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Table 1 Typical engineering issues caused by inadequate interfacial bond properties

Engineering scenarios Interface types

Interfacial failure modes and their impacts

Mechanical property degradation of ~ Cement paste-aggregate interface

conventional cement-based

21-22]

materials! Cement paste-fiber interface

Durability deterioration of Cement paste-aggregate interface

conventional cement-based

materials(?*] Steel reinforcement-cement-based
material interface

Insufficient performance of recycled  Old cement paste-aggregate interface

concretel?4! New-to-old cement-based material
interface

Insufficient performance of Interlayer interface

3D-printed concretel?!

Failure of prefabricated structural New-to-old cement-based material

26]

joints! interface

Leakage and deterioration of bridge ~ New-to-old cement-based material
expansion joints/?7) interface

Interlayer debonding in pavement
28]

Base-surface interface in pavement

structures! structures

Failure of supporting structures?’] Shotcrete-rock interface

Failure of structural strengthening New-to-old cement-based material

[30-311 interface

systems
Cement-based material-FRP/steel

plate interface

Crack initiation and propagation zones where aggregates cannot be effectively

bonded into an integral structure

Insufficient interfacial bond leading to fiber slip and pulling-out, resulting in

failure of the bridging effect

Loose and porous interfacial characteristics providing pathways for aggressive

agents (e.g., chloride ions, sulfate, and carbon dioxide)

Reinforcement corrosion-induced expansion causing bond failure between steel

reinforcement and cement-based materials, leading to loss of reinforcement

effectiveness

Multiple interfacial regions prone to crack initiation and propagation, resulting

in reduced strength and durability

Cold joints, weak bond, and interlayer delamination adversely affecting the

mechanical performance and durability of the material and structure

Poor bond and interfacial slip leading to interlayer displacement and joint

cracking, reducing structural ductility and integrity

Interfacial bond failure and cracking under fatigue loading and temperature

effects, resulting in leakage, corrosion, and freeze-thaw damage

Interlayer shear failure under traffic loading due to insufficient bond, reducing

overall load-bearing capacity

Shear slippage caused by inadequate bond performance, compromising the

stability of tunnel or slope support systems

Formation of new cracks due to insufficient interfacial bond strength

Interfacial debond preventing the reinforcing phase from functioning

effectively, resulting in strengthening failure
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® (®

K5 KJeA SO TES . (@M (b) 25 [ F T HOES(1000:)R1(5000%), (c)M(d) BN 3% M 5 i s 3
(1000x)FH(5000x), (e)FA(H) BN 2%AKEMER)G F T IEZSL(1000x)F1(5000x), (g)Flth) BN 0.3%5EH 2 BEGRAIK
B I LTI MR 3(1000)F1(5000%),  ()FIG) B 0.5%% 247 B0 J5 S OIIE SR (1000x)F1 (5000%)143]

Fig. 5 Microscopic morphology of the cement stone side failure surface of interface. Microscopic morphology of (a) and (b) control
group (1000x) and (5000%), (c) and (d) interface with 3% nano silica (1000%) and (5000%), (e) and (f) interface with 2% nano
titanium oxide (1000%) and (5000%), (g) and (h) interface with 0.3% nickel plated multi walled carbon nanotubes (1000x) and
(5000x), (i) and (j) interface with 0.5% multilayer graphene (1000x) and (5000x) [43]
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Fig. 6 Micro-morphology of the fracture surface on the side of new cement-based materials at the interface of new-old cement-based
materials (1000%). (a) Blank group, and the addition of (b) 1% nano silica, (c) 3% nano titanium oxide, (d) 0.5% nickel
plated multi walled carbon nanotubes, (€) 0.5% multilayer graphene, (f) 0.5% nano boron nitride 34
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Fig. 7 Fracture surface on the old cement-based materials side at the interface between the old and new cement-based materials. (a)
Blank group, (b) addition of 1% nano silicon oxide, (c) addition of 3% nano titanium oxide, (d) addition of 0.5% nickel
plated multi walled carbon nanotubes, (¢) addition of 0.5% multilayer graphene, (f) addition of 0.5% nano boron nitride 34
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Fig. 8 Microscopic morphology of cement-based material-steel bar interface (1000x). Microscopic morphology of (a) upper
interface and (b) lower interface in control group, (c) upper interface and (d) lower interface after adding 3% nano titanium
oxide, (e) upper interface and (f) lower interface after adding 0.5% hydroxylated multi walled carbon nanotubes, (g) upper
interface and (h) lower interface after adding 0.5% nano boron nitride 2% 331
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Table 2 Modification mechanisms and effects of representative nanofillers on interfaces

