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Microstructural Analysis of Interface Modification by
Silane Coupling Agents in Asphalt–Grout ITZ of

Semiflexible Pavements
Xiaoyu Liu, Ph.D.1; Kuanghuai Wu, Ph.D.2; Yi Li, Ph.D.3; Giovanni Giacomello, Ph.D.4;

Yunpeng Yue, Ph.D.5; Fengming Ren, Ph.D.6; and Marco Pasetto, Ph.D.7

Abstract: Semiflexible pavement (SFP) is a composite material composed of porous asphalt mixtures and cementitious grout substances.
Numerous asphalt–grout interfacial transition zones (ITZ) exist within this material and present inherent susceptibility to cracking. However,
the microstructural changes within these interfaces remain inadequately understood due to the material’s complex and multiphase nature. This
study investigates the microstructural characteristics of the asphalt–grout ITZ and its relationship with SFP’s macroscale performance,
focusing on silane coupling agent modification. Atomic force microscopy (AFM) was first employed to analyze the effects of curing
age, grout strength, and interfacial modification. Then, scanning electron microscopy (SEM) analysis was used to explore the correlation
between the micromorphology and macroscopic mechanical properties of the asphalt–grout ITZ. Finally, a semicircular bending test was
applied to test the crack resistance of SFP after interface modification. The results show that immersion of the porous asphalt mixture
specimens with the interface modifier can enhance the microscopic properties of the asphalt and cementitious grout materials. The ITZ
between asphalt and grout forms a double-layer structure, with smoother interfaces observed after applying the interfacial modifier. The
width of the asphalt–grout ITZ may exceed 30 μm after SFP formed for 28 days. Microcracks in the asphalt–grout ITZ were significantly
reduced after interface modification. These findings provide insights into proactive strategies for reducing cracking at asphalt–grout
interfaces, thereby enhancing the overall performance of SFP. DOI: 10.1061/JMCEE7.MTENG-20997. © 2025 American Society of Civil
Engineers.

Author keywords: Semiflexible pavement (SFP); Asphalt–grout interfacial transition zone (ITZ); Interfacial modifier; Atomic force
microscopy (AFM); Silane coupling agent.

Introduction

Semiflexible pavement (SFP) material is a unique type of road
material composed of a porous asphalt mixture (PAM) and cemen-
titious grout material, with the void content of the asphalt mixture
typically ranging from 20% to 35% (Pei et al. 2016; Sui et al.
2024). Compared to traditional asphalt mixtures, SFP offers im-
proved rutting resistance, as well as higher compressive and shear

strength (Zhao and Yang 2022). These characteristics make SFP
particularly effective in addressing common issues in asphalt
pavements, such as rutting and water damage. It shows promise
for use in heavy-load pavements, intersections, bus stops, and other
specialized areas (Hu et al. 2023).

