https://doi.org/10.3311/PPci.44302 | 1
Creative Commons Attribution ®

Periodica Polytechnica Civil Engineering

Study on Composite Support Technology of Micropile and
Bored Pile Frame for Foundation Pits in Soil-Rock Strata

Heng Ma'?, Xiao Feng3*, Shucai Li', Zhenzhong Shi3, Xiaowei Cao*, Zhiming Li*

T Institute of Geotechnical and Underground Engineering, Shandong University, Jinan 250061, China
2 Shanghai Tunnel Engineering & Rail Transit Design and Research institute, Shanghai 200235, China
3 School of Transportation Engineering, Shandong Jianzhu University, Jinan 250101, China

4 Xuzhou Metro Group Co., Ltd., Xuzhou 221000, China

* Corresponding author, e-mail: fengxiao19@sdjzu.edu.cn

Received: 14 April 2026, Accepted: 22 June 2026, Published online: 21 July 2026

Abstract

The construction of foundation pits in soil-rock composite strata presents significant challenges due to the mechanical incompatibility
between overlying soils and underlying rock masses, often causing abnormal stress redistribution and local instability in conventional
pile-anchor support systems. This study proposes a micropile and bored pile frame composite retaining system, wherein reinforced
concrete bored piles constitute the primary bidirectional spatial frame and grouted steel micropiles serve as auxiliary members for
inter-pile soil retention. The collaborative load-transfer mechanism is analytically characterized through Winkler elastic foundation
theory, yielding a stiffness ratio of n = 16.2 between bored piles and micropiles. Field validation was performed at Hou Pantao Village
Station on Xuzhou Metro Line 3, wherein full-field strain evolution was monitored using BOTDR distributed optical fiber monitoring
throughout staged excavation to a final depth of 17.06 m, with subsequent comparative verification against three-dimensional finite
element computations (MIDAS GTS NX). Results demonstrate that: (i) structural deformation concentrates predominantly within the
upper 5-m soil layer, with negligible displacement below the rock surface; (ii) micropile peak bending moment migrates downward
with excavation, stabilizing near the soil-rock interface; (i) overburden thickness dominates system response, with a critical threshold
at 5 m, beyond which micropile horizontal displacement increased from 5.32 mm to 19.80 mm, matching the field-monitored range
(5.70-23.3 mm); (iv) reducing bored pile spacing from 9 m to 4 m decreases maximum micropile displacement by 42.1%, whereas
increasing pile diameter yields only local stiffness enhancement without global deformation control.
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1 Introduction

With the rapid economic development of China and the
continuous growth in engineering demands, the develop-
ment of urban underground space and the construction
of rail transit networks have been extensively promoted.
Consequently, the number of soil-rock composite foun-
dation pits has gradually increased. In such foundation
pits, the upper portion within the excavation depth con-
sists of soil layers, while the lower portion comprises rock
strata, exhibiting an overall "soft-over-hard" geological
characteristic. At present, the design theories and empiri-
cal approaches for foundation pits in homogeneous soil or
homogeneous rock strata are relatively mature. However,
the support design for foundation pits in soil-rock com-
posite strata remains a challenging issue. When traditional

