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The tabular roof construction method (TRcM) is an alternative to open-cut and cover tunnels commonly used in constructing
underground structures. The open-cut tunnels often lead to traffic congestion and ground settlement, especially in densely populated
areas. However, when dealing with very soft ground that allows minimal settlement, piling becomes necessary to distribute the load.
Implementing ground improvement solutions in such scenarios poses challenges in terms of space and time constraints. This study
presents a unique case study that explores the combination of helical piles with the TRcM, offering a viable solution for ground
improvement under challenging ground, limited space, and time constraint conditions. A robust helical pile loading system design
for static compression tests inside TRcM ensuring TRcM pipe stability is presented. Also, the validation of the helical pile-bearing
capacity interpretation using various factors through static field test inside the TRcM is presented.

1. Introduction

As urban populations grow, space becomes a scarce resource,
leading to an increasing demand for developing urban under-
ground areas. However, the value of these spaces often con-
flicts with the complexities of construction, particularly in
densely populated regions with existing buildings and heavy
traffic. Constructing shallow underground spaces can disrupt
the ground environment, posing safety risks to various urban
facilities. Thus, achieving safe and efficient construction while
minimizing disturbances to the sensitive urban environment
remains a significant challenge.

Large urban ground facilities, including ancient build-
ings, high-rise structures, and rail transit lines, are suscepti-
ble to deformation. Therefore, when building underground
structures near such facilities, employing effective deforma-
tion control methods is crucial. For small-span structures,
pipe jacking or tunnel boring machine methods are com-
monly used, benefitting from relatively mature settlement
control technology. However, for larger structures like sub-
way stations, the undercutting method becomes necessary,

involving stress release control through various techniques.
Yet, settlement compensation measures, such as grouting or
mechanical lifting, pose difficulties in terms of construction
complexity, effect reliability, and cost.

Addressing the aforementioned challenges, a unique under-
ground engineering constructionmethod utilizing large-diameter
steel tube groups as load-bearing structures has been devel-
oped. This approach was first introduced in the 1970s during
the construction of Antwerp Central Station in Belgium [1].
In the 1990s, Lunardi [2] proposed a similar method known
as the “Cellular Arch Method,” which was used in VENZIA
station, Milan, Italy. South Korea further enhanced the tech-
nology, naming it the “Tubular Roof Construction Method”
(TRcM), and successfully implemented it in the Lot 923 Sta-
tion of Seoul Metro Line 9 in 2006 [3]. This method has also
found application in China, where it is known as the new
tabular roof method [4]. It was successfully implemented in
projects such as the Shenyang Metro and the Taiyuan Yingze
Underpass [5].

This research presents a case history of the construction of
the TRcM subway site in Seoul, South Korea, where various
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difficulties were encountered due to the soft ground geology,
limited space, and time constraints. To address these chal-
lenges, a unique approachwas adopted to enhance the bearing
capacity of TRcM by employing helical piles. The paper intro-
duces the use of helical piles in TRcM, the static helical pile
load test inside the TRcM, as well as the evaluation of helical
pile-bearing capacity factors.

2. Overview TRcM

The major differences between TRcM and traditional roof
systems lie in their structural configurations. In the tradi-
tional system, small diameter pipes are utilized as forepoling
for support, while the permanent lining of the main structure
carries the structural load. In contrast, TRcM employs large-
diameter tabular roof pipes along with permanent reinforced
concrete to bear all structural loading. As a result of these
distinctions, the level of roof settlement in TRcM remains
well below allowable limits, unlike in traditional roof systems
where these limits are often exceeded. This unique charac-
teristic of TRcM makes it an ideal solution for closely built
systems situated above or adjacent to existing subway lines,
requiring minimal to no disturbance during the construction
of new subway lines. However, the construction of large-
diameter pipes presents a notable complexity. In environ-
ments with strict settlement criteria, there currently exists
no viable alternative to this method. Another limitation of

TRcM is the absence of a unified framework encompassing
conceptual definitions, design principles, design specifications,
and an in-depth analysis of implementations. Consequently,
TRcMhas yet to evolve into a fully developed technical system.
This limitation also makes it challenging to find adequate
references and guidelines for applying TRcM in new projects.

