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Effect of RTPF on Fracture Properties of Cement-Stabilized Soil

Chang Sun 2, Fengchi Wang 3* and Tianbei Kang !

W) Check for updates

Academic Editor: Claudio Mazzotti

Received: 11 June 2026

Revised: 20 July 2026

Accepted: 24 July 2026

Published: 30 July 2026

Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license.

School of Civil Engineering, Shenyang Jianzhu University, Shenyang 110168, China;

5c0805@stu.sjzu.edu.cn (C.S.); kangtianbei@sjzu.edu.cn (T.K.)

School of Civil Engineering, University of Science and Technology Liaoning, Anshan 114051, China

School of Transportation and Geomatics Engineering, Shenyang Jianzhu University, Shenyang 110168, China
*  Correspondence: cefcwang@sjzu.edu.cn

Abstract

Recycled tire polymeric fiber (RTPF) is a type of nylon fiber recovered from end-of-life tires.
Depending on the processing stages, RTPF exists in two forms, fibrils (FS) and fiber bundles
(FB). Although fiber reinforcement has been widely investigated for cement-stabilized
soils, the fracture behavior and reinforcing mechanisms of RTPF remain insufficiently
understood. Three-point bending tests using DIC, CT, and SEM analyses were conducted.
The results indicate that RTPF delays crack initiation, increasing both the time interval
from initiation to fracture and the ultimate crack width. Flexural strength increases with
RTPF content and exhibits a power-law relationship. Both FS and FB significantly improve

unstable fracture toughness, increasing it from 0.19 MPa-m!/?2

in the control specimen to
0.37 MPa-m'/2 and 0.78 MPa-m'/?, respectively. Fracture energy increases by 49% and
228%, respectively. The peak reinforcing efficiency was achieved at the RTPF content of
0.2-0.4% for FS and 1-2% for FB. The higher distribution coefficients and lower orientation
reflect an isotropic fiber distribution, which is beneficial for inhibiting multi-directional
crack propagation. A calculation method was developed to estimate fracture toughness
from the fiber reinforcing parameter, with the findings showing good agreement with
experimental results. These findings demonstrate the feasibility of utilizing RTPF as a sus-
tainable reinforcement material for improving the fracture resistance of cement-stabilized

soils in geotechnical engineering applications.

Keywords: cement-stabilized soil; recycled tire polymer fiber; fracture parameter; fiber distribution

1. Introduction

Inorganic binder stabilization is a conventional treatment method for subgrade and
pavement structures in problematic soils [1,2]. The hydration products generated by the
cementitious reactions between the combined components provide binding effects, en-
hancing the soil strength and stiffness and thereby alleviating engineering issues such
as uneven deformation, swelling, and pumping in problematic soil foundations and em-
bankments [3]. For soils exhibiting more severe geotechnical deficiencies, an increased
cement dosage is necessitated, which consequently imparts pronounced brittle characteris-
tics to the stabilized soil matrix [4]. Although cement stabilization significantly improves
strength and stiffness, excessive cement content often increases brittleness, making fracture
behavior a governing failure mechanism under repeated traffic loading [5]. Therefore,
fracture parameters such as fracture toughness and fracture energy, which describe crack
propagation resistance and total energy dissipation, are more appropriate indicators of
long-term pavement performance than are conventional strength indices.
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Geotechnical scholars have conducted extensive research on soil fracture properties,
with a primary focus on evaluating the enhancement of fracture parameters through vari-
ous stabilizing materials. Arto [6], Barani [7], and Erarslan [5] investigated the impact of
additives, including lime, biopolymer, and cement, on the fracture characteristics of soils.
Zhang [8] further predicted the fatigue behavior and ultimate failure of stabilized soils
using fracture parameters derived from an inelastic cohesive zone model. Fiber has been
recognized as an effective method of enhancing the fracture resistance of stabilized soils.
Previous studies have consistently reported that both synthetic fibers, e.g., PET, polypropy-
lene, and sisal [9-11], and natural fibers, e.g., rice straw, rice husk, and barley [12-14], can
effectively improve the strength, ductility, and crack resistance of stabilized soils. However,
the reported reinforcing efficiency strongly depends on fiber type, morphology, dosage,
and fiber-matrix interaction mechanisms.

In the current context of promoting green building materials and the utilization of
solid waste resources, recycled tire polymer fiber (RTPF) has emerged as a novel recycled
material with both environmental benefits and engineering potential for improving the
fracture performance of stabilized soils. RTPF is a by-product obtained through industrial
processing from waste tires. Approximately one billion waste tires are generated annually
worldwide, with RTPF accounting for 9-16% of tire recycling products. In the European
Union alone, approximately 25,000 tons of RTPF are recovered from waste tires each
year [15], the majority of which are disposed of by incineration, representing a potential
source of environmental pollution. The main component of RTPF is nylon 66. Depending
on the processing stages, RTPF can be divided into two forms: fibrils (FS) and fiber bundles
(FB). FS consist of individual micron fibers with a length of approximately 8 mm. FB are
comprised of a hybrid fiber system consisting of approximately 20 mm long stripy fibers
and FS. The research conducted by Chen [16] and Onuaguluchi et al. [17,18] indicates that
FS exhibit an equivalent reinforcing effect on conventional polypropylene fibers in concrete.
Abbaspour [19] and Valipour [20] used FB to enhance the strength and ductility parameters
of sandy soil and clay, achieving an enhancement effect similar to that of glass fibers.
Sun [21] found both FS and FB, at appropriate contents, can improve the shear strength and
frost durability of stabilized soil. However, these studies primarily focused on strength-
related properties, while the fracture toughness, crack propagation mechanisms, and fiber
orientation effects of RTPF-reinforced cement-stabilized soils remain poorly understood.