In SFP, two main interfacial transition zones (ITZs) (Cheng et al.
2023; Liu et al. 2025a) exist: the aggregate-asphalt interface and the
asphalt–grout interface, with the latter being the primary interface
and often regarded as the weakest point in SFP materials (Cheng
et al. 2023; Wang et al. 2021). The ITZ between asphalt and
cementitious grout plays a significant role, as cracking at these
interfaces is one of the main failure modes of SFP (Liu et al. 2025b;
Zhang et al. 2024b). Consequently, in addition to the complex con-
struction techniques and high costs, cracking represents a primary
barrier to the promotion of SFP (Wu et al. 2021). Previous studies
(Cai et al. 2020a; Ling et al. 2022a) have demonstrated that the
application of interfacial modifiers, such as silane coupling agents,
can enhance the crack resistance of SFP (Davoodi et al. 2022;
Fan et al. 2024; Lin et al. 2022). Liu et al. (2023) research indicated
that SFP constructed with low-strength grout material can improve
asphalt–grout interfacial adhesion through the application of a
silane coupling agent solution, leading to enhanced mechanical
properties across the entire SFP. While these improvements have
primarily been observed at the macroscopic level, the underlying
microstructural mechanisms that drive these enhancements remain
poorly understood. Characterizing the internal structural changes
within SFP is crucial for elucidating the mechanisms of microstruc-
tural damage and their effects on overall performance (Cai et al.
2019). The macroscopic behavior of SFP is closely tied to changes
in the microscopic mechanical properties at the composite interface
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(Lai et al. 2024). Traditional laboratory tests that measure
macroscopic parameters often fail to capture the complexities of mi-
crostructural damage in SFP materials (Zhang et al. 2023a). There-
fore, a microscale analysis is essential for clarifying the load transfer
mechanisms involved (Gao et al. 2023; Qiang et al. 2011). To in-
vestigate the adhesion properties at the asphalt–grout interface, re-
searchers have begun employing microscopic techniques, including
fluorescence microscopy (Abdessalem et al. 2021; Xie et al. 2023;
Zhang et al. 2024c) and scanning electron microscopy (SEM) (Hoy
et al. 2018; Pouliot et al. 2003). Zhu et al. (2017) employed nano-
scale metrology to examine the micromechanics, microstructure,
and chemistry of ITZ in mastic and aggregate surfaces. Their results
identified ITZ as a weak link in asphalt mixtures, with a thickness of
5–20 μm and a modulus between that of the aggregate and mastic.
Zhao et al. (2023) investigated the effects of thermal aging and
moisture on the micromechanical properties of ITZ in PA mixtures.
The results found that ITZ thickness ranges from 10–20 μm, with
aging increasing the modulus of both asphalt mastic and ITZ, while
moisture reduces ITZ modulus and slightly increases its width.
Thermal aging had little impact on ITZ thickness. ITZ is typically
10–50 μm thick in concrete and asphalt mixtures and plays a crucial
role in mechanical behavior, durability, and resistance to external
factors (Xu et al. 2022). Its molecular and atomic characteristics
govern interactions between asphalt mastic and aggregate and influ-
ence adhesion, cohesion, and load transfer efficiency (Xu et al.
2020). Chemical bonding, van der Waals forces, and polar inter-
actions determine the strength of asphalt-aggregate adhesion and
directly affect ITZ performance (Guo et al. 2020). However,
existing research methods have not adequately revealed the effects
of interface properties at the molecular and atomic levels, nor have
they explored how nanoscale interactions at the asphalt–grout in-
terface influence the macroscopic properties of SFP (Cui et al.
2021).

Despite the known benefits of interfacial modification, most
existing studies have concentrated on the macroscopic modifica-
tions of grout materials (Raza and Sharma 2024) and the mixing
proportions of matrix mixtures (Zarei et al. 2022; Zhang et al.
2024a), with limited research addressing the factors influencing
properties, such as the microscopic evolution of the asphalt–grout
ITZ (Cai et al. 2021). The microstructural evolution of SFP before
and after such reinforcement has not been thoroughly examined,
and this gap in knowledge hinders a deeper understanding of the
mechanisms that influence overall pavement performance. There-
fore, further investigation is necessary to clarify the damage process
occurring at the ITZ and its influence on SFP performance using
micromechanics techniques (Ling et al. 2021, 2022b). This paper
investigates the microstructural interface properties of SFP with
varying strengths of grout materials, both before and after interface
reinforcement using micromechanics techniques. The ITZ between
asphalt and grout of SFP was tested using atomic force microscopy
(AFM) (Allen et al. 2012) with different grout strengths, different
curing ages, and interface modifications. Additionally, the impacts
of the ITZ between asphalt and grout before and after applying
interface modifiers are analyzed using SEM. The results can be
used to characterize the mechanical properties of SFP composites
under the composite interface microstructure.

Therefore, this study aims to bridge the gap by investigating the
microstructural characteristics of the asphalt–grout interface in SFP,
particularly after immersion in a silane coupling agent solution. By
linking these microstructural insights to macroscopic performance,
this research seeks to provide strategies for improving the durability
and resilience of SFP in road construction.

Materials and Methods

Materials

Asphalt and Aggregate
A representative styrene-butadiene-styrene block copolymers
(SBS)-modified asphalt sample was selected for this study. Table 1
lists the parameters of the SBS-modified asphalt. The coarse aggre-
gates were natural diabase. The SBS content is 4.1% by weight, and
the specifications of rheological properties of the applied SBS-
modified asphalt are depicted in Table 2.

