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Abstract

This report investigates the flexural behavior of threaded micropile connections under pure
bending and combined axial compression and bending, with emphasis on joint-level kinematics
and failure mechanisms that are not explicitly addressed in current design practice. A coordinated
program of full-scale four-point bending tests, augmented with high-resolution digital image
correlation, was conducted to characterize strain localization, joint seam separation, and
governing failure modes. Results from pure bending tests demonstrate that flexural capacity is
controlled by localized tensile-driven joint kinematics, with failure occurring through jump-out or
rupture depending on joint geometry. Combined loading tests reveal that axial compression can
delay joint separation and increase flexural capacity, contrary to conventional axial—flexural
interaction assumptions. For the axial load range examined, combined loading increased flexural
capacity by an average of approximately 15% relative to pure bending. Building on these
observations, a mechanics-based analytical framework was developed to predict joint flexural
capacity under combined loading by explicitly accounting for joint kinematics. The proposed
approach justified higher flexural capacities—on the order of 20-60% relative to conventional
design predictions for the loading conditions investigated—while remaining generally
conservative, and provides a more physically consistent basis for evaluating threaded micropile
connections subjected to bending and combined loading.
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Chapter 1: Introduction and Background

1.1 Project Motivation

Micropiles are widely used in foundation engineering for new construction, rehabilitation, and
retrofit applications due to their versatility, high load capacity, and constructability in constrained
environments. Many of these applications—including bridge foundations, offshore and waterfront
structures, transmission towers, wind turbine foundations, and integral abutment bridges—subject
micropiles to significant bending demands in combination with axial loading. In such systems,
threaded casing connections are commonly used to facilitate installation and load transfer;
however, these connections introduce a structural discontinuity that can govern flexural
performance.

Current design practice for micropiles under combined axial load and bending relies on interaction
equations developed for continuous steel members and codified in standards such as AASHTO
and AISC (AASHTO, 2017; AISC, 2023). At threaded joints, these approaches are typically
coupled with the “50%-Rule,” in which the wall thickness at the joint is reduced by 50% when
computing flexural capacity to account for the presence of threads (Sabatini et al., 2005). While
this simplified approach is convenient for design, it lacks a clear mechanical basis and does not
explicitly account for the kinematics and failure mechanisms unique to threaded connections.
Although often regarded as conservative, limited publicly available experimental evidence exists
to substantiate this assumption across the range of joint geometries and loading conditions
encountered in practice.

The motivation for this project is therefore to improve the fundamental understanding of flexural
behavior at threaded micropile joints and to evaluate the influence of combined axial and bending
loads from a mechanics-based perspective. In particular, recent observations suggest that flexural
failure at threaded connections is governed by tensile-controlled joint kinematics rather than by
uniform section yielding, raising the possibility that axial compression may delay joint separation
and alter the flexural response in ways not captured by conventional interaction-based design
assumptions. By integrating full-scale experimental testing with detailed strain and displacement
measurements, this study directly examines how joint kinematics evolve under pure bending and
combined loading conditions. The resulting experimental insights form the basis for the analytical
developments presented in subsequent chapters.

Ultimately, the work aims to support the development of more reliable and less ambiguous design
approaches for micropile joints subjected to pure bending and combined loading conditions, while
also making high-quality experimental data publicly available to inform engineering practice.

1.2 Background

Threaded casing connections are an integral component of micropile construction, enabling
modular installation and load transfer. While micropiles are routinely designed to resist significant
bending demands in applications such as slope stabilization (e.g., Sun et al., 2013; Xiang et al.,
2015), excavation support (e.g., Yang et al., 2024), integral abutment bridges (e.g., Pétursson et
al., 2011), offshore structures (e.g., Cerfontaine et al., 2023; Thusyanthan et al., 2021), and wind
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turbine foundations (Matos et al., 2016), the structural behavior of threaded joints under flexure
has historically received less attention than axial performance. As a result, design guidance has
largely evolved from simplified assumptions intended to ensure conservatism, rather than from
mechanics-based characterization of joint behavior.

Current design practice for micropiles subjected to combined axial load and bending generally
follows interaction frameworks developed for continuous steel members, as codified in AASHTO
and AISC specifications (AASHTO, 2017; AISC, 2023). At threaded connections, these
approaches are commonly coupled with the so-called 50%-Rule, in which the effective wall
thickness at the joint is reduced by half when computing flexural capacity (Sabatini et al., 2005).
This assumption, which reduces the nominal moment capacity at joints by approximately 40-50%,
is attractive due to its simplicity but implicitly treats the threaded region as a uniformly weakened
continuous section. In doing so, it does not explicitly account for the kinematics, stress
redistribution, or failure mechanisms unique to pin—box threaded connections.

Experimental investigations conducted over the past several decades have demonstrated that
threaded micropile joints exhibit distinct failure mechanisms that deviate from classical section
yielding assumptions. Early tension tests by Clinedinst (1965) identified two dominant failure
modes—jump-out and rupture. The limited experimental studies investigating the bending
capacity of micropiles have shown that flexural failures are likewise localized at threaded
connections and that these failure modes also govern bending behavior (Musselman et al., 2007;
de la Fuente et al., 2009; Babalola et al., 2011; Anderson & Babalola, 2011; Zanuy et al., 2012;
Montoya-Vargas et al. 2022). These studies further indicated that the ratio of joint flexural capacity
to the yield capacity of an intact casing can vary widely, ranging from approximately 40% to 90%,
suggesting that the 50%-Rule may be overly conservative in many cases and unconservative in
others depending on joint details.

Despite these insights, publicly available full-scale experimental data capturing joint-level
kinematics, strain development, and failure mechanisms remain limited. Most prior studies relied
on discrete strain measurements or global load—deflection responses, which are insufficient to fully
characterize the complex interactions governing joint behavior under pure bending. Moreover, no
experimental studies have explicitly investigated the combined effects of axial compression and
bending on threaded micropile joints. Consequently, designers often lack the experimental
evidence needed to evaluate whether conventional interaction-based design assumptions are
conservative, unconservative, or inconsistent across joint geometries and loading regimes.

This gap in background knowledge motivates the need for systematic full-scale testing with high-
resolution measurements capable of resolving joint-level kinematics and informing mechanics-
based predictive models. Addressing these limitations provides the foundation for the experimental
program and analytical developments presented in the subsequent chapters of this report, with
particular emphasis on understanding how combined axial compression and bending influence
joint behavior and flexural capacity.
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1.3 Research Objectives and Report Overview

The primary objective of this research is to improve understanding of the flexural behavior of
threaded micropile joints and to evaluate how combined axial compression and bending influence
flexural capacity. In particular, the study seeks to move beyond simplified section-based design
assumptions by directly investigating the joint-level kinematics—such as gap opening, box-end
dilation, and thread load transfer—that govern flexural response and capacity. Through this effort,
the research aims to clarify the limitations of existing design approaches and to establish a more
physically consistent basis for evaluating threaded micropile connections subjected to bending and
combined loading.

To achieve these objectives, a coordinated experimental and analytical program was conducted.
Full-scale four-point bending tests were performed on grouted micropile specimens with threaded
casing connections, including tests under pure bending and tests incorporating controlled axial
compressive loads. High-resolution digital image correlation and conventional instrumentation
were used to capture global response as well as localized strain and displacement fields at the
threaded joints, enabling direct observation of failure mechanisms and stiffness transitions.
Building on the experimental findings, an analytical framework was developed to relate flexural
capacity to joint kinematics and to quantify the influence of axial compression within an
interaction-based design context.

This report is organized as follows. Chapter 2 describes the experimental program conducted under
pure bending, including specimen details, instrumentation, observed joint kinematics, and
governing failure modes. Chapter 3 presents the augmented experimental program examining
combined axial compression and bending, with emphasis on the influence of axial load on stiffness
evolution, gap opening, and flexural capacity. Chapter 4 introduces a mechanics-based analytical
framework for predicting flexural capacity under combined loading and evaluates its performance
relative to conventional design approaches. Finally, Chapter 5 summarizes the principal findings
of the study, discusses design implications, and outlines recommendations for future research.
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Chapter 2: Flexural Capacity and Failure Modes under Pure Bending

The objective of this study was to improve understanding of the flexural behavior of micropile
threaded connections subjected to bending, with particular emphasis on failure mechanisms that
are not adequately represented by current design practice. Existing approaches commonly idealize
micropiles as continuous members by assuming a nominal 50 % reduction in wall thickness at
threaded joints when estimating flexural capacity (Sabatini et al., 2005; AASHTO, 2017). While
this assumption has been widely adopted due to its simplicity, it lacks a clear mechanical basis and
does not explicitly account for the joint-level kinematics that govern failure modes and ultimate
strength. Previous experimental studies have shown that threaded connections can fail through
mechanisms that are fundamentally different from those assumed in continuous-section behavior,
including jump-out and rupture driven by localized deformation at the joint (Zanuy et al., 2012;
Musselman et al., 2007). To address this ambiguity, the present study was designed to
systematically evaluate how casing geometry and thread characteristics—specifically casing
diameter, wall thickness, thread engagement length, thread shape, and wall taper—influence both
the flexural capacity and the governing failure mode of threaded micropile connections.

A comprehensive experimental program of four-point bending tests was conducted to isolate pure
bending behavior at the threaded joint and to directly observe the transition between the two
primary failure modes, jump-out and rupture, as identified in prior work (Zanuy et al., 2012;
Montoya-Vargas et al., 2023). High-resolution displacement and strain fields were measured using
three-dimensional Digital Image Correlation (DIC), an approach that has proven effective for
capturing localized deformation and strain concentrations in steel connections (ZEISS, 2023).
Application of DIC enabled direct measurement of joint-level kinematics, including axial and hoop
strain development, box dilation, and relative pin—box displacements, providing insight into the
mechanisms by which thread slip, wall deformation, and localized plastification control failure.

By generating high-fidelity experimental data across a broad range of casing diameters and thread
geometries representative of practice, the study sought to clarify why the flexural strength of
threaded micropile connections can vary widely relative to conventional design predictions.
Experimental evidence from previous studies has indicated that simplified section-reduction
approaches often lead to conservative and highly scattered strength estimates (Zanuy et al., 2012;
Montoya-Vargas et al., 2025a), but the underlying causes of this variability have remained poorly
understood. The ultimate objective of this work is therefore to establish a mechanistic foundation
for evaluating micropile joint behavior in bending that could eventually support the development
of more physically consistent and reliable approaches for predicting flexural capacity than those
afforded by simplified effective wall-thickness assumptions currently used in practice.

2.1 Materials and Methods

Test Description

Four point bending tests were performed on 31 micropiles with a free length of 2.75 m to evaluate
the flexural response of threaded connections under controlled bending conditions. The resulting
span-to-diameter ratios, ranging from approximately 11 to 15, were selected to ensure that a near-
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pure bending state developed at the threaded joint. In each specimen, the joint was located at mid-
span, and loads were applied symmetrically on either side of the connection to minimize shear
forces and local stress concentrations (Figure 1a and Figure 1b). The load points were positioned
560 mm from the joint seam—approximately two to 3.5 casing diameters—to limit localized
effects in accordance with Saint-Venant’s principle.

The specimens were simply supported using fixtures that allowed free rotation while providing
minimal resistance to horizontal movement, as shown schematically and in the test setup
photographs in Figure 1. Concrete bearing blocks, cross-laminated timber panels, and a steel plate
were used to elevate the specimens and provide clearance from the strong floor (Figure 1c). All
tests were conducted using a load frame with a maximum capacity of 2000 kN, and loading was
applied under displacement control at a constant rate of 6 mm/min until failure of the threaded
connection occurred.

Although the testing configuration does not replicate all field loading conditions experienced by
micropiles, it was intentionally selected to isolate bending-induced behavior at the joint and to
enable clear interpretation of joint-level kinematics. The authors note that the results are most
applicable to cases where the threaded connection is sufficiently distant from supports and
concentrated loads.

