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Since the introduction of Deep Cement Mixing (DCM) technology, it has been
widely applied to enhance the strength and stability of problematic soil. Among
its advancements, the T-shaped DCM column has emerged as an innovative
solution in large-scale infrastructure and urban projects. It ofers several
benefts, including enhanced bearing capacity while signifcantly reducing
settlement in soft ground. This study focuses on optimizing the T-shaped
DCM column while ensuring its mechanical strength remains intact through a
comprehensive numerical analysis. This study considers three diferent column
types: the conventional DCM, the T-shaped DCM, and the T-shaped column
with varied strength. The analysis reveals that the lower portion of the column
plays a less signifcant role in the overall bearing capacity, indicating potential for
optimization that could efectively reduce construction costs for the T-shaped
DCM column. It is essential to observe that failures in both the T-shaped and
varied-strength columns primarily occur at the head and the uppermost section
of the body. Notably, the varied-strength T-shaped DCM exhibits a bearing
capacity that is two to three times greater than that of the conventional DCM
column. Furthermore, the varied-strength column is distinguished by its notably
lower construction costs compared to its counterparts. This design alternative
is promising, as it maintains a higher bearing capacity and exhibits reduced
settlement compared to the conventional DCM, making it a feasible choice for
practical feld applications.

deep cement mixing, T-shaped DCM, numerical simulations, bearing capacity, varied-
strength column

1 Introduction

Over the past decade, there has been a notable increase in infrastructure development
in regions that ofen present unique challenges for construction projects, which has
fostered an enhanced interest in advanced ground improvement techniques. Among
these, deep cement mixing (DCM) has emerged as a well-regarded method for
improving the strength, stifness, and overall stability of sof soils (Singh et al., 2023;
Choudhary et al., 2025). It efectively addresses important concerns, such as excessive
settlement and insufcient bearing capacity, thereby contributing to the long-term
stability of structures. Te growing demand for reliable foundation solutions in coastal
areas, food-prone zones, and other challenging ground conditions underscores the
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importance of further exploring and optimizing DCM technology.
Numerous studies have been undertaken to enrich the
understanding of the mechanical behavior, long-term performance,
and environmental considerations associated with DCM columns
(Yuetal., 2021; Singh et al., 2025).

In recent years, several researchers have conducted
a series of investigations on the bearing capacity of the
DCM column-improved sof soil, including the theoretical
approaches (Mounir et al, 2009), and physical modelling
(Dehghanbanadaki et al., 2016), to feld testing (Horpibulsuk et al.,
2004). Dehghanbanadaki et al. (2024) employed intelligent
approaches and presented a comparative study to predict the
bearing capacity of DCM column improved footing. Among these
intelligent approaches, Optimized Gaussian process regression
models outperformed other predictive techniques in accuracy.
Wang et al. (2024) suggested that the premature failure of the
column can be avoided if the pile core modulus and pile cap
thickness exceed 0.3 GPa and 0.1 m, respectively. Te study also
optimized the column’s structural arrangement to enhance the pile’s
bearing capacity. Dewi et al. (2019) presented that the addition of
the 12% calcium carbide residue pozzolanic substantially enhanced
the bearing capacity. T is is due to the properties of silicaand lime in
pozzolanic materials, which can bind soil particles. Min et al. (2022)
reported that the bearing capacity increases with the increase in the
cement content in the case of column punching failure. T e pile end
infuences the overall bearing capacity of the column and increases
with the pile top load. Kurbatskiy et al. (2018) reported that the
increase in the montmorillonite content decreases the density of the
soil and thus reduces the bearing capacity of the DCM column. Te
study also examines the optimal cement dosage needed to achieve
desired strength levels across varying montmorillonite content.
Zhou et al. (2018) presented discontinuity layout optimization
(DLO) to evaluate the bearing capacity factors for a group of deep
mixing columns. Te study reported that the bearing capacity of
the DCM-improved ground is infuenced by the failure mechanism
and area replacement ratio of the column. T e failure behavior of
DCM-improved composite soil depends on the soil conditions.
In sof soil or dredged slurry, failure is more likely to occur in
the surrounding soil before afecting the column. However, in
other cases, column failure may lead to the overall failure of the
composite ground (Ni et al., 2019).

