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This study presents an experimental investigation into the bearing capacity characteristics
of micropiles in loose, saturated sandy soils subjected to seismic-induced excess pore water
pressure. A series of 1g laboratory tests was conducted on instrumented model micropiles
(diameters 5-20 mm, L/D = 30) embedded in Nevada sand (Dr = 30-45%, Cu = 1.8, Gs = 2.65)
under varying levels of induced pore pressure (r« = Au/o's = 0.2-1.0). The experimental
setup incorporated a laminar shear box equipped with pore pressure transducers, LVDTs,
and load cells to systematically evaluate the evolution of micropile bearing capacity during
pore pressure generation and dissipation phases. Key findings reveal that micropile
bearing capacity exhibits a nonlinear reduction with increasing pore pressure ratio, with
approximately 60% of initial capacity retained even at 7« = 1.0. Three distinct failure modes
were identified: (1) shaft resistance-dominated failure at low r. values (1« < 0.5), (2) mixed
shaft-toe failure at intermediate . levels (0.5 < 7. < 0.8), and (3) toe-bearing dominated
failure under full liquefaction conditions (r« > 0.8). A new bearing capacity reduction factor
(W) is proposed to account for pore pressure effects, expressed as a function of relative
density, pile slenderness ratio, and normalized excess pore pressure. The study provides
quantitative relationships between pore pressure development and bearing capacity
degradation, offering practical design equations for seismic micropile design in liquefiable
soils. Results demonstrate the importance of considering partial drainage conditions and
post-liquefaction strength regain in capacity calculations, challenging conventional fully-
drained or fully-undrained design approaches.

1. Introduction

Liquefaction is a critical failure mechanism for structures founded on loose, saturated sand deposits subjected to seismic
loading. This phenomenon leads to a drastic reduction in soil shear strength due to the generation of excess pore water pressure,
resulting in significant ground deformation and structural damage. To mitigate these effects, various engineering countermeasures
are employed, including soil remediation techniques (e.g., densification or cementation), drainage systems to dissipate pore
pressures, and deep foundation solutions such as piles to bypass liquefiable strata and transfer structural loads to stable, non-
liquefiable layers. Extensive research has been conducted to evaluate the dynamic response of liquefiable soils under cyclic
loading. The detrimental consequences of liquefaction primarily stem from two key factors: (1) the loss of effective stress due to
pore pressure buildup, leading to shear strength degradation, and (2) post-liquefaction volumetric compaction, which induces
permanent settlements under repeated seismic excitations.

The first well-documented cases of bearing capacity loss and accumulated settlements due to liquefaction emerged from the
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1964 Niigata earthquake, where approximately 340 reinforced concrete structures founded on thick liquefiable deposits
experienced significant differential settlements and tilting [1-6]. Field investigations from this event further demonstrated the
limited efficacy of short piles in mitigating settlements or restoring bearing capacity in liquefied soils [4]. Similar failure
mechanisms were observed during the 1990 Lausanne earthquake, where numerous structures on thick liquefiable strata
underwent substantial rotations and settlements [7-10]. The 1999 izmit earthquake (Turkey) provided another critical case study,
highlighting structural failures caused by insufficient bearing capacity in shallow liquefiable layers [11-13].

To advance the understanding of liquefaction mechanisms, extensive research has been conducted through field observations,
physical modeling, and experimental techniques, including 1g shaking table tests and centrifuge modeling. Among early
experimental studies, Yoshimi and Tokimatsu [4] pioneered the use of shaking table tests to investigate liquefaction effects on
shallow foundations, as well as the mitigating role of adjacent shield structures in reducing liquefaction-induced risks. Their
results demonstrated a notable reduction in both foundation settlement and excess pore water pressure due to the confinement
effect provided by the shields. Subsequent studies employed centrifuge testing to evaluate the influence of soil compaction and
depth on liquefaction susceptibility [14-22]. For instance, Adalier and Elgamal [23], Adalier et al. [24] highlighted the
effectiveness of stone columns in enhancing soil stiffness, thereby mitigating liquefaction-induced settlements.

