
Vol.:(0123456789)

Advanced Composites and Hybrid Materials           (2025) 8:363  
https://doi.org/10.1007/s42114-025-01462-3

RESEARCH

Manufacturing a low‑carbon geopolymer self‑sensing composite 
for intelligent structure

Dongyu Wang1,2 · Zuhua Zhang1 · Siqi Ding3 · Chaolie Ning4 · Cheng Shi4 · Xiaoqing Liu2 · Qiang Ren1 · 
Zhengwu Jiang1

Received: 30 May 2025 / Revised: 28 August 2025 / Accepted: 3 September 2025 
© The Author(s) 2025

Abstract
The advancement of smart building and infrastructure has increased the demand for intelligent materials with highly sensitive 
structural health monitoring (SHM) function. This study reports a high cost-effective strategy of manufacturing geopolymer 
self-sensing composites (GSCs) with high strength and sensitivity yet low carbon footprint. The effects of the precursor 
composition and conductive fillers, i.e., nano carbon black (NCB) and copper coated steel fiber (CSF), on the mechanical 
and electrical properties were investigated. To achieve high and stable sensitivity, the self-sensing behaviors and underlying 
mechanisms of hybrid NCB and CSF reinforced GSCs were examined through multiscale microstructural analyses. Pore 
structures were systematically analyzed using nitrogen adsorption desorption (NAD), mercury intrusion porosimetry (MIP), 
and X-ray computed tomography (X-CT), while interface microstructure was characterized via scanning electron microscopy 
(SEM), transmission electron microscopy (TEM), and energy-dispersive spectroscopy (EDS). The results indicate that the 
hybrid NCB and CSF system forms a three-dimensional reinforcing and continuous conductive network within the cross-
linked SiO₄ and AlO₄ tetrahedral framework. This synergistic effect significantly enhances the self-sensing performance 
of GSCs by refining the nanopore structure, improving conductive pathway connectivity, enhancing ductility at low strain 
levels, and maintaining structural stability under high strain. An optimal GSC mixture composed of 60% ground granulated 
blast furnace slag, 25% metakaolin, and 15% silica fume manufactured in this study achieved a maximum gauge factor of 
3853.4, representing an order-of-magnitude improvement in sensitivity compared to the Portland cement–based counter-
part. GSCs demonstrated high potential for SHM application, providing an innovative material manufacturing strategy for 
next-generation intelligent structure.
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1  Introduction

In context of advancement in data-driven and intelligent 
technologies, smart cities have evolved from a promising 
concept to a tangible version to resolving the challenges of 
intense urbanization, high-energy consumption, and green-
house gas emissions [1–3]. The integration of advanced 
methods and intelligent elements empowers smart cities 
to transform conventional passive service building sectors 
into proactive self-responders. This transformation further 
facilitates the multifunctionality, sustainability, and cost-
effectiveness of infrastructures and buildings [2, 4]. Struc-
tural health monitoring (SHM) is one of the most promising 
and widely applicable technologies for smart infrastructures 
and buildings, playing a pivotal role in ensuring the safety, 
robustness, and resilience throughout the entire lifecycle of 
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a building or infrastructure [5]. Current sensing technologies 
for SHM primarily involve strain gauges, piezoelectric, opti-
cal fiber, and magnetoresistive sensors. Nevertheless, most 
of these sensors face challenges in cost-effectiveness, long-
term durability, and great compatibility with cementitious 
structures [6–9]. The onset and flourishing of self-sensing 
cementitious composites (SSCCs) are envisioned as a prom-
ising solution to address these issues. SSCCs are composed 
of the cementitious matrix and conductive fillers, and exhibit 
an electrical signal response to the deformation of conduc-
tive networks under external loads [10]. Through monitor-
ing of early deformations and damage as part of a structure, 
SSCCs can prevent catastrophic failures [11]. As a result, 
SSCCs not only function as load-bearing elements, but also 
serve as in situ and real-time sensors for SHM application.

Generally, most SSCCs are manufactured using ordinary 
Portland cement (OPC), which is an energy and emission 
intensive product [12, 13]. Attempts to alleviate environ-
mental pressure by utilizing industrial and agricultural 
by-products have been made to develop greener alterna-
tives. In this regard, geopolymer self-sensing composites 
(GSCs) characterized by a clinker-free manufacturing pro-
cess exhibit comparable or even higher early mechanical, 
durable, multifunctional, and environmental performances 
compared to SSCCs, making them an appropriate alterna-
tive [14]. Geopolymer is synthesized by alkali activation 
of aluminosilicate precursors derived from industrial by-
products, contributing to reduction of carbon emission by 
50–70% and energy consumption around 50% [15–17], of 
course, which depend on specific formulation. Due to the 
existence of rich alkali metal cations and a large number 
of gel pores, GSCs fabricated with the optimized precursor 
composition exhibit excellent electrical and sensing behav-
iors even without comprising additional conductive fillers 
[14]. As the cations occupy the voids in the 3D framework 
consisting of SiO4 and AlO4 tetrahedra, the ion migration, 
charge balance, and local dipoles lead to higher ionic envi-
ronment in the pore solution [18, 19].

Nevertheless, the composition of GSCs exhibits signifi-
cant complexity and variability depending on the sources 
of precursors, the type and modulus of alkaline activator, 
as well as the type and contents of conductive fillers. These 
factors, especially the varying precursors, pose challenges in 
clearly understanding how complex chemical compositions 
affect the microstructural, engineering, and multifunctional 
performance of GSCs [20, 21]. For example, the variation 
of silica (Si), alumina (Al), and calcium (Ca) concentrations 
of precursor determinates the evolution of geopolymeriza-
tion products in GSCs. Calcium (alumina) silicate hydrate 
(C-(A)-S–H) gel is the primary product in rich-Ca geo-
polymer (typically for ground granulated blast furnace slag 
(GGBFS)-based composites), which determines the dense 
microstructure and mechanical strength [22]. As for fly ash 

(FA) or metakaolin (MK)-based geopolymers, their prod-
ucts are mainly composed of sodium/potassium alumino-
silicate hydrate (N/K-A-S–H) gel with inferior space-filling 
capability than that of C-(A)-S–H [17]. The denser and more 
compact structure with refined mesopores facilitates the con-
nectivity of conductive paths, thereby improving the elec-
trical and sensing performance of GSCs [23]. As reported 
in a previous study, the utilization of 25% silica fume (SF) 
increases 14.8% total porosity with a large number of 
mesopores (< 10 nm), leading to high electrical conductiv-
ity and enhanced sensing sensitivity, while the addition of 
MK induces coarse pores with diameter greater than 200 nm, 
resulting in poor conductive networking and relatively lower 
strength [24]. Besides, the metalogical components of pre-
cursor are also critical for GSCs. GGBFS contains metallic 
iron microparticles could be acted as a conductive micro-
filler to enhance the electrical properties. GGBFS-based 
GSC presents sufficient self-sensing properties even without 
conductive fillers, and the electrical resistivity is one order 
of magnitude lower than that of OPC-based SSCCs at the 
frequency of 40 Hz [25]. However, GGBFS exhibits a higher 
geopolymerization degree at early ages, with C-(A)-S–H 
combining water into the gel [24]. This reduces moisture 
content and electrical conductivity, potentially leading to 
lower sensing repeatability. Conversely, the geopolymeriza-
tion of MK results in less free water consumption, promoting 
ion migration and higher early-age electrical conductivity 
[24, 26].