Type General modification mechanisms and effects

Specific modification mechanisms and effects

Reactive nano-oxides

(e.g., nano-silica)

interfacial microstructure and bond properties

Inert nano-oxides

(e.g., nano-titania, nano-zirconia)

Filling effect: enhances interfacial compactness and reduces

Carbon-based nanomaterials porosity

(e.g., carbon nanotubes, graphene)

nanostructure and properties of hydration products in a short

range, and refine and optimize the hydration products near

Nano boron nitride nanofillers in a long range

Nanocellulose

Enrichment effect: increases the amount of nanofillers in the

interfacial zone, providing a basis for improving the

Adsorption effect: promotes C-S-H adsorption and nucleation,

forming nano-core-shell elements

Short-range and long-range effect: Nanofillers can modify the

Pozzolanic effect: reacts with CH to generate
C-S-H, reducing the size and quantity of CH
crystals and optimizing the interfacial structure

Pinning effect: delays the initiation and
propagation of microcracks, enhancing
interfacial bond performance

Thermal conductivity effect: homogenizes the
temperature distribution in interfacial zone,
alleviating thermal stress and reducing early-age
cracking

Bridging effect: bridges microcracks and
improves interfacial bond strength

Self-curing effect: absorbs water in the molding
stage and release water in the curing stage,
mitigating early-age shrinkage and optimizing

interfacial microstructure
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Extended Abstract

The interfaces in cement-based materials and their structures(i.e., the cement paste-aggregate, mortar-aggregate, new-to-old
concrete, and reinforcement-concrete interfaces) are widely recognized as the most critical and weakest zone governing overall
mechanical properties and durability. Under the combined influence of wall, one-sided growth, and bleeding effects, these interfaces
are typically characterized by high porosity, elevated calcium hydroxide (CH) crystal content, and a high degree of hydration,
resulting in intrinsically low hardness and strength. As a result, cracks initiate, propagate, and interconnect within the interfaces under
loading, leading to a macroscopic failure. Meanwhile, their loose and porous structure facilitates the ingress of water and harmful ions,
reducing durability and accelerating deterioration.

For the pronounced multi-scale nature of cement-based materials, modifying microstructure in nanoscale provides an effective
“bottom-up” approach to improving interfacial bond and overall performance. Compared with conventional top-down methods, this
strategy exhibits effective modification for different types of interfaces. With the rapid development of nanotechnology, incorporating
nanofillers demonstrates a great potential in interfacial modification. This review represents the effects and underlying mechanisms of
nanofillers on the interfaces in cement-based materials and their structures, as well as discusses key challenges and future research
directions.
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Adding nanofillers can significantly enhance the bond performance of various interfaces in cement-based materials and their
structures. The experimental studies show that the incorporation of nanofillers can increase the bond strength of cement
paste-aggregate and mortar-aggregate interfaces by 65.3% and 42.8%, respectively. Also, nanofillers effectively enhance the bond of
new-to-old cement-based materials, increasing interfacial strength by 39.0%. Their beneficial effects are evident in the interfaces
between reinforcements and cement-based materials, where the addition of nanofillers improves bond strength and reduces slip
behavior. These modifications contribute to a high stress transfer efficiency, as well as better load-bearing capacity and structural
stability. The enhancement efficiency is closely related to the geometric dimensionality of nanofillers, generally following an order,
i.e., two-dimensional (2D) > one-dimensional (1D) > zero-dimensional (0D).

