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Abstract This study investigates how glass powder
modification enhances steel fiber-reinforced mortar
(SFRM) performance in marine environments, with
focus on microstructural properties and chloride
resistance. We developed a customized image seg-
mentation technique that combines K-means cluster-
ing with concentric strip analysis to characterize the
fiber—matrix interface. Results showed that replacing
25% of cement with glass powder reduced the inter-
facial transition zone thickness from 45 to 35 pm and
decreased surface porosity from 95 to 85% after 28-d
curing. The pozzolanic reactions generated additional
C-S-H phases and modified phase assemblages,
enhancing chloride resistance and increasing inter-
facial microhardness by 183.3 MPa. During wet—dry
testing, glass powder-modified specimens showed
15-25% lower chloride concentrations and delayed
corrosion initiation by 3-6 cycles in seawater-mixed
specimens. This work provides both a testing method-
ology for fiber—matrix interface analysis and practical
guidelines for improving SFRM durability in marine
construction through waste glass utilization.
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1 Introduction

Concrete and mortar remain fundamental materials
in modern construction, serving critical roles in
everything from structural elements to finishing
applications. The scale of their global usage is
staggering—in 2021 alone, global cement production
was estimated to have reached 4.1 billion tons, with
annual concrete consumption seven times higher
[1]. This massive consumption pattern could raise
significant  sustainability concerns, particularly
regarding freshwater usage and cement production
in coastal regions and remote islands [2]. These
challenges have driven researchers to seek sustainable
alternatives and innovative solutions for construction
materials like waste material utilization and
alternative mixing water sources.

Waste glass recycling presents a critical
environmental challenge, with global recycling rates
stagnating at 21% of the 27 million tonnes produced
annually [3]. This issue is particularly acute in densely
populated urban centers like Hong Kong, where daily
waste glass generation exceeds 300 tonnes with
recycling rates below 20% [4]. While traditional
recycling faces logistical and economic barriers,
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incorporating glass powder as a supplementary
cementitious material offers a sustainable alternative
that potentially enhances concrete performance
[5-10]. Unlike traditional supplementary
cementitious materials, glass powder offers unique
advantages including superior acid resistance with
45% glass powder showing 15% lower mass loss than
control specimens [11], distinctive microstructural
improvements through fibrillar hydration products,
and enhanced flexural strength compared to fly ash
[12]. Glass powder provides sustainability benefits by
utilizing post-consumer waste with limited recycling
options (<20%), whereas the future availability of
fly ash and blast furnace slag may be constrained by
reduced coal power generation and changing steel
manufacturing processes. The formation of Si/Al-rich
residue in glass powder mortars creates a protective
barrier against acid ions, enhancing durability in
aggressive environments [11].The effectiveness
of glass powder in cementitious systems depends
critically on particle size distribution and replacement
ratios. Recent studies indicate that particles below
25 pm exhibit high pozzolanic reactivity [13—15] and
replacement levels between 20 and 30% yield optimal
results for strength development and durability
enhancement [11, 16-18]. These characteristics
become particularly relevant when considering
aggressive exposure environments, such as marine
construction where seawater mixing is increasingly
considered.

The use of seawater in concrete mixing, driven
by freshwater scarcity in coastal regions, introduces
both opportunities and challenges. The presence of
dissolved salts affects not only the hydration kinet-
ics but also the microstructural development of the
cementitious matrix [19-21]. For example, chloride
ions in seawater accelerate cement hydration, lead-
ing to increased early-age strength of the materials
[12, 19, 22]. While these effects can be beneficial
for certain applications, the higher chloride content
raises durability concerns, particularly regarding
reinforcement corrosion. These durability considera-
tions have led researchers to explore various mate-
rial combinations that might mitigate potential nega-
tive effects while harnessing the benefits of seawater.
One promising direction involves the incorporation
of steel fibers. These fibers, typically ranging from
0.2 to 1.0 mm in diameter and 10-60 mm in length,
provide three-dimensional reinforcement throughout

the matrix [23-26]. Research has demonstrated their
ability to improve flexural strength, impact resist-
ance, and fatigue performance [27-33]. The dispersed
nature of fiber reinforcement potentially offers bet-
ter corrosion resistance compared to traditional steel
bars, as individual fibers are less likely to form con-
tinuous electrical paths [34, 35]. Individual fibers
typically remain electrically isolated, preventing the
formation of macrocells that accelerate corrosion in
traditional reinforcement [36]. Additionally, seawa-
ter-mixed concrete with appropriate supplementary
cementitious materials can be strategically applied in
specific marine components with limited structural
requirements or as protective layers for convention-
ally reinforced elements. This approach leverages the
improved mechanical properties while minimizing
corrosion risk through targeted application strategies.
Studies have shown that fiber—matrix interactions
are influenced by the ionic composition of mixing
water [37], affecting both mechanical properties
and durability performance. However, the combined
effects of glass powder incorporation and seawater
mixing on steel fiber-reinforced cementitious systems
remain largely unexplored, presenting an important
research gap in sustainable construction materials.
Previous research [38] has demonstrated that
appropriate pozzolanic materials can effectively
bind chloride ions in stable phases, significantly
reducing their mobility. Glass powder, as such a
pozzolanic material, may enhance this binding
capacity by forming phases with high chloride
adsorption potential, thus minimizing the risk of
salt redistribution. This research addresses these
knowledge gaps through a systematic investigation
of glass powder modification effects in seawater-
mixed steel fiber-reinforced mortars (SFRM).
The primary objectives are to: (1) develop and
validate a novel quantitative methodology for
characterizing fiber—matrix interfaces; (2) elucidate
the mechanisms by which glass powder modification
affects interfacial microstructure and properties; (3)
quantify the combined effects of glass powder and
seawater mixing on chloride transport and binding
mechanisms; and (4) develop recommendations
for optimizing glass powder usage in steel fiber-
reinforced mortars based on laboratory findings
while acknowledging the limitations of scale and
the need for field validation. Through advanced
microstructural analysis techniques and systematic
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property evaluation, this study provides fundamental
insights into interface engineering of cementitious
composites while addressing practical challenges
in sustainable marine construction. The findings
contribute to both theoretical understanding of
complex cementitious systems and practical solutions
for enhancing concrete durability in aggressive
environments.