The macroscopic properties of fiber-reinforced composites are the result of the synergis-
tic effect of the non-fiber matrix, fiber reinforcement, and the fiber-matrix interface [22,23].
The spatial distribution characteristics of the fibers in the soil matrix directly determine the
bridging effect and reinforcement efficiency [24]. Studies have shown that the length, con-
tent, dispersion state, and spatial orientation collectively control the bridging behavior of
the fibers, thereby determining the fracture strength, critical crack size, and multiple crack
evolution [25,26]. When the fibers are distributed parallel to the principal tensile stress
direction, they can maximize the reinforcing effect. However, when the fibers change from
an ideal one-dimensional uniform distribution to a three-dimensional random distribution,
their bridging efficiency significantly decreases, and some fiber clusters may even aggregate,
forming local defects [27]. Due to the influence of multiple factors, such as matrix proper-
ties, molding processes, and fiber characteristics, it is difficult for fibers to achieve an ideal
uniform distribution in the soil [28]. Digital image correlation technology (DIC) has been
applied in studying fracture crack propagation and damage evolution in fiber-reinforced
and self-compacting concrete [29,30]. Unlike conventional displacement measurements,
DIC enables full-field strain monitoring and direct visualization of crack evolution, making
it particularly suitable for investigating fracture processes in heterogeneous fiber-reinforced
geomaterials. Existing studies remain largely confined to macroscopic mechanical re-
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sponses, lacking detailed microscopic observations of the evolution mechanism of crack
initiation and propagation during the fracture process. In particular, as a novel type of fiber,
the improvement effect of RTPF on the fracture performance of soil and its underlying
mechanism, especially the intrinsic correlation between the distribution characteristics
of the fiber within the soil matrix and the macroscopic mechanical behavior, still require
further clarification.

This paper investigates the fracture behavior and fiber distribution characteristics of
cement-stabilized soil reinforced with RTPE. Through three-point bending tests integrated
with DIC non-contact deformation measurement, the flexural strength, fracture toughness,
and fracture energy of the stabilized soil under varying RTPF contents and forms were
obtained, and the fracture process and energy absorption mechanisms were analyzed.
Using CT nondestructive testing and SEM analysis, a three-dimensional spatial distribution
model of RTPF was established to elucidate the reinforcement mechanism. The distribution
coefficient was used to reflect the spatial uniformity of fibers within the matrix, and the
orientation index was adopted to characterize the degree of fiber alignment along the
principal stress direction. Accordingly, the relationship between the fiber-reinforcing
parameters and the fracture parameters was established. To the authors” knowledge,
this study is the first to systematically correlate RTPF morphology (FS and FB), three-
dimensional fiber distribution characteristics obtained from CT analysis, and fracture
parameters measured through DIC-assisted fracture testing. The findings are expected to
provide a reference for the optimized design of fiber-reinforced soils.

2. Materials and Methods
2.1. Raw Materials

Test soil was obtained from Shenyang, Liaoning, China, at a depth of 0.7 m. The soil is
classified as a low-plasticity inorganic clay, according to the plasticity chart in Standard
Practice for Classification of Soils for Engineering Purposes ASTM D2487-17 [31]. Since
the salt content in the soil is higher than 0.3%, it is further classified as carbonate saline
soil. The soil was dried, crushed, and screened with a 5 mm strainer for future use. Basic
properties of the soil are listed in Table 1, and the grain distribution is shown in Table 2.

Table 1. Basic physical properties of test soil.

Natural Liquid Plastic Plasticity Specific Maximum Dry Optimal Saline
Index Water Limit Limit Index Gravit Density/g-cm—3 Water Content
Content y tyls Content
Value 17.0% 29.47% 16.21% 13.26% 2.72 1.82 14.3% 2%
Table 2. Soil particle gradation.
Sieve Size/mm 0.075 0.15 0.3 0.6 1.18 2.36 4.75
Passing ratio (by mass)/% 0 2.6 6.8 12.0 18.9 71.1 100

P.O. 42.5 ordinary Portland cement was selected as the stabilized material. The cement
content was determined as 15%, and the water/cement ratio was 0.85, based on preliminary
unconfined compressive strength tests and engineering practice [32]. This proportion
was selected to alleviate the long-term attack of carbonates on Portland cement, while
maintaining proper workability and mechanical properties of the stabilized mixture.