Researchers proposed diferent innovative approaches,
including the T-shaped DCM column, which is extensively utilized
for ground improvement in problematic sof soils. However, its
construction involves signifcant costs, particularly due to the
large quantity of cement required. Given these challenges, this
study undertakes a comprehensive three-dimensional numerical
investigation to explore cost-efcient design strategies for T-
shaped DCM columns. Te primary objective is to reduce
construction expenses, mainly by optimizing cement usage, while
ensuring that the columns maintain their mechanical strength,
stability, and critical engineering performance criteria. Te study
examines three types of columns: the conventional DCM, the T-
shaped DCM, and the T-shaped column with varying strength.
It focuses on a comparative analysis of their bearing capacity,
deformation characteristics, and normalized construction costs.
T e research aims to evaluate performance under diferent loading
conditions to identify the most efective design strategies for
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ground improvement, ultimately contributing to more sustainable
engineering solutions.

2 Techniques of feld implementation

T e methodologies employed in the development of the DCM
column share many similarities; however, when it comes to the
varied strengths of the T-shaped DCM column, diferent strength
levels can be achieved by adjusting the cement content. T e cement
content for lower-strength columns is typically less than that
for higher-strength ones (Chana et al., 2020). However, factors
like mixing conditions, curing practices, and curing duration
signifcantly infuence the column’s strength. T is study primarily
emphasizes the water-cement ratio and rotational speed as key
factors that signifcantly impacts the strength development of
the varied-strength T-shaped DCM column, assuming that other
factors remain constant. Varied-strength columns can be designed
with lower-strength segments at the bottom and higher-strength
segments at the top, enhancing structural integrity and functionality.
Te two pairs of nozzles positioned at the rotational axis and the
lateral side of the blade are controlled by two separate pumps as
illustrate in Figure 1A. When the slurry concentration is adjusted to
zero, the nozzles function as if they are closed. Conversely, when the
slurry is adjusted to its normal concentration, the nozzles operate as
if they are open. T e rotational speed facilitates the development of
columns with varying strengths. At low rotational speeds, a column
with a higher strength portion can be developed, while at elevated
rotational speeds, a column with a lower strength portion can be
developed. T is method of column development has been examined
in prior research studies (\Wang et al., 2024). Figure 1B illustrates the
Tnal design of the column.

3 Methods

Tis study conducted 3D numerical simulations following the
validation of static tests on a T-shaped column by Yi et al. (2017)
in Suzhou City, China. Te column features a length-to-diameter
ratio of 1:3 in the head and 0.5:13.5 in the body. T e head and body
sections of the T-shaped DCM column have identical properties,
with a density of 18 KN/m®, Young’s modulus of 260 MPa, a friction
value of 27, and a cohesion of 160.5 kPa. T e elastic modulus of the
column is assigned in the range between 0.7 and 2.0 MPa (Yi et al.,
2017) and is between the permissible range (Jamsawang et al., 2015).
Te relevant soil parameters based on depth were derived from
previous studies (Li et al., 2018). T e poisons ratio is 0.3, and the
interface friction between the column and surrounding soil was
assigned 1.0 to align with previous researchers (\Wonglert et al.,
2018). Te soil properties up to a depth of 0.75m are as follows:
density of 17.4 KN/m3, Young's modulus of 2.49 MPa, friction of
11.9, and cohesion of 11.7 kPa. From the depth of 0.75-14.6 m, the
corresponding soil parameters are: density of 17.25 kN/m?, Young’s
modulus of 5.53 MPa, friction of 8.00, and cohesion of 19.90 kPa.
As the depth increases from 14.6 to 16.20 m, the parameters change
to a density of 20.70 kN/m3, Young's modulus of 4.19 MPa, friction
of 15.20, and cohesion of 19.70 kPa. For the lowermost soil layer,
which spans from 16.20 to 20.0 m, the corresponding parameters
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FIGURE 1

10.3389/tbuil.2025.1628946

Schematic diagram construction methodology (A) and design of T-shaped DCM column (B).

are: density of 18.80 kN/m?, Young’s modulus of 5.81 MPa, friction
of 30.70, and cohesion of 2.20 kPa. T e study adopted the Mohr-
Coulomb (MC) model as suggested by previous studies (Huang and
Han, 2010; Ni et al., 2021). In the simulation, soil is assumed as
a homogeneous and isotropic geomaterial. Here, 3D models were
developed, extending 10 m along the X and Y-axes and reaching
a depth of —20m to ensure proper convergence and minimize
boundary efects. T e model was developed using medium meshing,
allowing volumetric deformation only in the Z-direction. During
the simulation, an open boundary condition for groundwater
movement was established at the far end, while the near end was
sealed. T e staged construction approach is utilized, assuming that
the soil-structure interfaces are either completely bonded.