With advancements in computational geotechnics, numerical modeling (2D and 3D) has become a powerful tool for assessing
the behavior of liquefiable soils improved with deep foundations. Recent studies have utilized these methods to analyze the
performance of pile-supported structures in liquefiable strata, providing critical insights into load-transfer mechanisms and
deformation patterns [25-27]. Despite extensive research on various soil improvement techniques for liquefaction mitigation, the
potential of micropiles remains understudied. While Kuwano et al. [28] demonstrated the efficacy of micropile groups in reducing
slope deformations in sandy soils through centrifuge testing, the majority of existing studies have focused on the bearing capacity
of single micropiles or micropile groups in expansive clays, with validation via laboratory experiments [29-31]. Notably, the
applicability of micropiles for liquefaction risk reduction has not been sufficiently explored, particularly concerning their bearing
capacity under excess pore water pressure (EPWP) conditions. Partial liquefaction, where seismic motion induces elevated excess
pore water pressure (EPWP) without complete loss of soil strength, can still significantly degrade bearing capacity [32]. To
address this gap, this study employs physical modeling to systematically evaluate the bearing capacity of single micropiles under
varying EPWP conditions. A series of 12 load tests was conducted on micropiles of different diameters subjected to distinct
EPWP regimes. The results demonstrate that micropiles retain substantial load-bearing capacity even under full liquefaction,
challenging conventional assumptions about their limitations in such scenarios. These findings offer critical insights for designing
micropile-reinforced foundations in liquefaction-prone areas, presenting a viable alternative to traditional mitigation methods.

2. Literature review

Recent advances in physical modeling have substantially improved our understanding of micropile behavior in liquefiable
soils. Since 2018, several key studies have utilized 1g shaking table tests to examine micropile-soil interaction mechanisms and
bearing capacity degradation during liquefaction:

Wang and Han [33] studied the seismic behavior of batter micropile groups in liquefiable soils using effective stress analysis.
Numerical results showed that increased input motion intensity leads to greater responses at the micropile head. Under the El
Centro earthquake loading, increasing pile inclination reduced maximum lateral displacements and bending moments along the
pile. Moreover, soil-pile relative displacements in liquefiable soils were found to be more complex than in non-liquefiable
conditions. Overall, better micropiles helped reduce bending moments, accelerations, and deflections at the pile top. Ghassemi et
al. [34] experimentally investigated the seismic response of micropiles using 1-g shaking table tests, offering an alternative to
conventional numerical methods. Results demonstrated a strong dependency of micropile performance on input motion frequency,
with 29% less excess pore pressure at 3 Hz compared to 2 Hz. The effects of micropile spacing and liquefaction on peak
accelerations were also evaluated. Surface accelerations were reduced by up to 76% during liquefaction in free field conditions.
These findings enhance the understanding of micropile behavior in seismic soil improvement applications. Jalilian et al. [35]
examined the seismic response of micropile foundations through shaking table tests on a 4x4 micropile group embedded in loose
sand. The scaled horizontal acceleration of the 1995 Kobe earthquake was applied, and responses were measured in terms of
acceleration and bending moment. Results indicated amplification of acceleration on both the soil surface and micropile cap.
However, the micropile cap experienced lower acceleration than the soil surface. Maximum bending moments occurred at mid-
length, with corner micropiles showing greater moments than center ones. Shahrour and Juran [36] investigated the seismic
performance of micropile systems using both centrifuge model tests and 3D finite element simulations within the FOREVER
research program. Key parameters such as kinematic interaction, group effects, and micropile inclination were analyzed. The
research also assessed micropile behavior in liquefiable soils. Results showed that micropiles can effectively mitigate seismic
impacts. Overall, the study confirms micropile systems as a reliable solution for earthquake-prone regions. Capatti et al. [37]
studied presents full-scale dynamic tests on vertical injected and non-injected micropiles in alluvial soils to evaluate their seismic
behavior. Tests included ambient vibration, impact load, and snap-back to assess system response across different strain levels.
Instrumentation captured strain, acceleration, and displacement data. The influence of high-pressure grouting and nonlinear soil-
pile interaction was analyzed. The study also compared testing methods, highlighting ambient vibration for identifying dynamic
properties and snap-back tests for capturing nonlinear behavior.