2 Materials and methods
2.1 Materials
2.1.1 Cement and glass powder

The cement used was CEM 1 ordinary Portland
cement (strength class 52.5 N, Green Island Hong
Kong Co. Ltd.) complying with BS EN 12350. The
chemical composition and physical properties of
the cement are provided in Table 1. Following the
established protocol [12], glass powder was prepared
from waste glass beverage containers (mixed colors).
After removing contaminants through tap water
washing and air-drying, the glass was crushed
and ground in a laboratory ball mill (D 206 mm, L
330 mm, Speed 60 rpm, Ball-to-material ratio 6:1).
The resultant glass powder appeared white in color
with a measured average particle size of 22.3 pm.

Table 1 Chemical compositions and physical properties of the
cement (wt.%)

Compositions wt.%
SiO, 21.2
AL O, 5.10
CaO 67.9
MgO 1.21
K,O 0.12
P,0s 0.12
Fe,0, 0.21
SO, 4.12
Physical properties

Density (g/cm?) 3.03
Average particle size (pm) 17.7

2.1.2 Steel fibers

Commercially sourced smooth steel fibers with a
diameter of 0.20 mm and a length of 13 mm were
adopted. The fibers had a nominal tensile strength of
1100 MPa and elastic modulus of 200 GPa.

2.1.3 Seawater

Artificial seawater was prepared according to
ASTM D1141-98 (2013) to eliminate variables from
organic matter and dissolved gases. The major salt
compositions are shown in Table 2.

2.2 Mix proportions and specimen preparation

Eight mortar mixtures were designed using a factorial
experimental approach, incorporating two water-
to-binder ratios (w/b: 0.45 and 0.30, designated as
medium (M) and high (H) quality respectively),
two water types (freshwater and seawater), and two
binder compositions (with/without glass powder).
The selected w/b ratios 0.45 and 0.30 represent
typical values used in medium-quality and high-
quality marine concrete applications, respectively.
These values allow for assessment of glass powder
modification effectiveness across different concrete
quality levels commonly encountered in practical
marine construction.

Glass powder replaced 25% of cement by mass in
selected mixtures. The sand-to-binder ratio was fixed
at 3:1 by volume. Steel fibers were incorporated at
2% by volume of binder. A polycarboxylate-based
superplasticizer (ADVA-109, W.R. Grace) was used
in H-series mixtures to maintain workability. The
detailed mix proportions are shown in Table 3.

Table 2 Chemical compositions of artificial seawater

Compound Concentration
(gL)

NaCl 24.53

MgCl, 5.20

Na,SO, 4.09

CaCl, 1.16

KCl1 0.695

NaHCO; 0.201

KBr 0.101

niem
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Table 3 Mix proportions
of mortar (kg/m3)

Freshwater ~Seawater

Cement Glass power Sand Steel fiber Superplasticizer

F-M 235 0
F-H 170 0
FG-M 232 0
FG-H 168 0
S-M 0 235
S-H 0 170
SG-M 0 232
SG-H 0 168

523 0 1569 85 0
567 0 1702 85 17
387 129 1550 85 0
420 140 1680 85 16.8
523 0 1569 85 0
567 0 1702 85 17
387 129 1550 85 0
420 140 1680 85 16.8

Mix designations use a two-part system: the first
part indicates water type (F=freshwater, S=seawa-
ter) and glass powder inclusion (FG/SG=with glass
powder), while the second part denotes quality level
(M =medium quality, H=high quality). The mixing
procedure involved combining the binder components
with steel fibers and sand in a mechanical mixer, fol-
lowed by water addition to achieve uniform consist-
ency. Fresh mortar was cast into 40x40x 160 mm
steel molds and vibrated for 15 s on a laboratory
shaker. Plastic sheeting covered the molds to prevent
moisture loss. After 24 h, specimens were demolded
and water-cured at 23 °C for 28 days.

2.3 Exposure conditions

After 28-day curing, specimens underwent cyclic
wetting—drying exposure following modified ASTM
G109 procedures. Each cycle comprised 2 days
of immersion in 5% NaCl solution at 40+2 °C
followed by 4 days of drying at 23 +2 °C and 50+ 5%
RH. Solution pH and chloride concentration were
monitored weekly and adjusted as needed. Three
specimens per mixture were tested at 0, 5, and 15
cycles for comprehensive analysis.