pile—strut (or anchor) support systems are applied in soil—
rock composite strata, the heterogeneity at the soil-rock
interface, significant variations in rock weathering, and the
presence of fractures often lead to uneven stress distribu-
tion within the support structure. Moreover, it is difficult
to maintain local stability of the soil between upper piles,
fractured rock zones, and isolated boulders. In recent years,
extensive research has been conducted worldwide on sup-
port technologies for soil-rock composite foundation pits.
To address the deformation mechanisms and control of
deep foundation pits in soil-rock composite strata, numer-
ous studies have been carried out. Zhao et al. [1] studied
a Xiamen metro pit in soft-over-hard strata via monitor-
ing and simulation, finding that increasing the diaphragm
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wall's rock-socketed ratio effectively reduced deformation,
and proposed a hinged top support system for optimization.
Zhang et al. [2] used numerical simulation to study over-
break and underbreak in subway stations within interbedded
soft-hard interbedded rock, revealing distinct blasting fail-
ure mechanisms and proposing asymmetric precision-con-
trolled parameters that improved excavation quality.
Sun et al. [3] combined variational mode decomposition
and neural networks to predict foundation pit displacement,
improving accuracy in complex geological conditions.
Guan et al. [4] confirmed millimeter-level 3D deformation
monitoring for retaining structures in soil-rock composite
pits via close-range photogrammetry. Xu et al. [5], focus-
ing on a deep soil-rock composite foundation pit adjacent
to an existing excavation, introduced an axial force ser-
vo-controlled support system and revealed the deformation
evolution law of the retaining structure under asymmetric
loading, showing that servo control effectively restrains lat-
eral displacement toward the adjacent pit. Zhang et al. [6],
based on an ultra-deep soil-rock composite foundation
pit in Qingdao, found through monitoring and numerical
analysis that the conventional design method treating rock
mass as equivalent soil fails to reasonably reflect structural
effects of rock mass. They proposed staged calculation and
differentiated parameter selection to avoid excessive sup-
port. Li et al. [7], investigating a 40 m deep foundation pit
in a composite rock—soil stratum in Guangzhou, system-
atically analyzed the deformation characteristics of a sus-
pended diaphragm wall and reported that the maximum
lateral displacement was significantly smaller than con-
ventional empirical values, with anchor prestress identified
as the key control parameter. Zhou et al. [8] introduced a
physics-informed machine learning approach for defor-
mation prediction of support structures in heterogeneous
soil layers, embedding mechanical governing equations
into neural networks to achieve efficient and high-preci-
sion prediction in soil-rock composite strata. Nicotera and
Russo [9] found through long-term monitoring of a deep
foundation pit in volcanic pyroclastic soil—soft rock com-
posite strata that deformation during the main excavation
stage was effectively controlled, whereas groundwater con-
trol failure during subsequent tunnel construction induced
significant additional settlement. Tabaroei et al. [10] simu-
lated the Texas A&M excavation case, compared numer-
ical results with field measurements, and investigated the
influence of ground anchor arrangement on wall horizon-
tal displacement and surface settlement. Movahedi Rad [11]
employed reliability-based limit analysis to determine the

ultimate lateral capacity of free-head and fixed-head long
piles, introducing an uncertain bound on the complemen-
tary strain energy of residual forces to control the plastic
behavior of the structure. For the numerical simulation
method of deep foundation pit engineering, Szepeshazi
and Moczar [12] carried out two-dimensional and three-di-
mensional numerical inversion analysis on two deep foun-
dation pit cases in Budapest, Hungary, and compared the
numerical simulation results with field measured data, con-
firming that the three-dimensional numerical model can
provide more accurate calculation results than the two-di-
mensional model. In the field of optimization design of
pile foundation and geotechnical supporting structures,
Mohavedi Rad and Ibrahim [13] proposed an optimal plas-
tic analysis and reliability design method for pile founda-
tions based on shakedown theory, and found through finite
element analysis that this method can achieve significant
material savings compared with the conventional elas-
tic design method. Atenov and Bekbasarov [14] proposed
vertical bearing capacity formulas for precast piles with
conical and spherical enlarged heads using finite-discrete
element analysis. Kaveh et al. [15] compared 11 metaheuris-
tic algorithms for reinforced concrete cantilever retaining
walls, finding VPS and WEO optimal for cost and conver-
gence. Aiming at the pile-soil interaction mechanism of
supporting structures, L6dor and Moczar [16] developed a
3D finite element model for pile-soil interaction, accurately
predicting settlement and bearing capacity of improved
foundations, validated by Budapest field measurements.
Haouari and Bouafia [17] combined centrifuge tests and
ABAQUS to evaluate sand density and pile depth effects on
lateral pile response, proposing a nonlinear pile-soil inter-
action method. For the mechanical parameter determina-
tion of rock and soil mass in composite strata, Vasarhelyi
and Kovacs [18] analyzed measured data to identify how
lithology, weathering, and structural planes affect rock
mass parameters.

Current studies mainly focus on pile—anchor or
anchor-shotcrete support systems, in which the vertical
retaining members are typically limited to a single type,
such as bored piles or micropiles, making it difficult to
accommodate the high variability of soil-rock compos-
ite strata. Meanwhile, when anchor cables (or rods) are
adopted as horizontal members, it is challenging to estab-
lish a reliable spatial load-bearing system, and issues such
as encroachment on adjacent property and the formation of
underground obstacles often arise. Therefore, it is necessary
to explore and validate new composite support technologies.