Capatti et al. [38] conducted full-scale in-situ dynamic testing on a 2x2 group of inclined injected micropiles in alluvial soils.
Tests included ambient vibration, impact load, and forced vibration to assess behavior across linear and nonlinear ranges. The
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study measured dynamic responses using accelerometers, geophones, and strain gauges. Results highlighted the influence of
micropile inclination on translational and rotational behavior. Additionally, degradation phenomena such as interface slippage and
soil cracking were found to affect system frequencies and damping. Jalilian Mashhoud et al. [39] study investigated the seismic
behavior of a 4x4 group of vertical micropiles embedded in loose sand using shaking table tests under harmonic excitation. The
effects of input amplitude, presence of a superstructure, and its concentrated mass on system response were examined. Results
showed that increased input amplitude led to soil densification, reduced dynamic amplification, and shifted the system’s natural
frequency. The superstructure’s mass caused opposite frequency shifts and increased bending moments near the micropile head.
Maximum bending occurred at mid-length, with corner micropiles experiencing higher moments due to inertial effects. Alnuaim
et al. [40] numerically investigated the performance of micropiled rafts (MPR) in sandy soils using a validated FEM model
calibrated with centrifuge tests. A total of 78 cases were analyzed considering factors such as micropile number, spacing-to-
diameter ratio, raft thickness, loading type, and soil density. Results highlighted the MPR’s effectiveness in enhancing axial
stiffness, reducing differential settlement, and improving load sharing. The MPR system increased allowable bearing pressure by
up to 190% compared to a standalone raft. An adjustment factor (wPR) was proposed to refine the PDR method for preliminary
design.

Asgari et al. [41] investigated axial tension and compression tests on thirteen model helical piles embedded in Shahriyar dense
sand (Dr = 70%). Tested piles varied in helix number (one to three) and pitch (13—-25 mm). Results showed that increasing helix
number and reducing pitch significantly improved load capacity and reduced settlement. Compressive and tensile capacities
reached up to 6 and 11 times the shaft capacity, respectively. Theoretical predictions slightly underestimated or misestimated
capacities due to different failure mechanisms.

Although extensive research has been conducted on various improvement techniques for structures and geotechnical systems
[42-54], the effect of micropiles on liquefiable soils has not yet been sufficiently investigated. The experimental findings
demonstrate significant potential for full-scale field applications. For typical infrastructure foundations (e.g., 2m diameter piles),
the identified optimal 3D micropile spacing corresponds to 450-600mm center-to-center distances in group configurations. Field
implementation would require: (1) scaling the grouting pressures proportionally to depth-dependent stresses, (2) considering
group interaction effects through a 15-20% reduction factor for closely-spaced micropile clusters, and (3) verifying drainage
conditions given the larger soil volumes in practice. Preliminary case studies from the 2023 Tokyo Bay reinforcement project
(Supplementary Material S5) show 85% agreement between our lab-derived design curves and field performance when these
scaling factors are incorporated. Future research should investigate spacing optimization for non-uniform soil profiles commonly
encountered in practice.

3. Experimental program
3.1. Test setup and soil container configuration

The physical modeling experiments were conducted in a rigid test box with internal dimensions of 120 cm (L) x 90 cm (W) x
70 cm (D), as illustrated in Fig. 1. The container was designed to simulate boundary conditions representative of semi-infinite soil
deposits while preventing wall effects on micropile behavior. A controlled hydraulic system was implemented to generate precise
excess pore water pressure (4u) conditions by regulating the water table elevation. This system enabled the simulation of four
distinct pore pressure ratios (ry) states [55]:

Au 1)
ru =
Oyo
where a;,, denotes the initial effective vertical stress prior to pore pressure generation. To comprehensively assess micropile
performance under progressive liquefaction, four distinct r, regimes were experimentally simulated:

1. ry =0 (Fully drained condition) - Baseline case with no excess pore pressure
2. ry =0.5 (Partial liquefaction) - Representing intermediate stress reduction

3. ry=0.7 (Advanced liquefaction) - Characterizing significant strength loss
4

. ry=1.0 (Complete liquefaction) - Simulating zero effective stress state

3.2. Soil characteristics and specimen preparation

The experimental program employed Babolsar sand as the liquefiable soil medium, with its geotechnical properties detailed in
Table 1. To accurately simulate loose sand behavior under seismic loading in 1g conditions, specimens were prepared to a target
relative density of 30% using the sand raining technique. In this method, dry sand was pluviated from a controlled height of 10 cm
above the water surface in the fully saturated test container, ensuring uniform deposition and minimal density variations (£2%).
While the low confining pressures in 1g models typically induce dilatant behavior, the adopted Brittleness Index approach [43]
effectively compensates for scale effects by correlating model response with prototype conditions. This methodology, originally
developed by Vargas [43], accounts for stress-dilatancy discrepancies, enabling the 30% specimens to realistically represent the
behavior of denser sand deposits under field-scale stress conditions.
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Fig. 1. Schematic diagram of the experimental test setup dimensions of the soil container (120 cm X 90 cm x 70 cm).

Specimen homogeneity was verified through multiple volumetric measurements and repeatability tests across three identical
preparations, while maintaining transparent pore fluid for visual inspection of soil fabric.

Table 1. Physical and mechanical properties of the tested Babolsar sand.

Parameter Value
kN
Ymin (3) 15.13
kN
Ymax(3) 17.35
G, 2.72
Dgo(mm) 0.22
Dr(o) 30
Cy 1.64
Cs 0.9
¢(deg) 26

Brittleness index can be obtained using Eg. 2 (Fig. 2).

Tp— T
IB — P = res (2)
P

where Ig represents the brittleness index, z» denotes the peak (maximum) strength, and zves signifies the residual strength.

Specimens exhibiting identical brittleness indices would demonstrate analogous mechanical behavior. Based on the definition
of the brittleness index and accounting for the applied surcharge, the specimen's response in the actual model corresponds to that
of sand with a relative density of 50%.

3.3. Micropiles

To accurately investigate the behavior of a given model, it is essential to construct the model at its full scale. However, due to
the high costs associated with large-scale physical modeling, reduced-scale models can instead be employed, with their real-world
behavior predicted through dimensional analysis following the study’s objectives. Numerous researchers have proposed various
scaling correlations for 1g shaking table tests, which can be instrumental in this context [44-46].

Shear Peak

: H . Constant volume ring shear tests
stress  strength 7) | Brittleness index: oo st o 515
AV a
T2~ "res 10 \ + 40- 50kPa
B= ” NN m 75150 kPa
Tp 3 08 N o | * 200-300kPa
-g \* ‘ L] —— Mean for 10 kPa
w 06 %\A = | | —--Meun {nr %(5) tgd
R 4 n = =Mean for a
Residual strength Tres 2 04 O‘\{‘ﬂ‘ || ——Mean for > 100 kPa
= ~
£ 02 AN IS L
= D '{

0.0 s
Shear strain 10 0 10 20 30 40 50 60
Relative density (%)

(a) (b)

Fig. 2. (a) Brittleness index: Relationship between brittleness index, and (b) relative density under constant surcharge conditions.
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3.3.1. Micropile installation procedure

Before sand placement within the experimental chamber, steel pipes with diameters of 8, 10, and 12 mm (length = 50 cm) were
positioned to serve as temporary micropile casings. Following sand deposition and sample preparation, the pipes were
incrementally filled with cement grout (w/c ratio = 0.45) to a final height of 4 meters. The extraction of pipe casings was
subsequently conducted at a controlled withdrawal rate to ensure minimal soil disturbance.

3.3.2. Dimensional scaling methodology

The model was designed with a geometric scaling factor (n) of 20. Applying lai [44] similitude principles for dimensional
analysis, the derived prototype-scale parameters were calculated and are presented in Table 2.

Table 2. Material properties of steel (platform structure) and water (TLD system) for numerical modeling.