SFP consists of an open-graded asphalt mixture skeleton and
cement grouting material. The gradation design is listed in Fig. 1.
The asphalt content is 4.5% by weight. The particle size distribu-
tion of the PAM specimens is as follows: aggregates with a size
range of 9.5–13.6 mm account for 63.1%, while those in the ranges
of 4.75–9.5 mm and 2.36–4.75 mm constitute 24.9% and 8.5%,
respectively. Mineral powder comprises 3.5% of the mixture, and
the bitumen-to-aggregate ratio is 3.6%. The void ratio of the PAM
specimens was determined using the volume method, as specified

Fig. 1. Gradations of the aggregates.

Table 2. Rheological properties of the applied SBS-modified asphalt

Properties Unit Test results

Performance grade (PG) — 76–22
Complex shear modulus @64°C (G*) kPa 16.35
Phase angle @64°C (δ) Degrees 67
Creep stiffness @-12°C (S) MPa 95.20
m-value @-12°C — 0.50

Table 1. Specifications of the asphalt

Properties
Technical

requirements
Test
results

Elastic recovery ratio @25°C (%) ≥90 95.0
Ductility @5°C and 5 cm=min (cm) >20 32.0
Penetration @25°C,100 g, and 5 s (0.1 mm) 40–60 54
Penetration index (PI) ≥0 0.06
Storage stability (softening point)@163°C and 48 h (°C) ≤2.5 1
Softening point R&B (°C) >70 88.5
Viscosity @135°C (pa · s) ≤3.0 2.36

Note: The asphalt was produced by Shell Xinyue (Foshan) Asphalt.
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in Chinese standard JT/T E20-2017 (Chinese Standard 2011), and
ranged from 28% to 30%.

Grout Materials
Three types of grout materials, each with varying strengths, were
utilized. The specifications of the grout materials are depicted in
Table 3. The water–binder ratios for these materials were provided
as recommendations by the manufacturers.

Interfacial Modifier
Previous work (Liu et al. 2023) has demonstrated that the mechani-
cal properties of the composite interface in SFP materials can be
enhanced by grouting the PAM specimens after immersion them
with a silane coupling agent solution. In this study, the silane
coupling agent KH-570, a colorless clear liquid with a chromato-
graphic purity of ≥98%, a density of 1.02–1.06 g=cm3, and a
refractive index of 1.426–1.435 at 25°C, was employed to enhance
the properties of the asphalt–grout interface. A solution of 72%
methanol, 20% silane coupling agent, and 8% water was prepared
for immersion in the samples. Fig. 2 illustrates the experimental
steps of the interface immersion using a silane coupling agent.
Standard-sized PAM specimens were molded according to speci-
fications, the PAM specimens were cooled to room temperature,
and the grout material was poured into them. During the grouting

process, the specimens are vibrated for 1–3 min using a small
shaker to promote grouting. In order to explore the effects of the
asphalt–grout interfacial strength on the overall mechanical proper-
ties of the SFP, the as-formed PAM specimens were immersed in
the silane coupling agent solution for 1 h and then grouted to obtain
SFP specimens.

Atomic Force Microscope Test

AFM Sample Preparation
The AFM test was conducted to analyze the interface properties of
three types of grout materials with varying strengths at different
curing ages, i.e., 3 days, 7 days, 14 days, and 28 days. The instru-
ment mode used was a Dimension ICONAFM (Bruker, Germany).
The probe used was type P/N MPP-11120-10, made of silicon (Fan
et al. 2021). The cantilever has a nominal elastic modulus of 40 N=m,
a tip height of 10–15 μm, and a tip radius of curvature of 8 nm. The
scanning resolution used in this experiment is 256 × 256, and the
scanning frequency is 0.5 Hz.

Since polishing will cause the resin material that encapsulates
the asphalt to mix into the asphalt, affecting the observation results
of asphalt–grout ITZ during AFM testing. Therefore, a special
method was used instead of polishing in this study. The asphalt–
grout interface sample of SFP samples was prepared on glass slides,
and asphalt was heated in an oven until it became flowable. Then,
a suitable amount was dropped onto the slide. After cooling, pre-
mixed cementitious grout materials were poured to fully encase the
asphalt, as depicted in Fig. 3. AFM grouting is to drip the grout
around the asphalt to form asphalt–grout naturally. Epoxy resin
two-component adhesive glue was used to attach another slide on
top. Then, the sample was placed in a −15°C refrigerator for 2 h to
freeze. After freezing, the first slide was removed, leaving a flat
surface. The surface roughness of the sample could be kept below
5 μm during preparation. The asphalt film thickness in asphalt mix-
ture typically ranges from 5 to 20 μm (Kandhal and Chakraborty
1996). In this study, the oil-stone ratio is 4.7, resulting in an asphalt