2.4 Analytical methods

2.4.1 Sample preparation for microstructural
analysis

Specimens were sectioned using a precision diamond
saw under water cooling to obtain 20X20X8 mm
samples. Cutting locations were standardized as
shown in Fig. 1 to minimize variation. For scanning
electron microscopy (SEM) analysis, samples under-
went sequential grinding (SiC papers: 320, 500, 800,

1000 grit), ethanol immersion (48 h), and vacuum
desiccation. This preparation protocol was selected
to preserve the interfacial microstructure while cre-
ating suitable surfaces for SEM analysis. Sequential
grinding rather than aggressive polishing minimized
artificial disruption of the interface. Ethanol immer-
sion halted hydration reactions without the microc-
racking associated with acetone replacement, while
vacuum desiccation prevented the formation of car-
bonation products that could interfere with interface
analysis. Validation of microstructural preservation
was performed by analyzing multiple samples from
each specimen with consistent results across different
preparation batches.

2.4.2 Microstructural characterization

Microstructural analysis was conducted using a
Tescan VEGA3 scanning electron microscope
equipped with an Oxford Instruments X-Max 50
energy dispersive X-ray spectroscopy (EDS) detector.
Operating parameters were standardized: accelerating
voltage 20 kV, working distance 15 mm. At least 20
images were captured per specimen with 3 cubes
analyzed per mix proportion to ensure statistical
reliability. EDS analysis utilized standardized
collection parameters (acquisition time: 100 s,
process time: 5, dead time: 30-40%).

2.4.3 Image analysis methodology

Traditional image analysis methods for cementitious
materials  often rely on  threshold-based
segmentation or manual delineation, which present
significant challenges when analyzing complex
fiber—matrix interfaces. These methods typically
struggle with distinguishing subtle grayscale
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Fig. 1 Specimen prepara-
tion for microstructural
analysis: a schematic illus-
tration of cutting locations
and dimensions; b actual
cutting samples

Casting direction

variations in the interfacial transition zone and often
lack reproducibility in quantifying phase distributions
around steel fibers. Moreover, existing techniques
rarely account for the radial distribution of properties
from the fiber surface, limiting their ability to
characterize gradual microstructural transitions.

To address these limitations, a customized image
segmentation method was developed to quantitatively
analyze the SEM images of steel fiber-reinforced
mortar microstructure. The analysis procedure
integrated preprocessing, phase segmentation, and
interface characterization techniques to evaluate the
distribution and properties of different phases within
the composite system. For each mix proportion, 3
cubes were analyzed with at least 20 SEM images
captured per specimen. Sampling locations were
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selected using a systematic grid approach to ensure
unbiased representation of the interfacial zones.

The analysis began with image preprocessing,
where SEM images were converted to grayscale
and optimized using a 5% 5 Gaussian blur filter to
reduce noise while preserving structural boundaries.
Phase segmentation was achieved through K-means
clustering, enabling the identification of distinct
material phases including steel fibers, cement
matrix, voids, and sand particles. This unsupervised
learning algorithm grouped image pixels based on
intensity values, providing objective classification
of microstructural features. The segmented images
underwent morphological operations using a 5Xx5
rectangular kernel for boundary enhancement
and noise suppression. The absolute difference
between dilated and eroded images was calculated
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*Input SEM Image*
- Load the SEM image of the mortar sample.

*Image Preprocessing*
- Convert the image to grayscale.
- Apply a Gaussian blur filter to reduce noise.
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b " Preprocessed Image

regions based on intensity values.

*Segmentation with K-means Clustering*
- Perform K-means clustering to segment the image into three distinct

*Morphological Operations*
find boundaries.

images to obtain the boundary image.

- Apply dilation and erosion operations using a rectangular kernel to

- Calculate the absolute difference between the dilated and eroded

- Select the largest contour as the region of interest (ROI).
- Expand the ROI by a specified number of pixels.

pixels to the total number of pixels.

*Contour Extraction and Porosity Calculation*
- Extract contours from the boundary image using a threshold value.

- Calculate the porosity of the expanded ROI as the ratio of zero-valued 400
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*Visualization*

- Generate a series of images to visualize the different stages of process.
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Fig. 2 Sequential image processing methodology. a Original image. b Preprocessed image. ¢ Segmented image. d Boundary image.

e Region of interest. f Filled area on original image

to generate precise boundary delineation of the
distinct regions. The methodology comprises the
following sequential steps, as illustrated in Fig. 2:

1. Image preprocessing (Fig. 2a—b): SEM images
were converted to grayscale and optimized using
a 5x5 Gaussian blur filter to reduce noise while
preserving structural boundaries.

2. Phase segmentation (Fig. 2b—c): K-means
clustering identified distinct material phases
including steel fibers, cement matrix, voids,
and sand particles. This unsupervised learning
algorithm grouped image pixels based on
intensity values, providing objective classification
of microstructural features.

Boundary enhancement (Fig. 2c—d): Seg-
mented images underwent morphological opera-
tions using a 5Xx 5 rectangular kernel for bound-
ary enhancement and noise suppression. The
absolute difference between dilated and eroded
images was calculated to generate precise bound-
ary delineation.