Constructing a tunnel using the TRcM technique offers
several benefits. First, it allows normal railway traffic opera-
tions to continue during the tunnel construction. Second, it
enables effective control of groundwater table drawdown dur-
ing the process. The following steps explain the construction
procedure of TRcM, as shown in Figure 1,

(1) The large steel gallery pipe is inserted into position
using a sizable hydraulic jack accompanied by a reac-
tion wall (see Figure 1(a)).

(2) The transverse steel pipe gallery is also pressed into
place (see Figure 1(b)).

(3) A transversal slab is installed and filled with concrete
and reinforced with rebar (see Figure 1(c)).

(4) Soil is excavated downward to create a trench, which is
then linedwith precast concrete walls (see Figure 1(d)).

(5) Concrete is poured to form a continuous vertical wall
(see Figure 1(e)).

(6) The bottom slab is cast in concrete, and the railway
track is placed (see Figure 1(f)).

ðaÞ ðbÞ

ðcÞ ðdÞ

ðeÞ ðfÞ
FIGURE 1: Illustration of TRcM construction methodology. (a) Insertion of large steel pipe, (b) insertion of transverse steel pipe gallery,
(c) filling the transverse slabs, (d) trench formation by excavating soil, (e) pouring of concrete to form continous vertical walls, and
(f ) concreting bottom slab and the placement of railway track.
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3. Overview of Helical Piles and Interpretation
of Load-Bearing Capacity Using
HPCap Program

Helical piles, also known as screw piles, are deep foundations
widely used to increase soil-bearing capacity in challenging
soil conditions. The increasing use of helical piles due to the
quick installation as well as its adaptability in various construc-
tion space constraints. These piles consist of a shaft with helix
plates, and they are installed by rotating them into the ground,
utilizing the resistance provided by the skin (Qs), helix (Qh), and
tip (Qtip) to transfer loads effectively (as depicted in Figure 2).

There are numerous factors that affect the performance
of helical piles. This includes installation effects, which could
usually affect the density of the soil above and between the
helices. This was presented by Lutteneger and Tsuha [6], in
which they reported that the tensile capacity of single helical
piles can vary between 45% and 94% of the compressive
capacity. Hence, in order to have a reasonable estimate of
the helical pile tensile capacity, it is necessary to use suitable
capacity factors that consider installation effects. In an effort
to find a simpler way to determine the capacity of a helical
pile considering installation effects, Hoyt et al. [7] and Tsuha
and Aoki [8] implied that the torsional resistance which
occurs as a result of the screw pile penetration, determined
during installation, controls the capacity of the pile. Another
factor that influences the behavior of a helical pile is the
embedment depth of the helix. A deeper embedment of the
helix leads to a greater enhancement of the helical pile’s

capacity. In addition, the embedment depth of the helix
affects the values of the bearing capacity factors for estimat-
ing its ultimate axial capacity. Meyerhof [9] presented values
of the bearing capacity factors of shallow and pile founda-
tions and showed that the capacity factors of pile foundations
are larger than strip and square footings.

Another important aspect of helical pile design is the
determination of its behavior associated with its configura-
tion. The spacing ratio (Sh/Dh), which is the ratio between
the spacing between helices (Sh) and the average helix diam-
eter (Dhave), controls the failure mechanism and determines
whether the cylindrical shear method or the individual bear-
ing method is used. Nasr [10] suggested that a spacing ratio of
greater than 2.0 is enough for the individual bearing method
to be employed. However, recent studies have suggested that
the boundary between the cylindrical shear method and the
individual bearing method is at a spacing ratio of about 3.0.
Aydin et al. [11] claim that this spacing ratio shifts the failure
mechanism, and Luttenegger [12] demonstrated this by con-
ducting numerous load tests, in which they showed that the
piles with a spacing ratio of 3.0 have a large helix efficiency of
about 90% in comparison to a spacing ratio of 2.25, which
only showed an efficiency of about 65% at displacements of
20% the helix diameter. In a more recent study, Nowkandeh
and Choobbasti [13] were able to recommend through finite
element (FE) modeling that the spacing ratio in clay and sand
should be 2.0 and 3.0, respectively. The following two modes
of failures, as shown in Figure 3, are widely considered in
calculations of helical piles bearing capacity:
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FIGURE 2: (a) Definition of helical pile and (b) load transfer model for helical piles.
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(a) Individual bearing mode: This mode is shown in
Figure 3(a); it can be seen that the spacing between
helices is large, making each helix to behave indepen-
dently. Therefore, the bearing capacity is calculated
by summation of all helices bearing capacities.