Table 3. Specifications of the grout materials

Materials
Water–binder

ratio

Compressive
strength

(28 days) (MPa)

Flexural
strength

(28 days) (MPa)

Tensile
strength
(MPa)

Fluidity
(s)

GM-40 0.32 36.88 8.30 1.11 10
GM-60 0.30 57.02 10.30 2.02 16
GM-70 0.27 70.00 11.90 1.19 11

Note: GM-40, GM-60, and GM-70 denote grout material named Sobute, Sino,
and Unikrete respectively produced by Sobute New Materials Co., Ltd., Beijing
Sino-Sina Building Technolgy Co., Ltd., and Zhejiang Weihua New Building
Materials Co., Ltd.

Fig. 2. Flowchart of SFP specimens with a silane coupling agent solution.

Fig. 3. The pre-process and the sample result for the AFM test. (Images by author Xiaoyu Liu.)
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film thickness of 10.8 μm. The AFM measurement area is 15 μm
wide, ensuring that the observed region fully encompasses the as-
phalt film. Therefore, the asphalt film width measured by AFM
aligns with actual engineering conditions.

PF-QNM Mode
The peak force quantitative nanomechanical mapping (PF-QNM)
mode is used to analyze the AFM results (Gao et al. 2019). Four
metrics, including height, DMT modulus, adhesion, and dissipa-
tion, have been used to evaluate the interface properties of SFP
materials. This method is composed of two steps, peak force
tapping (PFT) mode for imaging, and QNM for characterization
(Ren et al. 2019).

The principle of PF-QNM mode in the AFM test is shown in
Fig. 4. The probe comprises a tip and a cantilever and is utilized
to examine the sample surface using a sinusoidal wave probe.
As the force reaches the predetermined peak force, it serves as a
feedback signal, providing physical and mechanical insights into
the interaction between the tip and the sample at each point. This
process includes two stages, i.e., forward and backward. During the
backward process of the tip, the van der Waals force generates a

peak attraction, denoted as the adhesion force Fadh between the
tip and the SFP sample. The area enclosed by the peak force vs tip
separation distance curve represents the dissipated energy. The
elastic modulus of the material E� can be calculated by

Ftip ¼ 4

3
E�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Rðd − d0Þ3

q
þ Fadh ð1Þ

E� ¼
�
1 − v2s
Es

þ 1 − v2tip
Etip

�−1
ð2Þ

where Ftip = peak force of the tip; R = radius of curvature of the tip;
d = radius of the scanning tube; d0 = cantilever deformation; vs and
vtip = Poisson’s ratios of the pattern and the tip, respectively; Es
and Etip = elastic moduli of the pattern and the tip respectively.

Scanning Electron Microscopy Test

Besides the AFM test, the SEM test was conducted to examine the
microscopic morphology of the ITZ between asphalt and grout in
SFP materials after interface modification, as shown in Fig. 5. To
facilitate this analysis, the surface of the SFP sample was sectioned

Fig. 4. Principle of (a) PF-QNM mode using AFM and (b) the force-displacement curve.

Fig. 5. The main step of the SEM test. (Images by author Xiaoyu Liu.)
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to prepare a batch of small specimens of the ITZ, each measuring
1 cm × 1 cm × 0.5 cm.

Semicircular Bending Test

To test the crack resistance of SFP after interface modification, the
semicircular bending test was applied according to the standard of
AASHTO-TP-124-16 (AASHTO 2016). The hardening models
were compacted into cylindrical specimens with a diameter of
150 mm and a height of 170 mm using GM-40 grouting material.
Subsequently, each specimen was halved to obtain semicircular
bending test specimens. The semicircular bending test specimens
were prepared by cutting the cylindrical samples, resulting in a
diameter of 150 mm and a thickness of 50 mm. A centrally located

notch, 15 mm in length, was introduced at the bottom of each
specimen. The experiments were conducted at a temperature of
25°C with a loading rate of 2 mm=min.