Interface analysis (Fig. 2d—e, f): Steel fiber
boundaries were determined through contour
extraction with a threshold value of 50, selecting
the largest contour as the primary region of
interest. The surrounding area was analyzed
using concentric strips of 5 pm width extending
from the fiber surface. Within each strip, porosity
was calculated as the ratio of void pixels to total
pixels.
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Interface analysis focused on regions surround-
ing steel fibers. The steel fiber boundaries were
determined through contour extraction with a
threshold value of 50, selecting the largest contour
as the primary region of interest. The surround-
ing area was analyzed using concentric strips of
5 pm width extending from the fiber surface. Fol-
lowing the established protocol by Scrivener et al.
[39], the interface transition zone was divided into
several parallel strips for detailed analysis. Within
each strip, porosity was calculated as the ratio of
void pixels to total pixels, enabling quantitative
assessment of interfacial transition zone proper-
ties. For porosity profiling, the method analyzed
successive 5 pm strips from the steel fiber surface
outward, generating detailed distribution patterns
of pore structures. This approach allowed precise
determination of the interface transition zone thick-
ness by identifying the point where microstructural
properties stabilized. The method’s reliability was
enhanced through multiple image analysis per spec-
imen, with results validated across different sam-
pling locations. This systematic approach provided
consistent quantification of microstructural features,
particularly the porosity distribution patterns in the
fiber-matrix interface. The practical application
of this methodology is illustrated in Fig. 3, where

Steel fiber
SEM HV: 20.0 kV WD: 12.50 mm

(a)

Performance in nanospace

successive 5 pm strips clearly show the gradual
transition in microstructural properties from the
fiber surface outward.

2.4.4 Free chloride analysis

Free chloride content was determined following the
AFREM procedure [40]. Specimens were sliced at
10 mm intervals using precision saw, powder was
collected through controlled drilling with depth
2 mm and ground to <315 pm, and 5 g powder was
extracted with 200 mL deionized water. The filtered
solution was stabilized with 2 mL nitric acid (53%)
before potentiometric titration against silver nitrate.

2.4.5 Microhardness testing

Microhardness measurements were performed
using a Vickers HMV-G21 microhardness tester
with a load of 0.98 N (HVO0.1) and dwell time of
15 s. Indentations were made at 5 pm intervals
from the fiber—matrix interface up to 50 pm into the
matrix. The selected load of 0.98 N was determined
through preliminary testing to be optimal for the
ITZ analysis, creating indentations with diagonal
lengths of approximately 20-25 pm in the matrix.
This resolution allows effective differentiation

(b)

Fig. 3 Image analysis methodology for the interfacial transition zone (ITZ) characterization: a schematic illustration of concentric
5 pm strips for porosity analysis; b application of segmentation method on SEM image showing phase identification
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of mechanical property gradients across the
interfacial transition zone while maintaining
measurement precision. Higher loads caused
excessive material deformation while lower loads
produced inconsistent measurements. At least 10
measurements were taken for each distance to

ensure statistical reliability.

3 Results and discussion

The steel fiber-reinforced cementitious system
comprises three distinct yet interconnected phases:
steel fibers, bulk matrix, and the interfacial transition
zone (ITZ). The ITZ, while physically continuous
with the bulk matrix, exhibits distinct microstructural
characteristics including preferential formation of
C-S-H clusters, ettringite crystals, and oriented
calcium hydroxide (CH) deposits. This unique
composition significantly influences the composite’s
mechanical behavior and durability performance.
The transition from fiber surface to bulk matrix
occurs gradually through the ITZ, characterized by
the ’wall effect’ phenomenon. This effect manifests
as disrupted packing of cement particles near the
fiber surface, leading to altered hydration product
formation and microstructural development. The
resulting gradient in physical and chemical properties
across the ITZ directly impacts the fiber—matrix bond
strength and overall composite performance.

This section presents a systematic investigation
of the ITZ characteristics under different mixing

SEM HV: 20.0 kV WO: 15.07 mm
SEM MAG: 2.00 kx Det: BSE 20 pm
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conditions and the influence of glass powder
incorporation. The analysis encompasses
microstructural features, elemental distributions,
porosity patterns, and mechanical properties at the
interface.

3.1 Effects of seawater on ITZ properties

The incorporation of seawater as mixing water
significantly alters the ITZ characteristics through
modified hydration processes and ionic interactions.
These modifications manifest in both microstructural
features and elemental distributions across the
fiber—matrix interface.

3.1.1 Chemical composition and ion distribution

The elemental composition and distribution across
the F-M interface were analyzed using EDS line
scans, with the steel fiber boundary clearly defined by
the Fe content profile as shown in Fig. 4. F-M speci-
mens mixed with freshwater exhibited substantial Ca
content enrichment within approximately 40 pm from
the fiber surface, with Ca/Si ratios reaching 4-5. This
elevated Ca/Si ratio significantly exceeds typical bulk
paste values of 1.5-2.0, indicating the preferential
formation of calcium hydroxide (CH) crystals in the
interfacial zone. The Fe gradient extending from the
fiber surface into the matrix suggests partial dissolu-
tion of iron, creating a distinct chemical environment
in the immediate vicinity of the fiber.

The pronounced Ca enrichment stems from
two primary mechanisms: the wall effect causing
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Fig. 4 EDS elemental mapping and line scan profiles across the fiber—matrix interface of F-M
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localized water accumulation near the fiber surface,
and the preferential nucleation of CH crystals on
the steel fiber surface due to their crystallographic
compatibility.