RTPF is derived from the shredding of waste rubber tires. Depending on production
objectives and processing levels, RTPF can be separated into two morphological types:
FB and FS. FB is a hybrid fiber system separated during rough processing for steel fiber
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production, which contains spiral stripy fibers and difficult-to-remove FS, with a mass
proportion of 1.7-18%. FS are comprised of individual crimped micron fibers formed by
further crushing the FB during the fine processing used for producing rubber particles. The
performance parameters of individual FS and stripy fibers in FB are shown in Table 3. Fiber
lengths were measured from 50 randomly selected fibers. The mean lengths of the FS and
FB are 8.2 mm and 21.7 mm, with standard deviations of 1.8 and 4.7, respectively. Untreated
RTPF was selected as the research object. Due to the differing amounts of rubber particles
attached to their surfaces, FS and FB exhibit distinct apparent densities and specific surface
areas. Thus, different mass fractions were adopted based on previous studies and relevant
references: 0.5%, 1%, 2%, 3%, and 4% for FB and 0.1%, 0.2%, 0.4%, 0.8%, and 1.2% for FS.

Table 3. RTPF performance parameters.

Diameter/ Tensile Elastic Moisture
RTPF Type Length/mm yim Strength/MPa  Modulus/GPa AbsI({):{)etlon Elongation/%
FS 18.6-23.6 475-620 3.2-4.5 >0.4 17.7-23.5
Stripy fiber 30-1500 300-2000 2.0-75 0.05-0.13 18.0-25.0

2.2. Specimen Preparation

The mix proportion design was created in accordance with the Specification for Mix
Design of Cement Soil JGJ/T 233-2011 [33]. The soil, cement and RTPF were weighed and
mixed according to the setting mix proportion, and the RTPF was dispersed manually to
ensure uniform dispersion. RTPF was added gradually in three portions, with thorough
mixing after each addition until no visible fiber agglomeration was observed. The mixture
was initially combined with 10% of the mixing water to pre-wet the fibers, enhancing
the bond between RTPF and the soil particles. The remaining water was added in two
increments, with each stirring time lasting not less than 120 s. The specimen for CT scanning
was cylindrical, with a diameter of 50 mm and a height of 100 mm. The mixture was added
to the mold in four layers. Each layer was compacted using a 500 g hammer with a drop
height of 250 mm, with 25 blows applied per layer. Specimens were demolded after 2 h.
The dimensions of the beam specimens were 100 x 100 x 400 mm. The specimen was
prepared in three layers. After each layer was compacted, a pressure of 100 kN was applied
using a hydraulic jack and maintained for 20 min to complete compaction. Specimens
were demolded after 48 h. For each mixture, three parallel specimens were tested, and the
average value was taken as the final result. The coefficient of variation for all measured
properties was less than 15%. Data with a deviation greater than 15% among parallel
specimens were excluded. All specimens were cured in a humidity-controlled curing
chamber at 20 &= 2 °C and >95% RH for 28 days. A pre-notch with a depth of 20 mm and
a width of 2 mm was set at the middle of the beam’s bottom face. The ratio of the cut
height to the specimen height is 0.2. The specimen surface was polished and coated with
a matte black paint speckle pattern for DIC analysis. The beam preparation process and
dimensions are illustrated in Figure 1.

2.3. Test Methods
2.3.1. Three-Point Bending Test

The three-point bending test device consists of two parts: the loading system and the
DIC system, as shown in Figure 2. Following the Test Method for Metallic Fiber Concrete-
Measuring the Flexural Tensile Strength BS EN 14651 [34], loading was applied at the
beam midspan, with bottom support positioned 50 mm from the beam edges. Steel sheets
were placed 5 mm adjacent to the pre-notched area for mounting the extensometer, which
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measured the crack mouth opening displacement (CMOD). The calculation methods for
the fracture parameters are presented in Equations (1) and (5)-(9).
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Figure 1. Preparation and dimensions of the test beam.
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Figure 2. Three-point bending test system.

2.3.2. DIC Analysis

Synchronized data collection was initiated upon activating the load system, utilizing
a high-speed static strain DIC system. To mitigate environmental light interference, two
external light sources were set up to obtain images with stable gray values. A 5-megapixel
industrial camera with a 50 mm focal length lens was used to continuously collect speckle
images at 10 Hz. Before the test, the DIC system was calibrated, and the optical consistency
of the system was checked. The DIC parameters were automatically optimized, with
a subset size of 21 pixels and a step size of 5 pixels adopted for the present speckle
pattern. The zero-mean normalized sum of squared difference was used as the correlation
criterion. Based on system calibration, the measurement uncertainty was approximately
0.01 pixels. Full-field displacement and strain data were derived through Match-ID (2021.1)
software analysis.

