
examined, and the reinforcement effect of composite foundation dams with mixed
geopolymer piles of fly ash and red mud were determined. The feasibility of red mud
geopolymers as pile materials for composite foundations was verified by laboratory and
field tests. The static load test of the red mud geopolymer foundation showed that the
effective length of the pile body in the red mud foundation is approximately 8 m, and the
stress of the soil layer is generally limited within 2 m below the ground surface. The results
also showed that the principal load is supported by the pile body, while the bearing
capacity of this kind of foundation is mainly provided by the side friction of the pile. The
bearing mechanism of the new foundation is similar to that of conventional mixed
composite ground. This is of great significance to optimize the red mud geopolymer
foundation design and maximize the use of the pile bearing properties. Overall, there is a
positive role in promoting the development of red mud dam reinforcement technology.
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INTRODUCTION

Redmud is an insoluble industrial solid waste from aluminum production plants (Luo et al., 2017). It
is estimated that the total stockpile of red mud across the world is more than 3 billion tons and about
120 million tons of red mud are produced around the world per year, the comprehensive utilization
of red mud is a worldwide problem (Bai et al., 2017a; Zhu et al., 2017). With an increasing number of
red mud waste, new storage sites need to be constructed for stockpiles, which occupy the existing
land resources (Sahu et al., 2010; Kong et al., 2017; Taherdangkoo et al., 2020a). To make full use of
the existing land resources, it is a significant way to reduce the occupation of cultivated land by
continuously increasing the height of the red mud dam and enhancing the capacity of the red mud
reservoir. At present, the average height of dry mud yards in China is less than 40 m, which limits the
storage reserves of red mud due to the poor properties of the red mud. Therefore, certain
reinforcement measurements are adopted for the red mud storage yard to satisfy the increasing
height requirements, which has a significant role in improving the height and storage capacity of the
red mud storage yard (Walshe et al., 2010; Yuan et al., 2021a).

Red mud includes fluoride, heavy metal ions, aluminum ions, sodium, and radioactive substances.
There are highly alkaline chemical components in red mud, which makes it corrosive to all kinds of
siliceous, biological, and metallic materials, resulting in a high pH level. The intensely high pH level
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of red mud is attributed to the existence of many highly alkaline
chemical components, which makes it corrosive to metal and
biological materials and siliceous materials. Many noxious
substances (such as heavy metal ions and radioactive
elements) to the environment and human body will be
produced in byproducts with the production of red mud
(Mishra and Gostu, 2017; Bai et al., 2021a), which may result
in groundwater pollution with the infiltration of chemical
elements into the soil (Klauber et al., 2011; Bai and Li, 2013;
Bai et al., 2018). Some valuable metal materials can be recovered
from red mud (Kumar and Kumar, 2013; Zhang et al., 2016),
which can be utilized as raw materials to produce high-strength
concrete brick and subgrade brick (Kavas, 2006), refractory
materials (Yang et al., 2008; Senff et al., 2011; Hua et al.,
2017), calcium silicon compound fertilizer, thermal insulation,
calcium silicate thermal insulation products (Liu and Naidu,
2014; Rao and Bai, 2020; Taherdangkoo et al., 2020b), and
ceramic compound materials. Recently, much attention has
been given to the migration of contaminants (Bai and Su,
2012; Bai et al., 2019a). The ion concentration, pH value,
critical salt concentration, temperature (Bai et al., 2017b), and
double-layer repulsion force of the solution determine the
sorption capacity of the fine particles for toxic pollutants (Bai
et al., 2021b).

On the other hand, the stability and sliding of red mud storage
dam is a problem worthy of attention, which involves the
deformation control of engineering dam and the safety
evaluation (Hu et al., 2021; Xue et al., 2021), as well as its
layered filling process and environmental effects (Bai, 2006).
In view of the reinforcement treatment of red mud yards, few
studies have been conducted to develop feasible approaches.
Some researchers (Xu and Van Deventer, 2000; Yuan et al.,
2021b) discussed the construction technology as well as the
quality control parameters of quicklime piles and elaborated
the properties of red mud and the corresponding foundation.
These studies revealed the mechanism of quicklime pile
strengthening of red mud foundations and the strength and
deformation properties of composite ground and foundations.
In recent years, some references extruded the water out of dams
through preloading and roller rolling and effectively improved
the strength of the red mud through the injection of a solidifying
agent (Nie et al., 2016; Taherdangkoo et al., 2021). As a result, the
overall safety of the dam body was effectively improved with the
use of a geogrid, necessarily including some monitoring measures
(Bai XD et al., 2021; Cheng et al., 2021).