Results

Curing Ages Analysis

Fig. 6 shows the microstructural characteristics of the asphalt–grout
interface in SFP materials with different curing ages using the AFM
method. Note that only the GM-60 grout materials are shown, as
this strength is widely used in SFP. The results in Fig. 6(a) show
that with increasing curing age, the interaction boundary of the
asphalt–grout composite interface becomes more and more blurred.

Fig. 6. Microstructural characteristics in GM-60 SFP material with different curing ages using AFM method: (a) Height map; (b) DMT modulus map; (c) Adhesion map;
and (d) dissipation map. Note that a smooth surface on the left image indicates asphalt materials while a rough surface on the right indicates cementitious grout
materials.
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The asphalt and cementitious grout have a clear sunken boundary
at the curing age of 3 d. After the curing age reaches 7 days, the
boundary gradually disappears and the ITZ between asphalt and
cementitious grout becomes closer. When it reaches 28 days, the
sharp microscopic features in the cementitious grout gradually van-
ish due to asphalt infiltration. The ITZ elevation peak decreases
from 446.1 nm to 264.5 nm at 7 days and 331.6 nm at 14 days.
By 28 days, the ITZ remains relatively stable, exhibiting minimal
fluctuations and an almost flat profile at −1.7 μm. As a result, the
interfacial area between asphalt and grout increases greatly and
the peak height decreases with increasing curing age.

Comparing the DMT modulus map of the microstructural char-
acteristics of the asphalt–grout interface in the SFP material, as well
as their adhesion map and dissipation map at different curing ages
using the AFM method in Figs. 6(b–d). It is evident that at curing
ages of 3–7 days, relatively distinct boundaries appear at the junc-
tion of asphalt and cementitious grout. At a curing age of 14 days,
the boundary of the ITZ between asphalt and grout becomes more
blurred and dispersed. The findings confirm that the ITZ between
asphalt and grout remains active and continues to evolve as the
curing process advances in SFP.

To further explore the impact of different curing ages on the
ITZ in SFP materials, the DMT modulus distribution of the ITZ in
GM-60 SFP materials at different curing ages is illustrated in Fig. 7.
Note that the significant drop or changes sharply in vertical
coordinates of DMT modulus area correspond to the ITZ area
(Chu et al. 2025). In contrast, small vertical coordinate fluctuations
and regular fluctuations indicate the asphalt or cementitious grout
area (Zhang et al. 2023b). It is evident that as the curing age in-
creases, the ITZ range gradually expands. The asphalt–grout com-
posite ITZ is approximately 5 μm at a curing age of 3 days. At a
curing age of 7 days, the ITZ extends to a range of 5–10 μm, and
this range continues to increase by the time the curing age reaches
28 days. The reason is that as the curing age increases, interactions
between asphalt and cementitious grout at the interface become
more intense, allowing substances to spread more widely and grad-
ually expanding the ITZ. Additionally, the continuous formation of
hydration products, such as calcium silicate hydrate (C–S–H) and
calcium hydroxide [CaðOHÞ2], progressively fills the pores in the
interface region, contributing to the thickening of the ITZ. In
an open environment, CaðOHÞ2 in the grout may react with CO2

in the air, forming calcium carbonate (CaCO3). This carbonation

Fig. 7. DMT Modulus distribution in SFP material (GM-60) with a curing age at (a) 3 days; (b) 7 days; (c) 14 days; and (d) 28 days.
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process can alter the ITZ microstructure and further increase its
thickness. Due to the limited observation area of AFM, it can be
inferred that after 28 days, the width of the ITZ between asphalt and
grout could exceed 30 μm.

The DMT modulus data of the asphalt–grout ITZ was further
analyzed, and the 3D distribution diagram of the DMT modulus
in the asphalt–grout ITZ with increasing curing age was obtained,
as shown in Fig. 8. The results show that the DMT modulus in each
image is roughly divided into four areas. There are two obvious
purple and dark blue areas between asphalt and cementitious grout.
When the curing age is 3 days, the purple and dark blue areas
appear in clear strips. With the age increasing to 7 days, more purple
dots appear in the red cementitious grout material area, and the dark
blue area blends closely with the purple area. By the 14th day of
curing, the originally green asphalt area on the left had penetrated
the original red cementitious grout area on the right, and the dark
blue and purple areas originally located at the junction had almost
completely covered the original green asphalt area on the left. Until
the curing age of 28 days, the entire AFM observation area of
30 μm 30 μm × 30 μm is almost completely covered by purple
and dark blue, indicating that asphalt and cementitious grout are
on either side of the contact ITZ.