Based on the existing literature, this study proposes a
novel micropile—bored pile frame composite support sys-
tem. The foundation pit of Hou Pantao Village Station,
Phase II of Metro Line 3 in Xuzhou, was selected as the
engineering background. Distributed optical fiber sens-
ing was implemented in the field to obtain the work-
ing performance of the support system and soil defor-
mation during excavation. Furthermore, finite element
modeling and parametric analysis were conducted using
MIDAS GTS NX to investigate the effects of cross-sec-
tional dimensions and spacing of bored piles and micro-
piles, as well as soil parameters, on the support perfor-
mance. The findings of this study can provide theoretical
reference for similar engineering projects.

2 Micropile-bored pile frame composite support
system
2.1 Composition and design of the support system
To address the large stiffness contrast between overlying
soils and underlying rocks in soil-rock composite strata,
the limitations of conventional support systems, and the
difficulty in maintaining local soil stability between piles,
this study proposes a micropile—bored pile frame com-
posite support system. The system comprises bored rein-
forced concrete piles, micropiles, a reinforced concrete
crown beam at the top of the excavation, internal struts,
and steel struts with wales at various levels. The configu-
ration of the structural components is illustrated in Fig. 1.
The primary load-bearing structure is a bidirectional
integral frame system, wherein reinforced concrete bored
piles serve as vertical members, and crown beams or wales
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combined with internal struts at each level function as hor-
izontal members. Micropiles, formed by inserting seamless
steel pipes into predrilled holes and grouting them in place
between adjacent bored piles, act as auxiliary load-bearing
members to ensure local soil stability between the piles.

The proposed structure forms a spatially coordi-
nated support system through the synergistic interaction
between the bidirectional integral frame and the micro-
piles. Through the connections at the crown beams and
wales, a portion of the earth pressure is resisted by the
frame support system, whereas the remainder is trans-
ferred to the micropiles. This load-sharing mechanism
yields a more uniform stress distribution within the over-
all structure, enabling effective control of rock and soil
mass deformation and thus enhancing the safety perfor-
mance of foundation pit engineering.

2.2 Synergistic working mechanism analysis

The load transfer mechanism of the micropile—bored
pile frame composite support system can be simplified
as a dual-stiffness retaining structure interacting with
stratified ground. To quantify the load-sharing behavior
between bored piles and micropiles, a simplified analyt-
ical model based on the Winkler elastic foundation beam
theory is established.

Assuming the crown beam/wale as a rigid connecting
element, the lateral earth pressure acting on the retaining
structure is redistributed according to the relative stiffness
of bored piles and micropiles. The relative stiffness ratio
n is defined as:

Concrete Support

Fig. 1 Micropile—bored pile frame composite support system
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where: kbp and kmp are the lateral stiffness coefficients of
the bored pile and micropile, respectively.
The lateral stiffness coefficients can be expressed as:

3E]
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where: E is the elastic modulus, / is the moment of inertia,
h is the free length above the excavation surface, and S is
the pile spacing.

For a bored pile with diameter D,, =900 mm, spac-
ing pr = 9 m, elastic modulus Ebp = 3.15 x 104 MPa, and
free depth 4 = 8.5 m, substituting these values into Eq. (2)
yields kbp = 550.38 kN/m?. For a micropile with diameter
D,, =152 =2 x 6= 140 mm, spacing S,,, = 0.75 m, elastic
modulus Emp =2.00 x 105 MPa, and free depth 2 = 8.5 m,
substituting these values into Eq. (2) yields kmp =9.37 kN/m?.

Based on existing research, the frame action signifi-
cantly enhances the stiffness of micropiles far more than
that of bored piles. Due to the inherently large stiffness of
bored piles, the frame action improves their lateral stiff-
ness by approximately 2.0-3.5 times [19]; in this paper, the
median value of 2.75 is adopted. In contrast, micropiles
possess minimal individual pile stiffness, and through the
combined effect of crown beams and wales, their effective
stiffness can be increased by 5.0—15.0 times [20, 21]; in this
paper, the median value of 10.0 is adopted. Substituting
the enhanced stiffness values of bored piles and micropiles
into Eq. (1) yields a relative stiffness ratio of 16.2 between
the bored pile and the micropile.

This indicates that the bored pile frame provides the
primary global resistance, while micropiles contribute
to local soil retention between piles. However, consid-
ering the composite action through the crown beam, the
effective stiffness of the micropile-reinforced soil zone
increases significantly.