(b) Cylindrical shear mode: This mode is shown in
Figure 3(b); it can be seen that the spacing between
helices is small, making helices behavior as a group.
The bearing capacity of the helical pile results from
the combined contributions of the bottom helical bear-
ing plate and the side shear along the length of the
cylinder created by the helical bearing plates [14].

Helical pile design codes are relatively scarce, with nota-
ble standards like the British Standard BS 8004:2015 [15] and
the Canadian Foundation Engineering Manual CFEM 2006
[16] being among the few that have addressed this aspect.
These codes outline methods for calculating the ultimate
axial capacity of helical piles, providing crucial guidelines
for engineers and designers in this specialized area. A sum-
mary of various methods of computations for helical piles,
screw piles, and anchors can also be found in the publications by
Das and Shukla [17], Chance and Atlas [18], Mohajerani et al.
[19]. Nonetheless, the theoretical methods mentioned above
allow for the calculation of the ultimate capacity of helical
piles through equations that vary according to the loading
type. The calculated values for these design methods should
be compared with values from measured load tests, which
involve not only the physical measuring of settlements and
relative loads through the use of special equipment but also

through theoretical interpretations of the graphs [19]. In addi-
tion, the soil profile at a particular site should be calibrated by
field tests so that the methods of computation can be used
with more confidence.

The HPCap (Helical Pile Capacity) program [20] has
been developed by the geotechnical engineering lab at Kun-
san National University in Gunsan, South Korea, to predict
the axial and lateral behavior of helical piles based on the
load transfer method. The current design methods for helical
piles are limited at the estimation of the ultimate axial capac-
ity, and the load–displacement of the behavior of a helical
pile is commonly predicted by the use of the finite element
method (FEM). Usually, helical piles are modeled in 3D
space using FEM, and this can be time-consuming. Further-
more, commercial FE programs can be expensive. The pro-
gram utilizes springs to replace the resistance provided by the
soil, as shown in Figure 4. To determine the axial displace-
ment at any point along the helical pile and to solve the
problem of the distribution of load along the helical pile
for a given applied load, the nonlinear differential equation
shown in Equation (1) is solved by considering an element
from the shaft, which is represented by length h.

Δw
h

¼ Q
EA

; ð1Þ

where w=movement of the pile; h= length of considered
element; Q= load on the pile at the location of movement
w; E=modulus of elasticity of the pile material; A= cross-
sectional area of the pile.
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FIGURE 3: Mechanism of helical pile operation (a) cylindrical shear failure and (b) individual bearing failure.
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In the literature, there exist numerous capacity factors for
axially loaded non-helical piles and helical piles. In addition,
the displacement criteria also vary from research to research.
The bearing capacity factors and the displacement criteria
are the two very important aspects of the load transfer method.
The authors do not directly suggest the use of capacity factors
and load transfer curves from one particular research mainly
because capacity factors and load–displacement behavior vary
from site to site and the helical pile configuration. In the
HPCap program, user inputs for various capacity factors are
allowed tomake sure that the calculation of the ultimate capac-
ity can be flexible based on field observations. Numerous fac-
tors that have already been introduced in the literature have
been baked into HPCap to provide further flexibility. Limiting
end-bearing values and shaft friction values have also been
incorporated in HPCap. In the axial analysis using HPCap,
the helical pile is divided into 150 nodes or 149 segments,
and the stiffness of the springs is represented by the load
transfer curves. As discussed above, there exist numerous
load transfer curves for the shaft resistance and tip resistance,
including those from the American Petroleum Institute [21];
however, the spring stiffness for helical resistance has not been
proposed in the literature. In HPCap, the spring stiffness for
helical resistance was derived from full-scale axial compression
and uplift tests conducted by Sakr [22] on large-capacity heli-
cal piles in cohesionless soils.