Based on the intrinsic advantages on self-sensing prop-
erty, GSCs have attracted widespread attention for the 
potential in SHM. It has been proven that choosing proper 
conductive filler(s) is crucial for obtaining high sensitiv-
ity of GSC and high sensing stability over time [24], yet 
systematic investigations in this domain remain scare. Saafi 
et al. [27] first demonstrated the self-sensing properties of fly 
ash–based GSC containing in situ reduced graphene oxide 
(rGO), reporting a conductivity enhancement from 0.77 to 
2.38 Sm−1 as rGO content increased from 0 to 0.35 wt.%. 
The latest study [19] revealed that adding nano carbon black 
(NCB) into GSCs could enhance the sensitivity and stabil-
ity through the rearrangement of NCB and reconstruction 
of conductive fillers under loading. However, these single 
microscale or nanoscale carbon-based filers exhibit impact 
on mechanical properties, making it difficult to meet the 
requirements of structural engineering for high load-bearing 
capacity and durability. Because of this problem, the incor-
poration of steel fibers remains an effective approach that 
enhances the mechanical strength and toughness of cemen-
titious matrices by fiber debonding, bridging, and pull-out 
effects [28]. With sufficient deformation capacity (rather 
than abrupt fracture) under loading, it is able to build up the 
relationship between electrical resistance signal and crack 
opening displacement, i.e., monitoring the structural damage 
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extent [29]. While current research primarily focuses on the 
optimization of individual properties, such as mechanical 
performance, electrical conductivity, or sensing sensitivity, 
there is limited research on GSCs comprehensively consid-
ering sensitivity, stability, and toughness. In particular, the 
synergistic multi-scale strengthening and toughening effects, 
conductive and sensing behaviors, and correspondingly 
underlying mechanisms between macro-scale steel fibers and 
nano-scale conductive fillers within geopolymer matrices 
have not yet been elucidated so far.

This study aims to investigate the synergistic enhance-
ment effects and mechanisms of mechanical, electrical, and 
self-sensing properties in GSCs by constructing a conduc-
tive system incorporating hybrid CSF and NCB. It focuses 
particularly on the evolution of pore structure and interface 
microstructure under flexural load, the effect of dispersion, 
and alignment of CSF and NCB. In addition to an in-depth 
analysis of the self-sensing mechanism, it also gives eco-
logical and economic assessments for various formulations. 
Based on these results, a low-carbon and cost-effective GSC 
manufacturing strategy is proposed, while critical challenges 
and future development pathways are discussed.

2 � Experimental procedures

2.1 � Raw materials

The GSC specimens were mainly prepared using GGBFS 
(Jiyuan Guotai Micro Powder Technology Co., Ltd.), MK 
(Inner Mongolia Super New Material Co., Ltd), and SF 
(Shanghai Topken Silicon Powder Material Co., Ltd) as pre-
cursors. Their physical and chemical properties are given in 
Table 1. The activator was prepared by potassium hydroxide 
flake (PH, i.e., KOH, 95% purity; Shanghai Macklin Bio-
chemical Technology Co., Ltd.), potassium silicate pow-
der (PS, i.e., K2O·3.3SiO2; Shanghai Macklin Biochemical 
Technology Co., Ltd.), and water. The quartz sand with a 
diameter in the range of 0.1–1.0 mm was used as aggre-
gate. To enhance the electrical and mechanical properties 
of GSC, NCB with a diameter in the range of 28–30 nm and 
CSFs in straight and hooked-end shapes with a diameter of 
0.2 mm and a length of 13 mm were employed. The disper-
sant of polyvinylpyrrolidone (PVP, 1 wt.% of precursors) 
and defoamer of tributyl phosphate (TBP, 0.2 wt.% of pre-
cursors) were used to improve NCB dispersion.

2.2 � Specimen preparation

The mix proportions are shown in Table 2, wherein the spec-
imens were labeled based on their composition: S01–S04 
had different precursor compositions without conductive fill-
ers, CB1–CB4 had different precursor compositions with 

constant dose of 5.0 wt.% NCB, while SL3/SH3 and SC3 
were composed of 60% GGBFS, 25% MK, and 15% SF, 
and 2 vol.% straight/hooked-end CSFs and hybrid NCB and 
straight CSFs, respectively. The water-to-binder (w/b) ratio 
and sand-to-binder (s/b) Ratio of each specimen were kept 
at 0.42 and 1.0, respectively. The alkaline activator was pre-
pared 24 h prior to specimen preparation by dissolving PH 
flake and PS powder in water. For NCB-modified alkaline 
activator, PVP, TBP, and NCB were uniformly dispersed in 
the pre-prepared alkaline activator following our previous 
work [19] to ensure homogeneous dispersion of NCB.

The GGBFS, MK, and SF powders were dry mixed using 
a cement mortar mixer stirring at a low speed (140 ± 5 r/
min) for 2 min, then mixed with alkaline activator (or NCB-
modified alkaline activator) by stirring at a low speed for 
1 min and followed by a high speed (285 ± 10 r/min) for 
30 s. During the initial 1-min low-speed stirring after quartz 
sand addition, CSFs were gradually added, followed by 
high-speed stirring for 1 min to ensure homogeneity. The 
fresh mixtures were cast in 40 mm × 40 mm × 160-mm steel 
molds, wherein two stainless steel electrodes were embed-
ded parallel to the longitudinal axis and placed 10 mm from 
the specimen ends. Following casting, the specimens were 
sealed with plastic film and cured under laboratory environ-
ment for 24 h. After demolding, the specimens were subse-
quently cured in a controlled environment at 20 ± 3 ℃ and 
relative humidity of 65% for 27 days.

2.3 � Methodology

During the initial preparation phase, the physical proper-
ties of precursors were predetermined. The specific sur-
face area was measure by nitrogen adsorption using a 

Table 1   Physical and chemical properties of the precursors in GSCs

Characterization GGBFS MK SF

Specific surface area (m2/kg) 428.0 16,953.7 15,738.4
Apparent density (g/cm3) 2.839 2.515 2.153
Average mean particle size d50 (μm) 9.57 4.63 0.79
Chemical composition (%) Al2O3 16.55 49.11 0.82

SiO2 32.09 47.19 97.42
Na2O 0.40 0.07 0.00
MgO 8.76 0.51 0.50
K2O 0.43 0.16 0.28
CaO 37.65 0.30 0.25
MnO 0.32 0.00 0.00
Fe2O3 0.35 0.79 0.10
P2O5 0.00 0.14 0.00
SO3 2.60 0.12 0.62
TiO2 0.60 1.26 0.00
LOI 0.25 0.35 0.01
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Brunauer–Emmett–Teller analyzer (Micromeritics ASAP 
2460, USA). The average mean particle size was determined 
using laser scattering particle analyzer (Microtrac S3500, 
USA). Chemical compositions were analyzed by energy 
dispersive X-ray fluorescence spectrometer (Bruker S2 
PUMA, Germany). The apparent density was tested using a 
Le Chatelier flask with anhydrous kerosene as the displace-
ment medium in accordance with Chinese national standard 
GB/T 208–2014 [30].

Before testing mechanical strength and sensitivity, all 
specimens were placed in a vacuum chamber at 40 °C 
for pre-drying for 7 days to eliminate the possible effect 
of humidity change on the electrical-based properties of 
the cementitious composites [31]. The mechanical per-
formances of GSCs were evaluated using a universal 
mechanical testing system (MTS CMT5305, USA). Spe-
cifically, flexural test was carried on three prismatic speci-
mens (40 mm × 40 mm × 160 mm) at a constant loading 
rate of 0.5 mm/min, while compressive strength was deter-
mined on six cubic specimens (40 mm × 40 mm × 40 mm) 
at 1.2 mm/min. To evaluate the electrical properties, the 
alternating current (AC) electrical resistance on three 
specimens were measured at 3, 7, 21, and 28 days using 
an inductance–capacitance–resistance meter (TH2840A, 
China), respectively. Besides, the electrochemical imped-
ance spectroscopy (EIS) was measured by a two-probe 
method using an electrochemical workstation (CS350H, 
China) in a frequency range from 0.01 Hz to 1 MHz and 
a low-amplitude AC excitation of 20 mV. The EIS results 
were analyzed using the equivalent circuit method with 
ZSimpWin software. The self-sensing properties under 
flexure were tested using the MTS instrument, with 

real-time strain and direct current (DC) resistance meas-
ured simultaneously. Notably, DC resistances were col-
lected using the digital multimeter (Tektronix DMM6500, 
USA) after achieving a relatively stable value to minimize 
the polarization effect [32]. Prior to testing, a strain gauge 
was attached to the center of the opposite sides of the load-
ing surface, and a dynamic data logger (DH 2820, China) 
with a sampling frequency of 2 Hz was used to capture 
strain. The test setup of GSCs under flexural loading can 
be seen in Fig. A1.