P/2 - P/2 Instrumentation
Threaded coverage I)» % & .
joint \ / Stocl casing {7 String-potentiometer (Displacement)
N -: |_| Gmm‘ i i Inclinometer (Rotation)
| )
e [ DIC (Strains and displacements)
305/mm | ] ‘
@)
(~2D t0 3.5D)
813 mm 560 mm 560 mm 813 mm
@ @)

7////!_{/// PP TP 777 TP T 777 III/{///I
- >

2746 mm (-11D 10 15D)
(a)

Field of view

Sreed00)
Top cameras = ‘/’[ N

set / <

f]ﬁ'?ﬁ"[:

/.1 Panels

Bottom cameras Concrete
set Block

P P77 777777

(b)
Figure 1. Four-point bending test typical configuration (NTS). Schematic setup: (a) front view and (b)
lateral view; and (c) actual setup (after Montoya-Vargas et al. 2025a).
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Specimen Construction

Specimen construction was performed above ground and attempted to mimic important aspects of
vertical micropile installation procedures that might influence bending capacity. Each specimen
consisted of two 1.5 m long steel casing segments that were first threaded together by hand using
grease to lubricate the threads. After hand tightening, the connections were torqued using a
hydraulic wrench to simulate typical field “make-up” torque conditions applied during drilling
operations. Applied torques ranged from approximately 7 to 15 kNm, with the torque level for
each specimen. Figure 2a shows the application of make-up torque during assembly.

Following threading and torquing, the casings were positioned vertically and filled with a cement
grout (see Figure 2b) having a water—cement ratio of approximately 0.3. Grouting was performed
until each casing was filled, replicating standard micropile construction practice. A total of four
grout batches were required to fabricate all specimens. From each batch, six 50 mm cube
specimens were cast and later tested to determine grout compressive strength, which is reported in
Table 1. This construction procedure ensured consistency among specimens while maintaining
realistic joint conditions, material properties, and installation effects representative of field-
installed micropiles.

Figure 2. Micropile assemblage and construction: (a) Make-up torque procedure, and (b) Gravity grouting
operation (after Montoya-Vargas et al. 2025b).

Micropile Thread Types

Three distinct threaded connection types were selected to represent commonly used and
mechanically contrasting designs, as illustrated schematically in Figure 3. Thread type A
corresponds to a typical API-like connection with V-shaped threads, a flat crest, rounded root, and
a tapered wall (Figure 3a). Thread type B retains the same V-shaped thread geometry but
eliminates the wall taper, resulting in a uniform wall thickness through the joint region (Figure
3b). Thread type C consists of a straight-walled connection with square (box) threads and vertical
thread faces, a geometry intended to inhibit relative slip between the pin and box ends (Figure 3c).
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Across these thread types, four nominal casing outer diameters—178, 194, 244, and 346 mm—
were considered in order to span a broad range of practical micropile sizes. Key geometric
parameters defining each joint configuration include the intact casing wall thickness (), pin- and
box-end wall thicknesses (¢; and ¢2), thread engagement length (L), nominal shoulder-to-shoulder
distance (L’), thread height, and wall taper (a), all of which are defined in Figure 3. These
parameters were systematically varied to isolate the effects of thread length, wall thickness, and
thread shape on strain development, joint kinematics, failure mode, and flexural capacity.

Material properties were verified for each batch of casing through coupon testing to determine
yield stress and ultimate tensile strength, ensuring consistency across specimens. The full matrix
of tested specimens—including thread type, casing diameter (D), geometric details, grout strength
(fo), steel yield and ultimate strengths (f, and f), applied make-up torque (7), and corresponding
test identifiers—is summarized in Table 1. By varying thread type and casing size across this test
matrix, the experimental program was structured to directly assess how threaded length, wall
thickness, and thread geometry govern strain distributions and failure mechanisms at micropile
threaded connections under bending.

Pin Box Pin Box
— “AT |
YL . A A | 7 1 [ fr,
ﬂ AR %L\) DR JI. - t 1 VAR NMF V n,"j‘f t {Lﬂﬂ. J'Lﬂﬁll i JULIU
I’ I h(l 1| | [’ I ]_ —
D D D
L ¥ ' || L ’ _—
T J<—>F /J <—{ ,”1—4-
'«'L"."u"f‘-'.l‘q"“' )l VY ﬂ AW WY ’_II Uy 3 nnnnnf
yLLf I Y [ \ L |

(a) (b) (c)

Figure 3. Schematic representation of thread types (NTS): (a) type A with V-threads and tapered walls; (b)
type B with V-threads and no wall taper; and (c) type C with square threads and no wall taper (after
Montoya-Vargas et al. 2025a).

Table 1. Summary of tested specimens and thread and casing details (after Montoya-Vargas et al. 2025a)

Thread type D (mm) ¢(mm) L'(mm) L(mm) hA(mm) Walltaper (mm/mm) ¢ (mm) 1, (mm) f,*(MPa) f J‘b (MPa) f,® (MPa) T¢(kNm) TestID

A 194 12.7 51 25 2.3 0.0625 5.3 5.3 47 915 986 12 1-3

A 194 12.7 64 38 2.3 0.0625 5.6 5.6 47 956 1018 11 4-6

A 194 12.7 76 57 2.3 0.0625 5.9 6.1 69 931 1014 11 7-9

A 244 13.8 64 38 2.3 0.0625 5.8 5.3 55 932 989 12 10-12

A 244 13.8 76 57 2.3 0.0625 6.5 6.1 55 932 989 il 13 and 14
A 346 15.9 89 64 2.2 0.0521 7.1 74 51 1007 1103 10 15

A 346 15.9 127 102 2.2 0.0521 7.8 8.1 51 1016 1110 10 16-18

B 178 11.5 51 32 2.6 0 3.7 3.7 55 896 971 9 19-21

B 244 13.8 51 32 2.6 0 5.1 5.1 69 700 802 14 22-25

B 244 13.8 76 51 2.6 0 5.1 5.1 69 710 803 12 26 and 27
G 244 13.8 51 32 3 0 5.1 5.1 47 720 829 13 28-31

2 Average 50 mm-Cube compressive strength. Actual values for each test might vary by up to +7 MPa

b Average value reported. Actual values for each test might vary by up to +5 %
¢ Average value reported. Actual values for each test might vary by up to +5 kNm
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Instrumentation and Data Processing

Instrumentation and data-processing procedures used were intended to quantify both global
specimen response and localized joint kinematics during testing. Global vertical displacements
were measured at five locations along each specimen—including the loading points, mid-span,
and supports—using string potentiometers with an accuracy of 0.25 mm. Specimen end rotations
were measured using inclinometers with a resolution of 0.1° (see Figure 1). Measured deflections
included contributions from deformation of the wood-block support system; therefore, rigid-body
motions associated with support compliance were removed from the recorded data. Support
deflections were generally less than 3.8 mm, corresponding to approximately 10% of the total mid-
span deflection, and differential support movements were sufficiently small such that their
influence on the bending response was considered negligible.

Local displacement and strain fields at the threaded connection were measured on the exterior
surface of the box-end using three-dimensional digital image correlation (DIC) techniques. A
speckle pattern was placed on the exterior surface of the box-end of the casing in the vicinity of
the joint, as illustrated in Figure 4. The DIC system employed stereo-vision principles to resolve
full-field displacement components in the global x-, y-, and z-directions, enabling simultaneous
measurement of axial, hoop, and out-of-plane deformations at the joint. The experimental
configuration consisted of two independent stereo camera pairs, each comprising two 2-megapixel
cameras equipped with 16 mm focal-length lenses. Within each stereo pair, the cameras were
positioned 41 cm apart, while the camera systems were placed approximately 88.9 cm from the
micropile joint. This arrangement provided a measurement field approximately 305 mm wide by
229 mm high, with overlapping regions along the top and bottom of the casing circumference
(Figure 1b). As a result, displacement and strain data were captured over approximately 140
degrees of the micropile perimeter, corresponding to roughly three-quarters of the cross-section
depth, while ensuring complete coverage of the bottom half of the casing—the tension side of the
joint where failure was anticipated to initiate.
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(a) (c)
Figure 4. DIC working principle: (a) Example of speckle pattern on the surface of the threaded joint, (b)
Projection of point with coordinates (x, y, z) into the image plane of each camera; and (c) Evolution of a
‘Facet’ element from the undeformed (reference) configuration to the deformed (target) configuration.

Prior to testing, noise characteristics of the DIC system were evaluated using static images
acquired for each specimen. Analysis of these images showed that raw strain measurements
exhibited approximately Gaussian noise distributions with zero mean and standard deviations on
the order of 400 pe for axial strains and 600 pe for hoop strains (e.g. Figure 5). To improve signal
fidelity, a spatial median filter was applied to the raw strain fields, reducing the standard deviation
of noise to approximately 150 pe for axial strains and 200 pe for hoop strains. Following filtering,
approximately 90 % of the noise-induced strain fluctuations were confined within +256 pe. All
strain data presented and interpreted in the study correspond to these filtered measurements.

It is important to note that DIC-based deformation measurements inherently rely on the assumption
of material continuity across the imaged surface. As a consequence, displacement and strain values
calculated directly at the joint seam—where physical discontinuities exist—are unreliable. For this
reason, data in the immediate vicinity of the pin shoulder and joint interface were excluded from
analysis. The omission of these measurements reflects a methodological limitation of the DIC
technique rather than evidence of joint separation or loss of contact between the pin and box ends
during testing.
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Figure 5. Histogram of axial strain measurements for static images of Test 01 (base noise).

Digital Image Correlation (DIC) images were processed using GOM Correlate Professional v2019
(Zeiss 2023) to compute full-field displacement and strain measurements at the threaded joint.
Because micropiles are cylindrical structural elements, deformations and displacements were
interpreted with reference to the cylindrical coordinate system (x, 7, 8)shown in Figure 6a, where
xdenotes the axial direction of the micropile, rthe radial direction, and Othe circumferential
direction. Strain calculations were initially performed in the material (local) coordinate system
intrinsic to the DIC formulation, consisting of directions x'and y’tangent to the surface of the
casing and z'normal to the tangent plane (Figure 6b).

Because joint-level deformations were small relative to the global mid-span deflections of the
specimen, DIC-derived displacement fields were subjected to rigid-body motion compensation.
This was accomplished by referencing relative displacements to the center of mass of the imaged
region, thereby removing contributions from overall specimen translation and rotation. Under the
assumption of small local deformations, the material coordinate system (x’,y’, z")was taken to be
approximately coincident with the cylindrical coordinate system (x,6,7). This approximation
allowed direct interpretation of the DIC strain components as axial strain &, = &,s, hoop strain
€g = €&, radial strain &, = &,, and axial-hoop shear strain &, = £,7,.

Using these strain components, material deformations were described in terms of axial, hoop,
shear, and radial strain fields without imposing assumptions regarding elastic behavior. To
evaluate the extent of inelastic deformation and the onset of yielding within the joint region, the
equivalent Von Mises strain, &y, was computed from the principal strains according to
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om = (21061 = 220 + (2 = )2 + (21 = 2] M

where the principal strains €1, €2, and &3 are given by

& = x;’ Y + \/(_x; y)z + gilyl (23)
[ [

R R (2b)

g =—(& + &) (2¢)

These expressions implicitly assume negligible shear deformation in the z’-direction and no net
volumetric strain. Importantly, the strain calculations performed by GOM Correlate do not
inherently impose restrictions on displacement magnitude or material response (Zeiss 2023). This
processing framework enabled consistent interpretation of localized axial, hoop, and combined
strain development at the threaded connection and formed the basis for subsequent analysis of joint
kinematics, plastic deformation, and failure mechanisms.