A distinct state or substance, different from that of the body,
forms between the asphalt and the grout material, resulting in a
DMT modulus that differs from that of the body. As the curing
age increases, the interaction between the asphalt and cementitious
grout materials intensifies. Consequently, this substance or state
gradually expands, leading to an almost uniform DMT modulus
throughout the entire observation range. In conclusion, according
to the DMT modulus variation trend of the asphalt-cementitious

grout ITZ with the curing age, considering that the AFM observa-
tion range is limited and the ITZ modulus in a larger range cannot
be captured, it can still be found that the modulus regions on both
sides of the interface are closer to the modulus of the bulk. Only
through the modulus variation trend in the current 30 μm x 30 μm
area, it can be demonstrated that there is a double-layer interface
structure at the junction of asphalt and cement slurry. One layer is
close to the asphalt and the other is close to the cement slurry. The
interface structure on both sides is different from the bulk material,
which also confirms the theory that there is a double-layer structure
at the interface of organic-inorganic composite materials (i.e., The
structure of the interface layer of the composite material is com-
posed of the surface layer of the two phases and the region with
a certain thickness that penetrates into the two phases due to the
interaction between the two phases.).

Interface Impact Analysis

This section further examines the composite interfaces of three
cementitious grout materials and asphalt after 28 days of standard
curing. AFM observations were also conducted on the interactive
interface between three types of cementitious grout materials and
asphalt after immersion in the modifier. Fig. 9 shows the AFM
height maps of the interface between the asphalt and the three
cementitious grout materials before and after interfacial enhancement.
It can be seen from Fig. 7 that the height in the left maps is con-
sistently slightly higher than that in the right maps, and there are no
obvious continuous depressions and gullies in the right maps. The
reason is that the interfacial modifier enhances the interfacial inter-
action, resulting in more frequent interactions between surface
materials and a more uniform surface. Therefore, the asphalt–grout

Fig. 8. 3D map of DMT Modulus distribution in SFP material (GM-60) with a curing age at: (a) 3 days; (b) 7 days; (c) 14 days; and (d) 28 days.
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interface treated with the silane coupling agent solution improves
the SFP, resulting in a tighter connection between the organic
asphalt concrete skeleton and the inorganic cementitious grout
material, as well as a more uniform and smoother bonding surface.

Comparative Study

Fig. 10 shows the DMT modulus maps of the ITZ between asphalt
and three grout materials after interface enhancement. It can be seen
that the DMT modulus of the interface between the three grout
materials and asphalt shows little variation within the 30 μm
30 μm × 30 μm range. The peak modulus value is generally con-
sistent with the macroscopic compressive strength behavior of the
three grout materials (Liu et al. 2023).

It can be also seen in Fig. 10 that the ITZ between the grout
materials and asphalt reaches 30 μm due to the effect of the inter-
face modifier because there is little difference in DMT modulus
within the 30 μm × 30 μm range. In addition, the modulus peak

within the observation range increased significantly, which was sig-
nificantly different from the modulus peak of the ordinary interface.
The corresponding interface between the grout materials and
asphalt was significantly different in structure before and after the
interface modifier. The results indicate that immersion of the PAM
specimens in a silane coupling agent solution before pouring the
cementitious grout material enhances the interface interaction. This
leads to a closer observation of the two-phase materials under
AFM. Additionally, the overall DMT modulus of the specimens
treated with the silane coupling agent is higher than that of the
untreated specimens.

The amount of adhesion can reflect the microscopic viscosity of
the material. Conventional asphalt pavement materials are prone
to water damage due to reduced adhesion. Fig. 11 depicts the
adhesion force in the ITZ between asphalt and three types of
cementitious grout materials before and after interfacial enhance-
ment. As shown in Fig. 11, the peak points are not clustered but

Original interface Reinforced interface

(a)

(b)

(c)

Fig. 9. 3D height map of the original interface and reinforced interface between asphalt: (a) GM-40; (b) GM-60; and (c) GM-70 grout materials.

© ASCE 04025479-8 J. Mater. Civ. Eng.