To elucidate the microstructural features of GSCs, 
selected samples were analyzed by scanning electron 
microscopy (SEM), transmission electron microscope 
(TEM), mercury intrusion porosimetry (MIP), nitrogen 
adsorption desorption (NAD), and X-ray computed tomog-
raphy (X-CT). SEM (ZEISS Sigma 300VP, Germany) cou-
pled with energy-dispersive spectroscopy (SEM–EDS) 
analysis for selected areas was performed using the sec-
ondary electron model at an operating voltage of 3 kV to 
investigate the morphologies of geopolymerization prod-
ucts. SEM in backscattered electron (BSE) mode at an 
operating voltage of 15 kV and TEM-EDS (JEOL JEM 
2100, Japan) at an accelerating voltage of 200 kV were 
used to characterize the interface and geopolymerization 
products of CSF reinforced GSCs, respectively. The pore 
structure of the specimens was analyzed by MIP and NAD, 
following the methodology described in our previous work 
[19]. A CT scan was performed using an X-ray CT sys-
tem (GE-Phoenix V |tome |x m, Germany) at 190 kV and 
0.45 mA with a minimum pixel resolution of 0.1 mm to 
investigate the 3D distribution of pores and CSFs within 
GSCs.

Table 2   Mixture proportions of GSCs

Specimens GGBFS
(wt.%)

MK
(wt.%)

SF
(wt.%)

CaO/SiO2 CaO/Al2O3 SiO2/Al2O3 Sand
(wt.%)

Activator
(wt.%)

Filler type Filler content

S01 60 35 5 0.56 0.75 1.33 100 42 – –
S02 60 30 10 0.53 0.75 1.54 100 42 – –
S03 60 25 15 0.50 0.75 1.78 100 42 – –
S04 60 20 20 0.47 0.75 2.07 100 42 – –
CB1 60 35 5 0.56 0.75 1.33 100 42 NCB 5.0 wt.%
CB2 60 30 10 0.53 0.81 1.54 100 42 5.0 wt.%
CB3 60 25 15 0.50 0.81 1.78 100 42 5.0 wt.%
CB4 60 20 20 0.47 0.81 2.07 100 42 5.0 wt.%
SL3 60 25 15 0.50 0.81 1.78 100 42 Straight CSFs 2 vol.%
SH3 60 25 15 0.50 0.81 1.78 100 42 Hooked-end CSFs 2 vol.%
SC3 60 25 15 0.50 0.89 1.78 100 42 Hybrid NCB + straight CSFs 5.0 wt.% 

NCB + 2 
vol.% CSFs
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3 � Results

3.1 � Development of high‑strength 
high‑conductivity geopolymer

3.1.1 � Effects of precursors on mechanical and electrical 
properties

Four GSCs without additional conductive fillers (i.e., 
S01, S02, S03, S04) were fabricated with distinct precur-
sor compositions. The effects of chemical oxide ratios on 
their mechanical and electrical properties are depicted in 
Fig. 1. As shown in Fig. 1a, GSC samples achieve high 
compressive strength of 70 to 80  MPa. Owing to the 
physical filling effect and pozzolanic reaction of SF [33], 
the compressive strengths of S02, S03, and S04 with the 
increase of silica fume content in the precursor increase by 
6.7 MPa/9.45%, 6.7 MPa/9.45%, and 5.6 MPa/7.76% com-
pared to S01, respectively. These strength values are even 
higher than that reported in [29] for samples containing 
CSF. This indicates that the precursor composition ratio 
is a critical factor for manufacturing high-strength GSCs. 
Previous studies have proved that the addition of GGBFS 
into GSCs provides rich CaO and low-polymerizing SiO4 
tetrahedra, enhancing the geopolymerization and gelation 
process, resulting in the formation of C-A-S–H gels [19, 
34]. However, the precursor containing rich SiO2 or Al2O3 
also plays a significant role in the reaction degree, geo-
polymerization products, and consequent strength.

Herein, the optimal aluminosilicate precursor ratio for 
GSCs is achieved when the content of MK and SF account 
for 25–30% and 10–25%, respectively. As for the influence 
of chemical oxide ratios shown in Fig. 1b–d, the compres-
sive strength of GSCs increases slowly and then decreases 
with rising CaO/SiO2 ratio, and it exhibits an initial increase 
followed by stabilization with increasing CaO/Al2O3 and 
SiO2/Al2O3 ratios because the formation of C-(A)-S–H con-
tributes to high strength and Si–O-Si bond exhibits higher 
strength than that of Si–O-Al [35]. In contrast to compres-
sive strength, the flexural strength in Fig. 1f–g initially 
increases rapidly but then gradually decreases with increas-
ing CaO/SiO2, CaO/Al2O3, and SiO2/Al2O3 ratios for limited 
reaction at high Si/Al ratio [35]. Consequently, the mechani-
cal strength of GSCs reaches relative higher values when the 
bulk ratios of CaO/SiO2, CaO/Al2O3, and SiO2/Al2O3 are in 
the rangeof 0.49–0.53, 0.80–0.90, and 1.50–1.80, respec-
tively. As depicted in Fig. 1a and e, S03 with a composition 
of 60% GGBFS, 25% MK, and 15% SF presents the highest 
compressive strength of 80.1 MPa and flexural strength of 
6.0 MPa, respectively.

As seen in Fig. 1i, AC resistivities of 28-day GSCs 
at the frequency of 500 kHz are in a range of 5.74 to 

13.9 × 104 kΩ·m, which are several orders of magnitude 
lower than that of SSCCs [31]. Unlike SSCCs, GSCs have 
high alkali concentrations and numerous nanogel pores 
within the matrix, resulting in intrinsic electrical prop-
erties even without conductive fillers [24, 36]. Wherein, 
the ionic conduction contributes to the conductive mecha-
nisms, which is determined by the precursor compositions 
and geopolymerization degree. In Fig. 1g–l, S01 obtains 
the minimum electrical resistance with the highest CaO/
SiO2 ratio and the lowest CaO/Al2O3 and SiO2/Al2O3 
ratios, suggesting the significance of CaO and Al2O3 con-
tents for high conductivity. Despite the electrical contri-
bution of Ca2+ in C-A-S–H, the high CaO concentration 
will lead to more mobile cations, including K+ and Ca2+. 
The presence of Al involves IV-, V-, and VI-coordination 
states, and the high coordination status may also contrib-
ute to the high conductivity due the local dipole enhance-
ment at molecular level [37].

3.1.2 � Effects of NCB on mechanical and electrical 
properties

Figure 2 illustrates the mechanical and electrical properties 
of GSCs containing NCB. The addition of NCB induces 
a significant reduction on the mechanical strength. Spe-
cifically, the compressive strengths of all the specimens 
decrease to 65 MPa while the flexural strengths decrease 
progressively as the mass proportion of MK reduces and SF 
increases. Compared to other specimens, CB3 exhibits the 
largest reduction in compressive and flexural strength by 
21.0 and 27.1%, respectively. This can be attributed to the 
instinct porous characteristics and potential agglomeration 
defects of NCB [38]. Overall, however, the compressive and 
flexural strengths of the GSCs are still satisfying for most 
cases of structural application.

NCB with the merits of high conductivity and low cost 
has been widely accepted as a promising conductive filler 
to enhance the electrically conductive properties [39]. The 
introduction of NCB reduces the 28-day electrical resist-
ance of GSCs by an order of magnitude. Their electrical 
resistance initially increases with the extension of the curing 
age but declines substantially at the curing age of 21 days, 
followed by an increase to 28 days. In this process, the resis-
tivities of GSCs increase with the extension of curing ages 
due to the progress of polymerization and the absence of 
free water [24]. The lower reactivity of MK, compared to 
GGBFS, results in less water consumption during the early 
curing stages [40]. CB1 demonstrated the best strength and 
conductivity, making it a promising candidate for manufac-
turing self-sensing binder with structural property require-
ments. It is worthwhile that NCB has the best modification 
effect on CB3 with 28-day electrical conductivity enhanced 
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Fig. 1   Effects of precursor compositions on mechanical strength and electrical conductivity of GSCs without conductive fillers at 28 days: (a–d) 
compressive strength; (e–h) flexural strength; (i–l) AC resistivity
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for 76.2%. However, it faces a common issue of the bal-
ance between mechanical strength and electricity-based 
multifunctionality.