In the course of increasing height procedures, the quality of the
foundation may not satisfy the requirements due to the poor
engineering properties of the red mud. Selecting an effective
reinforcement method and improving its bearing properties
become important. Therefore, the aim of this research is to
reform the mechanical properties of composite pile
foundations by using a mixture of fly ash and red mud as pile
materials. Combined with a red mud yard reinforcement
treatment project in Shanxi, the bearing mechanism of red
mud geopolymer piles is studied through field tests. The test
results were also compared with the conventional composite pile
foundation.

RED MUD GEOPOLYMER

Properties of Raw Materials
Various test methods were accomplished to analyze the
physicochemical characteristics of the two materials of red
mud and fly ash. Their composition and microstructure were
studied, which provided a basis for the theoretical analysis of
geopolymer formation.

Table 1 clearly shows that red mud and fly ash widely exist
in silica and alumina, which provides a theoretical basis for
their preparation of geopolymers. At the same time, red mud
with strong alkali properties promotes the production of
geopolymers.

Formation Mechanism of Red Mud
Geopolymer
Geopolymers are inorganic polymer structures with binding
effects and are made of alkalinous reagents (e.g., sodium
hydroxide and potassium hydroxide) and aluminum silicate
(such as fly ash). During the formation of the geopolymer, the
silica oxygen bond and the aluminum oxide bond of aluminate
break under the action of alkali solution, forming a series of
silicon oxygen tetrahedron and aluminum oxygen tetrahedron
units in an oligomeric state. In the process of the reaction,
these oligomeric tetrahedron units are gradually dehydrated
and repolymerized to form the geopolymer. The reaction
process includes the hardening of the inorganic polymer
structure, the precipitation of hydration products and the
dissolution and polymerization of aluminosilicate material.

The formation mechanism of geopolymers in red mud is
different from that of traditional geopolymers. After the
mixture of red mud and a kind of fly ash material is excited
by sodium hydroxide solution, fly ash particles dissolve in
alkaline solution, and the active silicon and active aluminum
react to form a gel. However, research shows that SiO2 in red
mud remains in a quartz style, and red mud is mainly used as
an inert filler. Through the polymerization reaction of fly ash
particles, the active particles and inactive fillers are combined
to form a cemented matrix. The polymerization theory points
out that the polymer network structure is mainly a stable
crystal structure formed by Si, Al and O, while the red mud
geopolymer product is not a pure crystalline polymer but a
composite material of inert filler. Research shows that the
geopolymer formed by fly ash material and red mud can obtain
greater strength under certain reaction conditions, and it can
be used as a pile material to strengthen red mud foundations.

Influencing Factors of Red Mud
Geopolymer
According to existing studies (Bai and Shi, 2017; Hu et al.,
2018a; Bai et al., 2019b), the composition and mix ratio of raw
materials, including the concentration of activator and curing
condition, could affect the strength characteristics of red mud
geopolymers. In addition, the amount of water in the
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geopolymer can also affect its properties. However, the
understanding of the water effect of geopolymers is
insufficient. Research suggests that water only provides a
reaction environment and dissolves the geopolymer
mixtures, while others suggest that water could participate
in geopolymer reactions instead of a dissolution solvent (Nie
et al., 2019).

Furthermore, the type and optimum concentration of
activator should be determined, and an appropriate water-
cement ratio should be adjusted for mixing to ensure the
curing time and achieve the required strength.

FEASIBILITY OF RED MUD GEOPOLYMER

Laboratory Test
To study the feasibility of red mud geopolymers as pile
materials, strength tests of geopolymers generated under
different conditions were carried out in the laboratory. A
Bayer red mud sample and a kind of first-grade fly ash
from the field were used in the experiment. NaOH alkali
solution or NaOH alkali solution mixed with water glass
(NaSiO3) was selected as the activator. In fact, the effect of
temperature cannot be ignored (Bai et al., 2014; Yang and Bai,
2019; Bai et al., 2021c). For this, the normal temperature (e.g.,
20°C) and a high temperature (e.g., 60°C) were selected as
different curing conditions (Bai, 2006; Bai et al., 2017b; Bai
et al., 2021a).