(b)
Figure 6. DIC coordinate system: (a) Global coordinate system x-y-z; and (b) local coordinate system x -
v’-z’ (Montoya-Vargas et al. 2025b).
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2.2 Test Results and Thread Joint Kinematics

The flexural strength and ultimate bending moment capacity of micropile threaded joints were
observed to vary significantly with casing diameter, thread engagement length, and thread type, as
summarized in Table 2 and visualized in Figure 7. These results highlight the sensitivity of joint
behavior to geometric and connection details. In contrast, current design practice typically
estimates the flexural capacity at threaded connections by assuming that the effective wall
thickness of the intact casing section is reduced by 50 % at the joint. The corresponding predicted
moment capacity, denoted herein as M5, is expressed using the notation defined in this study and
represents a simplified design approximation as,

(D-t)*—(D-2t)*]

_nf
Mso = 32(D-t)

fy 3)

Comparison of experimentally measured capacities with predictions based on the 50 % rule shows
that this approach systematically underestimates joint strength across the tested specimens,
irrespective of the governing failure mode, as illustrated in Figure 7. Implicit in the Mg, formulation
is the assumption that joint failure in bending is controlled by yielding of the pin-end section.
However, the experimental results demonstrate that this assumption is not universally valid, and
to the authors’ knowledge, there is limited publicly available experimental evidence to substantiate
its general applicability for design purposes.

Given these discrepancies, the subsequent sections focus on examining joint-level kinematics that
led to reductions in stiffness and strength at threaded connections. Particular attention is given to
the deformation mechanisms that govern the transition between failure modes and their influence
on the flexural capacity of micropiles. Through this analysis, the study seeks to establish a clearer
mechanistic understanding of joint behavior in bending, thereby providing a more rational basis
for evaluating and improving current design assumptions.

1000
@
800 r ®
E 600 D (mm)
5 g 0 194
a Type A{ 2244
s 4001 A 0346
%178
e B{ 0244
200 1 Q Type C X244
[ Jump-out
Il Rupture
0 1

0 200 400 600 800 1000

M, (kNm)
Figure 7. Observed flexural strength (M) vs. predicted strength according to the 50 %-Rule (Mso ) from
Montoya-Vargas et al. (2025a)
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Table 2. Summary of obtained failure moments and associated failure modes (from Montoya-Vargas et al.
2025a)

TestID Thread type D (mm) L (mm) Failure mode* M, (kNm) Mg (kNm)

1 A 194 25 JO 168 134
2 A 194 25 JO 180 134
3 A 194 25 JO 189 136
4 A 194 38 R 217 146
5 A 194 38 JO 207 136
6 A 194 38 R 203 140
7 A 194 57 R 239 146
8 A 194 57 JO 191 134
9 A 194 57 R 190 131
10 A 244 38 JO 280 246
11 A 244 38 JO 327 246
12 A 244 38 JO 294 246
13 A 244 57 R 373 246
14 A 244 57 R 366 246
15 A 346 64 JO 773 636
16 A 346 102 JO 546 636
17 A 346 102 JO 904 636
18 A 346 102 JO 755 654
19 B 178 32 RY 120 101
20 B 178 32 R 107 102
21 B 178 32 R” 141 99

22 B 244 32 JO 248 191
23 B 244 32 JO 239 184
24 B 244 32 JO 204 182
25 B 244 32 JO 250 184
26 B 244 51 JO 230 184
27 B 244 51 R 258 191
28 C 244 32 R 217 190
29 C 244 32 R 212 190
30 C 244 32 R 184 190
31 C 244 32 R 212 190

* JO = Jump-out; R = Rupture at the pin-end; R': Rupture at the box-end

Threaded Joint Kinematics

Using experimental techniques and instrumentation previously discussed, the kinematic behavior
of threaded micropile joints under bending, and its relationship to stiffness degradation, failure
mode, and flexural capacity, are discussed. At the global scale, the tested micropiles exhibited little
evidence of yielding prior to failure, with most specimens demonstrating a mildly non-linear
response followed by abrupt, brittle failure localized at the threaded connection. Representative
bending moment—deflection responses are shown in Figure 8 for two specimens with identical
casing diameter (D = 194 mm) but different thread engagement lengths (L = 25 mm and L =
57mm). For reference, the theoretical elastic response of an intact, continuous micropile section is
also shown. In general, the measured responses diverged from the theoretical solution once
bending moments exceeded approximately 50 kNm, after which the joint response softened
relative to an intact section until failure occurred (as expected).
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Figure 8. Bending moment vs. deflection curves of representative tests for specimens 1 and 7. (from
Montoya-Vargas et al. 2025a)

Although the overall moment—deflection behavior did not clearly distinguish between failure
modes, specimens with different thread lengths exhibited markedly different ultimate bending
capacities and failure mechanisms. The specimen with shorter threads failed due to jump-out at an
ultimate moment of 168 kNm, whereas the specimen with longer threads failed in rupture at an
ultimate moment of 239 kNm (Figure 8). Post-test inspection of transverse sections cut through
the joints confirmed the failure mode and location. Jump-out failures were characterized by
dilation of the box-end and permanent thread slip on the tension side, and loss of thread
engagement, while rupture failures were marked by relatively high axial strains (at failure) and
tensile cracking, most commonly initiating at the root of the first engaged thread of the pin-end
(e.g. see Figure 9). In a small number of cases, rupture occurred at the second or third thread, and

only two specimens exhibited rupture at the shoulder of the box-end (specimens 19 and 21 in Table
2).

Because the global response was insufficient to explain the governing failure mechanisms, local
joint deformations were examined using DIC. Figure 10 presents displacement and strain fields
for two representative specimens at a common bending moment of 168 kNm for specimens that
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failed via jump-out and rupture behavior; note that 168 kNm is the moment at which a jump-out
failure occurred for the specimen with a shorter thread length. Vertical displacement fields at the
bottom fiber (Figure 10a), corrected for rigid-body motion, show that the box-end initially
contracts near the shoulder and transitions to dilation closer to the engaged threads, with maximum
separation between the box and pin ends occurring near the pin shoulder. This contraction-to-
dilation transition induces localized negative curvature at the box shoulder, producing compressive
axial strains on the exterior surface of the box-end (Figure 10b).

Axial strains increased significantly in regions where the displacement field reversed from
contraction to dilation, indicating transfer of tensile load across the engaged threads. The
magnitude of axial strain generally decreased toward the joint seam, consistent with load transfer
being concentrated in threads located farther from the outer joint seam where the box-end thread
wall is thickest for Type A joints. The most significant distinction between jump-out and rupture
behavior was observed in the development of hoop strains (Figure 10c). Specimens that failed by
jump-out exhibited substantially larger hoop strains on the tension side of the joint, reflecting
dilation of the box-end and associated thread slip attributed to jump-out failures. Greater dilation
with the shorter threads is attributed to higher load concentrations on each thread (i.e. fewer
number of threads) and smaller thread wall thicknesses (see joint details). Greater dilation also
explains the larger negative curvature (Figure 10a) and localized compressive effects (Figure 10b)
observed near the box shoulder for jump-out failures.

Jump-out

Compression

Tension o
Crack

10 mm
-—

(®)

Figure 9. Threaded joint samples failed in: (a) jump-out (specimen 5); and (b) Rupture (specimen 27).
(from Montoya-Vargas et al. 2025a).
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Figure 10. DIC measured strains and displacements for type A threads at M = 168 kNm for specimen with
D = 194 mm and threaded lengths £ = 25 mm (specimen 1, jump-out, left) and £ = 57 mm (specimen 7,
rupture, right): (a) vertical displacement, u, (Thread schematic NTS), (b) axial strain field, €., (c) hoop
strain field, €5 ; and (d) equivalent Von-Mises strain field, ém (from Montoya-Vargas et al. 2025a).
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Equivalent Von Mises strain fields (Figure 10d) further illustrate differences in deformation
mechanisms. Specimens failing by jump-out experienced widespread plastic deformation over a
large portion of the joint region, with Von Mises strains exceeding the elastic limit across much of
the box-end. In contrast, specimens failing by rupture exhibited a more localized spread of
plasticity, even at higher applied moments (e.g. failure), as illustrated in Figure 11 for specimen 7
(i.e. same specimen shown on right side of Figure 10 at lower load level). Comparison of strain
fields at failure with those observed for jump-out indicates that rupture is primarily governed by
axial strain development (Figure 11), whereas jump-out is strongly influenced by hoop strain
accumulation associated with thread slip and box dilation (left side of Figure 10).
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Figure 11. DIC measured strains for specimen 7 with longer threads (£ = 194 mm and £ = 57 mm) at its
failure moment of M = 239 kNm: (a) axial strains; (b) hoop strains, and (c) Von-Mises strain (from
Montoya-Vergas et al. 2025a).
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Similar kinematic trends were observed for joints with thread types B and C, although the
magnitude and distribution of strains differed. Type B threads, which have thinner box walls,
exhibited larger hoop strains and greater negative curvature than type A threads of similar length
and diameter. Type C threads, which have square thread geometry and vertical contact faces,
showed significantly reduced dilation due to inhibited thread slip, although localized flaring of the
box-end was still observed.

Joint-level kinematics were further quantified by tracking relative displacements at the pin- and
box-ends using DIC data. Relative box dilation (Au,) and gap opening (Au, ) near the joint seam
were evaluated as functions of applied bending moment for D = 244 mm specimens where all three
thread types were available (Figure 12). Dilation (Au,) generally increased steadily with load for
rupture specimens, but the rate of dilation increased sharply near failure for jump-out specimens
as plastic deformation and hoop strains accumulated. V-shaped threads exhibited greater dilation
for thinner walls and shorter engagement lengths, while square threads showed reduced dilation
consistent with limited slip expected for this thread shape. Gap opening was influenced primarily
by wall thickness and yield strength, with thinner walls and lower yield strength resulting in larger
vertical gap openings.

Gap opening at the threaded joint was interpreted as the combined result of relative thread slip and
axial deformation of the casing wall (i.e., wall stretching). To evaluate the relative contribution of
these two mechanisms, the ratio of gap opening to box dilation, Au,. /Au,, was examined for the
different thread configurations, as shown in Figure 12c¢. Because thread slip occurs along the
inclined contact plane of the threads, a joint response governed solely by thread slip—with no
contribution from wall stretching—would be expected to satisfy the geometric relationship
Au, /Au, = tan a, where «a is the thread face inclination angle. This condition is represented by
the dashed line in Figure 12¢ for « = 30°, corresponding to the V-thread geometries used in thread
types A and B.

The experimentally observed ratios, however, deviated from this idealized thread-slip condition,
indicating that axial deformation of the casing wall contributed to gap opening in addition to thread
slip. These deviations reflect the development of axial strain, €,, within the joint region and were
more pronounced for connections with thinner walls (types B and C). In these cases, wall stretching
played a more significant role in increasing gap opening relative to dilation.

Type C threads exhibited the largest values of Au, /Au,, a response consistent with the relatively
small dilation, Au,, expected for this thread type. Because type C threads have square profiles with
vertical contact faces (a = 0), relative thread slip is limited, and gap opening is therefore
dominated by axial wall deformation rather than slip-induced dilation. This behavior further
supports the interpretation that the ratio Au,, /Au, provides a useful measure of the competing roles
of thread slip and wall stretching in governing joint deformation mechanisms.
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Figure 12. Pin-box relative displacements at the bottom of the joint seam as a function of the applied
bending moment fr D = 244 mm specimens: (a) relative box dilation ( A ), (b) gap opening ( A u,); and
(c) gap opening to box dilation ratio ( 4 u, /A ;) compared with tana that represents thread slip only for
v-shaped threads (Types A and B) (from Montoya-Vargas et al. 2025a)
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Measured box dilation, Au,, remained below approximately 2 mm for most tested specimens,
including those that ultimately failed by jump-out. Nevertheless, for jump-out to occur, the relative
dilation between the pin and box ends must reach or exceed the thread face contact height, h, which
ranged from approximately 2.4 to 3.0 mm depending on thread type. Because DIC images were
acquired at a frequency of 1 Hz, the precise instant at which the frictional resistance between
threads was exceeded and joint decoupling occurred was not captured. As a result, the DIC
measurements obtained at failure represent the joint condition immediately prior to decoupling,
and the reported ultimate dilation values are therefore smaller than the actual dilation required to
initiate jump-out.