 J. Mater. Civ. Eng., 2026, 38(1): 04025479 

 D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

T
ec

hn
is

ch
e 

U
ni

ve
rs

ite
it 

D
el

ft
 o

n 
10

/3
1/

25
. C

op
yr

ig
ht

 A
SC

E
. F

or
 p

er
so

na
l u

se
 o

nl
y;

 a
ll 

ri
gh

ts
 r

es
er

ve
d.

 



are more evenly distributed across the entire observation area. For
instance, in the original interface, the peaks are concentrated on one
side, whereas in the reinforced interface, they are more uniformly
spread throughout the figure. Additionally, a noticeable difference
in peak distribution can be observed between the original and
reinforced interfaces. Therefore, the adhesion force distribution at
the asphalt–grout ITZ becomes more pronounced and uniformly
larger after enhancement. It reflects that immersion of the asphalt
specimen with the interface modifier can enhance the microscopic
properties of the ITZ between asphalt and grout. This connection
facilitates more uniform microscopic exchange and diffusion of
materials.

The dissipated energy ratio is the ratio of dissipated to stored
energy, reflecting the material’s ability to relax stress. The low-
temperature performance of asphalt is directly proportional to

dissipated energy and inversely proportional to stored energy.
The dissipation energy of the asphalt–grout interfaces before and
after enhancement is illustrated in Fig. 12. From these figures, it
is evident that the peak values of interfacial dissipation energy
between the three cementitious grout materials and asphalt show
significant differences before and after reinforcement. The peak
value of dissipated energy in the observation area is significantly
reduced with the strengthening of the composite interface. This
indicates that the enhancement of the composite interface, along
with intensive material interaction. In addition, the adhesion of the
observed composite interface area to the probe is reduced, and the
work required for the probe to contact the observation point and
withdraw from the observation point is reduced. This is due to the
interaction between the grout and asphalt weakening the adhesion
of pure asphalt to the probe.

Fig. 10. DMTmodulus map of the original interface and reinforced interface between asphalt: (a) GM-40; (b) GM-60; and (c) GM-70 grout materials with a curing age at 28 days.

© ASCE 04025479-9 J. Mater. Civ. Eng.

 J. Mater. Civ. Eng., 2026, 38(1): 04025479 

 D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

T
ec

hn
is

ch
e 

U
ni

ve
rs

ite
it 

D
el

ft
 o

n 
10

/3
1/

25
. C

op
yr

ig
ht

 A
SC

E
. F

or
 p

er
so

na
l u

se
 o

nl
y;

 a
ll 

ri
gh

ts
 r

es
er

ve
d.

 



Discussions

Microscopic Morphology Analysis

This section further applied SEM to investigate the microscopic
morphology of the asphalt–grout composite interface. Through de-
tailed observation and analysis of the microstructure of the asphalt–
grout interface, it reveals its correlation with macroscopic properties.
Fig. 13 shows the SEM observation of the ITZ between asphalt and
grout before and after using interface modifiers. Note that a higher
atomic number means a brighter area in SEM (Cai et al. 2020b). The
asphalt, mainly containing C and H, is the darkest area. Before in-
terfacial modification, the ITZ is at the edge of the asphalt phase, and
there is an area with obvious variables along the asphalt phase. After
the reinforced interface, the elements in the ITZ region interact more

densely, and the ITZ region in asphalt and grout cannot be distin-
guished in the SEM image. The PAM is more closely connected to
the three types of cementitious grout materials after immersion in the
silane coupling agent. Under the same magnification, obvious cracks
are present at the asphalt–grout interface without the use of interface
modifiers, and bright band-like areas distinct from the two materials
appear on both the asphalt and grout material sides near the interface
and the location of this area is along the interface. This area is iden-
tified as a weak point in the overall SFP material structure. After the
interface enhancement, no microscopic cracks are visible in the tran-
sition zone of the asphalt–grout interface. However, there is still a
bright band-like area at the interface. This further confirms that the
asphalt and cementitious grout materials exhibit a double-layer inter-
face structure, as illustrated in Fig. 14.