When seawater was introduced as mixing water
(S-M specimens), the interfacial zone exhibited
markedly different elemental distributions, as shown
in Fig. 5. The Ca/Si ratio decreased substantially to
1-2, approaching values typical of C—S—H gel. This
significant reduction in Ca/Si ratio results from multi-
ple concurrent mechanisms. The presence of chloride
ions from seawater alters the dissolution—precipita-
tion kinetics of cement phases, affecting CH crystal
formation and orientation. Additionally, the reaction
between tricalcium aluminate, CH, and chloride ions
leads to the formation of Friedel’s salt (3CaO-AlL,O
3-CaCl,-10H,0). Magnesium ions present in sea-
water react with CH to form magnesium hydroxide
(brucite), further reducing available calcium for CH
formation. The increased ionic strength in seawater
mixing environments modifies the local pH gradients
near the fiber surface, influencing hydration product
morphology and distribution.

EDS analysis of S-M specimens also revealed
characteristic changes in ionic distribution across
the ITZ. Na concentrations increased from 0.27
to 0.86 atomic ratio due to seawater mixing,
while Cl concentrations showed relatively minor
variations across the interface. This pattern of
chloride distribution can be attributed to the binding
of chloride ions during Friedel’s salt formation,

effectively immobilizing them within the hydration
products. The Fe gradient in seawater specimens
showed a more gradual decline compared to
freshwater specimens, indicating enhanced iron
dissolution from the fiber surface in the presence
of seawater. This increased iron dissolution can be
attributed to the aggressive nature of the chloride-
rich environment, which promotes metal dissolution.
The combination of increased iron dissolution
and altered calcium distribution creates a unique
chemical environment that significantly influences
the development of the interfacial transition zone,
potentially contributing to the reduced durability
observed in seawater-mixed specimens.

The combined effects of these chemical
modifications manifest in distinct differences in
fiber-matrix bonding. S-M specimens showed
visible gaps at the fiber-matrix interface, with an
ITZ thickness of approximately 45 pm compared
to 40 pum in F-M specimens. This increased
thickness and reduced bonding quality result from
the modified hydration product formation in the
presence of seawater ions, altered crystal growth
patterns near the fiber surface, and changes in local
ionic concentrations affecting product precipitation.
The presence of multiple competing ions creates a
complex chemical environment that fundamentally
alters the development of the fiber—matrix interface,

WD: 12.81 mm
Det: BSE

SEM HV: 20.0 kV
SEM MAG: 2.00 kx
Performance In nanospace

with  significant implications for mechanical
properties and durability performance.
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Fig. 5 EDS elemental mapping and line scan profiles across the fiber—matrix interface of S-M
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3.1.2 Physical structure and properties

Based on the image segmentation method described
in Sect. 2.4.3, the porosity of the interface transition
zone was quantitatively analyzed. Figure 6 compares
the average porosity of the steel fiber—matrix interface
transition zone between specimens with different w/c
ratios cast with seawater and fresh water, where each
data point represents the average porosity calculated
from multiple SEM images across different sampling
locations.

The microstructural  development at the
fiber—matrix interface exhibited distinct character-
istics between freshwater and seawater specimens.
Through quantitative image analysis, a clear pattern
emerged in porosity distribution across the interfa-
cial transition zone. In freshwater specimens (F-H
and F-M), peak porosity occurred at approximately
20 pm from the steel fiber interface. This distinctive
distribution pattern results from the wall effect and
subsequent hydration mechanisms. During initial
mixing, the wall effect causes water migration toward
the steel fiber surface, forming a water film layer. The
thickness of this layer influences the microstructure
development of the interfacial transition zone through
ionic concentration gradients. The first hydration
product formed in this water film is typically calcium

10 20 30 40 50
Distance from Steel Fiber Surface (um)

hydroxide, which tends to orient along the fiber
surface.

However, unlike conventional aggregate interfaces,
the steel fiber—matrix interface exhibits a unique
feature—the presence of dissolved Fe ions, as evi-
denced by the Fe element gradients in the EDS line
scans (Figs. 4 and 5). The concentration profile near
the fiber results from the superposition of dissolved
ions from both the steel fiber and cement hydration,
as illustrated in Fig. 7. This increased ionic concen-
tration closest to the fiber surface promotes the for-
mation of C—S—H clusters near the fibers, enhancing
the microstructural compactness of the immediate
interface region. Consequently, the most porous area
develops not at the interface but approximately 20 pm
from the surface.

In contrast, seawater specimens (S—H and S—-M)
showed maximum porosity at the steel fiber surface.
This pattern was consistently observed across multi-
ple fiber-reinforced specimens mixed with seawater,
where SEM images revealed poor bonding between
matrixes and fibers as shown in Fig. 8a—c. The pres-
ence of seawater ions fundamentally alters the local
chemical environment during hydration. The compet-
itive effects of various ions (Na*, Mg**, CI") modify
both the dissolution—precipitation kinetics and the
morphology of hydration products. Furthermore, the
higher dry shrinkage typically observed in seawater
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Fig. 7 Schematic repre- Ca?*
sentation of superimposed Fe2t AR
ion concentration gradients "
at the steel fiber—matrix
interface
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Fig. 8 Microstructural comparison of steel fiber—matrix interfaces: a—c Seawater mixed specimens (S-M/H); d—f Seawater-glass
powder modified specimens (SG-M/H)
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cement mortars compared to freshwater mortars con-
tributes to this reduced fiber-matrix bonding quality.
As a result, the steel fiber—matrix interfacial transition
zone in seawater specimens does not benefit from the
same enhancement in compactness seen in freshwater
specimens, leading to elevated porosity immediately
adjacent to the fiber surface.