3 Field experimental study

3.1 Engineering background

The main structure of Hou Pantao Village Station on
Phase II of Xuzhou Metro Line 3 is a reinforced con-
crete double-layer, double-span box frame structure.
It is an underground two-level island-platform station
with an 11 m-wide platform, and shield launching shafts
are arranged at both ends. The embedment depth of the
bottom slab at the station centerline is approximately

17.06 m. The center mileage of the station is CK0+250.000
(right line), with a total length of approximately 482.8 m
and a width ranging from 19.7 m to 35.0 m.

The foundation pit is supported by the proposed
micropile—bored pile frame composite support system.
The reinforced concrete bored piles have a diameter of
900 mm and a spacing of 9 m, while the micropiles have
a diameter of 152 mm and a spacing of 750 mm. Two lev-
els of internal supports are arranged along the excavation
depth. The first level comprises reinforced concrete struts
with a cross-sectional dimension of 800 x 900 mm, and
the second level comprises steel pipe struts with a diam-
eter of 609 mm. The reinforced concrete crown beam has
a cross-sectional dimension of 1500 x 1000 mm, and the
steel wales are composed of double 45C I-shaped steel sec-
tions. The cross-sectional view of the foundation pit sup-
port system is shown in Fig. 2.

3.2 Experimental scheme

To investigate the working performance of the micropile—
bored pile frame composite support system and the defor-
mation characteristics of the surrounding soil during exca-
vation, several micropiles on both the north and south sides
of the foundation pit, and the adjacent rock—soil mass near
the retaining structure on the south side, were selected for
instrumentation. Field monitoring was conducted using
BOTDR (Brillouin Optical Time Domain Reflectometry)
distributed optical fiber sensing technology. The layout of
the monitoring points is shown in Fig. 3.

The BOTDR distributed optical fiber sensing technique
utilizes the linear relationship between the Brillouin fre-
quency shift and the variations in strain and temperature of
the optical fiber to measure strain or temperature. The axial
strain of the optical fiber bonded to or embedded within the
monitored object can be calculated according to Eq. (3):
vy(e,T) = vB(O,TO)+M><g

o, (T) ©

+ (T -T,)
where: v, (¢, T') represents the Brillouin frequency shift of
the optical fiber under environmental strain ¢ and tempera-
ture 7, v, (0, T) denotes the Brillouin frequency shift of the
optical fiber at zero strain and temperature 7; Ov, (¢)/0¢
and Ov, (T)/OT are the strain and temperature coefficients
related to the type of optical fiber, respectively.

In this test, optical fiber sensors were installed along
micropiles and in adjacent rock—soil boreholes to monitor
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Fig. 3 Plan layout of monitoring points

deformation during excavation. Pile internal forces were

derived from measured strains using an AV6419 BOTDR BOTE::
analyzer (CETC) (accuracy: 2 pe, dynamic range: 20 dB, Sorsing Ogtical ol [u:]u
scanning range: 10.0-13.0 GHZ). Fill Soil Fill Soil
Optical fibers were installed within micropiles in a e 7 -
U-shaped layout, secured to the inner wall via pre-drilled Modsratsly Woaers l .1'/}:-: : %i ! Z::
holes and protected by epoxy-coated steel cables and metal itk il i friE S
sleeves at the crown beam. After fusion-splicing was com- i ' }::HT: ::::m Weathered
pleted, the AV6419 analyzer verified connectivity and col- e S
lected initial strain data post-calibration. The test layout of : ::;:I‘: ::}:11‘1
micropiles is shown in Fig. 4. \‘::1%::: ::%ﬁ
Three rock—soil monitoring boreholes were arranged :::[1*'_: ::::fﬁ
at a horizontal distance of 2 m from micropiles GH100, T AT
GH93, and GH69 on the south side. For rock—soil moni- “::H:: ::::i:'i
Ik
quip

toring, boreholes with a diameter of 125 mm and a depth Micro-pi ganﬂ"'esu
of 16 m were drilled. The optical fiber sensor was fixed =

to a weighted guide hammer and slowly lowered into the Fig. 4 Test layout of micropiles
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borehole until the sensor reached the bottom. The sens-
ing fiber was arranged in a "U"-shaped configuration.
Plain concrete was then poured into the borehole to ensure
close contact between the fiber sensor and the surround-
ing rock—soil mass, thereby achieving effective deforma-
tion coupling. Similarly, a 5 m length of sensing fiber was
reserved at the borehole opening for subsequent connection.

Excavation of the foundation pit supported by micro-
piles at Hou Pantao Village Station commenced on
November 30, 2021. In accordance with the actual con-
struction progress, a total of ten rounds of optical fiber
data acquisition were completed.