Despite this limitation, clear distinctions between jump-out and rupture behavior are evident in
Figure 13, where normalized dilation, Au, /h, is plotted as a function of relative thread engagement
length, L/D, for specimens with type A threads. Specimens with shorter thread engagement lengths
tended to fail by jump-out with recorded images that suggest normalized dilation levels in the
range of approximately 0.7h to 0.9h were achieved just prior to failure. Rupture failures were
more commonly observed in specimens with longer thread engagement lengths, which exhibited
normalized dilation values less than approximately 0.65h. Although all rupture failures occurred
for specimens with L/D > 0.18, the data does not indicate a distinct threshold value of L/D that
uniquely separates jump-out from rupture behavior. Instead, it must be understood that the entire
thread detail, including thread wall thickness, associated thread wall taper, and yield strength and
ultimate capacity of the steel materials itself need to be optimized together.

One exception to this general trend was observed for a specimen with a casing diameter of D =
346 mm and a thread engagement length of L = 102mm (L/D = 0.29), which nonetheless failed
by jump-out. Post-test visual inspection suggested that excessive grease had been applied during
torquing, reducing friction at the thread interface and thereby promoting thread slip and jump-out
despite the relatively long engagement length.
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Figure 13. Maximum normalized dilation for different casing diameters and relative joint thread lengths
(from Montoya-Vargas et al. 2025a).
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Design Implications

The flexural capacity predicted using the 50% wall-thickness rule, Ms,, does not account for the
mechanics governing joint deformation or their dependence on thread geometry and failure mode.
Experimental results demonstrate that thread engagement length (L), box-end wall thickness (t,),
and thread geometry—including the thread face inclination angle (a)—strongly influence the
development of box dilation and, consequently, the governing failure mode and flexural strength
of the joint. These geometric effects directly control the extent of hoop strain and thread slip at the
connection; however, they are not explicitly considered in the current design approach.

Comparison between experimentally measured flexural capacities and predictions based on the
50% rule (Figure 7) shows that this method systematically underestimates joint strength for the
thread details investigated. For specimens that failed by jump-out, the underestimation was
typically on the order of 25%, while for specimens that failed by rupture, discrepancies as large as
39% were observed. As discussed previously, the 50 % rule implicitly assumes that joint failure in
bending is governed by yielding of the pin-end section. While rupture failures were indeed
observed to initiate predominantly at the pin-end for specimens exhibiting this failure mode, the
stress state associated with rupture more closely corresponds to plastification of the cross-section
rather than first yield. As a result, flexural capacity is more accurately represented by the plastic
moment capacity of the pin-end, Mp,

M, =2[(D -2t +2t,)° — (D - 20)°] )

This expression accounts for the reduced wall thickness at the threaded region while allowing for
full section plastification, consistent with the observed rupture behavior. For the limited number
of specimens that experienced rupture at the box-end—specifically, two specimens with 178 mm
diameter casings and type B threads—a better estimate of flexural capacity is obtained by using
the plastic moment capacity of the box section, Mp ,,x, Which incorporates the section modulus of
the box-end wall as,

My pox =2[D* = (D — 2t,)°] )

To evaluate the performance of different strength prediction approaches, experimentally measured
ultimate bending capacities, M,,, were normalized by predictions based on both the 50 % wall-
thickness rule, Ms,, and the plastic moment capacity of the pin-end section, Mp, for all tested
specimens, as summarized in Figure 14. For the limited cases in which rupture occurred at the box-
end, normalization was performed using the plastic moment capacity of the box section, Mp 1o,
rather than Mp.

The ratio M,,/Ms,, presented in Figure 14a, demonstrates substantial scatter in the predictions
obtained using the 50 % rule. Across the full test dataset, this ratio ranged from a minimum value
of approximately 0.86 to a maximum value of 1.64, indicating that the 50% rule both under- and,
in some cases, marginally over-predicted the observed capacity. Approximately 35% of the
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specimens fell within the range 1 < M,,/Ms, < 1.25, highlighting the limited reliability of this
approach and its sensitivity to joint geometry and failure mode.

In contrast, normalization using plastic moment capacity predictions based on Mpor Mp p,oresulted
in improved agreement with the experimental results. As shown in Figure 14b, approximately 60%
of the specimens exhibited normalized capacities within the range 1 < M,,/Mp < 1.25, reflecting
a substantially tighter clustering of results relative to the 50% rule. The remaining variability in
the M,, /Mp ratio was found to correlate with failure mode and joint geometry. Lower normalized
values generally corresponded to specimens that failed by jump-out, which were typically
characterized by shorter thread engagement lengths and larger casing diameters. Higher
normalized values were more commonly associated with rupture failures, which occurred in
specimens with longer thread engagement lengths and smaller diameters, consistent with a greater
degree of section plastification prior to failure.

The largest discrepancies between observed capacities and plastic moment predictions were
observed for specimens with the largest casing diameter of 346 mm. For these specimens, the ratio
M, /Mp ranged from approximately 0.58 to 0.96, indicating that even plastic capacity-based
predictions tend to overestimate flexural strength for large-diameter micropiles. This behavior
reflects the increased susceptibility of larger diameters to jump-out failure, driven by reduced hoop
strain requirements for a given level of box dilation. Consequently, while plastic moment capacity
provides a more physically consistent basis for estimating flexural strength than the 50% rule, the
results indicate that it should not be directly applied to larger-diameter micropiles without
additional refinement that accounts for joint kinematics and failure mode.

An important trend identified in the test results is that joint strength, when normalized by the plastic
moment capacity of the pin-end section, Mp, decreases as casing diameter increases. Larger-
diameter micropiles were observed to be more susceptible to jump-out failure, a behavior that can
be explained directly through joint kinematics. Jump-out occurs when radial displacement of the

box-end reaches the thread face contact height, such that u,, = h. The corresponding hoop strain

required to achieve this dilation is given by g4 = % = %. Because the thread height, h, was held

constant for all casing diameters in the experimental program, larger-diameter casings required
smaller hoop strains to reach the critical dilation necessary for jump-out.

This effect is illustrated by comparing the strain levels required for different diameters. For casings
with D = 194 mm, jump-out corresponds to a hoop strain of gy = 2 X 2.3/194 = 0.0237,
whereas casings with D = 244 mm require only &g = 2 X 2.3/244 = 0.0189. As a result, larger-
diameter micropiles reach jump-out failure at lower strain levels than smaller-diameter specimens,
even when thread geometry and engagement length are similar. This fundamental geometric effect
explains the increasing discrepancy between observed capacities and plastic moment predictions
for larger diameters.

Based on these observations, lower-bound estimates for joint flexural capacity can be proposed to
account for the increased likelihood of jump-out for larger casings using thread heights
investigated in this study. For micropiles with casing diameters D < 244mm, a conservative
lower-bound capacity may be taken as M,, = Mp. For larger diameters, where jump-out becomes
more prevalent, even for larger thread lengths, a reduced capacity of M, = 0.8Mp is
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recommended. Higher capacities may be justified when rupture is known to govern, which was
observed for all specimens with D < 244mm and relative thread engagement lengths L/D = 0.2,
as well as for type C threads regardless of engagement length due to their resistance to thread slip.

In cases where failure occurred at the box-end—specifically for type B threads with a casing
diameter of 178 mm, where the box wall thickness was smaller than that of the pin-end—the
flexural capacity is better represented by the plastic moment capacity of the box section, Mp 0.
Adoption of these revised capacity estimates resulted in a mean squared residual error (MSRE) of
62 kNm, representing an approximate 25 % improvement relative to the MSRE of 81 kNm
obtained using the conventional 50 % wall-thickness rule.

These results demonstrate that more accurate estimation of micropile joint strength requires
explicit consideration of joint kinematics, including box dilation, hoop strain development, and
thread slip mechanisms. While the proposed bounds offer a practical improvement over existing
design approaches, the findings also underscore the need for the development of physically
consistent predictive models that directly incorporate thread geometry and deformation
mechanisms to reliably predict both failure mode and flexural strength of threaded micropile
connections. Ultimately this comes down to the specific thread design associated with a particular
micropile size/diameter. While results presented in this study cannot be generalized to all piles,
the failure modes and associated kinematics that should be considered have been elucidated via
the detailed measurements obtained near joints in this study.
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Figure 14. Observed to predicted strength ratio based on: (a) 50 %-Rule (Mso); and (b) plastic section
capacity of the pin-end (Mp). (from Montoya-Vargas et al. 2025a)

2.3: Summary and Discussion

Section 2 presented a comprehensive experimental investigation into the flexural capacity and
failure mechanisms of micropile threaded connections subjected to pure bending. A total of 31
grout-filled steel micropiles were tested under controlled four-point bending conditions to isolate
joint behavior and eliminate confounding effects from shear or localized boundary conditions. The
experimental configuration was intentionally selected to induce near-pure bending at the threaded
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connection, enabling direct observation of joint-level kinematics and failure processes. A broad
range of casing diameters, thread geometries, wall thicknesses, and thread engagement lengths
were examined to capture the influence of connection details commonly encountered in practice.

Flexural behavior is governed by localized deformation mechanisms at the joint, including thread
slip, box-end dilation, hoop strain development, and axial strain accumulation. These mechanisms
were shown to control both stiffness degradation and ultimate failure mode. Two distinct failure
modes were consistently observed:

1. Jump-out, characterized by thread slip and joint decoupling driven by box dilation.
2. Rupture, characterized by axial strain localization and tensile cracking while thread
engagement was maintained.

Importantly, global moment—deflection response alone was insufficient to distinguish between
these failure modes, underscoring the necessity of local measurements. High-resolution three-
dimensional Digital Image Correlation (DIC) proved critical for identifying the governing
kinematics. Full-field displacement and strain measurements revealed that box-end dilation and
associated hoop strains dominate jump-out failures, whereas rupture failures are controlled
primarily by axial strain development and section plastification. Thread geometry and wall
thickness were found to directly influence these responses: shorter thread engagement lengths,
thinner box walls, and inclined thread faces promoted dilation and jump-out, while longer
engagement lengths and square-thread geometries inhibited slip and favored rupture. These
observations were consistent across thread types and casing sizes, though the magnitude and
spatial distribution of strains varied.

Results from pure bending tests also highlighted systematic shortcomings in the widely used 50%
wall-thickness rule for estimating flexural capacity. Experimental capacities exhibited substantial
variability relative to predictions based on this assumption, with consistent underestimation of
strength and no ability to predict governing failure modes. The data clearly demonstrate that joint
strength cannot be reliably inferred from nominal section properties alone. Instead, it depends on
the interaction between geometry, material response, and joint-level kinematics, particularly box
dilation and hoop strain demand. These are intimately linked to the specific thread geometry and
material properties.

Regardless, this portion of the study establishes a mechanistic foundation for understanding the
flexural behavior of micropile threaded connections under pure bending. The results show that
failure is governed by deformation compatibility and joint kinematics rather than simple sectional
yielding, and that connection geometry plays a decisive role in both strength and failure mode.
Moreover, lessons learned from these tests can be carried over to better predict performance under
common loading conditions for foundations like combined bending and compression—which is
the subject of the next section.
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Chapter 3: Flexural Capacity Under Combined Loading

Results from pure bending tests demonstrated that flexural capacity at threaded micropile joints is
governed by tensile-driven failure mechanisms rather than by uniform section yielding (Zanuy et
al., 2012; Montoya-Vargas et al., 2025a). In practice, however, micropiles are rarely subjected to
bending alone. Many applications—including offshore structures, transmission towers, wind
turbine foundations, and integral abutment bridges—impose combined axial compression and
bending demands (Sabatini et al., 2005; Matos et al., 2016; Cerfontaine et al., 2023). Conventional
structural design approaches, such as those codified by AASHTO and AISC, address combined
loading using axial-flexural interaction equations developed for continuous steel members and
therefore predict reduced flexural capacity with increasing axial compression (AASHTO, 2017;
AISC, 2022). When applied to threaded micropile joints, these approaches would predict even
further reductions in flexural capacity relative to pure bending.