Figure2 presents the deformation characteristics from
numerical simulation and a comparative settlement of the present
study and feld data from the previous study. T e settlement behavior
of the representative column, as determined through numerical
analysis with incremental static loads, shows a commendable
alignment with the settlement behavior documented in feld
monitoring data. T is fnding indicates that the numerical models
and the associated parameters employed in this research are both
robust and reliable.

4 Results

Tis study presents a comparative analysis of the bearing
capacity, deformation characteristics, and construction costs of four
DCM columns, i.e.,, conventional column, T-shaped column, and
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two diferent varied-strength (I and I1) T-shaped DCM columns.
Each column shares an equal volume of 5.007 m® during the analysis.
T ebody section of the varied-strength T-shaped column is assigned
a diferent Young’s modulus for every length of 2.7 m. In varied-
strength 1, the frst two top body sections and head section are
assigned with 260 MPa, and the later sections are respectively 220,
140, and 110 MPa. Similarly, in the case of varied-strength II, the
head portion and frst top body sections are assigned 260 MPa, while
the later sections are respectively 220, 180, and 140 MPa.

Figure 3 illustrates the variation of the shape improvement
factor (Phutthananon et al., 2018) and the corresponding settlement
behavior of all considered columns. It is defned as the ratio of the
bearing area of the T-shaped DCM column to the conventional
DCM column, over the ratio of the shaf area of the T-shaped
DCM column to the conventional DCM column. It can be
observed that the T-shaped DCM column and the varied-strength
columns exhibit a similar ultimate settlement of approximately
98.43 mm when subjected to an external load of 560 kN. Tis
indicates that despite diferences in strength confguration in the
lower body portion, both column types demonstrate comparable
settlement behavior under loading conditions. Furthermore, the
shape improvement factor for both columns is calculated as
2.75, signifying an equal enhancement in load-bearing capacity
due to their respective geometries. However, in the case of the
conventional DCM column, under the continuous increment of
the externally applied load, the column undergoes progressive
deformation and ultimately fails under a maximum settlement of
58.87 mm, indicating its limited ability to sustain higher loads
in construction applications. Te maximum external load it can
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FIGURE 2
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(A) Deformation characteristics of T-shaped DCM column and (B) validation of the present study.

withstand is 242.02 kN. When the stress on a conventional DCM
column exceeds a specifc threshold, its bearing capacity begins to
diminish due to the onset of plastic deformation. T is progression
can ultimately lead to structural instability, which undermines the
integrity of the entire system. Notably, failure in conventional DCM
columns ofen occurs primarily in their uppermost portion, as
illustrated in Figure 4A, where the maximum bearing capacity has
been recorded at 208.00 kN. T is characteristic indicates a critical
limit that engineers must consider during the design and evaluation
processes.

Interestingly, the T-shaped DCM column and the varied-
strength columns share an almost similar bearing capacity of
480.67. T e bearing capacity is much higher than the conventional
DCM column and is almost in the range of 2-3 times the
conventional DCM column. Similar fndings were also reported
for conventional T-shaped DCM columns by previous studies
(Yietal., 2018; Phutthananon et al., 2021). Furthermore, both the T-
shaped DCM column and the varied-strength column demonstrate
a more complex behavior under similar loading conditions. Plastic
deformation in these columns initiates at two key locations: the
uppermost contact point where the external load is applied and the
transition zone where the head of the column meets its body. Te
concentration of failure in these areas can largely be attributed to
stress transfer mechanisms. As the load is applied, it shifs from a
larger surface area at the head of the column to a smaller cross-
sectional area in the body, resulting in increased localized stress.
Tis transition can lead to signifcant stress accumulation, which
may ultimately result in failure. It is important to highlight that the
applied loads are primarily borne by the uppermost head and the
uppermost body portion of the column. Our investigation reveals
that both the varied-strength 1 and Il columns exhibit similar
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FIGURE 3
Comparison of the ultimate settlement and shape improvement factor
of various columns.

load-deformation characteristics when compared to the T-shaped
DCM column. Tis similarity in behavior persists regardless of
the diferences in strength observed in the lower body sections of
the columns.