4. Case Study

During the construction of the Seolleung Station on the
Bundang Green Line in Seoul, South Korea (Figure 5), sev-
eral challenges were faced, including heavy traffic, existing
tall buildings nearby, and soft ground conditions. To over-
come these issues, the TRcM method was employed for tun-
nel construction, which provided advantages such as smooth

traffic flow on the surface and stability for nearby structures
against settlement.

The subsurface geological investigations (see Figure 6)
revealed that the soft ground had low bearing capacity for
the TRcM construction, necessitating ground improvement
measures. Moreover, the limited space and time constraints
further complicated the situation due to the soft ground
conditions. To address these challenges and enhance the axial
compression bearing capacity beneath the TRcM, the imple-
mentation of helical piles for ground improvement was pro-
posed. The plan and section elevations of the site are shown in
Figure 7.

First, inside the TRcM, a standard penetration test (SPT)
[23] was conducted, and the corrections were applied to
calculate N60 and (N1)60 [24, 25] and the soil profile at the
site based on the SPT is shown in Figure 6(a). The values of
N, N60, and (N1)60 at depths 0–5.0m range from 7.0 to 8.0,
5.0 to 6.0, and 6 to 10, respectively. At depths 6.0–10.0m, the
values of N, N60, and (N1)60 range from 7.0 to 15.0, 5.0 to
18.0, and 5.0 to 15.0, respectively, while for depths greater
than 10.0m, the values range from 23.0 to 50.0, 16.0 to 36.0,
and 15.0 to 28.0, respectively. Additionally, the collected SPT
samples from different depths in the borehole were used to
perform soil gradation tests [26] to classify as per unified soil
classification system [27]. As shown in Figure 6(b), the site
consists of sand, silty sand, and clayey sand. The water table
at the site was located at a depth of 4.5m. The compaction
tests [28] were performed on the SPT samples to calculate
the unit weight of soil [29], as shown in Figure 6(c). Also, the

FIGURE 5: Project location map.
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FIGURE 4: HPCap beam spring approach for static compression
loading.
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Hatanaka and Uchida [30] empirical correlation was used to
calculate the friction angle of the soil profile, as shown in
Figure 6(c).

A customized machine TRPM-08 was developed and
manufactured, which was capable of installing helical piles
from 1.6m diameter gallery pipe (Figure 8(a)); the properties
of steel pipe are presented in Table 1. First, a helical test pile
for the static pile load test was installed. The static helical pile
test assembly setup is shown in Figure 9. The axial capacity
calculation methods were evaluated by comparison with the
measured field pile load test. The helical piles used inside the
TRcMplan and the section elevations are shown in Figure 7(b).
These piles were of four helices, each spaced at 1.8m, having
embedment depth and diameter of 8m and 165.2mm, respec-
tively. These were installed at a spacing of 1.5m center to
center below the TRcM vertical trench wall, which was later
filled with concrete. A summary of the properties of the helical
pile at the TRcM site is given in Table 2.

To conduct compression static test according to ASTM
D1143 [31], a testing frame assembly was designed as shown
in Figures 9(a) and 9(b). This assembly comprises a reaction
plate, a loading device, and a measuring system. The reaction
system consists of a 30mm thick steel reinforcing plate for
smooth and safe transfer of reaction to steel pipe. The system
for loading comprises a load cell connected to a hydraulic
jack through adaptors using internal cables. The hydraulic
jack can be moved upward and downward using a remote
control that connects to the hydraulic motor. The hydraulic
motor supplies fluid to the hydraulic jack, applying the

necessary pressure. The entire unit is aligned vertically along
the central axis of the testing pile. The measuring equipment
setup includes reference beams and dial gauges to measure
the vertical displacement. Two dial gauges provide an aver-
age measurement of the vertical displacement, as shown in
Figure 9.

One of the challenges in conducting pile static load tests
inside constraint space was the safe engineering design of the
testing assembly. Therefore, a customized analysis to assess
the stability of the TRcM steel pipe was performed by simu-
lation in MIDAS/GTS NX FE software [32]. The reaction
arm with the TRcM pipe simulation model and used physical
properties of the steel are presented in Figure 9(c) and
Table 1, respectively. The plate element was used to simulate
the TRcM pipe, reaction reinforcing plate as well as reaction
arm all were simulated using the plate element. The reaction
beam was loaded to 140 tonf of static pile loading and the
surface train load of 5 ton/m2. The TRcM pipe diameter and
thickness were 2,500 and 25mm, respectively, whereas the
steel reinforcing plate in the reaction beam was 30mm thick.
The stability analysis of the reaction arm system is discussed
in Section 5.