3.1.3 � Effects of CSFs on mechanical and electrical 
properties

CSF is regarded as a promising candidate to address the 
aforementioned balance issue between strength and conduc-
tivity. Based on the two mixtures of S03 and CB3, the effects 
of CSF addition on the mechanical and electrical properties 
can be seen in Fig. 3. The compressive strength of GSCs is 
enhanced, especially for SH3 and SL3, which shows that the 
hook-end CSF is better than the straight CSF. In comparison 
to S03, their strengths increase by 27.7 and 21.4%, respec-
tively, at the dose of 2%. The addition of hybrid CSF and 

NCB enhances the compressive strength to a value similar 
to S03, it notably improves the strength by 25.5% relative 
to CB3.

It is clear in Fig. 3b that the flexural toughness of CB3 
is higher than that of S03, which is probably due to the 
nanosized influence of NCB, filling voids and pores within 
the matrix and embedding in geopolymerization products 
as C-(A)-S–H nucleation sites, thereby refining the micro-
structure and improving ductility [41]. However, their quasi-
brittle behavior results in the relatively low flexural strength 
(Fig. 3b, c). Both S03 and CB3 present typical brittle frac-
ture characteristics as the flexural loading reached up to the 
peak load [19, 42].

The incorporation of CSFs provides an effective solu-
tion by improving the flexural peak load and toughness 
of GSCs due to their high tensile strength and bridging 

Fig. 2   Effects of NCB on mechanical strength and electrical conductivity of GSCs: (a) compressive strength; (b) flexural strength; (c) 28-day AC 
resistivity; (d) age dependence of AC resistivity
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effect (Fig. 3b). The fracture energy dissipation and crack 
deflection and bifurcation via fiber debonding, pull-out, 
and deflection account for enhancing their fracture tough-
ness [43]. Besides, the mechanical behaviors of GSCs are 
also determined by their microstructure characterization, 
which will be discussed in Sects. 3.3 and 4.2. Compared to 
straight CSF, end-hooked CSF demonstrates superior pull-
out resistance due to its higher fiber aspect ratio and enlarged 
fiber–matrix interfacial bonding area [44], leading to higher 
flexural strength and toughness of SH3 compared to SL3. 
Crack propagation under flexural loadings generally cov-
ers multiple length scales from microscopic to macroscopic 
dimensions [45]. The synergistic combination of nanoscale 
NCB and microscale-diameter CSF enables multiscale rein-
forcement, with SC3 obtaining the highest flexural strength. 

This induces a supra-additive reinforcement effect, with 
strength increases of 85.0% for S03, 10.4% for SL3, 23.3% 
for SH3, and 289.5% for CB3, respectively.

As seen in Fig.  3d, the addition of end-hooked and 
straight CSFs induces lower resistivity of the specimens 
comparing with that of NCB. The 28-day AC resistivities 
of SH3 (625.9 Ω·m) and SL3 (442.7 Ω·m) are two and three 
orders of magnitude lower than those of S03 and CB3, 
respectively. SC3 showed the highest electrical conductiv-
ity of 150.6 Ω·m among all specimens, demonstrating that 
the hybrid addition of NCB and CSF effectively improved 
electrical performance. Its resistivity shows relatively stable 
growth with increasing curing age due to the formation of 
interconnected conductive paths composed of NCB and CSF 
(Fig. 3e). The Nyquist plots in Fig. 3f reveal a significant 

Fig. 3   Effects of single/hybrid CSFs and NCB on mechanical and 
electrical properties of GSCs containing 60% GGBFS, 25% MK, 
and 15% SF: (a) compressive strength; (b) flexural load–displace-

ment curves; (c) flexural strength; (d) 28-day AC resistivity; (e) age-
dependent AC resistivity; (f) Nyquist plots; (g) equivalent electrical 
circuit proposed for EIS fitting
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reduction in both the capacitive loop and the impedance 
modulus upon addition of conductive fillers. SL3 and SC3 
exhibit smaller capacitive loops and lower impedance mod-
uli compared to S03 and CB3, particularly in the high-fre-
quency region, indicating faster charge transfer kinetics. SC3 
demonstrates an excellent hybrid effect between NCB and 
CSF, proving the synergistic enhancement of conductivity 
as Fig. 3d and e depicted.

To further understand the effect of detailed electrochemi-
cal parameters on the enhanced electrical characteristics and 
mechanism, an appropriate equivalent electrical circuit (EEC) 
was selected based on the previous studies with NCB/CSFs 
[41, 46, 47] to fit the EIS of GSCs. As illustrated in Fig. 3g, 
EEC is composed by Rs(CPEfRf)(CPEdl(RctW)), where Rs is 
the solution resistance of GSCs pore solution; CPEf and Rf in 
the high-frequency circuit represent the double layer capaci-
tance and resistance of conductive fillers/matrix/fillers struc-
ture [41], respectively; CPEdl and Rct in the high-frequency 
circuit represent double layer capacitance generated at the 
pore wall/solution interface and charge transfer resistance 
[48], respectively; W is the Warburg diffusion impedance in 
the low-frequency region, as expressed in Eq. (1). It should 
be noted that CPEf and CPEdl are the constant phase element 
(CPE), which could be expressed as Eq. (2) [49, 50]:

where ZW is Warburg impedance (Ω·cm2), � is Warburg 
coefficient, ZCPE is the impedance of CPE (Ω·cm2), Q 
(Qf for CPEf and Qdl for CPEdl) is the admittance of CPE 
(Ω−1·cm−2·sn), j is the imaginary, ω is the angular frequency 
(rad·s−1), and n (nf for CPEf and ndl for CPEdl) is the phe-
nomenological coefficient. When n = 1, CPE serves as an 
ideal double layer capacitor; when n = 0, CPE serves as a 
pure resistor; and when n = 0.5, CPE represents the diffu-
sion-controlled Warburg impedance.

The consequent fitting results of EIS data are summa-
rized in Table 3. The values of Rs exhibit slight increase 

(1)ZW =
�

√
�

− j
�

√
�

(2)ZCPE =
1

Q(j�)n

or nearly unchanged; the values of Rf and Rct significantly 
decrease, especially for SL3 and SC3, which are reduced by 
an order of magnitude; Qf shows a reduction as single/hybrid 
NCB and CSF are added; and Qdl presents an increasing 
trend, especially for GSCs containing NCB. The increase 
in Rs could be attributed to the refined nanopore structure 
introduced by adding NCB, while the increase in Rs for SL3 
may result from the introduction of large pores along with 
CSF, thus interrupting the original ion transport path within 
the matrix. Moreover, the reconstruction and modification 
of conductive networks contribute to the decrease in Qf as 
single/hybrid NCB and CSF are added. However, the incor-
poration of conductive fillers induces numerous tiny double 
layers with high specific capacitance within the matrix and 
modifies the capacitance characterization at the pore wall/
solution interface, resulting in the growth in Qdl [41, 51].