2.3.3. CT Analysis

To quantitatively characterize the three-dimensional random distribution of RTPF in
the soil matrix while avoiding fiber dislocation caused by traditional sectioning methods,
this study employed a NanoVoxel 4000 X-ray 3D microscope (Sanying Precision Instruments
Co., Ltd., Tianjin, China) for the non-destructive CT scan of RTPF cement-stabilized soil.
The scan was conducted at a voltage of 200 kV and a current of 350 uA, with a spatial
resolution of 21.31 um. CT images were processed for enhancement and segmentation
using Avizo 3D (2022.2) software, employing the bilateral filtering and IsoData algorithm.
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The process enabled FB to be distinguished from the soil matrix and a three-dimensional
structural model to be reconstructed. CT scanning and image extraction are illustrated
in Figure 3.

Radiation

i . detector

REGIETT Mechanical
source system

Figure 3. CT scan and 3D reconstruction.

2.3.4. SEM Analysis

The CT resolution is comparable to the diameter of the FS, which limits the reliable
identification of single FS. Therefore, scanning electron microscopy (SEM) was utilized to
examine the morphology of FS. SEM observations were performed at an accelerating voltage
of 15 kV, with a working distance of 8.1 mm and a magnification of 50 x in backscattered
electron mode. Specimens were taken from the tested beams, dried, and sputter-coated
with gold prior to observation. Three regions were randomly chosen from each specimen
for SEM analysis. Image J (1.54g) software was applied for image analysis to obtain fiber
counts and dimensions across sections. The distribution coefficient and orientation index
were then calculated using the equations presented in Equations (11)—(13).

3. Results and Discussion

3.1. Fracture Process Analysis
3.1.1. Load—-CMOD Relationship

As shown in Figure 4, the load-CMOD curve characteristics of cement-stabilized soil
under different RTPF contents exhibit consistent characteristics. RTPF-reinforced specimens
exhibited a notable load increase after crack initiation, demonstrating good post-cracking
load-carrying capacity. Increased RTPF content enhances the nonlinear growth phase
of the load—-CMOD curves and substantially elevates the crack initiation load, Pj,;, and
peak load, Prax, of the cement-stabilized soils. FS and FB increase Pjy; by 47.92-175.00%
and 93.75-475.00%, respectively, compared to the results for the non-fiber specimens,
and Pmax rises by 11.93-63.30% and 29.36-292.66%. Based on Li’s pull-out theory [35],
RTPF transfers the external load from the matrix to the fibers through bonding effects
and frictional energy dissipation during the delamination sliding stage. This mechanism
facilitates stress redistribution to the non-fracture area and inhibits crack propagation [21].
SEM observations (see Figure 5) reveal that FS form a dense three-dimensional microcrack-
blocking network through spatial distribution, which optimizes the meso-structure of the
cement-stabilized soil. Moreover, the high specific surface area of FS allows them to be
coated with abundant hydration products, as clearly shown in the SEM images. This
coating likely inhibits microcrack initiation through interfacial chemical bonding between
the fibers and hydration products. FB inhibit the early cracking by FS in the hybrid system,
while significantly increasing the fracture load through the high-modulus stripy fibers.
Macroscopic stripy fiber can cross the inherent pores in the matrix, directly bear loads
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and bridge large-scale cracks. The rough texture on the fiber surface activates a stronger
interlocking effect in the fiber—matrix interfacial transition zone [36]. The groove surface of
the FB increases the fiber-matrix interface friction. During FB pull-out, the surface textures
cause deflection of the crack propagation path, generating a mechanical anchoring effect.
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Figure 4. Load—-CMOD curves.
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Figure 5. SEM morphology and mechanism of RTPE (a) FS; (b) FS cement soil; (c) FB; (d) FB cement soil.

3.1.2. Crack Propagation Process

The horizontal displacement cloud image of RTPF cement-stabilized soil during the
fracture evolution process is shown in Figure 6. Crack widths were quantified using the
built-in Virtual Extensometer tool in Match-ID, with two gauge points placed on opposite
sides of the crack to extract the normal displacement discontinuity as the crack opening
displacement. In the initial loading stage, microcracks underwent stress redistribution with
diffuse distribution characteristics. The specimen exhibits compression in the upper zone
and tension in the lower zone, and the horizontal displacement remains at a relatively low
level. The positive and negative displacement zones move upward from the beam base
with the increase in the load. The appearance of displacement mutation at the pre-notched
tip marks the generation of the crack initiation load and the formation of macroscopic
cracks. Increasing load causes the cracks to extend vertically while opening horizontally.
The displacement mutation zone expands upward, followed by rapid crack penetration
through the full beam height, resulting in structural failure.
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Figure 6. Displacement cloud images under different loads.