While this assumption is generally valid for uniform micropile sections, its applicability to
threaded connections is questionable. Unlike continuous sections, threaded joints fail through
tensile-controlled kinematics, where box dilation, joint seam opening, and thread disengagement
govern strength (Zanuy et al., 2012; Montoya-Vargas et al., 2025a). Experimental observations
from pure bending tests indicate that compressive axial stresses are expected to delay tensile strain
development and suppress the kinematic processes leading to jump-out or rupture, rather than
accelerate them (Montoya-Vargas et al., 2025a). As a result, axial compression may increase—
rather than decrease—the flexural capacity of threaded connections, contrary to standard design
expectations based on continuous-member behavior.

Building on the mechanistic observations established from pure bending tests presented in Section
2 of this report, this section examines the influence of axial compression on the flexural behavior
and capacity of threaded micropile joints under combined loading. To this end, augmented four-
point bending tests were conducted using the same rigorous experimental techniques employed in
the pure bending study, including full-scale testing and three-dimensional Digital Image
Correlation, to directly quantify joint behavior under combined flexure and compression.

3.1 Materials and Methods

This study considers a total of 19 grout-filled steel micropile specimens incorporating a single
threaded joint. Of these, 10 specimens were previously tested under pure bending conditions
(Previous section and Montoya-Vargas et al. 2025a). The remaining nine specimens were
subjected to combined axial compression and bending, achieved by first applying a compressive
axial load and subsequently loading the specimens in a four-point bending configuration, as
illustrated in Figure 15. This combined loading protocol was selected to evaluate the influence of
axial compression on flexural behavior, joint kinematics, and ultimate capacity of threaded
micropile connections.

The experimental procedures and instrumentation for the combined loading tests closely followed
those established for the pure bending program (Montoya-Vargas et al., 2024; Montoya-Vargas et
al., 2025a), including specimen geometry, support conditions, loading configuration, and
measurement techniques. The primary distinction in the present test series was the introduction of
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axial preloading prior to application of bending moments. A detailed description of the testing
procedures, instrumentation layout, boundary conditions, and specimen fabrication is provided by
Montoya-Vargas et al. (2025b). In this section, only a brief overview of the experimental setup is
presented, with emphasis placed on features and procedures unique to the combined axial—flexural
loading scenario.

All tested specimens consisted of two 1.5 m long steel casing segments connected by a single
threaded joint located at mid-span. Specimen assembly was intended to replicate typical field
construction procedures for micropiles, including application of make-up torque, T, using a
hydraulic wrench to fully engage the threaded connection (Sabatini et al., 2005; Montoya-Vargas
et al., 2024, 2025a). Following assembly and torquing, the casings were positioned vertically and
gravity grouted.

The grout consisted of a cementitious mix with a water—cement ratio of 0.3. Mean grout
compressive strength, f,', was determined by testing 50 mm cube specimens cast from each grout
batch in accordance with standard practice, with measured strengths summarized in Table 3
(Montoya-Vargas et al., 2025b). This grouting procedure was consistent across both pure bending
and combined loading specimens to ensure comparability of joint behavior.

Instrumentation

éj String-potentiometer (Displacement +/- 0.25 mm)

i Inclinometer (Rotation +/- 1 deg.)

o DIC (strains +/= 5x10* mom/mm and displacements 0.02 mm)

Q2

Bearing
plates %};,)(c: T‘l’:rl;::rdcd

Wooden
block
813 jmm 560 mm 560 mm 813 |mm L
Concrete
block
PP P PN PP P PP P PP P P77y 2. " 77 PP IT I T 77 77777
2746 mm >

Figure 15. Test configuration, components, dimensions, and instrumentation used during four-point
bending tests of micropiles, where axial compression was applied prior to bending.
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Table 3. Casing specimen geometries and material strength properties.

D t 4 h tany I3 H Iy Ju | Test IDs
(mm) (mm) (mm) (mm) (mm) (mm) (MPa) (MPa) (MPa)

244 13.8  38.1 24 00625 7.1 5.8 932 989 55 1to6
244 13.8 572 24 00625 75 6.6 932 989 55 7to 10
244 13.8 31.2 2.6 0 51 5.1 700 802 69 11to 15
244 13.8 508 2.6 0 3.1 5.1 700 802 69 16to 19

For specimens tested under combined loading, a 50.8 mm (2-in.) diameter PVC pipe was installed
concentrically within the casing prior to grouting. The region inside the PVC pipe was intentionally
left ungrouted and served as a conduit for a post-tensioning bar used to apply compressive axial
load to the specimen during testing (Figure 15). This configuration allowed axial compression to
be introduced independently of bending while maintaining identical external geometry, boundary
conditions, and joint details relative to the pure bending specimens (Montoya-Vargas et al.,
2025Db).

Axial compressive loads were applied to the micropile specimens using a post-tensioning
procedure prior to the application of bending. The post-tensioning system consisted of an
unbonded, cold-rolled, high-strength steel threaded bar installed concentrically within the PVC
conduit described previously and secured to the micropile using bearing plates and mechanical
fasteners at each end of the casing (Figure 15). The configuration and individual components of
the post-tensioning system, including the threaded bar, bearing plates, anchorage hardware, and
reaction elements, are illustrated schematically in Figure 16. Axial load was introduced by
tensioning the bar using a hydraulic jack acting against a reaction plate, after which the anchorage
hardware was tightened firmly against the bearing plate at the end of the micropile so that the
tensile force in the bar was transferred to the micropile as a compressive axial load once the jack
was removed.

.........

1

Figure 16. Components of the post-tensioning system used to apply axial load to micropile casings.
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The post-tensioning bar had a nominal diameter of 45 mm and a tensile capacity of 845 kN. Target
axial loads, P, ranging from 540 to 670 kN—corresponding to approximately 62 to 80 % of the
bar’s tensile capacity—were selected to ensure the bar remained elastic throughout testing and that
the applied axial force could be maintained during subsequent four-point bending. Applied axial
loads were monitored indirectly through measurement of hydraulic fluid pressure in the jack and
converted to axial force using the jack calibration curve. The axial loads applied to each specimen
were maintained during bending and are summarized later alongside the experimental results.

During four-point bending, lateral load, @, was applied under displacement control at a constant
rate of 6 mm/min until failure of the threaded joint occurred. Global specimen response was
monitored using string potentiometers and inclinometers to measure deflections and rotations near
mid-span and at the specimen ends, consistent with the instrumentation employed in the pure
bending program. In addition, localized displacement and strain fields in the vicinity of the
threaded joint were measured using three-dimensional Digital Image Correlation (DIC), enabling
detailed assessment of joint-level kinematics during loading (Figure 15). This instrumentation
strategy allowed simultaneous evaluation of global flexural response and localized deformation
mechanisms under combined axial-flexural loading.

All specimens were fabricated from Grade 80 steel casing with a nominal yield stress of 550 MPa.
Actual yield strength, f,,, and ultimate tensile strength, f,, were provided by the manufacturer and
verified through coupon tension tests conducted in accordance with ASTM A370. At present, no
standardized design methodology exists for micropile thread geometry; therefore, the threaded
connections evaluated in this study were based on prevailing industry practice. All casings had an
outer diameter of D = 244 mm and an unthreaded wall thickness of t = 13.8 mm, with threaded
regions incorporating variations in wall taper angle (y), pin-end wall thickness (t;), box-end wall
thickness (t,), and thread engagement length (L). Threaded joints with both tapered-wall (TW)
and non-tapered-wall (NTW) configurations were included as part of a broader experimental
program aimed at evaluating the influence of thread geometry on flexural capacity, though these
variations were not the primary focus of the combined loading study. The previous section of the
report demonstrated the sensitivity of flexural response under pure bending to thread length, wall
taper, wall thickness, and thread shape; the same thread geometries were therefore adopted in the
combined loading portion of the study to enable direct comparison between pure bending and
combined loading conditions. The thread geometries are illustrated in Figure 17 and summarized
in Table 3, along with the corresponding steel material properties (f, and f,) and grout
compressive strength (f) for each tested specimen.

www.tidc-utc.org




Pin Box
Al L. It A L It
4 LXQ'-‘.‘.‘.'J'.MA\J'. ."j', f\ v '-‘"un'.’.".‘:oﬁur’.o'.-ﬂt ? 4 f’.’.’.‘.'Jqun'.r‘.’.'Jw\»Ll“ll-'hnhr'."’.‘.{up'f‘."‘.’ '.,|
VL ’4 7
i o L ‘ o

n

. J J_ ""]”""ﬂv NAANNARART

n ‘.s fi ’n ..Uh-. lﬁu. Ani 1'0 ﬂ n :. fl ‘q “ °. v '-' d “L‘ .-‘ J 'U’ L‘ v .."'J b' L‘ “‘ v

(UL JUVWVW

H’s‘L-' r'.'),l‘a.-u___y + '(_»L r Y—O
L

(a) (b)

Figure 17. Threaded joint geometries indicating micropile diameter (£), nominal wall thickness (2), thread
wall thicknesses (¢1 and £2), thread length (Z), thread wall taper angle (), and thread face inclination (a
= 30°) for: a.) tapered thread wall (TW) joint and b.) non-tapered thread wall (NTW) joint.

3.2 Test Results for Combined Loading

Load-Deflection Behavior

The relationship between mid-span deflection, zg, and applied mid-span bending moment, M, is
shown in Figure 18a for two representative specimens with differing thread engagement lengths
tested under combined axial compression and bending. For comparison, corresponding moment—
deflection responses reported by Montoya-Vargas et al. (2025a) for specimens with identical
thread details tested under pure bending are also included. In addition, theoretical moment—
deflection responses for a continuous micropile without a mid-span joint are shown as reference
cases. These include solutions accounting for first-order geometric effects under pure bending and
second-order geometric nonlinear effects when axial compression is present, providing a baseline
for interpreting stiffness degradation and joint-controlled behavior observed in the experiments.
The theoretical mid-span deflection considering only first-order effects is given by the classical
closed-form solution for a four-point bending configuration (Timoshenko & Gere, 1961),

Zp =~ (3H? — 4a?) (6)
where Q is the applied lateral load at each load point, ais the distance from the applied load to the
nearest support, H is the total span length, E is the elastic modulus of the steel casing (E = 200
GPa), and I is the moment of inertia of the casing assuming a continuous section with no joint (I =
6.69 X 107* m*). When axial compression is present, second-order geometric effects are
accounted for using
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Qa IZsin (Aa) sin(TH) _ 1] (7)

Z =
B 7 2E122|  Aasin AH)

where A = /P /EI is the stability parameter associated with axial load. Under combined loading,
the bending moment at the threaded joint is influenced not only by the applied lateral load but also
by the axial compression acting through the lateral deflection at mid-span. Accordingly, the
applied moment at the joint is given by,

M =2+ Pz (8)

where P is the applied axial compressive load and zg is the corresponding mid-span deflection.

These theoretical responses provide a useful reference for evaluating deviations in stiffness and
deflection behavior attributable to the presence of the threaded joint and the interaction between
axial compression and joint-level kinematics. Moment—deflection responses exhibited a linear
relationship at low load levels and were well approximated by first-order elastic theory for bending
moments up to approximately 20-35 kNm for specimens subjected to pure bending (Figure 18b).
In contrast, specimens tested under combined axial compression and bending exhibited noticeably
higher initial stiffness in the M—zp response due to second-order effects. This increased stiffness
is attributed to the presence of axial compression delaying the onsite of joint kinematics associated
with tensile mechanisms (previous section).

Improved agreement between measured and theoretical deflections for axially loaded specimens
was obtained by modifying the second-order analytical solution to account for a transformed
section moment of inertia of I =8.13 x 10*cm*, which reflects the increased stiffness
contribution of the grout under compression. Using this adjusted inertia, theoretical predictions
closely matched experimental responses for bending moments below approximately 75 kNm
(Figure 18b). Beyond this level, nonlinear behavior became evident, characterized by a reduction
in stiffness and a change in slope of the M—z5 curve (see Ms on Figure 18b), followed by abrupt
failure of the threaded joint at much larger loads (Figure 18a). In all cases, failure was localized at
the threaded connection, with no evidence of yielding or damage occurring away from the joint
region.