3.2 � Self‑sensing assessment of GSCs

Figure 4a–c present the relationship between the fractional 
change in electrical resistance (FCR) and flexural strain 
(FCR-strain) for GSCs under flexural loading. Based on the 
flexural fracture behaviors, the FCR-strain curves of GSCs 
can be classified into two categories: (1) brittle failure (GSCs 
without fillers or with only NCB), characterized by a linear 
increase stage followed by a nonlinear increase stage; (2) 
ductile failure (GSCs containing single CSF, hybrid NCB, 
and CSF), characterized by linear elastic stage, microcrack 
initiation stage, and macrocrack propagation stage [45]. 
From Fig. 4a, as flexural strain increases, the FCR of GSCs 
demonstrates a progressive increase. Herein, S03 exhibits 
the highest FCR during loading; the other three mixtures 
attain comparable FCR values at failure. Notably, the addi-
tion of NCB significantly enhances the FCR with higher 
linear slope, especially for CB1 which obtains FCR value 
of 21.8% at crack initiation and 24.8% at ultimate fracture 
(Fig. 4b), respectively. This enhancement compared to S01 
with the lowest FCR may be caused by the greater interfa-
cial adhesion between NCB and the S01 matrix, as well as 
the unique NCB filling effect on pores and voids (will be 
revealed in Sect. 3.3). Regarding CSFs reinforced GSCs, 
both resilience and ductility are substantially improved, 

Table 3   EIS fitting for GSCs containing 60% GGBFS, 25% MK, and 15% SF and single/hybrid CSFs and NCB

Rs(Ω·cm2) CPEf nf Rf (kΩ·cm2) CPEdl ndl Rct (kΩ·cm2) W(× 10−4 
Ω·cm2)Qf(10−5Ω−1·cm−2·sn) Qdl(10−5 Ω−1·c

m−2·sn)

S03 12.21 30.52 0.867 4.798 2.27 0.674 55.810 1.16
SL3 16.85 9.67 0.976 0.249 5.27 0.658 2.702 4.65
SC3 12.04 3.58 0.901 0.693 30.70 0.782 9.670 1.31
CB3 21.97 9.59 0.511 0.596 27.15 0.967 12.190 2.85
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which directly contribute to enhanced strain-sensing per-
formance under flexural loading (Fig. 4c). Compared to S03, 
the FCR of SH3, SL3, and SC3 upon initial crack forma-
tion are enhanced by 38.5%, 15.7%, and 146.9%, respec-
tively. Under progressive flexural loading, the FCR increases 
steadily.

Gauge factor (GF) is a representative parameter used 
to characterize the self-sensing properties, which can be 
obtained by the value of slope in the linear stage of the 
FCR-strain curves (i.e., GF=|FCR|∕�, where � is the applied 
flexural strain). Figure 4d compares the GF of GSCs in this 
work with those reported in relevant literature [27, 52, 53]. 

GSCs developed in this study exhibit significantly enhanced 
initial crack detection sensitivity compared to MK-based 
GSCs [52]. This improvement is further enhanced with NCB 
incorporation, which achieves a high GF value surpassing 
the previous record value of 724.6 (Fig. 4d). However, CSFs 
induce an inferior sensitivity in SL3. SH3 exhibits a higher 
GF than that of SL3, which is consistent with the findings 
of Lu et al. [29]. Considering the findings in Fig. 3c, GSFs 
modified by NCB exhibit exceptional sensitivity in the low-
strain regime while CSF-reinforced GSCs demonstrate sig-
nificantly enhancement with crack propagation at higher 
strain levels. The combination of NCB and CSFs enables 

Fig. 4   Self-sensing properties for GSCs under flexural loading: (a) 
GSCs without conductive fillers; (b) GSCs with NCB; (c) effect of 
NCB and CSFs on GSCs containing 60% GGBFS, 25% MK, and 

15% SF; (d) comparison of GF of GSCs (SiO2-CNTs: SiO2-coated 
carbon nanotubes; rGO: in situ reduced graphene oxide; SiO2-CNTs: 
SiO2-coated graphene nanoplatelets) [27, 52, 53]
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synergistic sensitivity improvement across all loading stages. 
Notably, the GF value of 3853.4 in SC3 increases by an 
order of magnitude compared to S03, showing a strong 
potential for initial crack monitoring.

3.3 � Morphological analysis

3.3.1 � Pore structure

Figure 5 illustrates the multiscale pore structure in GSCs as 
determined by NAD, MIP, and CT techniques. While sam-
ples containing different precursor compositions in Fig. 5a 
exhibit similar adsorption/desorption curve profiles and hys-
teresis loops types, GSCs with NCB show higher N2 adsorp-
tion volumes than those counterparts without NCB. This 
observation is further verified by MIP analyses in Table 1, 
which reveal increased total pore volume and porosity as 
NCB is added. For example, CB3 exhibits a 17.5% increase 
alongside a porosity rise from 17.23 to 19.49% when com-
pared to S03. This can be ascribed to the addition of NCB 
that introduces air voids and porous NCB aggregation, con-
sequently causing its compressive and flexural strengths to 
decrease by 21.0 and 27.1%, respectively, as depicted in 
Fig. 2.

Notably, owing to the nano-filling effect of NCB, the 
average pore diameter and most probable pore diameter 
of GSCs measured by NAD in Fig. 5d and Table B1 are 
reduced as it is being added, as quantitatively confirmed 
by MIP results. The pore refinement arises from the trans-
formation of large pores into small pores, yielding a more 
continuous and interconnected pore network. This modifica-
tion directly improves charge transport, as evidenced by a 
76.2% reduction in AC resistivity for CB3 compared to S03. 
In contrast, the addition of CSF substantially increases the 
pore size diameter in the range from 100 nm to 1 μm, which 
is probably trapped air voids formed during fabrication [54]. 
Moreover, hybrid CSFs and NCB could effectively refine the 
pore structure, particularly reducing macropores. As shown 
in MIP results of Table B1, the average pore diameter of 
SC3 is lower than S03 for 11.4%, CB3 for 5.5%, and SL3 
for 16.0%, respectively. The characterization and calcula-
tion based on X-CT further verify the findings. As demon-
strated in Fig. 5 and Table B2, the distribution of pores in 
SL3 are mainly distributed in the size ranges of 50–100 nm 
and 100–200 nm, accounting for 26.8 and 37.9%, respec-
tively. Conversely, high amounts of pores in SC3 are con-
centrated in sizes smaller than 50 nm and within the range 
of 50–100 nm, accounting for 24.6 and 49.9%, respectively. 
In general, MIP demonstrates high measurement accuracy 
for pore diameter smaller than 200 nm with significant pore 
volume shown in Fig. 5d. In comparison, the total poros-
ity in three dimensions measured by X-CT is evaluated in 

Table B2. The results reveal that SC3 has higher porosity 
than SL3 when the pore diameter is smaller than 200 nm, 
which is consistent with MIP analysis. Additionally, X-CT 
enables quantitative characterization of larger pores, further 
revealing that SL3 exhibits higher total porosity than SC3 
(Table B2) due to the introduction of entrapped air and inho-
mogeneous distribution of CSFs [11].

The fractal analysis results of GSCs characterized by 
NAD and MIP s are illustrated in Fig. B1. According to 
the relationship between N2 adsorption force and the related 
distance from the adsorption medium, Frenkel, Halsey, and 
Hill proposed a multimolecular layer gas absorption model 
(FFH model) [55], as expressed in Eq. ((− ln(P/P0)) + C 4):

where Q is the amount of N2 adsorption (cm3/g), P is the 
adsorbed equilibrium pressure (MPa), P0 is N2 saturated 
vapor pressure (MPa), and k and C are the slope and con-
stant determined by the linear regression fitting of ln(Q) as a 
function of ln(− ln(P/P0)). Avnir et al. [56] and Pfeifer et al. 
[55, 57] further optimized the calculation formula of fractal 
dimension (Eqs. 4–6) based on capillary condensation and 
surface tension.

Here, � is used to characterize whether surface tension is 
the dominant force in adsorption. When � >0, surface ten-
sion can be ignored, and DN can be calculated by Eq. (4); 
when � <0, surface tension is the main adsorption force, and 
DN can be calculated by Eq. (5).

Based on MIP results, the pore fractal dimension for 
macro pores can be calculated using Menger sponge model 
[58, 59], as expressed in Eqs. (7)–(8):

where Vp is the cumulative pore volume (cm3), P′ is the pres-
sure (MPa), Pt is the pressure above threshold (MPa), and k1 
and lnC1 are the slope and constant determined by the linear 
regression fitting of lnVp as a function of ln(P� − Pt).