Additionally, this study aims to propose an innovative
column design that enhances load-bearing capacity and considers
construction cost-efectiveness. To illustrate this, a comparative
analysis of the construction costs associated with each column
type is presented in Figure 4B. Te costs are calculated based
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FIGURE 4

10.3389/tbuil.2025.1628946

(A) Load displacement curve with corresponding deformation behaviour and (B) comparison of the normalized construction cost of a single column

and bearing capacity of various columns.

on the volume of material used and the strength characteristics
of each constructed column, as suggested by previous studies
(Uddinetal., 1997; Chanaetal., 2020). For clarity, these construction
costs are normalized, which is the total cost associated with column
construction, encompassing both material and construction costs,
standardized based on the requirements derived from simulation
data validated through corresponding feld tests. Te fndings
indicate that the normalized construction cost of the conventional
DCM column is notably high, particularly when weighed against
its relatively low bearing capacity. In contrast, while the T-shaped
DCM column provides a higher load-bearing capacity, it also incurs
considerable construction costs, making it less economically viable.
T e head portion and body portion of the column share 0.47 and
0.53 times the normalized cost, respectively.

However, for the varied-strength | and strength-I1 columns, the
normalized construction cost of a single column is, respectively,
0.80 and 0.81. Te proposed varied strength column reduced
almost 20% of the normalized cost. T e load-bearing capacities of
varied-strength T-shaped DCM columns are comparable to those
of the conventional DCM column. What sets these varied-strength
columns apart is their signifcantly lower construction costs, making
them a more economical option without a substantial compromise
on mechanical performance, including load-bearing capability and
settlement characteristics. T'is suggests that the varied-strength
designs could be a practical solution for optimizing both structural
integrity and construction expenses in engineering applications.

5 Discussion
T e analysis presented in the preceding section underscores the

signifcant infuence of both the shape and strength of a column
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on its overall bearing capacity. Conventional DCM columns, while
widely used, incur substantially higher construction costs. Tey
are limited in their ability to sustain externally applied loads, with
a maximum capacity of approximately 242.02 kN, which restricts
their application in higher-stress environments. Notably, the failure
mechanism in these columns tends to manifest primarily in the
uppermost portion. In contrast, columns characterized by a shape
factor of 2.75 or larger demonstrate a marked improvement in
load-bearing efciency. Specifcally, the T-shaped DCM column
ofers acompelling alternative; its construction costs are comparable
to those of the conventional column, yet its bearing capacity is
signifcantly enhanced, making it a more viable option for load-
intensive applications. T e design of the T-shaped column allows it
to efectively distribute externally applied loads primarily through
the column head and the uppermost body section. T is strategic
design means that the lower body portion can be constructed
with reduced strength, thereby controlling and minimizing overall
construction costs without compromising structural integrity.
Consequently, the implementation of varied-strength columns,
categorized as types I and 11, showcases an innovative approach that
not only lowers construction expenses but also substantially boosts
bearing capacity over conventional DCM columns. T e advantages
of the T-shaped DCM column and the varied-strength columns
highlight the potential for improved structural efciency, making
them preferable choices in modern construction applications.
Future studies have the potential to explore several valuable
aspects that have not yet been addressed. T ese include refning the
model utilized in this research, conducting feld experiments, and
considering additional parameters such as soil-structure interaction
and other necessary construction costs. Furthermore, investigating
the long-term performance of T-shaped DCM columns with varying
strengths is essential for assessing their future applicability in
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the feld. It would also be benefcial for future research to focus
on the exploration of more environmentally friendly materials as
alternatives to the cement currently used in the lower section of
the column to develop more sustainable and efcient construction
practices.

6 Conclusion

Deep Cement Mixing (DCM) is a widely used and adaptable
method for improving weak ground conditions. With the progress
in materials and construction technologies, this technique
continues to evolve. Addressing efFciency, sustainability, and long-
term performance is crucial, with future research focusing on
replacement of cement by environmental friendly materials. Based
on the present study, the following conclusions were drawn: Te T-
shaped DCM columns with varied strengths demonstrate a bearing
capacity comparable to that of traditional T-shaped columns. It is
noteworthy that the lower portion of the T-shaped DCM column
does not signifcantly contribute to the overall load-bearing capacity,
as failures in both T-shaped and varied-strength columns typically
occur at the head and uppermost body section. Implementing a
varied-strength design results in a cost reduction of nearly 20% per
column relative to the normalized construction cost. Both varied
strength and T-shaped DCM columns ofer a more efective solution
for enhancing ground-bearing capacity than their conventional
counterparts.
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