Figure 18c illustrates the generalized moment—deflection response observed across the test
program using a piecewise representation. At low bending moments, the response initially follows
the predicted behavior of a continuous, jointless casing, with system stiffness governed by the
intact section properties. This behavior persists for bending moments below a threshold value
denoted as M;. Once the applied moment exceeds M, the threaded connection transitions from
behaving as a rigid joint to a semi-rigid connection. This transition is accompanied by a reduction
in stiffness, reflected by a decrease in the slope of the moment—deflection curve, and a nonlinear
response that continues until ultimate failure occurs at a moment M.
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Figure 18. a.) Mid-span bending moment, M, vs. vertical deflection, z5, for tapered wall joints with
different thread lengths and loading conditions (i.e. with and without axial load). b.) Same as above but
illustrating the moment (Ms) where there is a slope change in the M — ZF curve and deviation from
theoretical predictions for a continuous section of casing. c.) Conceptual illustration of Ms and M. The
data in (a) and (b) above are for TW specimens with Test IDs 1, 5, 7, and 10.
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Representative examples of this stiffness transition are shown in Figure 18a and Figure 18b. Under
pure bending, specimens 5 and 10 (solid lines) exhibited a reduction in stiffness from
approximately 15.4 kNm/mm to 12.5 kNm/mm as the joint response softened. Similarly, under
combined axial compression and bending, specimens 4 and 7 (dashed lines) transitioned from
initial stiffness values of approximately 18.7 kNm/mm to about 13 kNm/mm. This piecewise
response was consistent across all specimens regardless of the presence or magnitude of axial
compression. Differences among specimens were primarily reflected in the magnitudes of the
threshold moment M and the failure moment Mg, both of which were strongly influenced by the

applied axial compressive load, P, and to a lesser extent by the make-up torque, T, applied during
joint assembly. Although the post-tensioning bar experienced bending due to rotation at the
micropile ends, its contribution to overall system stiffness and strength was negligible owing to its
relatively small diameter compared to the steel casing.

The threshold moment Mgwas systematically identified by evaluating changes in stiffness along
the measured moment—deflection (M—zp) response. This was accomplished by fitting a linear
(first-degree) polynomial to a moving window of data points along the M—zg curve and computing
the tangent stiffness at the midpoint of each window. In this manner, the transition from the initial
linear response to the reduced-stiffness regime could be more clearly identified, with M defined
as the moment at which the tangent slope stabilized following its initial reduction. A sensitivity
analysis was performed to assess the influence of window size on the calculated slope, and a
window of 100 data points—corresponding to approximately 10 kNm—was found to effectively
capture the stiffness transition while minimizing noise-related variability. Figure 19a presents a
comparison of the resulting M values for specimens tested under pure bending and those subjected
to combined axial compression and bending.

www.tidc-utc.org




E 120
-
=~ 100
=
< 80
L
=
c 60
£
;E:D 40
£
o 20
L
=
o 0
TW/38 TW/57 NTW/32 NTW/51
Joint type/L (mm)
(a)
500 r
'ZE I Avg. pure bending
22 400 B Avg. combined
<" T Range of variation
< 300
)
=
c 200 F
=
L
5 100}
K
0
TW/38 TW/57 NTW/32 NTW/51
Joint type/L (mm)
(b)

Figure 19. Comparison of bending moments under pure bending and combined loading at different loading
stages: a.) slope change in M —zF5 curve (Ms); and b.) at failure (Mf).

As shown in Figure 19a, the threshold moment Mg was consistently higher for specimens tested
with applied axial compression, indicating that the micropiles behaved as effectively “continuous”
members over a larger range of transverse loading. This trend is consistent with the tensile-
controlled failure mechanisms identified for threaded joints under pure bending (Montoya-Vargas
et al., 2025a). Because compressive axial stresses must be overcome before tensile stresses can
develop at the joint, the onset of tensile thread engagement—and the associated joint kinematics
leading to stiffness degradation—was delayed. This delay in tensile engagement not only shifted
the stiffness transition to higher bending moments but also resulted in a systematic increase in
ultimate flexural capacity, My, for specimens tested under combined loading relative to those tested
in pure bending, as illustrated in Figure 19b.

Table 4 summarizes the threshold moment M, and ultimate flexural capacity My for all tested
specimens, along with the corresponding applied axial compressive load, P, and make-up torque,
T, used during specimen assembly. These data provide a comprehensive basis for evaluating the
relative influence of axial compression and joint assembly conditions on stiffness transition and
failure behavior under combined loading.
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Table 4. Summary of the makeup torque (7), axial load (P), slope change moment (Ms) and failure moment
(M)) for each four-point bending test performed.

Test ID  Joint type/ L T P M My
-/(mm) (kNm) (kN) (kNm) (kNm)

1 126 670  88.9 348

2 TW/38.1 135 541 78.9 319

143 541 99.7 345

W

- 10.4 0 6.0 280

5 TW/38.1 12.1 0 2.6 327

6 13.8 0 26.5 204

7 11.8 670 70.1 401
TWI/57.2

8 10.3 630 33 303

Y 10.0 0 12.5 373
TW/57.2

10 11.0 0 7.1 366

11 16.2 541 66.8 276
NTW/31.2

12 12.9 541 91.2 282

13 14.9 0 40.6 248

14 NTW/31.2 15.3 0 16.1 239

15 12.8 0 16.7 250

16 15.1 670 437 275
NTW/50.8

17 16.4 541 67.4 299

18 11.4 0 254 230
NTW/50.8

19 11.8 0 47.6 258

DIC Measurements

Digital Image Correlation (DIC) measurements provided detailed insight into joint kinematics and
load transfer mechanisms across the threaded connection throughout the loading process. Figure
20 presents representative axial strain fields, €,, for specimens tested under pure bending (left
column) and combined axial compression and bending (right column). Strain fields are shown at
bending moments of M = 30, 50, 300, and 327 kNm to illustrate the evolution of strain distribution
within the threaded region under both loading conditions. For specimens tested under combined
loading, bending-induced strains are superimposed on a uniform axial compressive strain, &g,
resulting from the applied pre-compression (right column of Figure 20). For specimen 1, tested
with an applied axial load of P = 670kN, the compressive strain associated with preloading was
estimated as &, = P/(EA) = 250, where A = 615 mm? represents the transformed section area
accounting for the combined stiffness contributions of the steel casing and grout.

At a bending moment of M = 30 kNm (Figure 20a), both specimens exhibited tensile axial strains
that were relatively uniformly distributed along the threaded region, with limited localization and
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only minor fluctuations attributable to measurement noise (approximately =100 ue). At M = 50
kNm, differences in strain distribution became evident between loading conditions. For the
specimen subjected to pure bending (Figure 20b, left), tensile strains became less evenly
distributed and began to localize in threads located farther from the joint seam (x = —30 mm).
This redistribution coincided with exceedance of the stiffness transition threshold, M; = 34.8 kNm
and reflects the onset of joint separation on the tension side, where reduced load transfer occurred
near the joint seam and increased load transfer developed in threads farther away. In contrast, the
specimen tested under combined axial compression and bending exhibited more uniform tensile
strain distributions at both M = 30 and 50 kNm (Figure 20a and Figure 20b, right), with overall
lower tensile strain magnitudes due to the presence of pre-compression. For this specimen, the
applied bending moment remained below the corresponding stiffness transition threshold (Mg =
79.6 kNm), and tensile stresses continued to be transferred more uniformly across the threaded
connection.

For bending moments well in excess of the stiffness transition threshold, M;, both specimens
exhibited similar axial strain distributions, as shown in Figure 20c. This convergence in strain
behavior indicates that once the compressive pre-stress is overcome and separation initiates at the
joint seam on the tension side, the governing load-transfer mechanisms and joint kinematics under
combined axial-flexural loading become comparable to those observed under pure bending. In this
regime, both specimens exhibited substantially reduced tensile strains in the immediate vicinity of
the joint seam, accompanied by pronounced compressive strain concentrations near the seam.
Conversely, the largest tensile strains developed farther away from the seam toward the opposite
end of the threaded region, while the spatial extent of the compressive strain concentration near
the seam decreased.
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Figure 20. Comparison of axial strain fields (£x) from DIC measurements at threaded connections for pure
bending (specimen 1, left) and combined axial and bending (specimen 5, right) at different load levels: a.)

M= 30 kNm, b.) 50 kNm; c.) 300 kNm, and d.) 327 kNm (failure load for pure bending). Thread details
for each specimen are identical.
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These trends became more pronounced at higher load levels, as illustrated by the strain fields at
M = 327 kNm in Figure 20d. At this load level, the specimen tested under pure bending failed in
tension and exhibited higher tensile strain magnitudes relative to the specimen tested under
combined loading. The specimen subjected to combined axial compression and bending continued
to sustain additional load and ultimately reached a higher flexural capacity of M = 348 kNm.
Comparable strain evolution patterns were also observed for non-tapered wall (NTW) threaded
joints, indicating that the general kinematic response under combined loading is consistent across
thread geometries. Differences between tapered-wall (TW) and NTW joints were primarily
associated with the magnitude and distribution of hoop strains, which are not discussed here for
brevity. The influence of wall taper on joint kinematics and failure behavior is examined in greater
detail elsewhere (Montoya-Vargas et al., 2025a).
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Chapter 4: Prediction and Design

The experimental results presented in the preceding section demonstrate that flexural capacity
under combined loading is governed by joint-level kinematics, particularly the interaction between
axial compression, gap opening, and box-end dilation. Building on these observations, this chapter
introduces an analytical framework for predicting flexural capacity of threaded micropile joints
under combined axial compression and bending, grounded in the experimentally observed
relationship between axial compressive loads and failure.

Key Considerations

To develop a tractable analytical model consistent with the experimentally observed joint behavior,
the following assumptions were adopted:
e The micropile casing is idealized as a hollow circular section with outer diameter Dand
wall thickness t.
e The threaded joint is similarly idealized as a hollow cylinder with the same inner diameter,
D — 2t, but with a reduced effective wall thickness t; reflecting the threaded region.
e The casing material is assumed to behave as elastic—perfectly plastic with yield stress f,,.
¢ Consistent with experimental observations, the ability of the joint to fully develop a plastic
hinge is assumed to be governed by dilation of the box-end, which is controlled primarily
by the ratio of box-end wall thickness to pin-end wall thickness, t,/t;.
e Finally, the ultimate flexural capacity of the joint, M, is assumed to scale directly with the
moment required to initiate gap opening at the joint, M.

The rationale for these assumptions, and their integration into a predictive model, are described
herein. As shown in Figure 21, experimental results indicate a clear relationship between flexural
capacity and gap-opening moment, with My varying approximately linearly with M over the range
of gap-opening moments observed in this study (0 < Mg < 100 kNm). On this basis, the flexural
capacity of a threaded connection under combined loading is expressed as the sum of an inherent
joint capacity and a component proportional to the gap-opening moment,

My = M; + kM )

where k is a proportionality parameter that modulates the influence of gap opening on ultimate
capacity. For the limiting case in which Mg = 0, the joint capacity reduces to My = M;, where M;
is defined as the flexural capacity of the threaded joint in the absence of axial pre-compression.
This formulation provides a simple but physically motivated framework for incorporating the
effects of axial compression, joint kinematics, and geometry into flexural strength predictions.

Thread interactions governing the inherent joint capacity, M;, arise from the combined axial and
hoop stress state that develops due to deformation compatibility between the pin- and box-ends of
the threaded connection. These stresses are strongly influenced by thread geometry, wall thickness
distribution, and engagement details, which control load transfer and strain localization within the
joint (Montoya-Vargas et al., 2022; Montoya-Vargas et al., 2025a). Based on these considerations
and supported by experimental observations, the inherent flexural capacity of the threaded joint is

www.tidc-utc.org




assumed to be proportional to the plastic bending capacity of the pin-end section. Accordingly,
M;is expressed as,

M;j = BZyfy (10a)

where Z,is the plastic section modulus of the pin-end, fis the steel yield stress, and fis a
proportionality factor that accounts for the influence of thread details, casing size, and governing
failure mode. Experimental results indicate that fvaries within the range 0.7 < f < 1.25.