Comparative analysis of fracture strain cloud images (Figure 7) and crack parameters
(Figure 8) under different RTPF contents indicates that non-fiber specimens exhibit typical
brittle fracture characteristics. Cement soil is a brittle material; the specimens without fiber
reinforcement experience instantaneous fracture immediately after crack initiation. Limited
by the low frame rate of the DIC system, only 1-2 frames successfully recorded the critical
crack propagation stage. RTPF achieves crack blocking and energy dissipation effects
through fiber-matrix de-bonding and the pull-out mechanism, which greatly delays the
crack initiation time. Moreover, the regulative effect of the fiber reinforcement mechanism
on the fracture behavior intensifies at higher fiber contents. When RTPF contents exceed
0.4% for FS and 1% for FB, both the time interval from initiation to fracture and the ultimate
crack width significantly increase. FS and FB extend the fracture time to 4.75 s and 11.15 s,
respectively. Morphological analysis of fracture cracks reveals that 1.2% FS induces tortuous
deflection of the crack path, prolongs the crack propagation path, and forms multi-level
branch cracks. Conversely, 4% FB significantly amplifies the maximum crack width from
0.40 mm of FS to 2.74 mm. These observations collectively demonstrate that FS affect
the microcrack development by regulating the microstructure of cement-stabilized soil,
while the FB system has a more significant regulatory effect on the macroscopic properties
after damage.

Figure 7. Strain cloud images at different RTPF contents.
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Figure 8. Fracture time and crack width.

3.2. Fracture Parameters Analysis
3.2.1. Flexural Strength

Fracture parameters are quantitative analysis indicators of fracture performance. The
flexural strength, ff, represents the maximum stress of the material before fracture under
bending load, reflecting the strength limit of RTPF cement-stabilized soil under uniform
force, which can be calculated according to BS EN 14651 [34]:

35Pax

ff - ZB(H — Ll())z

1)
where S is the span length between two supports (mm), Pmax is the peak load in
load—-CMOD curves (kN), B is the specimen width (mm), H is the specimen height (mm),
and ay is the prefabricated crack height (mm).

The strength gain ratio, J (Equation (2)), was adopted to represent the flexural strength
gain rate caused by the increase in RTPF content.

Frivr) = fra

5 =
Frii

x 100% )

It can be seen from Figure 9 that RTPF significantly enhances the flexural strength of
cement-stabilized soils. FS and FB increase the flexural strength from 0.77 MPa to 1.25 MPa
and 3.01 MPa, respectively. Previous studies have reported that PET, carbon, jute, and
PVA fibers increase the flexural strength of stabilized soils by 80%, 31.5%, 187%, and
181%, respectively [9,37,38]. The enhancement achieved by FS is comparable to that of
PET fiber, while the increase resulting from FB substantially exceeds most reported val-
ues, demonstrating the notable reinforcing efficiency of RTPFE. RTPF inhibits the initiation
and development of micro-cracks inside cement-stabilized soil through the fiber-matrix
interface bonding effect and the three-dimensional network bridging effect. The enhanc-
ing effect is positively correlated with RTPF content, w. The variation trend of flexural
strength with the increase in RTPF content is described by the power function, as shown
in Equations (3) and (4). The solid lines in Figure 9 represent the fitted curves, and the
dashed lines indicate the 95% confidence bands. The frw fitting function index 0.875 and
the coefficient 0.699 of FB are both higher than the 0.464 and 0.758 of FS, indicating that the
content of FB has a stronger correlation with flexural strength. The strength gain rate of
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RTPF initially increases and then decreases. The improvement effect of the increase in FS on
the flexural strength gradually tends to saturation after wgg higher than 0.4% are reached,
with Jgg ranging from 8.45% to 6.59%. However, dpg decreases when the content of FB
exceeds 1%, but is still higher than 10%. The stripy fibers in FB form a skeletal framework
for cement-stabilized soil. The multi-scale stress transmission mechanism enabled FB to
maintain a relatively superior performance regulation effect, even at a high content.
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Figure 9. Influence of RTPF on flexural strength.

3.2.2. Double-K Fracture Toughness

Fracture toughness, K, is used to evaluate the failure threshold of RTPF cement-
stabilized soil under cracked defect conditions. The unstable fracture toughness, Ki", is
composed of the inherent initiation fracture toughness of the material in the pre-notched
tip region, Ki™, and the cohesive fracture toughness determined by the cohesive force along
the fracture process zone, Ky, [39]. The fracture toughness can be calculated according to
the Norm for Fracture Test of Hydraulic Concrete DL/T 5332-2005 [40] and the methods of
references [41,42], as shown in Equations (5)—(8):

& = K + K, ®)
3PS x 1073
Kic = W\/ﬁk(ﬂ)(“) (6)
. 3PS x1073
T v'Hk gy (a0) @)
3PS X 1073
= T e VHk ) (o) (8)

where « is the crack-height ratio, « =a/H, oy = ag/H, ac = a./H, a is the crack height at the
midspan of the specimen, a. is the effective crack height, § is the span—depth ratio, p = S/H,
and kg(«) represents the functional relationship between « and B.