The test processes were as follows: the red mud was crushed
and screened and mixed with fly ash at a mass ratio of 1:1 for
10 min, and the activator was added into the mixture and
stirred for 10 min. To guarantee the uniformity of the mixture,
the liquid/solid ratio of the test was determined to be 0.5 for
economic purposes. During the experiment, the concentration
of alkali solution was adjusted from 0 to 10 mol/L (0, 2.5, 5, 7.5,
and 10) to determine the optimal concentration. When using a
compound of sodium silicate as an activator, the ratio of

sodium silicate to sodium hydroxide solution is 2.5. The
geopolymer was poured into the test molds and then
carefully cured at temperatures of 20 and 60°C for 24 h (Bai
and Su, 2012; Bai et al., 2017b). The prepared specimens were
removed from the molds and cured at a constant temperature
(namely, 20°C). The unconfined compressive strength of the
test specimens after reaching the specified age is measured.

As seen fromTables 2, 3, when NaOH alkali solution is used as
the activator, the strength of the geopolymers made with red mud
and fly ash is low at room temperature after 28 days, and a higher
strength can be obtained after 2 months. When the concentration
of NaOH alkali solution is 5 mol/L, the unconfined compressive
strength of the geopolymers can reach more than 35 MPa. During
high-temperature curing, the compressive strength of the
geopolymer formed by fly ash material and red mud develops
rapidly. When the concentration of NaOH alkali solution is above
5 mol/L, a strength of approximately 15 MPa can be obtained in
7 days, and the strength can reach more than 20 MPa in 28 days.
In this case, the optimal concentration of NaOH alkali solution is
7.5 mol/L. It can be interpreted that elevated temperature
promotes the alkaline reactivity of the raw materials and
enhances the polycondensation reaction of geopolymer,
resulting in the rapid growth of early strength of geopolymer
under high-temperature curing.

When the exciter was a mixture of water glass and NaOH
(namely mixed activator), the geopolymer could obtain a higher
strength at normal temperature (20°C), and the maximum
unconfined compressive strength at 28 d could reach more

TABLE 1 | Chemical composition of fly ash and red mud.

Raw materials SiO2 Al2O3 Fe2O3 CaO Na2O MgO K2O SO3

Red mud 25.58 26.40 23.26 1.33 14.98 0.15 0.21 0.80
Fly ash 49.1 38.7 6.0 1.8 0.2 0.4 0.8 1.1

TABLE 2 | UCS of specimens prepared with NaOH activator (MPa).

NaOH concentration (mol/L) 7 d 14 d 28 d 60 d

20°C 60°C 20°C 60°C 20°C 60°C 20°C 60°C

0 1.21 — 1.43 — 1.69 — 1.70 —

2.5 2.43 3.8 2.39 4.9 3.15 5.8 4.5 —

5 1.47 14.2 1.8 21 2.3 22.0 36.1 —

7.5 Na 18.8 0.7 22 2.0 28.7 7.4 —

10 Na 16.6 0.6 22.7 1.6 20.6 7.0 —

Note, Na = not available.

TABLE 3 | UCS of specimens prepared with mixed activator (MPa).

NaOH concentration
(mol/L)

7 d 14 d 28 d

20°C 60°C 20°C 60°C 20°C 60°C

2.5 14.2 18.2 20.2 19.0 27.1 21.9
5 17.1 21.9 24.2 22.6 30.6 23.4
7.5 15.2 22.1 23.0 23.6 31.8 24.3
10 12.6 24.8 21.6 28.7 43.1 29.7
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than 40 MPa. High-temperature curing could improve the early
compressive strength; however, it had no effect on the
compressive strength at 28 d.

Therefore, when the geopolymer composed of red mud and fly
ash matter is utilized as pile raw materials, the unconfined
compressive strength can reach 2–3 MPa under normal
temperature curing with NaOH alkali solution as the
activating agent, and its long-term strength is high, which can
be used in composite foundations with low initial strength
requirements. To obtain geopolymer materials with high early
strength, high-temperature heating and curing and an activator
consisting of a NaOH alkali solution and sodium silicate can be
considered. At this time, geopolymer materials can be used as a
variety of building materials in different projects. In summary,
the geopolymer formed by red mud and fly ash can meet the
strength requirements.