3.3 Test results

The strain results measured along the micropiles at each
monitoring point were converted into bending moments
according to Eq. (4):

&
M=E,I, —— Q)
p~ mp " /2

where: M is the calculated bending moment; E 1., is the
is the strain value

test

flexural rigidity of the micropiles; &
of the micropiles measured by the optical fiber; Dmp is the
diameter of the micropiles.

The strain distribution in micropiles is shown in Fig. 5.

As excavation progressed, the bending moment of the
micropiles exhibited an increasing trend. Taking Fig. 5(f),
which presents the bending moment distribution of micro-
pile GH93, as an example, the strain in the micropiles
gradually increased as excavation proceeded. When the
excavation depth reached 9.3 m below the bottom of the
crown beam, the strain attained its maximum value, with
the peak located approximately 2 m below the crown beam
bottom. The strata at this depth comprise, in sequence,
clay, moderately weathered limestone, a karst cave, and
moderately weathered limestone. Due to the significant
lithological variation and relatively loose rock—soil mass
prone to collapse, a relatively large bending moment
developed in the micropile steel pipe pile.

After the diaphragm wall was concreted, the strain
peak decreased, indicating that the steel pipe struts effec-
tively reduced micropile deformation. Below 7 m from the
crown beam bottom, the bending moment values of the
micropiles were relatively small. This can be attributed
to the presence of moderately weathered limestone at this
depth, which exhibits good self-supporting capacity and
is less prone to collapse. In addition, the installation of
the second-level steel strut and the diaphragm wall further

reduced micropile deformation in this zone. The underly-
ing bedrock at the site is Ordovician limestone, located
at the core and eastern limb of a syncline, dipping
toward N128°W with a dip angle of approximately 35°.
Consequently, the bending moment values of micropiles
GHI11 and GH16 on the north side are smaller than those of
GH103 and south GH100 on the south side at correspond-
ing positions.

The peak bending moment of the micropiles gradu-
ally shifted downward with increasing excavation depth,
eventually stabilizing at approximately 2—3 m below the
crown beam bottom. This location corresponds to the
transitional zone of moderately weathered limestone—
karst cave—moderately weathered limestone, which is
characterized by significant lithological variability and
relatively loose ground conditions. Combined with the
overlying miscellaneous fill, which is prone to collapse,
the earth pressure acting on the micropiles at this position
reaches its maximum. Below 7 m from the crown beam
bottom, the stratum mainly comprises relatively intact
moderately weathered limestone, which exhibits good
self-stability and contributes to slope stability. Moreover,
steel pipe struts were installed promptly after excava-
tion, resulting in relatively low rock pressure and bending
moments in the micropiles below this depth.

The monitoring results for the rock—soil mass are shown
in Fig. 6. Based on the strain distribution in monitoring
borehole T1, when the excavation depth was 0-5.8 m,
the strain peak at micropile GH100 (adjacent to this bore-
hole) occurred at a depth of 1.5 m in a clay layer with rel-
atively good self-supporting capacity. At this stage, the
maximum rock—soil strain reached 379 pe. When the exca-
vation depth increased to 9.3 m, the strain peak shifted
downward and stabilized at approximately 2.8 m below
the crown beam bottom, reaching a maximum strain
of 431 pe. This depth corresponds to the transitional zone
of clay—moderately weathered limestone—karst cave—mod-
erately weathered limestone, where complex lithology and
strong variability result in a high susceptibility to collapse
and consequently larger ground deformation.

A comparative analysis between the rock—soil strain
monitored at T2 and the strain in micropile GH93 located
on the same alignment indicates that, at the same excava-
tion depth, the strain in the rock—soil mass was smaller
than that of the micropile. After the installation of steel
pipe struts, creep deformation occurred in the rock—soil
mass, and the reduction in rock—soil strain was smaller
than that in the micropile.
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Fig. 6 Monitoring results of rock—soil boreholes: (a) monitoring point T1, (b) monitoring point T2, (c) monitoring point T3

4 Parameter analysis

4.1 Establishment and verification of the finite element
model

To further investigate the effects of different design param-
eters of the micropile—bored pile frame composite sup-
port system on system performance, a three-dimensional
numerical model was established using MIDAS GTS NX
to simulate the excavation process of the soil-rock com-
posite foundation pit. The following assumptions were
adopted during modeling:

1. According to the geological profile and borehole log
data within the simulation area, strata with minor
undulations were simplified as horizontal layers;

2. The model range approximately covered three bored
piles, and the plan-view corner effects of the retain-
ing structure were not considered;

3. Horizontal displacements were restrained at the
lateral boundaries of the model, while vertical dis-
placement was restrained at the bottom boundary;

4. Key construction stages were considered in the sim-
ulation, while secondary construction procedures
were omitted.

The overall model dimensions are 75 m x 27 m X 36 m.
The global model and the detailed support structure model
are shown in Fig. 7.