The static test helical pile result was simulated using the
HPCap software to evaluate various helical pile capacity esti-
mation factors such as mode of failures, lateral earth pressure
coefficient (Kc), bearing capacity factor (Nq), and interface
angle (δ). The soil profile and the helical pile properties
simulated in HPCap are shown in Figure 6 and Table 2,
respectively. The HPCap results are discussed in Section 5.
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FIGURE 6: Soil profile of underground site based on standard penetration test (SPT): (a) SPT blow count with depth, (b) soil type with depth,
and (c) soil unit weight and friction angle with depth.
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5. Results and Discussion

Figure 10 shows the results of the numerical stability analysis
results of the reaction arm on TRcM pipe in terms of normal

stresses (compression and tension) and tensile stress. During
the pile load test, the compressive stress of the steel pipe was
64.86MPa (allowable stress 210MPa [33]), the maximum
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FIGURE 7: Case study site showing TRcM and helical pile (a) plan and (b) sectional elevation.
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FIGURE 8: (a) Customized machine TRPM-08 for helical pile installation, (b) working of TRPM-08 machine inside TRcM pile, and (c) static
pile load test loading devise with reaction frame and LVDTs.
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TABLE 1: Physical properties of steel.

Steel
Modulus of

elasticity (MPa)
Unit weight
(kN/m3)

Poisson’s
ratio (ν)

Allowable compressive
stress (MPa)

Allowable tensile stress
(MPa)

Allowable shear stress
(MPa)

STK400 210,000 78.5 0.3 210 210 120
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FIGURE 9: Static helical pile load test assembly (a) cross-sectional details, (b) longitudinal section details, and (c) simulated stability analysis
domain in MIDAS program.

TABLE 2: Properties of the helical pile at the underground site.

Sr no. Pile properties Quantity

01 Pile length, L (m) 9.23
02 Pile shaft diameter, Dp (mm) 165.2
03 Pile thickness, t (mm) 10.8
04 Modulus of elasticity, E (kPa) 210,000,000
05 Length of embedment, Lembed (m) 8.68
06 First helix diameter, Dh1 (mm) 370
07 Second helix diameter, Dh2 (mm) 370
08 Third helix diameter, Dh3 (mm) 350
09 Fourth helix diameter, Dh4 (mm) 350
10 Depth of first helix, zh1 (m) 5.5
11 Helix spacing, Sh (m) 1.0
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FIGURE 10: Numerical stability analysis results of reaction arm on TRcM pipe.
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tensile stress was 192.49MPa (allowable stress 210MPa [33]),
and the maximum shear stress was 42.19MPa (allowed 120
MPa [33]). It is evident that that the level of all stresses are in
well agreement with the allowable limits, confirming the stabil-
ity of the designed helical pile load assembly inside the TRcM.

After confirming the stability of reaction assembly, the
static pile load test (Figure 8(c)) was performed on installed
helical pile test according to ASTM and the load displace-
ment curve is shown in Figure 11. The maximum test load
was 140 tons and the corresponding settlement of 19.96mm,
whereas the residual settlement was 5.93mm. As shown in
Figure 11, the static load–displacement curve does not exhibit
a clear ultimate point, therefore the axial capacity is calculated
by extending the linear elastic portion of the curve and the
yield portion of the curve until both intersects, that was found
to be 84 tons with 9mm of settlement. This static helical pile
load test was utilized in calibration of the HPCap software.