Field Test
The feasibility test of red mud geopolymer piles was carried out
at the construction site (Chen and Chen, 2006). Six
geopolymer mixing pile tests were accomplished to measure
the bearing capacity of the pile body by in situ static load test.
The test piles were constructed by wet mixing method. The
solid-liquid ratio of fly ash in NaOH solution premix
compound slurry is adopted by the laboratory test. After
natural curing for 28 d, static load tests were carried out.

1) Static load test

The test site is located in a red mud yard that needs
reinforcement treatment in Jiaokou County, Shanxi
Province. As subdams are built on the red mud step by
step, the original red mud will be used as the foundation.
The stability of the red mud foundation becomes the decisive

factor for the safety of the whole red mud storage yard. To
ensure the safety of the red mud dam, ground treatment is
needed.

According to the strengthening mechanism of composite
foundations with mixing piles (Verma et al., 2017; Hu et al.,
2018b), geopolymers are formed by fly ash and red mud for
mixing single piles as well as composite foundations (Meng
et al., 2020; Cui et al., 2021; Yuan B et al., 2021). Using
multistage load tests, the bearing characteristics of single
piles (SPs) and composite single piles (CPs) in the red mud
foundation were analyzed. The pile length was 10 m, and the
pile diameter was 0.5 m. Through the pre-installed stress
gauges and vertical earth pressure gauges, the stress transfer
law of the mixing pile and the soil-pile stress relationship were
monitored in the loading process.

The mechanical behavior and load transfer mechanism of a
single pile can be analyzed by single pile static load test. A row
of steel rebar stress gauges is arranged in the center of the pile
section. The layout scheme of the stress gauges is shown in
Figure 1, where the test single piles were denoted as TSP1,
TSP2 and TSP3. The stress gauges were numbered according to
the test pile No. and the buried depth. For example, stress
gauges setup in TSP1 were numbered with depth as TSP1-SG0,
TSP1-SG2, TSP1-SG4, TSP1-SG6, and TSP1-SG8, where TSP1
means the test pile No., SG means the stress gauge, and the last
digit means the buried depth of the stress gauge. The vertical
load is imposed to the pile top. In the single pile test, the area of
the applied load is equal to the area of the pile top. The stress
gauge is tested once for each loading stage until the pile is
damaged (or the maximum load that can be applied is
reached). The axial force of the pile can be obtained by
processing the data collected from stress gauges during the
static load test. The axial stress of the pile and the soil stress are
proportional functions with the same change trend. The
distribution of the pile axial force can be obtained by
analyzing the change trend of the stress meter force, and
the distribution law of the side friction resistance of the soil
layer around the pile can be obtained.

Through the static load test of composite single piles, the
soil between piles and the vertical stress of the pile body in the
loading process of a single pile composite ground is discussed,
and the ratio of pile-soil stress in the red mud composite
ground is analyzed. To allow the pile and surrounding soil
work together, a sand cushion with a thickness of 30 cm was
laid on the pile top and surrounding soil surface. In the static
load test for composite single pile, the load was applied
through a circular steel plate, of 20 mm thick with a
diameter of 0.8 m (0.5 m2 in area), on the cushion. Stress
gauges were installed in the pile center similar to the single pile
test, as shown in Figure 1. The test composite single piles were
denoted as TCP1, TCP2 and TCP3. Besides, earth pressure
gauges (EGs) were setup on the pile top, along the pile-soil
interface and in the soil between piles, whose distance from the
pile center were 0, 0.4 and 0.8 m, respectively. Earth pressure
gauges were numbered according to the buried depth and
distance from pile center. In general, the layout of the stress
gauges and earth pressure gauges are illustrated in Figure 1.