To accurately represent the mechanical behavior of
the rock—soil mass, the Hardening Soil (HS) constitu-
tive model was adopted for miscellaneous fill and clay,
while a jointed rock constitutive model was employed for
moderately weathered limestone. The calculation param-
eters were determined according to the geotechnical
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<2 investigation report of the project. The specific parameters
< =l | for the rock—soil mass are listed in Tables 1 and 2.
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geometric characteristics are summarized in Table 4.
According to the actual construction sequence on

‘ D900mm

site, the entire process of support installation and staged

o excavation was simulated. The construction steps in the

pommonn numerical model were defined as follows:
(1) Initial in-situ stress analysis with displacement reset
to zero; (2) Installation of bored piles and micropiles;
@) (3) Excavation of the soil layer to a depth of 1.95 m, fol-
lowed by construction of the crown beam and the first-
level reinforced concrete strut; (4) Further excavation
of 3.0 m; (5) Additional excavation of 3.0 m; (6) Further
excavation of 3.5 m; (7) Continued excavation of 3.7 m

down to the final pit bottom.

To wvalidate the numerical model for simulat-

Plain Fill Clay

Moderately
Weathered

Limestone . .
ing support structures and excavation sequences, the

Table 3 Calculation parameters of materials for foundation pit support

components

Volume weight Elasticity modulus

Materials (kN/m?) Poisson ratio (MPa)

C35 concrete 25 0.2 3.15 x 104
(b) C30 concrete 25 0.2 3.00 x 10*

Q235 steel 78 0.3 2.00 x 103

Fig. 7 (a) Global finite element model and (b) support structure model

Table 1 Calculation parameters table of plain fill soil and clay

Depth Volume weight Apparent cohesion Internal friction angle E, E E

oed ur
Parameter i) 7 (KN/m?) ¢ (kPa) 0 (kPa) (kPa) (kPa)
Filling 1.31 18 8.0 20.0 5850 4500 25650
Clay 3.70 19 43.5 9.9 8190 6300 35910
Table 2 Rock mass calculation parameters table
Volume Elasticity . . .. Number of  Dip Joint element Joint elerper}t
Parameter . Poisson ratio Shear elasticity .. Apparent Internal friction
weight modulus joint layers  angle .
cohesion angle
Portion y £ E, G,/G, G,, o o
andunit  (KN/m’)  (MPa)  (MPa) MM Mx o Npay  (MPa) " Oun @) o (kPR) Fioim ()
Value 26.8 18000 14062.5 028  0.28 7031.25 4123.9 1 35 200 35
Table 4 Types and geometric characteristics of foundation pit support component units
Structural style Unit type Material property Geometric features of cross-section
Cast-in-place pile Beam C35 Diameter 900 mm, Pile length 16.7 m
Micropile Beam Q235 External diameter 152 mm, wall thickness 6 mm, pile length 16.7 m
Concrete support Beam C30 800 x 900 mm
Steel support Beam Q235 External diameter 609 mm, wall thickness 16 mm
Top beam Beam C30 1500 x 1000mm

Encircling purlin Beam Q235 Double 45C I-beam




finite-element-calculated bending moments of the micro-
piles were extracted and comprehensively compared
with field measurements at multiple monitoring points
(Table 5). The favorable agreement confirms the model's
reasonable accuracy.

Based on the validated model, parametric analyses
were subsequently performed by varying the thickness of
the overlying soil layer, soil mechanical properties, spac-
ing of bored piles, and the spacing of micropiles. These
analyses aim to clarify the influence of different soil-rock
strata conditions and support design parameters on the
performance of the composite support system.