The distinct differences in interfacial structure
between freshwater and seawater specimens have
significant implications for composite performance.
The increased porosity and modified hydration
product distribution in seawater specimens affect
not only the mechanical bond strength but also the
transport properties of the interfacial zone. These
modifications influence both the stress transfer
characteristics between fiber and matrix and the
resistance to aggressive agents such as chloride
ions. The understanding of these seawater-induced
modifications guides the development of potential
solutions, particularly through the incorporation of
supplementary materials like glass powder, which
will be examined in the following section.

3.2 Glass powder modification effects

The incorporation of glass powder fundamentally
alters the steel fiber—matrix interface through multiple
mechanisms: pozzolanic reactions, particle packing
optimization, and microstructural modifications.

This section examines these mechanisms and their
effects on interface properties through detailed
microstructural analysis, elemental mapping, and
mechanical characterization.

3.2.1 Microstructural evolution at the fiber—matrix

interface
The morphological characteristics of the steel
fiber—matrix interface were systematically
analyzed wusing scanning electron microscopy-

backscattered electron (SEM-BSE) imaging at
multiple magnifications. Figure 8 demonstrates
distinct differences between modified and unmodified
specimens. Control specimens mixed with seawater
(S-M/H) exhibited notable interfacial gaps between
the matrix and steel fibers, indicating poor bond
development. In contrast, specimens containing
25% glass powder replacement (SG-M/H) showed
significantly enhanced interface continuity, with
reduced void formation and improved matrix
densification.

This enhancement stems from dual modification
mechanisms. The physical mechanism involves fine
glass powder particles (average size 22.3 pm) filling
interfacial voids and optimizing particle packing
near the fiber surface. Simultaneously, pozzolanic
reactions between glass powder and calcium
hydroxide generate additional C—S—H gel, creating a
more intricate and interconnected microstructure. The
combined presence of seawater ions and glass powder
creates synergistic effects, where initial hydration
modifications by seawater ions are complemented
by ongoing pozzolanic reactions that progressively
strengthen the interface.
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Fig. 9 EDS elemental mapping and line scan profiles across the fiber—matrix interface of SG-M
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3.2.2 Chemical composition and phase distribution
at the fiber—matrix interface

The EDS line scan analysis of specimens incorpo-
rating 25% glass powder revealed distinct compo-
sitional modifications across the fiber—matrix inter-
face as shown in Fig. 9. Glass powder integration
dramatically increased Si content within the inter-
facial zone, with the EDS line scan showing promi-
nent Si peaks 5—-15 pm from the fiber surface. These
peaks correspond to both partially reacted glass
powder particles and newly formed C-S-H gel
from pozzolanic reactions. The amorphous SiO, in
glass powder actively reacts with calcium hydroxide
produced during cement hydration, generating sec-
ondary C-S—H gel with distinctive compositional
characteristics.

The Ca/Si ratio exhibited a marked
transformation pattern through glass powder
incorporation. While F-M specimens showed Ca/
Si ratios of 4-5 and S-M specimens demonstrated
ratios of 1-2, SG-M specimens achieved
significantly lower ratios of 0.8-1.5 at the critical
20-35 pm region from the steel fiber surface.
This transformation reflects the glass powder’s
dual modification mechanisms: consumption of
calcium hydroxide through pozzolanic reactions
and formation of additional C—S-H phases. The
pozzolanic reactions not only modified the chemical
composition but also generated additional hydration
products that filled the interfacial pores, creating
a more densified and refined microstructure. The
alumina content from glass powder contributed
to the formation of additional phases, including
aluminate-containing hydration products, which
further modified the interfacial zone properties.

The measured interfacial transition zone thick-
ness, determined through Fe and Ca content vari-
ations in EDS line scans as shown in Table 4,

Table 4 Thickness of the interfacial transition zone (deter-
mined by EDS line scan)

Number Starting point ~ Endpoint (pm) Thickness
(pm) (pm)

F-M 85 45 40

S-M 100 55 45

SG-M 85 50 35

decreased from 45 pm in S-M specimens to 35 um
in SG-M specimens. The refined structure created
by pozzolanic reaction products directly enhances
the fiber—matrix bond characteristics, as evidenced
by the reduced interfacial transition zone thickness.

This modified chemical composition has
significant implications for chloride binding
capacity and overall durability performance. The
secondary C-S—H gel formed through pozzolanic
reactions exhibits different morphological and
chemical characteristics compared to primary
C-S-H from cement hydration, creating a more
intricate and interconnected microstructure that
better resists chloride penetration and enhances
long-term durability.

3.2.3 Porosity distribution analysis

Based on the image segmentation methodology
described in Sect. 2.4.3, porosity distributions were
quantitatively analyzed for all seawater-mixed speci-
mens. Figure 10 presents the comparative porosity
profiles, where each data point represents the average
porosity calculated from multiple SEM images across
different sampling locations.