Although the extensive pore network within GSCs is 
composed by multiple pores, it is hard to realize the com-
prehensive characterization of this multiscale pore struc-
ture. Following the fractal results of GSCs derived from 
NAD and MIP in Fig. B1, quantification of mesopore and 

(3)In(Q) = k ln(−In(P∕P0)) + C

(4)k = (DN − 3)∕3

(5)k = DN − 3

(6)� = 3(1 + k) − 2

(7)InVp = (3 − Dm)In(P
� − Pt) + InC1

(8)DM = 3 − k1
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Fig. 5   Pore structure characterization of GSCs as determined by different methods: (a, b) NAD; (c, d) MIP; (e, f) X-CT



Advanced Composites and Hybrid Materials           (2025) 8:363 	 Page 13 of 22    363 

macropore fractal dimensions can be quantified. Consid-
ering the relationship between pore fractal dimension and 
pore volume distribution described by FHH and Menger 
sponge models, multiscale synthetic fractal dimen-
sion ( Dc ) for porous GSCs can be further calculated by 
weighted average with the proportion of pore volume in 
different pore size as expressed in Eq. (10):

where ANi represents the proportion of micropore volume to 
total pore volume (%); DNi represents the fractal dimension 
of the i-th pore size segment in the micropore stage; bNi rep-
resents the ratio of the pore volume of the i-th pore size seg-
ment in the micropore stage to the total pore volume of the 
micropores (%); BMi represents the proportion of macropore 
volume to total pore volume (%); DMi represents the fractal 
dimension of the i-th pore size segment in the macropore 
stage; bMi represents the ratio of the pore volume of the i-th 
pore size segment in the micropore stage to the total pore 
volume of the micropores (%).

Table 4 summarizes fractal analysis results of meso-, 
macro-, and multiscale pore fractal dimensions of GSCs. 
The value of fractal dimension is inversely proportional 
to the distribution of the pore structure. It is clear from 
Table  4 and Fig.  B1 that the addition of single NCB 
and CSF leads to an increase in the fractal dimension 
of micropore by using FHH model and reduction of the 
fractal results on the macropores. Notably, the minimum 
fractal dimension is obtained for GSCs containing hybrid 
NCB and CSF with micropores. The fractal dimension of 
SC3 is 1.716, which decreases by 2.39% for S03, 2.56% 
for CB3, and 5.92% for SL3. This reduction leads to a 
more uniform mesopore distribution and significantly 
enhanced connectivity, while having an adverse effect on 
the macropores and multiscale pores.

(9)Dc = ANi

n∑

i=1

DNibNi + BMi

m∑

j=1

DMibMi

3.3.2 � Interface microstructure

Figure  6a–d demonstrate SEM images of the interface 
between GSC matrix and CSF. Both SL3 and SC3 exhibit 
compact interfacial bonding between CSF and geopolym-
erization products. The presence of nano-C-(A)-S–H and 
C-(K)-A-S–H and K-A-S–H gels enhances the compactness 
and homogeneity of the fiber–matrix bond interface. As seen 
in Fig. 6a and b, CSF is tightly wrapped by geopolymeriza-
tion products, with silicon enrichment from the activator 
enhancing interfacial adhesion through the formation of a 
silicon-rich nanogel structure. As for SC3, CSFs within the 
studied zone are pulled out, wherein fiber debonding and 
extraction behaviors contribute to the pronounced flexural 
strength and fracture energy (Fig. 3).

Figure  6e and f present interfacial characterization 
through SEM image in BSE model and EDS linear map-
ping. There is no porous and weak transition zone around 
the aggregate, which is different from that of OPC-based 
concrete [60]. The matrix between CSF and aggregate is 
compact and uniform due to homogeneous Ca, Si, and Al 
element distribution. The dissolution and reaction of Ca, 
Si, and Al that originated from aluminosilicate precursors 
in the highly alkaline environment promoted the formation 
of high-strength C-A-S–H, K-A-S–H, and C-(K)-A-S–H 
nanogel phases [61]. The rich elemental concentrations in 
Fig. 6g further verify the presence of these highly disordered 
nanogel phases. On the other hand, NCB particles with nan-
odiameters are responsible for refining pore structure, and 
filling the nanovoids in the porous regions and microcracks 
within the interface. As illustrated in Fig. 6g, the distribu-
tion of carbon element demonstrates that NCB particles are 
evenly distributed within the nanostructure of the matrixes, 
despite the local agglomeration of NCB in the upper left 
region. They are wrapped by geopolymerization products 
acting as nucleation sites for nanogel formation and thereby 
optimizing the distribution of geopolymerization products 

Table 4   Fractal analysis results in meso-, macro-, and multiscale pore fractal dimension

Mixtures NAD MIP MD

k C R2  δ DN k1 lnC1 R2 DM AN BM Dc

S01  − 1.251 6.02 0.97015  − 2.753 1.749 0.218  − 5.85 0.89285 2.782 14.29 85.71 2.634
CB1  − 1.161 5.61 0.95627  − 2.483 1.839 0.299  − 6.40 0.90757 2.701 17.32 82.68 2.552
S02  − 1.175 6.30 0.96592  − 2.525 1.825 0.240  − 6.21 0.91352 2.760 13.79 86.21 2.631
CB2  − 1.145 5.74 0.94569  − 2.435 1.855 0.278  − 6.17 0.91110 2.722 14.02 85.98 2.600
S03  − 1.242 6.33 0.96888  − 2.726 1.758 0.234  − 6.04 0.90976 2.766 10.55 89.45 2.660
CB3  − 1.239 6.30 0.97053  − 2.717 1.761 0.296  − 5.95 0.91336 2.704 9.30 90.70 2.616
S04  − 1.269 6.90 0.95258  − 2.807 1.731 0.279  − 6.44 0.91868 2.721 8.00 92.00 2.642
CB4  − 1.305 6.30 0.95945  − 2.915 1.695 0.267  − 5.90 0.91868 2.733 10.27 89.73 2.626
SL3  − 1.176 6.16 0.97717  − 2.528 1.824 0.316  − 6.92 0.98827 2.684 17.90 82.10 2.530
SC3  − 1.284 6.14 0.94790  − 2.852 1.716 0.174  − 5.36 0.94092 2.826 9.02 90.98 2.726
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(Fig. 6h) [62]. Consequently, the formation of nano-filling 
effects of NCB and calcium aluminosilicate gels contributes 
to the development of homogeneous and dense interfacial 
bonding in GSCs. These mechanisms improve interfacial 
stiffness and promote more uniform deformation, leading 
to enhancement in strength, toughness, and fracture energy 
[63].

4 � Discussion

4.1 � Self‑sensing mechanisms under flexural loading

Figure 7 illustrates conductive variation of GSCs under flex-
ural loading. Based on the above analyses, three conduct-
ance mechanisms can be proposed for GSCs incorporating 
NCB or/and CSFs [64, 65]: (a) ionic conduction through 

mobile free ions within the interconnected capillary net-
work of the pore solution; (b) contact conduction occurring 
between adjacent conductive fillers, that is, NCB particles, 
Linear connections along CSFs, and volumetric conduction 
formed by the hybrid NCB and CSFs within a 3D cross-
linked SiO4 and AlO4 tetrahedron network; (c) tunneling 
conduction between these closely spaced conductive fillers. 
At high frequencies, the electrical conductivity can be fur-
ther enhanced by capacitive effects [65], primarily due to 
the formation of double layer capacitance at the pore wall, 
pore solution interface, and the conductive filler/matrix/filler 
network as the hydrated cations are attracted to negatively 
charged particles [31, 48].