FIGURE 1 | Schematic diagram of the arrangement of stress gauges
and earth pressure gauges.
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2) Pile strength analysis

Figure 2 shows the settlement processes of SPs and CPs
obtained from the static load test. It should be noted that the
unit of the applied load to CPs in Figure 2B has been transformed
from kN into kPa according to the loading plate area (0.5 m2), for
the sake of comparing and analyzing of the foundation bearing
capacity before and after treatment. Furthermore, due to the lack
of jack stroke, the maximum loading value (Pu) of TCP1 was
600 kPa, which did not reach the ultimate load. Meanwhile, the
vertical ultimate bearing capacity (Qu) of the redmud geopolymer
mixing single pile (i.e., SP) in red mud ground is approximately
300 kN, while it is approximately 780 kPa for the composite
foundation (i.e., CPs). According to the characteristic value of

the bearing capacity of a single pile, Ra (Ra = Qu/K = 300/2 kN =
150 kN, K denotes the assurance coefficient), the back-calculated
required compressive strength of the pile material, fcu (fcu ≥ ηRa/
Ap,Ap denotes the cross-sectional area of pile and η = 4) should be
more than 3 MPa, which is consistent with the results obtained by
laboratory tests (Table 2). In addition, the bearing capacity of the
composite foundation is significantly enhanced compared with
that of the red mud ground before treatment. The bearing
capacity of the red mud ground before treatment is only
60~100 kPa. By comparison, the bearing capacity of the red
mud ground after the geopolymer mixing pile treatment is
increased by more than 4 times. In summary, the mixing piles
that made of geopolymers formed by fly ash and red mud can
satisfy the bearing capacity requirements, and the composite
foundation reinforcement effect is significant.

3) Reinforcement effect

Standard penetration tests (SPT) were carried out on red mud
ground before and after the pile installation. Besides, the strength
of mixing piles was also tested by executing SPT on samples
drilling from the pile body. The results indicate that before the
mixing pile installation, the average SPT N-value of the
unmodified red mud was 3. After curing treatment, the
average SPT N-value of the red mud between piles reached 7,
while the average SPT N-value of the mixing pile drilling core
could reach 15. According to the comparison of the above tests,
the strength of the unaltered red mud was very low, and the
bearing capacity was very small. The strength of the red mud after
solidification treatment was improved. Meanwhile, the strength
of the red mud geopolymer pile has been improved more
obviously than that of the unaltered red mud. Therefore, the
formation of geopolymers composed of fly ash and red mud
significantly improves the strength of red mud and has a good
reinforcement effect. The bearing capacity and the overall
stability of the red mud dam are better improved.

A comparative analysis of the red mud between piles before/
after the treatment was accomplished by laboratory tests. The
results show that the mechanical characteristics of the red mud
between piles after the reinforcement have obvious changes
compared with the original state of red mud. After
reinforcement of red mud with fly ash, the red mud
consolidation degree increased significantly, the moisture
content decreased (12–18%), the porosity ratio increased
(12–20%), the density increased (4–7%), the mechanical
properties also obviously increased, the compression coefficient
decreased significantly (approximately 27–32%), and the
compression modulus increased (approximately 30–36%). The
cohesion is obviously increased (increased by more than three
times), the friction angle is slightly reduced, and the compressive
strength is generally increased.

The red mud rawmaterial and the red mud between piles after
reinforcement were tested by cone penetration tests (CPT). The
comparative results show that the side friction and cone tip
resistance of original red mud are relatively low. After
reinforcement, the side friction and cone tip resistance of red
mud between piles obviously increases, and the average cone tip

FIGURE 2 | Loading-settlement curves of (A) SPs and (B) CPs under
static load test.
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resistance increases from 0.665 to 1.55 MPa, with a growth up to
133%, and the average pile side friction rose from 15.15 to
29.43 kPa, up to 92.3%. It is demonstrated that the strength of
red mud ground can be greatly improved with geopolymer
mixing piles.

From the above test results obtained before and after the
geopolymer mixing pile construction, one can see that the
physical and mechanical properties of the red mud between
piles are obviously improved, the strength and bearing
capacity of the red mud foundation are greatly enhanced. This
verifies the applicability and effectiveness of the proposed ground
treatment method.