Glass powder-modified specimens demonstrated
superior pore structure refinement, with surface
porosity reducing from over 95% in S-M specimens
to approximately 85% at the immediate fiber—matrix
interface (0-5 pm) in SG-M specimens. Most notably,
SG-M specimens exhibited a sharp porosity decrease
in the 10-20 pm region from the fiber surface. The
interfacial transition zone thickness decreased from
45 pm to approximately 35 pm, accompanied by
decreased porosity throughout this region.

The water-to-cement ratio significantly influenced
overall porosity levels, with higher w/c ratios
resulting in increased porosity values. However,
glass powder incorporation showed more pronounced
improvement effects in specimens with higher
w/c ratios (S-M & SG-M) compared to those with
lower w/c ratios. In specimens with lower water-
cement ratios, the inherently denser matrix structure
limited the observable benefits of glass powder
addition, suggesting that glass powder modification
is particularly effective in refining pore structure in
more porous systems.
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Fig. 10 Porosity distribu-
tion profiles across the steel
fiber—matrix interface for
seawater-mixed specimens
with varying w/c ratios and
glass powder content
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3.2.4 Mechanical properties: interface
microhardness

Microhardness profiles across the fiber—matrix inter-
face provided comprehensive quantitative evidence
of glass powder’s strengthening effects. Using Vick-
ers microhardness measurements at 10 pm intervals

Distance from steel fiber surface (um)

from the fiber surface to the bulk matrix, distinct
patterns emerged between modified and unmodified
specimens. As shown in Fig. 11, glass powder-mod-
ified specimens (SG-M; SG-H) exhibited enhanced
microhardness values throughout the interfacial
transition zone. The weak zone thickness, character-
ized by reduced microhardness values, decreased
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Fig. 12 Free chloride ion concentration profiles: a initial »
distribution before exposure; b distribution after 5 wet—dry
cycles; ¢ distribution after 15 wet—dry cycles

substantially from approximately 50 pm in control
specimens to 30—40 pm in glass powder-modified
specimens.

In the interfacial region (0-50 pm from fiber
surface), glass powder-modified specimens
showed an average microhardness increase of
183.3 MPa compared to unmodified specimens.
At the immediate vicinity of the fiber surface
(0-10 pm), local microhardness values were higher
by 147.5 MPa in average. Multiple measurements
at each distance point indicated that glass powder-
modified specimens exhibited more consistent
mechanical properties compared to control
specimens.

Specimens prepared without glass powder (S-M;
S—H) demonstrated consistently lower microhardness
values extending to 50 pm from the fiber surface,
indicating a broader zone of mechanical weakness.
The transition from interfacial zone to bulk matrix
properties was more gradual in these specimens,
with higher measurement fluctuations throughout the
measured profile.

The water-to-cement ratio influenced the
magnitude of microhardness improvements, with
specimens having lower w/c ratios (SG-H) showing
higher absolute values but relatively smaller
percentage increases compared to their unmodified
counterparts. This trend aligns with the porosity
measurements and suggests that glass powder
modification is particularly effective in enhancing
interface properties in systems with higher initial
porosity.

3.3 Chloride ion distribution and corrosion
development

The chloride ion transport behavior in seawater-
mixed mortars revealed distinct patterns influenced
by glass powder modification. Figure 12 demon-
strates the characteristic chloride concentration gradi-
ents, showing decreasing concentrations from speci-
men surfaces toward interior regions. Following the
AFREM procedure detailed in Sect. 2.4.4, free chlo-
ride content was determined at 10 mm depth inter-
vals from the exposed surface to 40 mm depth. Glass
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powder-modified specimens consistently exhibited
lower free chloride ion concentrations compared to
their unmodified ones; a behavior that can be directly
attributed to the microstructural refinements docu-
mented in Sect. 3.2.

The enhanced chloride resistance of glass
powder-modified specimens stems from multiple
complementary mechanisms operating simultaneously
at different scales. The physical modifications
manifested in significant microstructural refinements,
with interface porosity reducing from 95 to 85%
in SG-M specimens and interfacial transition zone
thickness decreasing from 45 to 35 pm. These structural
improvements create substantially more tortuous
pathways for chloride ion transport through the matrix.
The refined pore network significantly affects both the
primary transport mechanisms: the diffusion process
during continuous exposure and capillary absorption
during wetting cycles.

The chemical modifications introduced through
glass powder incorporation demonstrate equally
important contributions to chloride resistance. When
glass powder particles undergo pozzolanic reactions,
they consume calcium hydroxide, generating additional
calcium silicate hydrate phases with modified
compositions. EDS line scan analyses shown in Figs. 4,
5 and 9 revealed a transformation in Ca/Si ratios from
4-5 in control specimens to 0.8—1.5 in glass powder-
modified specimens within the critical 20-35 pm
region from the steel fiber surface. This microstructural
transformation enhances chloride resistance through
several distinct mechanisms. The additional C-S—-H gel
generated through pozzolanic reactions fills existing
capillary pores, significantly reducing their connectivity
and limiting transport paths. Furthermore, the alumina
content provided by the glass powder promotes the
formation of Friedel’s salt, a phase known for its
chloride-binding capabilities. The resulting modified
phase assemblage creates a more complex and tortuous
microstructure that impedes chloride ion movement.