Figure 10 reveals a nonlinear strengthening effect of RTPF on the fracture toughness of
cement-stabilized soils, where the double-K fracture parameters increase with the increase
in RTPF content but exhibit progressively diminishing growth rates. At a 0.2% FS content,
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K}’;l surges from 0.05 MPa-m!/2 to 0.11 MPa-m?!/ 2 witha growth rate of 100%. However,
increasing FS content elevation leads to marginal diminution of fiber-reinforcement ef-
ficiency. KiM increases linearly with the increase in FB content up to 3%, but shows a
diminishing increase at higher fiber contents, with Kﬁ“ stabilizing at 0.28-0.30 MPa-m!/2.
Owing to the relatively small deformation prior to specimen cracking, the strength of the
cement-stabilized matrix and particle interlocking are the primary factors governing crack
initiation. This contrasting behavior arises from their distinct controlling mechanisms.
Crack initiation is governed by pre-existing defects within the cementitious matrix, which
are not substantially altered by fiber addition; thus, the crack initiation load reaches a satu-
ration plateau. In contrast, unstable fracturing is controlled by the fiber bridging capacity.
This capacity continues to improve with increasing fiber content via frictional fiber pull-out
and energy dissipation, resulting in a sustained rise in fracture resistance.
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Figure 10. Influence of RTPF on double-K fracture toughness.

FS and FB increase K{' from 0.19 MPa-m1/2 to 0.37 MPa-m!/2 and 0.78 MPa-m!/2,
respectively. K{i" increases significantly with a FS content of 0.1-0.4%, reaching 93.25% of
the maximum value. Adding FB with a content of 0.5-4% leads to a continuous increase in

ot at a rate of 0.07-0.15 MPa-m!/2. The trend of i varying with FB content is consistent
with that of K{I, linearly increasing from 0.14 MPa-m'/2 to 0.49 MPa-m'/2 at a near-constant
rate. The incorporation of FS increases Kj, to 0.21-0.23 MPa-m!/2, and the variation range
of Ki, is relatively small, indicating that K}, exhibits low sensitivity to FS content. Previous
studies reported that the initiation fracture toughness of PVA and jute-fiber-reinforced
cement-stabilized soil is 0.421 and 0.372 MPa-m'/? [38], respectively, and that of rice-
straw-fiber-reinforced-lime-stabilized soil is 0.063 MPa-m!/2 [12]. This indicates that RTPF
achieves fracture toughness enhancement comparable to, or even better than, that of
conventional fibers. During the crack propagation and unstable fracture stages, RTPF
anchors the matrix at both ends of the crack and absorbs energy through the bond-slip
mechanism, thus enabling the fiber bridging effect to be fully exerted. Increased RTPF
content heightened the fiber density along the crack paths. The stripy fibers in FB form
a continuous reinforcement phase, enhancing the stress field intensity near the crack tip.
Consequently, a greater external load is required for crack advancement, manifesting as
an increase in unstable fracture toughness. Conversely, FS are constrained by size effects
and fail to dissipate energy in millimeter-scale cracks. Moreover, when FS content reaches
the critical threshold, the fiber spacing decreases, the interfacial stress overlaps, and the
inhibitory effect on microcracks saturates.
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3.2.3. Fracture Energy

Fracture energy, G, represents the energy consumed per unit area during the fracture
process of RTPF cement-stabilized soil, reflecting the nonlinear energy absorption char-
acteristics of ductile fracture and serving as the basis for the damage tolerance design of
engineering structures. Gy is calculated through Equation (9) [43]:

W W Wy fo P(8)dS + mgdmax
Alig Alig B(H — ao)

Gr = 9)
where W is the total work done by the external load (N-mm), W is the total work done by
specimen self-weight (N-mm), Aj;, is the fracture surface area (mm?), m is the specimen
mass between support points (kg), g is gravitational acceleration (m/s?), 4 is the specimen
displacement during loading (mm), and CMOD = 100 um was taken as the fracture criterion.

Enhancement efficiency, 7, is defined to represent the increase in fracture energy
caused by each additional unit of RTPF, and is calculated by Equation (10):

(Grii+1) — Gr)/ Gy

= x 100% 10
1 Wit1 — Wi 10)

Based on Figure 11, it can be stated that FS and FB increase the fracture energy of
cement-stabilized soils from 11.51 N-m~! to 17.11 N-m~! and 37.76 N-m !, representing
gains of 49% and 228%, respectively. The enhancement efficiency of RTPF decreases with
the increase in FS content, while it first increases and then decreases with the increase in FB.
When FS content rises from 0 to 0.2%, #ps is 108.76-110.85%, while #pg decreases to 6.72%
as content increases from 0.8% to 1.2%. npp attains 155.03% at 1% content of FB, followed by
a gradual decline to 5.43% as the content increases further. The resistance provided by the
mechanical interlocking effect of FS enhances the energy dissipation during the micro-crack
propagation process, thereby increasing the local toughness. In contrast, the dominant
failure mode for stripy fibers in FB is fiber-matrix de-bonding and pull-out (Figure 12),
where the frictional resistance governs the bridging mechanism. Simultaneously, SEM
images in Figure 5 reveal that rubber particles are observed to adhere to the fiber surfaces.
These particles induce micro-elastic deformation under applied stress [44], providing an
additional energy dissipation mechanism that contributes to the retardation of subcritical
crack growth.
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Figure 11. Influence of RTPF on fracture energy and fiber reinforcement efficiency.
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Figure 12. Fiber pull-out morphology on fracture surfaces.