4.2 Different thicknesses of overlying soil layers

The original overburden above the foundation pit con-
sisted of plain fill and clay, with thicknesses of 1.45 m
and 3.5 m, respectively. In this section, the total overbur-
den thickness was varied by adjusting the thickness of the
clay layer. The clay thickness was set to 1.55 m, 2.55 m,
3.55 m, 4.55 m, 5.55 m, and 6.55 m in the respective
numerical models. When one parameter was modified, all
other parameters were maintained at their original design
values; the same principle applies hereafter and will not
be repeated. The horizontal displacement curves of the
micropiles at the end of excavation, as computed by FE
analysis, are presented in Fig. 8, and the corresponding
maximum values of horizontal soil displacement, ground
surface settlement, and horizontal displacement of the
micropiles are summarized in Fig. 9.

The displacement curves of both the soil mass and the
micropiles indicate that, for soil-rock composite founda-
tion pits, the thickness of the overlying soil layer has a
significant influence on pile deformation. When the soil
thickness increases to approximately 5.0 m, both the hor-
izontal displacement of the soil and that of the micropiles
increase rapidly. This suggests that the restraining effect
of the reserved rock mass at the pit bottom on the sup-
porting piles becomes more pronounced in foundation pits
with thicker overburden. Meanwhile, the location of the
maximum horizontal displacement of the piles exhibits a
gradual downward shift.
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Fig. 8 Micropile displacement vs. overburden thickness

(—— Maximum horizontal displacement of soil mass (mm)
[—®— Maximum horizontal displacement of micro steel pipe pile gnm)
[—— Maximum ground surface settlement (mm)

[3S]
S

W
T

(=}
T

W
T

S

Displacement or settlement value (mm)

3 4 5 6 7 8
Soil layer thickness (m)

Fig. 9 Soil and pile displacement vs. overburden thickness

As the overburden thickness reaches about 5.0 m,
the ground surface settlement adjacent to the pit increases
sharply. When the overburden thickness ranges from 5 m to
8 m, the horizontal displacement of the micropiles increases
from 5.32 mm to 19.80 mm, which is close to the moni-
tored displacement range of 5.7 mm to 23.3 mm (Table 6).
Considering the existence of large karst cavities in the rock
mass, possible construction overloading, and local failure
of individual micropiles, the measured values are slightly
greater than the numerical predictions.

Table S Comparison of calculated and measured maximum bending moments of micropiles

Monitoring point Field-measured M (kN m) FE-computed M (kN m) Relative error
GH 103 11.27 10.83 -3.9%
GH 100 6.74 7.08 5.1%
GH 96 7.30 7.66 4.9%
GH 93 14.62 15.34 4.9%

Note: Relative error = (FE-computed M

- Field-measured M _ )/Field-measured M

max max max
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Table 6 Maximum monitored horizontal displacement of the micropiles

Monitoring point GH103 GH100

GH96

GHO93 GHS89 GH84 GH74 GH69 GH63

Maximum horizontal displacement (mm) 21.1 11.7

23.3 20.6 13.0 19.0 11.7 17.2

4.3 Influence of cohesion of the overburden soil

The deformation of the retaining structure and the sur-
rounding ground surface in soil-rock composite founda-
tion pits is strongly influenced by the properties of the
overlying soil. Cohesion (c) is an important parameter for
evaluating soil quality. By varying the cohesion of the
overlying clay layer, the deformation characteristics of the
supporting structure and surrounding strata at the comple-
tion of excavation were investigated.

Four simulation schemes were established, in which
the cohesion of the overburden soil was set to 0.4, 0.6,
0.8, and 1.0 times the value recommended in the geotech-
nical investigation report, respectively. The horizontal
displacement curves of the micropiles at the end of exca-
vation are shown in Fig. 10. The corresponding maximum
values of horizontal soil displacement, ground surface
settlement, and horizontal displacement of the micropiles
are summarized in Fig. 11.

The results indicate that, for soil-rock composite foun-
dation pits, as the cohesion of the overlying soil decreases,
the horizontal displacement of the piles on both sides of
the foundation pit and the ground surface settlement grad-
ually increase. The maximum displacement of the micro-
piles is located at approximately 3.0 m below the ground
surface. A comparison between the pile displacement

Horizontal Displacement (m)

0
-0.002 0.002 0.004 0.006 0.008

—e— 1x c-value

-10 0.8x c-value
—#— (0.6x c-value
—+— 0.4x c-value

Steel Pipe Pile Length (m)

Fig. 10 Horizontal displacement of micropiles vs. soil cohesion

~—fli— Maximum horizontal displacement of soil mass (mm)
—@— Maximum horizontal displacement of micro steel pipe pile (mm)|
Maximum ground surface settlement (mm)

Displacement or settlement value (mm)

04 05 06 07 08 09 1.0

Ratio of cohesion to the original model
Fig. 11 Soil-pile displacement vs. overburden cohesion

curves and the ground settlement trends shows a certain
degree of correlation between horizontal pile displace-
ment and surface settlement.