THE BEARING CAPACITY OF RED MUD
GEOPOLYMER COMPOSITE
FOUNDATIONS
Properties of Settlement
As the load is relatively small, the deformation of a single pile is
not different from that of a single pile composite foundation,
and the settlement curve is relatively close. At this time, the
load is primarily undertaken by the pile. As the applied load
gradually increases, the settlement of the single pile composite
foundation is lower than that of the single pile test under the
same loading. At this moment, the pile side resistance had
basically played a full role and more load will be undertaken by
the soil layer between piles. The pressure-settlement
relationship (i.e., p−s curve) of the single pile composite
foundation slowly continued to develop until the final limit
load is reached. At the same time, as the ultimate load is

reached, the deformation curve of the single pile composite
foundation is gentler owing to the effect of soil between piles.

Axial Force for the Single Pile
Figure 3 shows the variation process of stress in the pile body
during the loading process of TSP2. The results show that the
stress at different depths increases with the applied load, and its
growth rate also has a trend of increasing gradually. The stress in
the pile body will not continue to increase when the load increases
to a certain value, presenting a stable stress state. As the load
gradually decreases, the stress decreases correspondingly, and the
decreasing rate is relatively stable and less than the loading rate.

FIGURE 3 | Stress variation in the steel rebar of TSP2 under static
load test.

FIGURE 4 | Stress variation of TSP2 with depth under different loading
stages.

FIGURE 5 | Stress variation in the steel rebar of TCP2 under static
load test.
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In fact, the pile settlement will gradually increase with the
applied load, and the pile axial force will gradually change from
the elastic state to the elastoplastic state. With increasing applied
load, the pile deformation is only plastic deformation, and the
growth rate of the pile axial force shows an increasing trend. In
the process of unloading, the pile has certain recovery
deformation, which will produce a certain upward
displacement. After the load is completely removable, there
will be some residual stress in the pile in a short time.

For the single pile load test, Figure 4 shows the variation
properties of stress in a single pile along the pile depth during the
loading process. Specifically, the pile axial stress is mainly
concentrated in the upper part of the pile body (approximately
0–4 m). In addition, the axial force of the pile top is the largest.
With increasing pile depth, the pile axial stress decreases rapidly,
and the greater the load is, the more obvious the decreasing trend
is. The test results clearly show that the bearing capacity of a
single pile with a length less than 8 m is relatively small.
Moreover, the axial force of the pile under 8 m is very small
in the red mud ground.

Stress of Composite Pile Ground
For mixing piles in composite foundation, Figure 5 shows that
the stress in the pile body changes with the applied load. The
higher the applied load is, the greater the stress in the pile is. This
is consistent with the variation rule in the load test of single pile.
However, due to the load sharing effect of soil between piles, its
growth rate is less than that of a single pile. At this time, the pile
and the soil around the pile produce a certain compression
deformation, and the combined action produces the ability to
bear an external load.

Figure 6 shows the variation properties of stress in the pile
body with depth during the load test of the composite foundation.
The pile stress gradually decreases with increasing depth. This is
similar to the variation trend of pile stress in the load test of a

single pile. This effect is more obvious with increasing load.When
the depth is below 8 m, the stress in the pile is not large. That is,
the effective length of the pile in the red mud composite

FIGURE 6 | Stress variation of TCP2 with depth under different loading
stages.

FIGURE 7 | Variation curves of vertical stress in loading-unloading
process of TCP1 at (A) pile top; (B) pile side soil; (C) soil between piles.
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foundation with a mixing pile is approximately 8 m. It can be
inferred that when the applied load achieves the pile failure load,
the increase in the axial force of the pile below 8 m is also very
limited. For the mixed pile composite foundation in this red mud
ground, it is suggested that the pile length should not
exceed 10 m.

Soil Stress Distribution Between Piles
Figure 7 indicates the variation process of the vertical stress at the
pile top and the pile side (0.4 m away from the pile center) and
soil between piles (0.8 m away from the pile center) in the loading
process. The higher the applied external load is, the greater the
stress at the pile top and at different depths of the pile side and soil
between piles. In the process of unloading, the stress at the pile
top diminishes with decreasing applied external load, while the
stress in the pile side and soil among the piles remains almost
unchanged. In the process of loading, the soil settles and incurs
unrecoverable compression deformation. Therefore, the soil
stress at the settlement site below the pile top will remain
almost unchanged.

By comparing the soil stress of the same depth at the pile side
with that among the piles, it can be seen that the vertical stress of
the soil between piles slightly increases with the increase of the
distance from the pile center in the lower soil.