The plastic section modulus of the pin-end is computed as,

_ (D-2t+2t1)3-(D-2t)3
Zy = 16

(10b)

where D is the outer diameter of the casing, t is the wall thickness of the unthreaded section, and
t; is the effective wall thickness at the pin-end within the threaded region. For a given specimen,
values of  appropriate for use in equation 10a may be estimated from experimental data as § =

#, which requires prior determination of the inherent joint capacity, M;. In practice, M;should
ply

be evaluated only for joints assembled without applied make-up torque (T = 0) and tested under
pure bending conditions (P = 0), as the presence of either torque or axial compression introduces
pre-stress that results in nonzero gap-opening moments, M. This dependency of joint response on
initial stress state has also been reported in experimental and numerical investigations of analogous
threaded connections (Baragetti & Terranova, 2004).
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Figure 21. Observed joint bending capacity (Mf ) as a function of the gap opening moment (Ms) for
specimens with different thread details and loading conditions.
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For specimens tested under pure bending conditions (P = 0), the gap-opening moment, M, may
be conservatively assumed to be zero. However, experimental results indicate that specimens
subjected to pre-compression arising from make-up torque applied during joint assembly can
exhibit nonzero values of M, even in the absence of externally applied axial load, as shown by the
pure bending results in Figure 21. Based on the experimental study reported by Montoya-Vargas
et al. (2025a), a value of § = 1.0 was recommended for casings with outer diameters D < 244
mm, while a reduced value of f = 0.8 was suggested for larger diameters. It is noted, however,
that the influence of pre-compression contributing to gap opening was not explicitly isolated in
that study; consequently, the proposed [ values inherently reflect additional flexural capacity
associated with nonzero M induced by torque applied during casing assembly.

In the present study, make-up torque representative of conventional construction practice was
applied to all specimens. Accordingly, the inherent joint capacity, M;, was estimated from the
intercepts of the linear relationships between flexural capacity and gap-opening moment shown in
Figure 21. The corresponding linear fit parameters and resulting estimates of [ are summarized in
Table 5. For these calculations, the plastic section capacity term Z,f,was evaluated using the
geometric and material properties reported in Table 3. This approach provides a consistent means
of quantifying M;while accounting implicitly for the effects of assembly-induced pre-compression
present in practical micropile installations.

Table 5. Linear fit parameters Mj and k for the data shown in Figure 7 and corresponding parameter £
estimated using equation 10a.

Type Lk M  Zf, B=z% 2
(mm) (kNm) (kNm)

™™ 38 0.62 288 330 0.87 0.82

™ ¥ 0.62 358 350 1.02 .88

NTW 32 062 230 175 1.32 I

NTW 51 062 237 175 1.35 |

The semi-empirical parameter f is introduced to account for thread geometry and the complex
kinematics and load transfer mechanisms at threaded connections that are not fully captured by the
plastic section modulus, Z,,. These mechanisms include the extent of the box-end region subjected
to compression and the degree of box dilation occurring on the tension side of the joint, both of
which are strongly influenced by thread wall thickness, thread engagement length, and thread
shape (discussed in Chapter 2 and Montoya-Vargas et al., 2025a). As summarized in Table 5,
experimental results indicate that  scales with the ratio of box-end to pin-end wall thickness,

t,/t:.
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This relationship is well approximated by the empirical expression,

p=c() (11)

t1

where regression analysis of the experimental data yielded best-fit parameters of ¢ = 1.3 and d =
2.0. Using these values resulted in an excellent fit to the measured data, with a coefficient of
determination R? = 0.99 and a root-mean-square error (RMSE) of 0.03. Consistent with
recommendations by Montoya-Vargas et al. (2025a), the parameter ¢ may be reduced to account
for increased susceptibility to jump-out in larger-diameter casings; casings with D > 244 mm.

Based on the experimentally observed relationship between the gap-opening moment, My, and the
ultimate flexural capacity, My, shown in Figure 21, a proportionality factor of k = 0.62 was found
to reasonably describe the influence of pre-compression arising from both applied axial load and
make-up torque on joint strength. Accordingly, if the gap-opening moment can be measured or
reliably estimated, equation 9 and 11 may be used together to predict the flexural capacity of
threaded micropile joints under combined axial compression and bending.

The bending moment required to initiate gap opening at the threaded joint, M, is estimated by
equating the tensile stress induced by bending to the compressive stresses generated by axial
loading and make-up torque applied during casing assembly. Under this assumption, gap opening
occurs when the combined compressive stress state is overcome, such that

Mg = (or + 0p) Sy (12a)

where or and op are the axial compressive stresses induced by applied torque and axial load,
respectively, and Sgis the elastic section modulus of the transformed steel-grout composite section.
The section modulus is defined as,
=" p4—(1=XD = 20"

Sg = - [D* —(1 n)(D 2t)*] (12b)
In these expressions, it is assumed that both the steel casing and the infilled grout remain within
the elastic range at the relatively low load levels associated with gap initiation. The modular ratio
n = E /E, represents the ratio of the steel elastic modulus to the grout elastic modulus.

The compressive stress induced by the applied axial load is computed using transformed-section
analysis as,

P
op = & (13a)

Ag

where the transformed cross-sectional area is given by,
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Ay = g[DZ - (1 - %) (D — 21:)2] (13b)

The axial pre-compression stress resulting from make-up torque, o7, is estimated using,

1 2L
or =m0 ) (1

where u is the coefficient of friction at the shoulder contact surfaces, 7 represents the frictional
resistance mobilized along the thread faces, L is the thread engagement length, and y is the wall
taper angle. These interactions are assumed to be uniformly distributed around the thread
perimeter. A detailed derivation and discussion of equation 14, including the assumptions
underlying the torque-to-stress relationship, is presented by Montoya-Vargas (2025).

The friction parameters u and t appearing in equation 14 were estimated through inverse analysis
by fitting the analytical predictions of gap-opening moment, M, to experimental results obtained
from pure bending tests reported by Montoya-Vargas et al. (2025a). The calibration dataset
included specimens with varying casing diameters and thread engagement lengths tested under
pure bending conditions, providing a broad basis for parameter estimation. This approach allowed
the combined influence of shoulder friction and thread-face friction on joint pre-compression to
be inferred directly from measured changes slope of M-zg curves.

It is noted that the best-fit values of u and t were obtained for specimens in which a thread
compound (grease) was applied to tapered-wall threads to facilitate assembly, as provided by one
supplier. In contrast, grease was not applied to non-tapered wall threads supplied by other
manufacturers (Montoya-Vargas et al., 2025a). The resulting best-fit friction parameters are
summarized in Table 6, which shows that lower values of the thread-face friction parameter twere
associated with greased threaded connections, as expected. In comparison, the estimated
coefficients of friction at the shoulder interface, u, were similar for both greased and non-greased
joints and fall within the typical range reported for steel-on-steel contact (Grabon et al., 2018).

Table 6. Threaded joint frictional interaction parameters

Joint type 7 7 (MPa)
Greased (Tapered Thread Wall) 0.23 0.12
Non-greased (Non-Tapered) 0.24 0.34

Gap-opening moments predicted using equation 12a are compared with experimentally observed
values of M in Figure 22 for a range of joint configurations, casing diameters, and loading
conditions. The comparison includes pure bending test results reported by Montoya-Vargas et al.
(2025a), as well as the combined loading results from the present study. The predicted and
measured gap-opening moments exhibit moderate agreement, with a correlation coefficient of r =
0.62and a root-mean-square error (RMSE) of 16 kNm. These results indicate that the proposed
formulation captures some of the primary mechanisms governing gap initiation across different
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joint types and loading scenarios, while also highlighting the inherent variability associated with
joint assembly, precompression, and its influence on the slope change moment, M;.
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Figure 22. Predicted vs. observed Ms for different pile diameters and loading conditions.

Regardless, incorporating the effects of pre-compression through the gap-opening moment, M,
improves the predictive performance of the proposed semi-empirical analytical model for flexural
capacity of threaded micropile joints. Figure 23a compares predicted and observed joint failure
moments, My, obtained using equations 9 through 14. The predictions exhibit strong agreement
with experimental results, yielding a correlation coefficient of 7 = 0.98 and a root-mean-square
error (RMSE) of 33 kNm. This comparison includes specimens with large casing diameters (D =
346 mm) reported by Montoya-Vargas et al. (2025a), for which the model adequately captures the
mean flexural capacity despite the proportionally greater variability observed in the experimental
data. Figure 23b further illustrates the predictive improvement through histograms of relative error,
comparing predictions that include pre-compression effects via M with those that neglect pre-
compression and assume My = M;. When Mjis included, relative errors range from —0.25 to 0.30,
with a near-zero mean error of 0.003. In contrast, neglecting M results in a wider error range (—0.35
to 0.25) and a larger average deviation of —0.09, indicating more conservative but less accurate
predictions.

1000 047 —
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= 800} >03} l
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Figure 23. Predicted and observed joint bending capacities: a.) predicted vs. Observed Mf for different
pile diameters and loading conditions when considering Ms; and b.) histogram of relative errors for
predictions with and without the contribution of Ms.
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Despite the improved performance associated with inclusion of My, notable discrepancies remain
between predicted and observed gap-opening moments, particularly for specimens with Mg <
25kNm tested without externally applied axial load (Figure 22). The greatest source of uncertainty
arises from quantifying the contribution of make-up torque applied during joint assembly. The
calibrated friction parameters, u and 7, implicitly assume uniform threaded joint conditions and
uniform distribution of any applied thread compound; however, post-test inspection revealed that
grease and contact conditions were often nonuniform, a condition that is likely in field installations
also. Additional uncertainty is introduced by limitations in monitoring applied make-up torque
using an analog dial gauge, where needle oscillations resulted in fluctuations of approximately
+10% from reported values. Further uncertainty may also arise from relaxation of torque-induced
pre-compression during specimen handling, grouting, and placement in the test frame—effects
that cannot be readily quantified. For specimens tested under combined loading, the application of
axial compression likely reduced the relative contribution of torque-induced pre-compression to
M;, further complicating isolation of torque effects. Collectively, these factors highlight the
inherent variability associated with joint assembly conditions and underscore the importance of
explicitly accounting for pre-compression in predictive models while recognizing the limits of
precision achievable in practice.

While make-up torque was incorporated in the preceding analyses to elucidate the influence of
pre-compression on the gap-opening moment, M, and the resulting flexural behavior and capacity
of threaded connections, its contribution is subject to considerable uncertainty. From a design
perspective, it is therefore prudent to conservatively neglect the effect of torque on M, and the
onset of joint separation. In contrast, axial compressive loads can be quantified with a substantially
higher degree of certainty. The experimental results presented herein demonstrate that axial
compression does not necessarily reduce flexural capacity and can, in fact, increase the flexural
strength of threaded micropile connections under combined loading.

Design Approach

Current design practice for micropiles subjected to combined axial load and bending requires that
the factored bending moment, M,,, and factored axial load, P,, satisfy a material interaction
equation of the form prescribed by AASHTO and AISC (AASHTO, 2017; AISC, 2023),

P, M
cg——+c,—
d’apn ¢an

<1 (15)

where P,and M, are the nominal axial and flexural capacities of the micropile, respectively, and
¢, = 0.75and ¢;, = 1.0are the corresponding strength reduction factors. The coefficients c;and
c, depend on the level of axial load: for P, /(¢,P,) < 0.2, ¢y = 1/2and ¢, = 1; for B,/ (¢, P,) =
0.2,¢c; =1and c, = 8/9.