3.3. RTPF Distribution and Fracture Parameters Calculation Method
3.3.1. Distribution and Orientation Characteristics of RTPF

The distribution of FB and FS can be observed through CT and SEM images, respec-
tively (Figure 13). RTPF is relatively uniformly distributed within the cement-stabilized soil.
After the failure of the soil matrix, some RTPF were pulled out from the matrix, leaving
voids, and the de-bonded fibers remained structurally intact. This indicates that the tensile
strength of RTPF is significantly higher than that of the soil matrix, demonstrating the good
toughness and load-bearing capacity of RTPFE.

Soil matrix

EHT =15.00 kV Signal A=HDBSD Date :11 Dec 2023
WD = 8.1 mm Mag= 50X Time :19:41:32

Soil matrix

EHT =15.00 kv Signal A = HDBSD Date 111 Dec 2023 ZEISS|
WD = 89 mm Mag= 50X Time :2040:12

Figure 13. CT scan and SEM images.
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Based on the Wilkinson stacked dot plot of FB length distribution (Figure 14), it can
be observed that the increase in fiber content leads to a gradual increase in the dispersion
of fiber length distribution. At a fiber content of 0.5%, the fiber lengths are primarily
concentrated in the range of 7-12 mm, while at a 2% fiber content, the distribution range
expands to 3-15 mm. With the fiber content increasing to 2%, the count of short fibers
increases significantly, resulting in a corresponding reduction in fiber spacing. Notably, as
the fiber content increases, the total count of fibers identified in the CT model decreases,
from 192 at 0.5% to 169 at 2%, indicating the occurrence of fiber overlapping and bundling.
This is confirmed by CT slice observations, which reveal more frequent fiber intersections
within the same planes. The reduction in counted fibers can be attributed to the threshold
segmentation algorithm, which cannot distinguish closely contacting or intersecting fibers
in three-dimensional space and thus identifies them as single connected domains. The
maximum measured length of 50 randomly selected FB is 29.6 mm. Therefore, fibers
exceeding 30 mm in the CT-reconstructed model were classified as overlapping fibers. With
the increase in fiber content, the count of longer fibers rises noticeably, and the proportion of
overlapping fibers increases from 3.14% to 6.47%. These findings demonstrate that higher
fiber content increases the spatial density of fibers, enhancing fiber—fiber interactions and
promoting mechanical interlocking and contact.
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Figure 14. Length distribution of FB and diagram of fiber overlapping.
The distribution coefficient, #, and the orientation index, g, were employed to quan-

titatively evaluate the uniform dispersion of RTPF and the average orientation on the
cross-section, respectively, as described in Equations (11)—(13) [26,45]:

L (3ol —1)2
o= exp | || T Rwernse 7 (11)
n
= LyX ose, (0 < 0 < 90° 12
ﬂe—zznzlcosn( <6<90°) (12)
cosf =dg/l (13)

where X; is the fiber count in the i image, Xaverage is the average fiber count over n images,
and 7 is the total image count. The value of « ranges from 0 to 1, and a value closer to
1 indicates a more uniform fiber distribution across the cross-section. Additionally, 6, is
the angle between the axial direction of the n fiber and the direction normal to the cutting
plane, d; is fiber diameter, and ! is the length of the fiber major axis in the image.
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The distribution and orientation of FB in soil exhibit typical normal distribution
characteristics, and the probability density distribution is shown in Figure 15. With an
increase in fiber content, the fiber count on the cross-section significantly increases, and
the fiber spacing decreases, thereby enhancing the tensile resistance provided by the fibers.
When the fiber content is 0.5%, 1%, and 2%, « of FB is 0.72, 0.79, and 0.81, respectively,
while the #¢ is 0.40, 0.34, and 0.33. Evidently, an increase in fiber content leads to a higher «
and a reduction in #7g. The parameter changes are more pronounced when the fiber content
increases from 0.5% to 1%, whereas the changes become less significant when the content
increases from 1% to 2%. This trend is consistent with the macroscopic mechanical behavior,
where the increase in flexural strength diminishes at higher fiber contents, suggesting a
gradual saturation of the fiber reinforcement effect under high-fiber-content conditions.
Further measurements and calculations based on SEM images reveal that the « and 7 of FS
are 0.65 and 0.24, respectively. The cement-stabilized soil matrix is heterogeneous, leading to
multi-directional crack growth. A reduction in #¢ indicates a more random fiber orientation,
which allows fibers to bridge potential crack planes in multiple directions. It also facilitates
a three-dimensional fiber network for multi-directional stress transfer, thereby improving
overall fracture resistance. The crimped topological structure of FS results in a multi-axial
orientation distribution, with a higher degree of orientation dispersion compared to that of
FB, thereby providing superior inhibition of multi-directional propagating microcracks. In
contrast, the FB, characterized as independent and less deformable single entities, exhibit
better dispersion uniformity within the matrix than do the highly compliant FS.
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Figure 15. Distribution and orientation index of FB.