The electrical response of GSCs under flexural loading 
is dependent on the load-carrying evolution and electri-
cally conductive variations. As illustrated in Fig. 7, dur-
ing three-point bending testing, the specimen experiences 

Fig. 6   Multiscale microstructure of phases in GSCs: (a) SEM image 
of SL3; (b) enlarged nanogel structure of (a); (c) SEM image of SC3; 
(d) enlarged geopolymerization product microstructure of (c); (e) 

SEM image in BSE model of SC3; (f) line scanning profile across the 
zoon of (e); (g) TEM and the corresponding elemental mapping of 
geopolymerization products; (h) HRTEM image of NCB of (g)
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compression on the upper side and tension on the lower side 
due to the effect of the bending moment [4, 11]. During 
the initial elastic stage, the stress and strain distributions 
across the cross-section are linear with tensile and compres-
sive stress satisfying static equilibrium conditions. Herein, 
conductive fillers are randomly distributed within the matrix, 
and the conductive network retains its pristine integrity as 
the applied load is insufficient to induce apparent deforma-
tion. Following progressive loading, both compressive and 
tensile stress increase. For the upper compression zone, the 
distance of conductive fillers is narrowed along the radial 
direction, triggering the rearrangement of conductive fillers 
and reconfiguration of extensive conductive network. In con-
trast, the conductive fillers at the lower region of the speci-
men are separated from the complete conductive network 

due to the applied tensile stress. The applied tensile stress 
continually increases until it attains the ultimate strength of 
GSCs, resulting in the initiation and propagation of cracks. 
In this process, the neutral axis of GSCs without fillers/with 
NCB shifts downward due to restricted tensile stress increase 
from rapid cracking in the tension zone. The specimens 
experience abrupt fracture when cracks fully penetrate the 
cross-section, resulting in complete disruption of conductive 
paths and consequent peak in FCR. The effects of CSFs pull-
out resistance and intrinsic elastic deformation allow GSCs 
to sustain continuous stress and strain in the tension zone 
and drive the neutral axis migration toward the compression 
surface (Fig. 7).

The hybrid NCB and CSFs enhance the self-sensing behav-
iors of GSCs by improving ductility at low strain levels and 

Fig. 7   Self-sensing mechanisms 
of GSCs under flexural loading
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stability at high strain/stress levels. On the one hand, the incor-
poration of NCB refines the nanopore structure (Fig. 5) while 
enhancing the interfacial bonding and microstructure compact-
ness (Fig. 6). The bridging effect of CSFs effectively inhibits 
the propagation of macrocracks and induces the appearance of 
multiple cracks, enabling plastic deformation. Moreover, NCB 
primarily facilitates short-range electron transport through par-
ticle-to-particle contacting and hopping, while CSFs enable 
long-range charge conduction through their interconnected 
fibrous structure [66, 67]. Their synergistic interaction estab-
lishes the extended conductive network, thereby enhancing 
the sensing sensitivity of GSCs. In addition, the increase of 
ion migration and capacitance effect also exhibit a positive 
correlation with the sensitivity (Fig. 7). The migration of 
mobile hydrated cations within the pore structure during flex-
ure induces a charge imbalance and a local dipole [68]. The 
dominated alkali cations move and hop to balance the single 
negative charge of AlO4 tetrahedron, while the remaining cati-
ons serve as the charge carriers [69]. The directional migra-
tion of ions generates a capacitance effect and the changes in 
capacitance plate distance and the relative dielectric constant 
caused by flexural loading leads to a change in the variation in 
capacitance [70]. However, when the applied stress exceeds 
the interfacial bond strength between CSF and matrix, the con-
sequent fiber pull-out and NCB/fiber debonding phenomenon 
may directly increase contact resistivity by disrupting conduc-
tive pathway, adversely affecting the contacting conduction 
and tunneling conduction [14].

4.2 � Optimizing the dispersion and alignment 
of NCB and CSFs in GSC fabrication

Apart from the microstructure analyzed in Sect. 3.3, the spatial 
distribution of CSF, which is responsible for the organization 
of mechanical and conductive reinforcement structure, plays a 
critical role in optimizing the self-sensing properties of GSCs. 
The original CSF orientation coefficient ( �� ) and dispersion 
coefficient ( � ) characterized by X-CT in 3D space (Fig. C1) 
can be calculated using Eqs. (10)–(12) [72, 73]:

where �a is the orientation coefficient in one of the axes 
( a represents the X, Y, or Z axis), Nf  is the total number of 

(10)�a =
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cos�i
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√
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]

fibers, �i is the orientation angle between the i-th fiber and 
the axis (°), � is the comprehensive orientation coefficient 
to refine the 3D orientation factor, t is the number of CT 
images, Xi is the number of fibers in the i-th image, and Xa is 
the average of fibers. When 0.5 ≤ �≤1, the fibers are evenly 
distributed within the Matrix; when 0≤ �≤0.5, the fibers are 
unevenly distributed within the matrix.

On the other hand, CSF distribution governs the interface 
among the fiber–matrix, aggregate–matrix, and NCB–matrix, 
resulting in different flexural fracture regimes. The interfa-
cial bond strength ( �fu , MPa) between CSF and matrix can be 
quantified by flexural stress and CSF distribution parameters 
in Eq. (13) [74]:

where �f  is the flexural stress (MPa), d is the diameter of 
CSF (mm), �c is the length-related bonding coefficient with a 
value of � , l is the length of CSF (mm), and V  is the volume 
content of CSF (vol.%).

Under flexural loading, crack initiation and propagation 
primarily exhibit mode I fracture behavior, as the tensile 
stress acts perpendicular to the crack plane. This crack pat-
tern at the onset of fracture was also detected in the digital 
image by Lu et al. [29]. At the crack tip, the applied load is 
carried by the bridging CSFs, where the stress is transferring 
from CSFs to the uncracked matrix through shear bonding 
[75]. In this process, one key factor underpinning the first 
cracking energy ( Ef  , J/m2) is the interfacial bond strength, 
compounded by the slipping/debonding/bridging effects and 
the frictional shearing resistance [45, 76]. This crack frac-
ture mode aligns with previous observations in [45], and its 
quantitative characterization remains applicable to GSCs. 
The first cracking energy therefore can be calculated using 
Eqs. (14)–(18):

where ΔUf−mc is the crack-bridging CSFs’ strain energy (J/
m2), ΔUfr is the CSF–matrix fractional slip energy (J/m2), 

(13)�fu =
�f d
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Udb is the debonding energy consumed by the elastic bond 
between CSFs and GSC matrix (J/m2), Vef  is the effective 
volume fraction of fibers (vol.%) calculated following the 
method in [45], EG is the elastic modulus of CSFs ( EG= 200 
GPa), �mu is the elastic ultimate strain (× 10−6), GII is the 
fracture energy followed mode Ⅱ caused by shearing failure 
(J/m2) [75], Gcom is the complementary energy derived from 
Fig. 3b (J/m2), and Δa is the permissible main crack width 
( Δa = 0.05mm ) [77].

The distribution coefficients and flexural fracture param-
eters of GSCs are summarized in Table 5. Although SC3 
and SL3 exhibit comparable CSF orientation coefficients, 
the addition of NCB leads to a 159% improvement in CSF 
dispersion of SC3 compared to SL3. This greater dispersion 
accounts for the enhanced electrical conductivity (Fig. 3) 
and strain-sensing sensitivity (Fig. 4). Furthermore, the 
optimized homogeneity directly contributes to 9.25% higher 
interfacial bond strength compared to SL3. As shown by the 
crack images in Fig. D1, the crack surface of SC3 and SL3 
contain CSFs, which provide bridging effect evidently. Dur-
ing loading, the regional matrix spalls as the crack expands 
and the load increases, while slip occurs due to load trans-
fer through CSFs [78]. Particularly in SC3, another distinct 
crack forms when the transferred tensile stress exceeds the 
tensile strength. The tendency for multiple cracking patterns 
can be attributed to the enhanced interfacial bonding and 
greater flexural fracture resistance resulting from the addi-
tion of hybrid NCB and CSFs. Accordingly, the first crack-
ing energy, fractional slip energy, and bridging CSF energy 
in SC3 demonstrate an increase of 2.8%, 21.8%, and 21.2%, 
respectively, when compared to SL3, whereas the debonding 
energy and shear fracture energy show substantial reduction.

Consequently, the distribution and spatial arrangement 
of NCB and CSFs play a pivotal role in enhancement for 
flexural fracture resistance and sensing properties of GSCs. 
Although the spatial distribution of CSFs can be thor-
oughly characterized, the 3D distribution of NCB remains 
challenging to investigate. To maximize mechanical and 
sensing effectiveness, the specimen preparation and filler 

dispersion should be well designed to ensure the homogene-
ous and effective distribution of NCB and CSF within the 
matrix. Besides focusing on the dispersing agent, there is a 
great potential in tailoring the CSF orientation. Aligning the 
CSF arrangement along the direction of the applied force is 
expected to enhance load-bearing capacity and continuous 
sensing sensitivity, making it promising to fabricate GSC for 
intelligent structure in the future.