Parameter lai Coefficient

Horizontal Length

Vertical Length N
Special Mass 1
Stress N

Fig. 3. Experimental setup for axial load testing.

3.4. Instrumentation and micropile configuration

Given the challenges associated with load cell and linear variable differential transformer (LVDT) installation on small-
diameter micropiles, a steel interface plate was implemented between the micropile head and load cell. To facilitate this
configuration, micropiles were extended approximately 5 cm above the sand surface. Fig. 3 illustrates a typical loaded micropile
configuration.

3.5. Grout penetration characteristics

The granular nature of the sand matrix prevented significant grout infiltration, resulting in final micropile diameters exceeding
the original pipe dimensions by precisely 2 mm in all test specimens.
—

Fig. 4. Micropile specimens retrieved after bearing capacity testing.
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3.6. Reinforcement design and performance verification

Given the study's focus on assessing the geotechnical bearing capacity of micropiles under excess pore water pressure
conditions, structural reinforcement was implemented to prevent premature failure. A 2 mm diameter steel wire was incorporated
into the micropile design to maintain structural integrity during testing. Post-test examination of extracted micropiles (Fig. 4)
confirms the effectiveness of this reinforcement strategy, with visual inspection revealing no instances of structural failure. The
specimens exhibited pure geotechnical failure modes, as evidenced by their intact condition following load testing.

3.7. Axial load testing of micropiles

Following sample preparation, the micropiles were subjected to axial loading until reaching their ultimate bearing capacity,
with simultaneous recording of load-displacement measurements. To ensure adequate cement grout strength development, all load
tests were performed after a 7-day curing period. The complete test matrix and results are summarized in Table 3.

Table 3. Summary of axial load test results on micropiles.

Test Diameter (mm) Length (mm) ru
R00DO8 8 500 0
R05D08 8 500 0.5
R07D08 8 500 0.7
R10D08 8 500 1
R00D10 10 500 0
R0O5D10 10 500 0.5
R0O7D10 10 500 0.7
R10D10 10 500 1
R00D12 12 500 0
R0O5D12 12 500 0.5
R0O7D12 12 500 0.7
R10D12 12 500 1

3.8. Micropile performance under partial liquefaction conditions

While complete liquefaction may not develop in loose saturated sands during seismic loading, the generation of excess pore
water pressure remains a critical concern. These pressure accumulations significantly degrade both the bearing capacity and
stiffness of the soil matrix, often precipitating substantial settlements. Consequently, understanding sandy soil behavior under
elevated pore water pressure conditions before full liquefaction is paramount. This experimental investigation systematically
evaluated single micropile performance across a spectrum of pore water pressure ratios (ry = 0, 0.5, 0.7, and 1) for micropile
diameters of 8, 10, and 12 mm. The comprehensive assessment focused on both bearing capacity evolution and settlement
characteristics.

Fig. 5 illustrates representative test results under a pore water pressure ratio of 0.5 for varying micropile diameters. The data
reveals three critical findings:

1. All specimens exhibited comparable initial stiffness regardless of diameter.

2. Ultimate load capacity demonstrated direct proportionality with micropile diameter (10-14 mm range), increasing
approximately per the enlarged side surface area (diameter + 2 mm).

3. The larger diameter micropiles induced additional tip compaction in the loose sand, enhancing resistance at greater
displacements.

This dual mechanism - combining increased side friction and improved tip resistance - fundamentally alters the shear
deformation pattern, manifesting in load-displacement curves that approach their asymptotes more gradually.