Overall, compared with the influence of overburden
thickness, the variation in soil cohesion has a relatively
smaller effect on the horizontal displacement of the sup-
porting piles.

4.4 Analysis of design parameters of bored cast-in-
place piles

The diameter and spacing of bored cast-in-place piles are
core design parameters of the composite retaining sys-
tem, and their selection plays a crucial role in controlling
foundation pit deformation. In this study, numerical mod-
els with different pile diameters and spacings were estab-
lished to investigate their influence on the excavation
behavior of soil-rock composite foundation pits and the
surrounding ground response.

Numerical models with bored pile diameters of
800 mm, 900 mm, and 1000 mm were developed and ana-
lyzed. The horizontal displacement curves of the micro-
piles and bored piles at the end of excavation are shown
in Fig. 12 and Fig. 13, respectively. The maximum val-
ues of horizontal soil displacement, ground surface set-
tlement, and horizontal displacement of the micropiles are
summarized in Fig. 14.

The displacement curves indicate that, as the diameter of
the bored piles increases, the maximum soil displacement
and the displacement of the micropiles change only slightly,
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Fig. 12 Micropile displacement vs. bored pile diameter
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Fig. 13 Bored pile displacement vs. pile diameters

whereas the displacement of the bored piles decreases with
increasing pile diameter. Ground surface settlement also
decreases as the pile diameter increases. The maximum
deformation of the foundation pit generally occurs at the
relatively weaker micropiles. Therefore, merely increasing
the diameter of the bored piles does not significantly reduce
the maximum deformation of the foundation pit.

In addition, models with bored pile spacings of 3.5 m,
4 m, 8 m, and 9 m were established for analysis. The hor-
izontal displacement curves of the micropiles and bored

Ma et al. | /I /I
Period. Polytech. Civ. Eng.

(=)}

Displacement or settlement value (mm)
w & w

[\S)

—#—Maximum horizontal displacement of soil mass (mm)

—@— Maximum horizontal displacement of micro steel pipe pile (mm)
—A— Maximum horizontal displacement of cast-in-place pile (mm)
—¥— Maximum ground surface settlement (mm)

800 900 1000
Diameter of cast-in-place pile (mm)

Fig. 14 Soil and pile displacements vs. bored pile diameter

piles at the end of excavation are shown in Figs. 15 and 16,
respectively, and the corresponding maximum values are
summarized in Fig. 17.

As shown in Fig. 15, reducing the bored pile spacing
from 9 m to 4 m decreased the maximum lateral dis-
placement of the micropiles from 5.32 mm to 3.08 mm
(a reduction of 42.1%). However, further reduction to
3.5 m yielded only marginal improvement (an additional
decrease of 0.1 mm).

Fig. 16 indicates that the displacement of the bored
piles decreased significantly with reduced spacing, from
1.86 mm at 9 m spacing to 0.91 mm at 3.5 m spacing. As the
spacing approached 3.5—-4 m, the bored piles increasingly
behaved as a continuous wall; correspondingly, as shown in
Fig. 17, the maximum ground surface settlement decreased
from 3.11 mm at 9 m spacing to 1.65 mm at 4 m spacing.

Based on the above analysis, reducing the bored pile
spacing proves to be an effective measure for controlling
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Fig. 15 Micro pile horizontal displacement vs. bored pile spacings
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Fig. 16 Bored pile horizontal displacement vs. bored pile spacings

{—#— Maximum horizontal displacement of soil mass (mm)

1-@— Maximum horizontal displacement of micro steel pipe pile (mm)
14— Maximum horizontal displacement of cast-in-place pile (mi

5 ¥—Maxi ground surface settl (mm)

3 4 5 6 7 8 9
Spacing of cast-in-place piles (m)

Displacement or settlement value (mm)

Fig. 17 Soil and pile deformation vs. bored pile spacings

overall excavation deformation, particularly applicable
to scenarios with strict deformation limits or overburden
thicknesses exceeding 5 m.

5 Conclusions
1. To address foundation pit support challenges in soil—
rock composite strata, a micropile—bored pile frame
composite system is proposed. Field monitoring and
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