Original interface Reinforced interface

(a)

(b)

(c)

Fig. 11. Adhesion map of the original interface and reinforced interface between asphalt: (a) GM-40; (b) GM-60; and (c) GM-70 grout materials with a curing age at 28 days.
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On the other hand, interface structures distinct from the main
body exist on both the asphalt side and the cementitious grout
material side, further confirming the double-layer theory of the
organic-inorganic composite interface. This conclusion aligns with
the results of Cai et al. (2020b), which indicate that at least four
phases exist at the SFP interface. It means that immersion PAM
with a silane coupling agent tightens the asphalt–grout ITZ, in-
dicating that interface modification can reduce delamination
at this interface, merging the originally layered ITZ along the
material’s distribution direction. This enhancement is linked

to improved macromechanical properties resulting from changes
in the microscopic morphology of the asphalt–grout ITZ after
immersion.

Macroscopic Performance Analysis

Through the semicircular bending test, the peak load, peak dis-
placement, fracture energy (Gf), and crack resistance index (CRI)
of semiflexible pavement materials can be obtained (Song et al.
2024), with the average value of four specimens taken as the final
test result. Note that a high Gf value or a low CRI value means

Original interface Reinforced interface

(a)

(b)

(c)

Fig. 12. Dissipation map of the original interface and reinforced interface between asphalt: (a) GM-40; (b) GM-60; and (c) GM-70 grout materials with a curing age at 28 days.

© ASCE 04025479-11 J. Mater. Civ. Eng.

 J. Mater. Civ. Eng., 2026, 38(1): 04025479 

 D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

T
ec

hn
is

ch
e 

U
ni

ve
rs

ite
it 

D
el

ft
 o

n 
10

/3
1/

25
. C

op
yr

ig
ht

 A
SC

E
. F

or
 p

er
so

na
l u

se
 o

nl
y;

 a
ll 

ri
gh

ts
 r

es
er

ve
d.

 



excellent cracking performance. The results of the semicircular
bending test are shown in Table 4. The results in Table 4 dem-
onstrate that the cracking resistance of SFP specimens improved
after interface modification. This enhancement is primarily due
to the improved adhesive properties of the asphalt, which in-
crease cohesion and strengthen intermolecular interactions.
At the microscopic level, interface modification contributes to
a more compact and uniform interfacial structure, effectively
reducing defects within the asphalt–grout ITZ. This refined
microstructure translates into superior mechanical performance
on the macroscopic scale. Consequently, immersing SFP spec-
imens in a silane coupling agent solution significantly enhances

interfacial strength, ultimately improving the overall material
performance.

Conclusions

This paper aims to examine the microstructural interface properties
of asphalt–grout ITZ in SFP material after an interfacial modifier
using a series of micromechanics techniques. The AFM character-
ized the asphalt–grout composite ITZ by considering variables such
as curing ages, grout strengths, and interface modification status.
Additionally, SEM tests were used to explore the correlation be-
tween the microscopic morphology and macroscale mechanical

Fig. 13. SEM images of the original interface and the reinforced interface between asphalt: (a) GM-40; (b) GM-60; and (c) GM-70 grout materials with acuring age at 28 days
(×1,500).
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characteristics of the ITZ between asphalt and grout. The following
conclusions were drawn from the analyses:
1. ITZ between asphalt and grout persists and continues to interact

as the curing age progresses in SFP. The ITZ between asphalt
and grout is a double-layer interface structure. The width of the
asphalt–grout ITZ may exceed 30 μm after 28 days.

2. ITZ between asphalt and grout immersed with the silane
coupling agent solution enhances the formed SFP, resulting in
a tighter connection between the organic asphalt concrete skel-
eton and the inorganic cementitious grout material, as well as a
more uniform and smoother bonding surface.

3. Immersion of the PAM specimens with the interface modifier
can enhance the microscopic properties of the asphalt and
cementitious grout materials. The connection makes the material
exchange and diffusion more uniform microscopically.

4. Microcracks in the asphalt–grout ITZ were significantly reduced
after interface enhancement, whereas prominent cracks were
observed at the asphalt–grout interface when no interfacial
modifiers were applied. This area is identified as a weak point
in the overall SFP material structure.
The research results elucidate how the composite interface

influences the microstructural interface properties of asphalt–grout
ITZ, providing theoretical support for the performance optimiza-
tion of SFP materials. Future work will investigate the chemical
composition of SFP with enhanced interfaces and further ex-
amine the factors influencing the road performance of SFP
materials.
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