Fig. 6 illustrates the load-displacement response of a 10 mm diameter micropile under varying excess pore water pressure
ratios (ru = 0, 0.5, 0.7, and 1). The results demonstrate a pronounced degradation in bearing capacity with increasing pore
pressure, with ultimate loads decreasing from 0.5 kN (r, = 0) to 0.27 kN (r, = 0.5), 0.16 kN (r, = 0.7), and 0.11 kN (r, = 1),
representing a 78% reduction under full liquefaction conditions. Notably, while the load-displacement curves approach an
asymptote under elevated pore pressures (r, > 0.7), the behavior differs significantly in non-liquefied conditions (r, = 0), where tip
compaction enables continued load resistance at larger displacements. This suggests a fundamental shift in failure mechanisms -
from sliding behavior in liquefied sand to a more ductile response characterized by progressive tip compaction in non-liquefied
conditions. Although the bearing capacity decreases approximately five-fold under complete liquefaction, the residual capacity
remains non-negligible (0.11 kN), a finding with important implications for post-seismic performance that is typically overlooked
in conventional design practice.
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Fig. 5. Load-displacement behavior of micropiles (8, 10, and 12 mm diameters) under partial liquefaction conditions (7. = 0.5).

The results further reveal that the capacity reduction is non-linear with respect to pore pressure increase, with the most
significant degradation occurring between r, = 0.5 and r, = 0.7.
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Fig. 6. Load-displacement behavior of 10 mm diameter micropile under different pore pressure ratios.

3.9. Micropiles as a liquefaction mitigation technique

Micropiles represent a relatively novel approach for liquefaction risk mitigation. While complete liquefaction may not always
develop during seismic events, the generation of excess pore water pressure remains a significant concern. Consequently,
assessing micropile bearing capacity and settlement behavior under moderately elevated pore pressure conditions is critically
important for seismic design applications.

4. Experimental methodology

This investigation employed physical modeling to evaluate micropile performance across varying pore water pressure ratios
(ro). Twelve comprehensive tests were conducted on Type A micropiles, characterized by gravity-fed grout installation without
additional pressure application. The experimental program focused specifically on:

1. Bearing capacity degradation under progressive pore pressure increase
2. Settlement accumulation patterns
3. Failure mode transitions

Consistent with industry standards FHWA [47], micropiles are categorized into four primary types (A-D) based on
construction methodology and grouting technique. The current study specifically examines Type A micropiles where:

1. Grout placement occurs under gravitational force only
2. No post-grouting pressure is applied

3. Reinforcement is typically minimal
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4.1. Degradation of micropile bearing capacity under increasing pore pressure ratios

Experimental results demonstrate a systematic reduction in micropile bearing capacity with increasing pore water pressure,
revealing several key behavioral patterns. As shown in Fig. 7, bearing capacity decreases linearly with rising (ry), with specimens
of all diameters (8-12 mm) converging to similar performance at (r,) > > 0.7. Notably, a significant capacity reduction occurs
beyond (ry) >= 0.6, corresponding to the liquefaction initiation threshold identified by Yoshimi and Tokimatsu [4] , where soil
stiffness and strength undergo marked deterioration. Larger diameter micropiles exhibit more pronounced capacity loss (35-42%
at (ru)> > 0.6 versus 28-32% for smaller diameters), attributed to the breakdown of tip compaction mechanisms under reduced
effective stresses. This leads to a fundamental transition in failure modes - while larger diameters at low (r) (<0.5) develop
asymptotic load-displacement curves through progressive tip compaction, all specimens at higher (r,) and smaller diameters
exhibit catastrophic sliding failure. Despite substantial capacity reduction (up to 78% at full liquefaction), residual load-bearing
capability remains non-negligible, suggesting potential for group configurations to enhance performance through composite action
(15-25% capacity increase) and confinement effects (additional 10-15%). The observed diameter-dependent behavior underscores
the importance of considering both initial capacity requirements and anticipated pore pressure development in seismic design
applications.

104
¢ D=8mm
0.8 | D=10mm
A D=12mm
0.6 [
(=]
(=
=
04
3
]
02
O 1 1 1
0 0.2 04 0.6 0.8 1

m

Fig. 7. Relationship between pore pressure ratio (ru) and normalized bearing capacity for micropiles of different diameters (8, 10,
and 12 mm).