3.3.2. Calculation Method for Fracture Parameters

The reinforcing effect of RTPF is significantly influenced by its geometric dimensions,
and its spatial distribution within the matrix is closely related to the fiber content. Therefore,
to comprehensively characterize the combined influence of fiber content, w, diameter, d,
and length, I, the fiber reinforcing index, RI, was adopted to quantify the reinforcing
efficiency of RTPF. Among these parameters, the length of FB is taken as the mean value
measured from CT images, which is 18.54 mm. Other dimensions are determined from
SEM images. The diameter of FB is 1.07 mm, and the diameter and length of FS are 0.03 mm
and 8.12 mm, respectively.

RI=wxl/d (14)

Regression analysis was conducted on the test results under the conditions of 0,
0.1%, 0.2%, 0.4% and 1.2% for FS and 0, 0.5%, 1%, 2%, and 4% for FB. On this basis, a
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calculation method for the fracture parameters of RTPF cement-stabilized soil, considering
the influence of RI, was established. The results are shown in Equations (15)—(18).

K{¢ rs) = 0.06 + 0.08RIps — 0.02RIEs (R* = 0.947) (15)
Ki¢(rs) = 022+ 0.17RIps — 0.04R1%s (R? = 0.907) (16)
K;'g(FB) = 0.05+ 0.61RIrp — 0.38RI%; (R? = 0.998) (17)
Ki¢(rp) = 0.18 + 1.61RIpp — 1.06RIZ; (R? = 0.992) (18)

To verify the applicability of the above model, test data under the conditions of 0.8% FS
and 3% FB were selected as the validation set, and these were not included in the regression
analysis. The relative error between the theoretical values and the measured values is less
than 12.66%. As shown in Figure 16, the theoretical values are closely distributed along
the 45° reference line, indicating good agreement with the experimental measurements.
The error analysis indicates that the ratio of the predicted values to the measured values
of all data points ranges from 0.92 to 1.07, with the mean absolute error controlled within
2.6%, and the normalized root mean square error is lower than 0.125. All error metrics
remain at a low level, indicating that the proposed Rl-based calculation method reliably
estimates fracture performance within the tested range (0-1.2% FS or 0—4% FB). This
empirical relationship is intended for trend description within this range and should not be
extrapolated beyond the current experimental conditions.
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Figure 16. Comparison between theoretical values and measured values.

4. Conclusions

Based on three-point bending tests integrated with the DIC system, this study investi-
gates the fracture behavior of RTPF cement-stabilized soil. The distribution and orientation
of RTPF within the soil matrix were further analyzed through CT scan and SEM analysis.
The conclusions are as follows:

(1) RTPF effectively delays crack initiation and promotes a more ductile fracture
process, indicating its potential to mitigate brittle failure in cement-stabilized soils. FS
primarily enhance resistance to microcrack initiation through microstructural refinement,
whereas FB provide superior post-cracking reinforcement through crack bridging and
pull-out mechanisms.
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(2) RTPF increases the flexural strength and has a nonlinear strengthening effect on
the fracture toughness and fracture energy of cement-stabilized soils. Optimal reinforcing
efficiency is obtained at 0.2-0.4% FS and 1-2% FB.

(3) Fiber distribution exhibits a higher distribution coefficient and a lower orienta-
tion index, which saturate with increasing fiber content. Improved fiber dispersion and
multi-directional orientation enhance the effectiveness of crack-bridging mechanisms and
contribute to improved fracture performance.

(4) Under the experimental conditions of 15% cement content, 28 day curing age,
0-1.2% FS, and 0-4% FB, fracture toughness can be reasonably estimated using the pro-
posed fiber-reinforcing parameter.

RTPF provides an effective and sustainable reinforcement strategy for cement-
stabilized soils by improving crack resistance, fracture toughness, and energy absorption
capacity, thereby significantly enhancing the durability and crack resistance of cement-
stabilized subgrade materials under repeated traffic loading. FB exhibit superior reinforce-
ment efficiency compared with that of FS. CT-based distribution analysis demonstrates
that fiber spatial characteristics play a key role in governing fracture behavior. For practi-
cal applications, the recommended RTPF contents are 0.4% FS and 1% FB, which can be
achieved using conventional mixing equipment and are feasible for field implementation.
As a recycled material, RTPF contributes to waste tire valorization while enhancing the
mechanical performance of pavement and geotechnical structures.

However, the proposed calculation method for fracture parameters was developed
for a specific saline soil and cement content; therefore, further validation under different
soil types, curing conditions, and field environments is necessary. Future studies should
investigate the long-term durability, cyclic loading performance, and field applicability of
RTPF-reinforced cement-stabilized soils.
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CMOD  Crack mouth opening displacement
FB Fiber bundles

FS Fibrils

RTPF Recycled tire polymeric fiber
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