The results of the helical pile static load test simulations are
shown in Figures 12, 13, 14, and 15. In Figure 12, it can be seen
that using the cylindrical shear method resulted in the under-
estimation of the capacity of the helical pile, and that the indi-
vidual bearing method was more suitable even though the helix
spacing ratio (Sh/Dh) was less than 3.0 for all helices. Now-
kandeh and Choobbasti [13], recommend through FE
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FIGURE 11: Measured load–displacement curve of static helical pile
load test.
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modeling that the distance between helices in clay and sand
should be 2Dh and 3Dh, respectively, to attain high helix effi-
ciency. However, in the pile load test, high helix efficiency was
observed at an average spacing of about 2.78Dh, which is still
close to a spacing of 3Dh. Therefore, reliance on a spacing
limit may sometimes be inadequate in assessing the capacity
of helical piles. In addition, the mode of failure used in the
simulation must represent the behavior in the field.

To evaluate the effect of the bearing capacity factor Nq,
capacity factors proposed by Vesic [34] and Meyerhof and
Adams [35] are compared in Figure 13. It can be seen that
the predicted load–displacement curve by Meyerhof and
Adams [35] was underestimated by factor of 1.66. It should
be noted that Nq from Vesic [34] provides large values, and it
is usually recommended for pile tips located at 10 times the
pile diameter (Dp). Interestingly, the first helix was located at
14.86 times the helix diameter (14.86 x 0.37m= 5.5m), hence,
Nq proposed by Vesic [34] was suitable.

The effect of both interface angle (δ) [36] and coefficient
lateral pressure (Kc) [22, 37] on bearing capacity calculations
are shown in Figures 14 and 15, respectively. It can be seen
that both has minimal effect on the estimates. This is because
shaft friction resistance provided by the pile was minimal due to
the pile shaft diameter only being 165.2mm. The shaft friction
resistance was estimated to be at the range of 20–30kN.

Using the calibrated parameters, Figures 16 and 17 depict
the distributions of displacement and axial load along the
depth or nodes of the helical pile under an axial load of
1,000 kN, respectively. As depicted in Figure 16, the HPCap
program predicts a total displacement of approximately 17
mm at the pile head. Analyzing the displacement distribution
reveals a total pile shortening of about 7mm, underscoring
the significance of considering pile shortening in helical pile
design, particularly under heavy loads. Examining Figure 17,
it is evident that the resistance against the 1,000 kN applied
load is primarily provided by the helices, with the tip and skin-
friction resistance playing a minor role. Moreover, Figure 17

illustrates that the top-most helix contributes only about 50%
of the capacity of the helices below it.

6. Conclusion

This paper presents a case study of using of Seolleung Station
construction on the Bundang Line in Seoul, South Korea,
several challenges were faced, including heavy traffic, exist-
ing tall buildings nearby, and soft ground conditions. To
overcome these issues, the TRcM with helical piles was
employed for tunnel construction. The study presents the
unique static helical pile test setup inside the TRcM. The
stability analysis and the simulation of static compression
helical pile capacity were performed using the MIDAS and
HPCap program, respectively. As a result of the analysis, the
following conclusions were obtained:

(1) The stability analysis of designed loading arm on TRcM
pipe confirm that compressive stress (64.86MPa), ten-
sile stress (192.49MPa), and shear stress (42.19MPa)
during the pile load test are within allowable limits
(210MPa for compressive and tensile, 120MPa for
shear), affirming the stability of the proposed helical
pile load assembly inside the TRcM.

(2) The static helical pile load test conducted inside the
TRcM resulted in a maximum load of 140 tons, settle-
ments of 19.96mm under load and 5.93mm residual,
and an axial capacity of 84 tons with 9mm settlement,
providing essential calibration data for the HPCap
software.

(3) The simulation of helical pile load test using HPCap
reveals that the selection of the appropriate mode of
failure and bearing capacity factors have governing
effect, whereas the lateral earth pressure coefficient
and the interface angle are shown to be insensitive.
The individual bearing method and Vesic [34]
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bearing capacity factors captured the measured load
displacement curve.

The analysis of displacement and axial load distributions
along the helical pile under a 1,000 kN load underscores the
importance of accounting for pile shortening, with a predicted
17mm displacement at the pile head and approximately
7mm pile shortening. Furthermore, the examination reveals
that the helices predominantly contribute to load resistance,
with the top-most helix contributing only about 50% of the
individual capacity of the other three helices. Given space and
time constraints during installation, it is advisable to consider the
use of helical piles as a ground improvement method alongside
TRcM. Additionally, the presented design of static helical assem-
bly load test is safe and can be utilized in engineering practice.
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