The improved bond performance derives from the modified interfacial characteristics. Key effects include increased compactness,
reduced porosity, refined CH crystal size, and decreased interfacial thickness. For instance, the thickness of the interfacial transition
zone can be reduced from approximately 50 um to 10 um or less after nanomodification, as reflected by the reduced porosity and
altered Ca/Si ratio of calcium silicate hydrate (C-S-H) gels. Meanwhile, nanofillers also suppress the formation and growth of large
CH crystals, replacing them with finer and more uniformly distributed hydration products. Micromechanical characterization
techniques such as nanoindentation and atomic force microscopy reveal significant increases in elastic modulus and hardness in the
interfacial zone, indicating that new hydration products like superhard C-S-H gels induced by nanomodification are formed.

The mechanisms underlying nanofiller-induced interfacial modification can be categorized into two key aspects, i.e., the
enrichment effect and the nano-core effect. The enrichment effect arises from the preferential accumulation of nanofillers in the
interfacial region due to the wall effect, capillary-driven migration, and gravity effect. This leads to a higher local concentration of
nanofillers, providing abundant nucleation sites for hydration products. The nano-core effect, which builds upon the intrinsic
properties of nanofillers, involves several specific mechanisms, i.e., (1) Adsorption effect: Nanofillers adsorb cations such as Ca?* and
Mg?*, promoting the nucleation of C-S-H and leading to the formation of nano-core-shell elements. These structures inhibit the
oriented growth of CH crystals and enhance interfacial densification; (2) Filling effect: Nanofillers fill interfacial pores through the
formation of nano-core-shell elements, improving packing density and reducing porosity; (3) Short-range and long-range effect:
Nanofillers can modify the nanostructure and properties of hydration products in a short range, and refine and optimize the hydration
products near nanofillers in a long range; (4) Pozzolanic effect: Reactive nanofillers, such as nano-silica, react with CH to generate
additional C-S-H, refining the microstructure and improving bonding; (5) Thermal conductivity effect: High-conductivity
nanomaterials (e.g., carbon nanotubes, graphene) homogenize the temperature distribution during hydration, reducing thermal stress
and early-age cracking; (6) Self-curing effect: Hydrophilic nanomaterials, such as nanocellulose, absorb and release water, mitigating
early-age shrinkage and enhancing microstructural development; and (7) Pinning and bridging effects: Nanofillers inhibit crack
initiation and propagation (pinning effect) and bridge microcracks (bridging effect), thereby improving interfacial toughness and
strength.

Summary and prospects Despite significant achievements, several challenges remain in understanding and optimizing
nanofiller-modified interfaces. First, the existing characterization techniques are limited in their ability to capture the dynamic
evolution of interfacial structures at high spatial and temporal resolution. Most methods provide only static, two-dimensional
information, making it difficult to fully understand multi-scale and multi-physics processes. Second, the inherent heterogeneity and
discontinuity of interfaces complicate quantitative modeling. The existing models often describe average behavior, but fail to capture
local weak zones or nanoscale force transfer mechanisms. Third, the introduction of multifunctional nanofillers increases the
complexity of multi-field coupling (i.e., mechanical, thermal, chemical, and electrical), posing challenges for unified theoretical
frameworks. Finally, the large-scale engineering application of nanomodified interfaces is hindered by some issues such as nanofiller
dispersion, cost, and performance stability under complex service conditions.

Future research should focus on several key directions. Advanced characterization techniques with a high spatiotemporal
resolution, such as synchrotron radiation-based imaging and X-ray computed tomography, should be developed to enable real-time
tracking of interfacial evolution. The integration of artificial intelligence and machine learning can facilitate high-throughput data
analysis and predictive modeling, enabling a quantitative design of interfacial properties. Multi-scale theoretical frameworks that link
material composition, microstructure, and macroscopic performance are needed to achieve accurate prediction and optimization. Also,
efforts should be made to translate laboratory findings into practical engineering applications, particularly in emerging areas such as
3D-printed concrete, recycled concrete, concrete repair, and self-healing cement-based materials.

In summary, nanomodification is demonstrated to effectively tailor interfaces in cement-based materials and their structures,
while the enrichment effect and nano-core effect is proposed to clarify the underlying mechanisms. These advances provide a
foundation for mitigating the inherent weakness of interfaces. Despite these advances, some challenges remain in terms of
characterization, quantitative modeling, and large-scale application. Nevertheless, continued progress in nanotechnology, multi-scale
analysis, and intelligent design is expected to enable the rational design and engineering of high-performance, durable, and
multifunctional cement-based materials and their structures.
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