Although micropiles are typically grout filled, it is customary in design practice to evaluate axial
and flexural capacity based solely on the steel casing. This assumption is supported by
experimental evidence indicating that the grout provides negligible contribution to flexural
capacity, as the steel casing reaches yield after the grout has already failed in compression
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(Musselman et al., 2007; Froster et al., 2021). Accordingly, the nominal axial and flexural
capacities are expressed as,

B, = 0.85f,A; (16)
M, = £S5 (17a)
where f,,is the yield stress of the steel casing and 4; = n[D? — (D — 2t)?]/4 is the cross-sectional
area of the casing with outer diameter D and wall thickness t. The elastic section modulus at the

threaded joint, S, is computed as,

S = [(D-t)*—(D-2t)*]
J 32(D-t)

(17b)

This formulation reflects the widely adopted “50%-Rule,” in which the nominal wall thickness is
reduced by 50% when computing bending capacity at threaded joints (Sabatini et al., 2005).
Notably, the full wall thickness is retained in the axial capacity calculation, recognizing that
threaded connections can transmit axial loads equivalent to the nominal casing thickness (Sabatini
et al., 2005), whereas bending capacity is penalized to account for reduced tensile resistance at the
joint. Although equation 17a represents a simplified characterization of joint behavior, it generally
yields conservative estimates of flexural capacity under pure bending for common thread
geometries (Montoya-Vargas et al., 2025a).

It follows directly from equation 15 that the conventional interaction approach reduces the
available flexural capacity at threaded joints as axial load increases. Rearranging equation 15
yields the maximum factored bending demand permitted by the interaction equation,

1 Py
Mu,max = ; cprn(l —C ¢aPn) (18)

which explicitly shows that the allowable bending moment decreases monotonically with
increasing axial load. As demonstrated by the experimental results presented in this study, this
assumption is inconsistent with the observed behavior of threaded micropile joints under combined
loading, where axial compression can delay gap opening and increase flexural capacity rather than
reduce it.

The conventional interaction-based design approach is rooted in classical strength-of-materials
concepts and does not explicitly account for the joint mechanics governing failure at threaded
connections. As demonstrated by the experimental results presented in this study, failure at
threaded micropile joints is typically governed by tensile-controlled mechanisms rather than by
compressive yielding. As discussed in preceding sections, pre-compressive stresses—whether
introduced through axial load or assembly-induced effects—delay joint seam separation and
increase flexural capacity (see equation 9 to 13a). Neglecting the contribution of make-up torque
for conservatism (i.e., assuming T = 0), the nominal flexural capacity of the joint may be
expressed directly as a function of applied axial load,
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PS
M, :M]-+kA—gg (19)

Equation 19 is intended to represent failure modes governed by tensile stress development at the
joint and does not capture failure governed by compressive yielding. As written, equation implies
that flexural capacity increases indefinitely with increasing axial compression. In practice,
however, sufficiently large axial loads may result in failure governed by yielding of the
compression fibers. To account for this behavior, the joint capacity under compression-dominated
conditions is approximated by combining equation 19 with the conventional interaction expression
given by equation 18, resulting in,

1 kS Py
Mu,max = E(Mj + B, A_j)(l -G baPr

) (20)

Substituting M; = Zf,, and B, = 0.85Af, into equation 20 yields the following reformulation,

Py
¢aPn

1 Py
Mu,max = ;d)ij(l + fg)(l —C ) (21a)

where the modulation parameter is defined as,

AsSg
AgZ

£=085k (21b)

The parameter ¢ governs the degree to which axial compression enhances flexural capacity and
depends on joint geometry through the terms A, Ay, and S, as well as on the assumed failure
criterion through the plastic section parameter Z. When experimental data are available to
characterize the pure bending behavior of threaded micropiles, as in the present study, Z may be
taken as Z = fZ,, resulting in M; = BZ,f,. In the absence of test data, the proposed framework
can readily incorporate the conventional 50%-Rule by assuming Z = S; and M; = §;f,.

Simplified interaction diagrams derived from equation 18 and 21 are shown in Figure 24, where
axial and bending demands are normalized as P, /(¢ B,)and M,, / (¢, M;), respectively. The failure
envelope predicted by the proposed formulation (red curves) depends explicitly on the modulation
parameter ¢ and converges to the conventional interaction solution (black curve) as & — 0.

At sufficiently high levels of axial compression, yielding of the casing in compression may occur
prior to tensile failure of the threaded joint. Accordingly, the flexural capacity predicted by
equation 21 must be bounded to ensure that it does not exceed the capacity of an intact casing
section without reduced wall thickness. In particular, equation 21 may predict allowable factored
bending moments greater than those associated with yielding of the continuous portions of casing,
which is not physically admissible, as compression-controlled behavior would govern at these
stress levels.
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Figure 24. Combined loading interaction diagram for micropile threaded joints in axial compression.
Limits for flexural yielding in compression are also shown for different assumed ratios of M/ My.

The compression-controlled limit may be evaluated using the conventional interaction formulation
given by equation 15 by setting M, = M,,, where M, is the yielding moment of the casing
assuming full wall thickness and no joint reduction. To ensure physically consistent predictions,
the maximum allowable factored bending moment is therefore taken as the lesser of the joint-
controlled capacity predicted by,

Joint Capacity: é b M; (1 + fi—Z) (1 -G djll’n)

My, max = Lesser of (21)

Compression Limit: é bpM, (1 - cbjIL’n)
The compression-controlled limit illustrated by the dashed lines in Figure 24, which correspond to
representative ratios of joint flexural capacity to intact section capacity (M;/M,, = 0.5 and 0.75).
Previous experimental results have shown that the ratio M;/M,, can range from approximately 0.5
to 0.9, depending on thread geometry and joint details (Montoya-Vargas et al., 2025a). Lower
values of M;/M,, imply that the beneficial effects of axial compression on joint flexural capacity
may be realized over a wider range of axial loads, as shown by the dashed black envelopes in
Figure 24. Conversely, as M;/M, — 1, the joint capacity approaches that of an intact casing

section, and the predicted response converges with the conventional interaction solution (solid
black curve in Figure 24).

Using equation 21, the proposed failure envelopes are presented in Figure 25 for specimens with
tapered thread walls using values of ¢ = 0.82 and 0.96 (corresponding to thread lengths L = 38
and 57 mm, respectively, in Figure 25a), and for non-tapered wall threads with & = 0.97 (Figure
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25b). These envelopes (red and blue curves) are compared directly with the conventional
interaction approach (black curve). In typical design practice, nominal minimum guaranteed yield
strength is assumed; for the specimens tested herein, this value was f,, = 550MPa and is shown
by the continuous curves in Figure 25. However, coupon testing demonstrated that the actual yield
strengths were significantly higher (f, = 700 and 932 MPa), which are shown by the dashed
curves. Yield strength directly influences both the joint-controlled capacity (Montoya-Vargas et
al., 2025a) and the compression-controlled limit. Because designers generally do not know the
actual yield strength, it is important to evaluate design recommendations using nominal properties
while interpreting experimental performance—shown by open symbols in Figure 25—in the
context of measured material strength.

As shown in Figure 25, the flexural capacities measured for the tested specimens exceed the
threshold capacities predicted by the proposed combined-loading interaction envelopes, both with
and without axial compression. For the range of axial loads considered in this study, the proposed
methodology justifies flexural capacities that are approximately 20—60 % greater for joints with
tapered thread walls (Figure 25a) and approximately 35 % greater for joints with non-tapered
thread walls (Figure 25b) when compared with the conventional interaction approach (black
dashed curves). These results demonstrate that the proposed framework provides an adequate—
and generally conservative—representation of joint behavior for the moderate axial compressive
loads examined herein.

It is noted, however, that combined loading tests were not performed at higher axial compression
levels that would span a larger portion of the interaction envelope. This limitation was primarily
due to constraints associated with the available testing equipment and the axial capacity of the
center bar used to apply compressive loads. Nevertheless, the applied axial loads fall within the
range of geotechnical axial capacities typically associated with micropiles of the size tested, as
indicated by the shaded region in Figure 25. While these results support the applicability of the
proposed interaction envelopes within practical design ranges, additional experimental validation
at higher axial compression levels—particularly near upper-bound geotechnical capacity limits—
would be valuable to further confirm their conservatism.

Axial tension loading was not considered in this study, although micropiles are frequently used in
anchorage applications where tensile forces may be present. In contrast to axial compression,
which was shown to augment flexural capacity by delaying joint separation, axial tension is
expected to reduce the flexural capacity of threaded micropile connections. While the proposed
framework would predict a reduction in flexural capacity under axial tension, its adequacy for such
conditions has not been verified experimentally. Investigation of combined flexure and axial
tension would require a distinct experimental configuration from that employed herein and
represents an important area for future research, given the relevance of flexural performance at
threaded joints to the broader micropile engineering community.
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Figure 25. Current and proposed approach to construct combined loading interaction diagrams with
nominal (/5 = 550 MPa) and actual (/,, = 932 or 700MPa) yield strengths for tested micropile specimens
(solid vs. dashed lines) compared with observed flexural capacity at threaded joints for: a.) tapered thread
walls and b.) non-tapered thread walls. Typical geotechnical design capacities are also indicated by the
gray shaded regions for this micropile size.
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Chapter 5: Summary and Conclusions

This study investigated the flexural behavior of threaded micropile connections under pure
bending and combined axial compression and bending, with particular emphasis on joint-level
kinematics and failure mechanisms that are not explicitly addressed in current design practice. A
coordinated program of full-scale four-point bending tests, augmented with high-resolution digital
image correlation, was used to directly observe deformation compatibility, strain localization, and
failure processes at threaded joints. Building on these experimental observations, a mechanics-
based analytical framework was developed to quantify the influence of axial compression on joint
flexural capacity and to evaluate its implications for design.

Results from pure bending tests demonstrated that the flexural capacity of threaded micropile
connections is governed by localized tensile-controlled joint kinematics rather than uniform
section yielding. Two dominant failure modes—jump-out and rupture—were consistently
observed, with the governing mode controlled by thread geometry, box-end wall thickness, thread
engagement length, and casing diameter. These observations confirm that the commonly used
50%-Rule is generally conservative, but lacks a clear mechanical basis and does not adequately
represent the kinematics that control joint strength.

Combined loading tests revealed an important and unconventional finding: axial compression can
increase the flexural capacity of threaded micropile joints. Experimental results showed that
applied axial compression delays joint seam separation by offsetting tensile stresses induced by
bending, thereby increasing the moment required to initiate gap opening and subsequent failure.
For the range of axial loads examined in this study—representative of typical geotechnical design
loads for the tested micropile size—measured flexural capacities under combined loading
exceeded pure bending capacities by an average of approximately 15%. This behavior contrasts
with conventional axial-flexural interaction assumptions, which uniformly predict reduced
bending capacity with increasing axial load.

The proposed analytical framework explicitly incorporates this behavior by relating flexural
capacity to joint kinematics through the gap-opening moment. When applied to the experimental
data, the framework provided accurate and generally conservative predictions of joint capacity
across the casing sizes and thread geometries investigated. Relative to the conventional interaction
approach currently used in design, the proposed method justified additional flexural capacity on
the order of 20—60% for the joints evaluated in this study. These gains are consistent with the
experimentally observed delay in joint separation and were achieved without exceeding the
compressive capacity of the continuous casing section.

Importantly, the proposed interaction envelopes converge to conventional design solutions at
higher axial load ratios, ensuring that compression-dominated failure modes are not
unconservatively exceeded. For all tested specimens, observed failure moments remained below
the compression-controlled limits of the intact casing, indicating that the proposed approach
maintains appropriate bounds on flexural demand while more accurately reflecting joint
mechanics. As such, the framework provides a physically consistent means of accounting for axial
compression effects at threaded joints that are neglected in current practice.
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Overall, this study demonstrates that flexural performance at threaded micropile connections is
governed by joint-level deformation mechanisms and that axial compression can be beneficial
rather than detrimental to flexural capacity within practical design ranges. By integrating
experimental observations with a kinematics-based analytical model, the work provides both
mechanistic insight and a rational basis for improving design approaches for micropiles subjected
to combined loading.

Future research should extend combined loading experiments to higher axial compression levels
approaching upper-bound geotechnical capacities, as well as to axial tension loading, which is
expected to reduce flexural capacity and requires separate experimental validation. Additional
testing across a broader range of thread geometries and casing sizes would further support
refinement and generalization of the proposed design framework.
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