4.3 � Sustainability analyses by ecological 
and economic assessments

The environmental and economic performance is of great 
concern for the manufacture and application of GSCs. The 
environmental impact assessment follows the life cycle 
assessment framework established by the International 
Organization for Standardization (ISO 14075) [79]. Carbon 
footprint serves as the primary indicator, encompassing three 
critical life cycle stages: raw material production, transporta-
tion, and GSC manufacturing processes. Based on the Chi-
nese life cycle database and relevant literature, the embodied 
carbon dioxide emissions for manufacturing GSCs can be 
evaluated by setting CO2e/kg of GGBFS, MK, SF, PH, PS, 
CSFs, NCB, and QS with values of 0.083 [81], 0.122 [83], 
0, 2.2 [84], 1.3 [84], 1.496 [80], 0.286 [83], and 0.033 kg 
[83], respectively. During the transportation stage, carbon 
dioxide emissions can be calculated based on transportation 
distance and truck fuel consumption. Given the real cases 
of manufacturing a GSC, it must be near/in major cities that 
all raw materials and market are within a reasonable dis-
tance. A good model is the practice of precast concrete plant. 
Therefore, the transportation distances of raw materials can 
be set reasonably as follows: 200 km of GGBFS, 500 km of 
MK, 200 km of SF, 100 km of PH, 100 km of PS, 100 km 
of CSFs, 500 km of NCB, and 300 km of QS. It should be 
noted that these distances are set according to current prac-
tice in China and must differ in different areas and countries. 
The impact of transportation distance is true but not that 
large as long as it is in a reasonable range [85]. The carbon 
emission factor for an 8-t diesel truck is 0.168 kg CO2e/
(t·km) [83]. The manufacturing process covers mixing and 
curing, and their carbon dioxide emissions can be estimated 
as 5.83 and 2.18 kg CO2e/t, respectively [86].

Figure 8a–c illustrate the carbon dioxide emissions of 
GSCs across raw materials, transportation, and manufac-
turing process, with detailed data listed in Tables E1-3. 
Regarding raw material production emission, the utilization 
of activators, NCB, and CSFs accounts for the predominant 
proportion. Especially, the introduction of conductive fill-
ers drastically raises the carbon emission of raw materi-
als. For example, incorporating single NCB and CSF into 
a GSC mixture composed of 60% GGBFS, 25% MK, and 
15% SF induce increases in total CO₂ emissions of 30.8 and 

Table 5   The effect of CSF distribution on the flexural fracture energy 
of GSCs

Mixtures SC3 SL3

Dispersion coefficient 0.954 0.368
Orientation coefficient 0.667 0.657
Interfacial bond strength (MPa) 19.95 18.26
First cracking energy (J/m2) 54.940 53.423
Crack-bridging fiber strain energy (J/m2) 20.166 16.640
Fractional slip energy (J/m2) 8.819 7.240
Debonding energy (J/m2) 25.955 29.542
Shearing fracture energy (J/m2) 0.316 0.365
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97.0%, respectively. The highest total CO₂ emission reach-
ing 1138.5 kg CO₂e/m3 was observed when both NCB and 
CSF were added. Conversely, GSCs show a progressively 
reduced carbon footprint with increasing SF contents. This 
is ascribed to the fact that the precursors are industrial by-
products, having substantially lower production emission 
compared to OPC. Locally sourced chemical activators and 
CSFs demonstrate significantly lower carbon footprints due 
to minimized transport distances.

By systematically tracking the price of raw materials, the 
latest market survey data indicates that the costs are 26.8 
USD/t for GGBFS, 317.02 USD/t for MK, 478.4 USD/t 
for SF, 965.5 USD/t for PH, 720.5 USD/t for PS, 1296.9 
USD/t for CSFs, 936.7 USD/t for NCB, and 64.8 USD/t for 
QS. The total cost shown in Fig. 8d and Table E4 is evalu-
ated following the study of [82]. It should be noted that the 
economic performance of GSCs is influenced by the prac-
tical production costs and related carbon emission. Apart 
from the alkaline activators, the addition of SF and CSFs 
leads to a reverse effect due to its higher cost. Compared to 
GSCs without fillers, the cost increases by 110.5 and 123.8% 

with the addition of single CSF and hybrid NCB and CSF, 
respectively.

In conclusion, GSCs reinforced with hybrid NCB and CSFs 
provide a highly cost-effective solution for SHM, achieving 
a satisfying balance among carbon emissions, mechanical 
strength, and sensing sensitivity. Future investigation is worth-
while to explore the feasibility of incorporating recyclable 
and replaceable cementitious materials, recycled conductive 
fillers, and alternative cheap activators, without comprising 
their environmental, structural, and intelligent performance.

4.4 � Challenges and pathways forward

The development and practical application of GSCs face 
some challenges though, particularly in terms of mixture 
formulation and preparation complexity. It is advantageous 
that geopolymer manufacturing could use a wide range of 
aluminosilicate precursors, such as the GGBFS and SF used 
in this study, while it also raises an issue of vibration in 
composition of differently sourced materials. This means 
the suitability of each precursor should be examined by a 

Fig. 8   The effect of mixture composition on sustainability: (a) embodied carbon dioxide emission of raw material production; (b) embodied car-
bon dioxide emission of raw material transportation; (c) total embodied carbon dioxide emission; (d) economic performance
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whole set of testing, including the basic reactivity and the 
impacts on conductivity and mechanical properties. In this 
study, we provide an empirical formulation, but the exact 
conductivity and sensitivity should change when other mate-
rials are used. Secondly, the current manufacturing process 
adopts the pre-mixing method of alkaline activator, which is 
a common way of producing geopolymer binders. This is not 
friendly in construction industry when staff are required to 
follow strict chemistry procedures for safety. Recent break-
throughs, such as the one-part geopolymer technology and 
single-component GSC [65], offer promising solutions by 
enabling simplified preparation through direct water mixing. 
This requires a mature supply chain of geopolymer materi-
als, which is still nascent in many areas of the world. It is 
also acknowledged that despite the advance of this study, 
research gaps remain that require more systematic investiga-
tion, including performance optimization by finer adjustment 
of quantity of mixture components, long-term durability 
validation, and the establishment of standardized applica-
tion protocols, particularly focusing on scalable production 
methods, cost control, and field implementation techniques 
to facilitate broad industrial adoption.

5 � Conclusions

This study systematically investigated the effects of precur-
sors, NCB, and CSFs on mechanical, electrical, and self-
sensing properties of GSCs, with a deep exploration in the 
enhancement of hybrid NCB and CSF-reinforced GSCs to 
maximize the structural and functional performance. The 
optimal aluminosilicate precursor composition for high 
strength and conductivity of GSCs is identified as 25–30% 
MK and 10–25% SF, with CaO/SiO2, CaO/Al2O3, and SiO2/
Al2O3 ratios of 0.49–0.53, 0.80–0.90, and 1.50–1.80, respec-
tively. GSCs reinforced by hybrid NCB and CSF exhibit 
high cost-effectiveness, achieving enhancement in fracture 
resistance (first cracking energy of 54.9 J/m2), electrical 
conductivity (28-day AC resistivity of 150.6 Ω·m), and 
sensing sensitivity (GF of 3853.4 at first-crack initiation). 
This multi-objective optimization originates from the syn-
ergistic effects of hybrid NCB-CSF system within the 3D 
cross-linked SiO4 and AlO4 tetrahedron network, including 
the contribution of refined nanopore structure, geometrically 
optimized CSF distribution, and densified interface micro-
structure with nanogel formation. The hybrid NCB and 
CSF reinforced GSCs in this study demonstrate significant 
potential for SHM in intelligent structure. However, their 
large-scale application faces three critical manufacturing 
challenges in optimizing conductive fillers’ spatial distribu-
tion, employing more low-carbon substitutes and developing 
recyclable and replaceable materials, which requires exten-
sive attention in future investigations.
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