Analysis of free chloride ion concentrations pro-
vided quantitative evidence of these improvements.
Seawater-mixed specimens initially showed base-
line chloride levels of 0.1-0.2% by mass of binder,

reflecting the mixing water composition. Glass powder
modification demonstrated remarkable effectiveness in
reducing these concentrations by 15-25%. This reduc-
tion aligns with studies demonstrating that pozzolanic
materials can enhance chloride binding through both
physical and chemical mechanisms [38, 41, 42]. Nota-
bly, this improvement maintained its effectiveness
throughout the extended testing period, with glass pow-
der-modified specimens consistently showing lower
free chloride concentrations across all measured depths.
This sustained performance indicates the long-term sta-
bility of the modifications introduced by glass powder
incorporation, suggesting durable enhancement of chlo-
ride resistance in these systems.

The chloride concentration profiles after 15
wet—dry cycles (Fig. 12c) revealed the longer-term
effectiveness of glass powder modification. While
surface concentrations continued to increase in
all specimens, glass powder-modified specimens
maintained consistently lower chloride concentrations
throughout their depth profiles. The difference in
surface chloride concentrations between modified and
unmodified specimens reached approximately 25-30%,
highlighting the sustained effectiveness of glass powder
modification in restricting chloride accumulation.
This enhanced resistance can be attributed to the
continued pozzolanic reactions of glass powder, which
progressively refine the pore structure and modify the
chemical environment affecting chloride transport.

The combined presence of seawater ions and glass
powder creates synergistic effects in the interfacial
zone. While seawater ions modify the local chemical
environment and affect initial hydration product
formation, glass powder’s pozzolanic reactions continue
to refine and strengthen the interface over time.
This ongoing microstructural modification process
results in a more chemically stable and physically
robust fiber—matrix interface, directly contributing to
enhanced chloride resistance of the composite system.

The progression of chloride-induced corrosion
was systematically monitored throughout the wet—dry
cycles, with results summarized in Table 5. Visual
inspection was conducted after each cycle to identify
the first appearance of rust spots on specimen surfaces.

Table 5 Time for corrosion
initiation of specimens

Specimen F-M F-H

FG-M FG-H S-M S-H SG-M SG-H

Cycles 13-16 15-16

15-16 15-16 5-6 5-6 8-10 8-12
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When rust spots were detected, specimens were split
to confirm internal corrosion initiation through micro-
scopic examination. The cycle number at which cor-
rosion was first confirmed was recorded as the corro-
sion initiation point. Glass powder-modified specimens
demonstrated significantly delayed corrosion initiation
compared to unmodified specimens. For freshwater
specimens, glass powder incorporation delayed cor-
rosion initiation by 0-3 cycles, while seawater-mixed
specimens showed a delay of 3—6 cycles. This enhance-
ment directly correlates with the reduced chloride pen-
etration rates and modified binding mechanisms dis-
cussed above.

The incorporation of glass powder in seawater-
mixed mortars raises potential concerns regarding
alkali-silica reaction (ASR), particularly given the
elevated alkali content from seawater ions. However,
our microstructural analysis revealed no evidence
of ASR gel formation after 15 wet—dry cycles. This
resistance can be attributed to the fine particle size of
the glass powder (average 22.3 pm), which promotes
pozzolanic reactions that consume available alkalis
before deleterious expansion can occur. Additionally,
the modified calcium-silicate-hydrate gel formed
through pozzolanic reactions demonstrates enhanced
alkali binding capacity, further mitigating ASR
risk. These findings align with previous research
demonstrating that glass particles below 25 pm
significantly reduce expansion potential compared to
coarser fractions.

4 Conclusion

This research investigated how glass powder
modification enhances steel fiber-reinforced mortars
in marine environments, revealing several significant
findings:

1. The novel image segmentation methodology
developed in this study provides quantitative
insights into interfacial transition zone
characteristics. By combining preprocessing
techniques, K-means clustering, and analysis of
concentric 5 pm strips from the fiber surface,
we achieved precise characterization of porosity
gradients and phase distributions around steel
fibers.

2. Glass powder incorporation transformed the
fiber—matrix interface, reducing transition zone
thickness from 45 to 35 pm and decreasing sur-
face porosity from 95 to 85%. This refinement,
resulting from both physical filling and pozzo-
lanic reactions, increased interfacial microhard-
ness by 183.3 MPa compared to unmodified
specimens.

3. Chemical analysis revealed modified C-S-H
composition with reduced Ca/Si ratios (from
4-5 to 0.8-1.5) near the fiber surface. This
modification enhanced chloride resistance, with
glass powder specimens showing 15-25% lower
chloride concentrations and delayed corrosion
initiation by 3-6 cycles in seawater-mixed
specimens.

4. Based on these findings, 25% glass powder
replacement appears optimal for enhancing
chloride resistance in steel fiber-reinforced
mortars for marine applications, particularly in
non-structural elements or protective layers.

Several limitations should be acknowledged:
testing was conducted on laboratory-scale specimens
rather than full-scale elements; exposure duration
may not fully represent long-term performance
in actual marine environments; and corrosion
assessment techniques could be expanded in future
studies.

Future research directions should include long-
term performance evaluation, optimization of
glass powder properties for specific applications,
investigation of potential synergistic effects with
other supplementary materials, and field validation
in actual marine structures to confirm laboratory
findings.
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