Due to the existence of the pile body, the soil deformation can
be restrained to a certain extent and can bear more external load.
In addition, on account of the downward diffusion of vertical
stress, the deformation and stress of the soil between piles are
slightly larger than those of the soil beside piles. However, this
trend will gradually weaken with the increase of depth, and the
final stresses in soil beside pile and between piles are basically
the same.

Under the same applied load, the vertical stress of the pile top
is much higher than that of the pile side soil. Take TCP1 as an

example, under the maximum load of 300 kN, the vertical stress
at pile top (TCP1-EG10) is 711.2 kPa, while that at pile side soil
(TCP1-EG20) is 34.2 kPa, the stress ratio of pile top to pile side
soil is up to 20.8%. This shows that the pile in the red mud
composite foundation undergoes the main load, and the
contribution of the pile to the bearing capacity is very
significant. Under the action of an applied external load
(Figure 8), the vertical stress of the soil layer around the pile
decreases rapidly with increasing pile depth. The soil stress at
zero depth is much larger than that at depths of 2, 4 and 6 m
below the top surface. In the red mud composite foundation, the
soil stress is generally limited to a depth of 2 m under the ground
surface. In the depth range of 2 m below the surface, the soil will
produce a large settlement deformation, resulting in differential
settlement between the surrounding soil layer and the pile. At
this time, the soil on the side of the pile will provide downward
friction resistance to the pile, namely, negative friction
resistance.

Bearing Capacity of Red Mud Composite
Foundation
With increasing applied external load, the bearing capacity
provided by the red mud geopolymer mixing pile body and
red mud between piles is gradually exerted, and the stress is
gradually transferred to the deep soil layer. In the depth range of
2 m below the ground surface, the soil between piles may have
negative friction resistance. However, when the surface depth is
below 2 m, the soil stress at the pile side is very small due to the
external load. In this case, the formation of the side friction
resistance of the red mud foundation soil at the pile side mainly
depends on its gravity stress. The effective pile length of the red
mud geopolymer mixing pile in the red mud composite
foundation is approximately 8 m. Hence, the pile stress is
mainly contributed by the pile side friction resistance.

In addition, the red mud geopolymer composite foundation
significantly improves the bearing capacity. As the pile bears the
majority of the load and is restrained by red mud, the soil stress
between piles increases. This further enhances the effective stress
of the ground and the shear strength of the soil layer between piles
and pile side friction.

Generally speaking, the bearing characteristics of the
composite foundation with mixing piles on the red mud
ground are basically consistent with those on the conventional
saturated soft clay ground. On the other hand, the geopolymer
formed by fly ash and red mud as the pile material has similar
properties to the traditional cement soil pile material, which
provides support for its engineering applicability.

CONCLUSION

The unconfined compressive strength of the geopolymer derived
from red mud and fly ash mixed with NaOH alkali solution as the
activating agent under normal temperature curing conditions can
reach 2–3 MPa, and its long-term strength is relatively high.
Hence, it can be used as pile material in composite

FIGURE 8 | Vertical stress distribution of TCP1 pile side soil along
the depth.
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foundations. In addition, it is determined that the bearing
capacity of red mud geopolymer mixing single pile in a red
mud ground is approximately 300 kN, while the bearing capacity
of single pile composite foundation is 430 kPa, and the pile
strength meets the requirements.

For red mud geopolymer composite foundations, the pile top
stress and the soil stress at pile side and between piles at different
depths grow with the increase of external load. The vertical stress
of the piles is much greater than that of the surrounding soil. The
vertical stress in the soil layer around the pile decreases rapidly
with depth, and the soil stress is generally limited to 2 m below the
ground surface. The bearing capacity of geopolymer composite
foundation can be mainly attributed to the pile-soil interaction.

In red mud composite foundations, the bearing capacity is
mainly provided by the pile side fictional resistance, while the
contribution of the pile tip resistance can be ignored.
Consequently, the calculation of pile side resistance should be
emphasized in design. In the red mud ground, the effective length
of the red mud geopolymer mixing pile in composite foundation
is approximately 8 m, and the bearing capacity would increase
very little when the pile length exceeds this. A better
understanding of the mechanical characteristics of this kind of
composite foundation in red mud ground is of great importance

for the optimization design and maximum utilization of pile
bearing properties.
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