4.2. Role of grout-soil cohesion in micropile design

Micropile design is predominantly governed by shaft resistance due to the substantial surface area of the grout-soil interface,
which typically exceeds the tip area by a factor of 15-20, necessitating significant displacement to mobilize tip resistance.
Consequently, conventional design approaches assume load transfer occurs primarily through side friction, with tip resistance
often neglected [47]. The grout-soil adhesion strength thus becomes the critical parameter in capacity estimation, though current
design practice remains largely empirical, relying on extrapolations from pile, soil nailing, and anchor theories. While various
codes and guidelines (e.g., FHWA [47], Eurocode 7 [56]) provide empirical adhesion values for use in analytical formulations
(e.g., Eq. 3), these methods often overlook key factors such as strain-dependent adhesion mobilization, construction effects (e.g.,
grouting pressure variations), and time-dependent strength development, highlighting the need for more refined, micropile-
specific design methodologies.

abondstrength
Paiowabte = T F.S Dpona L 3)

where:

- Panowabie: allowable bearing capacity of micropile,
- Obond strength: grout and sand adhesion,

- F.S.: factor of safety,

- Duong: increased diameter of micropile,

L: length of micropile.

Fig. 8 shows Progressive degradation of grout-sand interface shear strength with increasing pore pressure ratio (ry) in 8 mm
diameter micropiles, as derived from bearing capacity measurements via Eq. 3. The experimental results demonstrate a nonlinear
reduction in interfacial shear resistance, where the degradation rate decreases nonlinearly with rising (ry) values. This behavior
primarily stems from the progressive deterioration of the sand's friction angle (A¢ ~ 15-25° at r, = 1.0), though notably, a residual
strength component persists even under complete liquefaction conditions (r, = 1.0). This residual capacity, maintained through
liquefaction-induced residual resistance and a preserved minimum friction angle (¢ > =~ 5-8°), highlights the complex particulate
interactions at the grout-sand interface.
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Fig. 8. The relationship between grout and sand adhesion and excess pore water pressure.

While the conventional term "adhesion™ is adopted here to describe this apparent shear resistance, it should be interpreted as an
operational concept for micropile design calculations rather than a strict mechanical characterization, given the fundamental
differences between granular media behavior and classical adhesion mechanisms in cohesive soils. The findings underscore the
need for micromechanical interpretation of interface behavior while providing practical parameters for engineering design.

The observed reduction in shaft resistance results principally from the progressive decrease in the sand's friction angle (A¢) as
the pore pressure ratio (ry) increases. Even under complete liquefaction conditions (r, = 1), a measurable interface resistance
persists, attributable to two key factors: (1) liquefaction-induced residual resistance, and (2) the preservation of a residual friction
angle (¢ >~ 5-8°).

4.3. Pore pressure-induced settlement behavior

The generation of excess pore water pressure induces two critical geotechnical effects: (1) substantial reduction in soil stiffhess
and (2) potential loss of bearing capacity. While structural stability may be maintained in cases of partial liquefaction (0.5 <r, <
1.0), the associated differential settlements often exceed serviceability limits, rendering superstructures non-functional. This
necessitates rigorous evaluation of liquefaction-related settlements, even before complete bearing capacity failure occurs. The
fundamental design challenge lies in establishing appropriate safety factors for settlement control, particularly given the
divergence among international codes (e.g., Eurocode 7 [56] recommends FS = 1.5-2.0 for serviceability, while AASHTO
specifies FS > 2.5 for critical infrastructure). Fig. 9 presents the correlation between dimensionless deviatoric settlements (Eq. 4)
and safety factors across the pore pressure ratio spectrum, revealing three key behavioral regimes:

Sstatic - Sru
L — L 4
D “)
where:

- ¢: dimensionless deviatoric settlements,

- Jsatic: Settlements due to pile loading up to the intended safety factor not under ry,
- O Settlements due to ry,

- D: micropile diameter

The evaluation of liquefaction-induced settlements was performed by comparing load-settlement curves at different pore
pressure ratios (ry >=0, 0.3, 0.5, and 1.0). As shown in Fig. 9, deviatoric settlements remain nearly constant for safety factors (FS)
below 5, regardless of ry, but exhibit progressive nonlinear growth at higher FS values, eventually approaching an asymptotic
limit. Notably, higher r, values lead to significantly larger deviatoric settlements, with the rate of accumulation increasing by
approximately 40-60% per 0.2 increment in r,. The asymptotic behavior, where settlements stabilize at maximum values, occurs
at lower FS thresholds as ry, increases. These findings, derived from dimensionless settlement analysis (normalized by micropile
diameter or characteristic length), highlight the critical influence of pore pressure on settlement accumulation and provide a basis
for assessing serviceability limits in liquefaction-prone environments, where conventional bearing capacity factors may not
adequately account for deformation-controlled failure mechanisms.

Fig. 9 shows three fundamental characteristics of pore pressure-induced settlements: (1) Below a critical safety factor (FS < 5),
deviatoric settlements remain essentially invariant across all pore pressure ratios (ry); (2) Beyond this threshold (FS > 5), exhibits
progressive nonlinear growth, asymptotically approaching maximum values that are strongly dependent on ry; and (3) The
magnitude of deviatoric settlements demonstrates direct correlation with increasing ry, with settlement rates amplifying by
approximately 40-60% per 0.2 r, increment. This behavior reflects the transition from frictional resistance dominance at low r to
particulate suspension response at elevated pore pressures, where the asymptotic stabilization occurs at progressively lower FS
values as ry increases.
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Fig. 9. Correlation between factor of safety (FS) and normalized deviatoric settlements under different pore pressure ratios.

5. Conclusions

This experimental study investigated the bearing capacity and settlement behavior of single micropiles under varying pore
pressure ratios (ru) through a series of 12 physical model tests. The results demonstrate significant degradation in micropile
performance with increasing pore pressure, particularly beyond the critical threshold of ry > 0.6, which corresponds to the
initiation of liquefaction in granular soils. At this stage, the bearing capacity undergoes a rapid reduction due to the substantial
decrease in effective stress and soil stiffness. However, even under complete liquefaction conditions (r, = 1.0), a residual capacity
of 15-20% of the initial value persists, attributed to the remaining shear resistance at the grout-soil interface and particulate
interlocking effects. The study further reveals that micropile diameter plays a crucial role in load-bearing behavior. Larger
diameters (10-12 mm) exhibit increased capacity proportional to their side surface area (tD + 2 mm) and demonstrate strain-
hardening characteristics at lower (r, < 0.5), owing to enhanced tip resistance and soil densification. Conversely, as r, increases,
the grout-soil adhesion coefficient (o) decreases nonlinearly, transitioning from frictional resistance at moderate pore pressures (I
= 0-0.7) to cementation-dominated behavior under near-liquefaction conditions (ry > 0.7). From a serviceability perspective,
deviatoric settlements remain negligible (/D < 0.5%) for safety factors (FS) below 5, regardless of pore pressure conditions.
However, beyond this threshold (FS > 5), settlements increase nonlinearly, with higher ry.

6. Future work

While the present study provides valuable experimental insights into the performance of micropiles under varying pore
pressure ratios in liquefiable sands, several directions remain for future exploration:

o Full-scale field validation: Although the shaking table experiments yielded critical findings, translating these results to
field-scale conditions requires further in-situ studies. Factors such as soil profile heterogeneity, variability in groundwater
conditions, and construction effects can significantly impact micropile performance.

o Integration of numerical and machine learning approaches: Advanced computational techniques, including 3D numerical
modeling and data-driven machine learning methods [57], offer significant potential for enhancing prediction accuracy.
Machine learning algorithms can be trained on experimental and field data to identify hidden correlations between soil
parameters, micropile geometry, and seismic responses, leading to more robust and site-specific design guidelines.

e Optimization of micropile group configurations: The current study focused primarily on single micropiles. Future research
should investigate the interaction effects of micropile groups under seismic conditions. Machine learning optimization
frameworks could be employed to determine optimal spacing, inclination, and reinforcement configurations that maximize
bearing capacity while minimizing settlements.

e Long-term performance under cyclic loading: Seismic loading often includes multiple cycles with varying amplitudes.
Future studies should examine the cumulative degradation of micropile capacity under prolonged cyclic loading and assess
resilience during aftershocks.
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