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Abstract. The durability of concrete structures in marine environments is often compromised by exposure to aggressive
chemical agents. Although Type V cement is designed for high sulphate resistance, it remains susceptible to chloride
penetration and magnesium-induced softening. This study investigates the mechanical performance of Type V cement-
based concrete modified with GGBFS under simulated marine conditions. Specimens with 0%, 2%, 4%, and 6% GGBFS
replacement were cast and cured in synthetic seawater for 7, 14, and 28 days before a compressive strength test.
Experimental results showed that 2% GGBFS addition yielded the highest compressive strength of 48.12 MPa, which
outperformed the regular concrete (42.32 MPa) at 28 days. Numerical simulations using the Mazars damage model in
Cast3M were conducted to complement experimental findings, with mesh densities between 16 and 32 sides. Both
experimental and modeling results were compared to BS EN 12390-3:2009 standards to categorize damage patterns. The
analysis demonstrated that concrete with 2% dan 4% GGBFS exhibited satisfactory damage behaviour, while 0% and 6%
GGBFS mixtures were classified as unsatisfactory. Further, the 16-sided mesh configuration generated damage patterns
comparable to 2% and 4% GGBFS specimens, whereas the 32-sided mesh closely aligned with damage characteristics of
0% and 6% GGBFS concrete. This study highlights a novel experimental-numerical framework for optimizing GGBFS
levels in marine conditions, demonstrating that integrated approaches effectively enhance performance evaluation and
durability assessment.
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INTRODUCTION

The durability, safety, and sustainability of infrastructures, especially offshore concrete structures in marine
environments, significantly suffer from the deterioration of cementitious and reinforced concrete [1]. Concrete
exposure to maritime environments may lead to physical and chemical degradation. [2]. Chemical attacks, sulfate
attacks, carbonation, alkali-aggregate reaction, and alkali-carbonate reactivity are the primary causes of these
damages. Other external factors that play a significant role include abrasion, erosion, erosion cavitation, exposure to
fire or prolonged high temperatures, and volume changes, all of which weaken the mechanical integrity and reduce
the lifespan of a concrete structure. [3].

The stability and longevity of reinforced concrete structures are significantly compromised by sulfates in
aggressive environments, as their effects lead to steel corrosion and concrete degradation [4]. Chlorides from de-icing
salts are the leading cause of reinforcement corrosion, which produces expansive corrosion products around the
reinforcing bars that expand volumetrically against the surrounding concrete. This expansion leads to cracking and
spalling of the concrete cover, reducing the bond strength between concrete and steel [S]. As corrosion progresses, it
reduces the rebar's cross-section and expands the steel volume, causing concrete damage and weakening the bond
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between concrete and steel [6]. Additionally, sulfate attack on concrete involves reactions between external sulfate
ions and cement minerals, causing expansion, cracking, strength loss, and eventual structural failure [7].

One of the most aggressive environmental factors that contributes to this deterioration is seawater, which contains
a complex combination of chloride (Cl-), sulfate (SO42-), and magnesium (Mg2+) ions, in which these ions are
capable of initiating both chemical and electrochemical reactions in concrete. [8]. The chemical effect of seawater on
concrete is principally produced by the attack of Magnesium Sulfate (MgSO4), which is increased by the presence of
Chloride content, hence inhibiting the expansion of concrete [9]. Although chloride ions can attack in a variety of
ways, the majority of attacks are the result of an expansive chemical reaction (expansion) of a type of salt known as
Friedls salt (Calcium Chloroaluminate), with the chemical formula for Friedls salt being (3Ca0.A1203.CaCl2.10H20)
[10]. The quantity of this salt formed and expanded can vary from nominal to substantial, with concrete's higher water
absorption capacity frequently facilitating this expanding reaction. In addition, Friedl's salt is produced by the seepage
of Calcium Chloride solution into the concrete, with the CaCl that penetrates the concrete acting as the commencement
of the material's softening [11].

Due to the corrosive properties of seawater and its potential to undermine concrete's chemical and mechanical
integrity, it is essential to use binders with superior sulfate resistance. Within this context, Type V Portland cement
has emerged as an appropriate option, specifically designed to resist sulfate attack by its low tricalcium aluminate
(CsA) content [5]. ASTM Type V cement concrete also demonstrates its superior long-term strength and durability
with enhanced resistance to chloride penetration, corrosion, and freeze-thaw cycles, which is suited for rapid repair in
an aggressive environment [ 12]. Prior research on the utilization of Type V cement was conducted by [13] To evaluate
the sulphate resistance of self-compacting concrete, the results indicated that its compressive strength decreased due
to its immersion in seawater for 28 days. Another tests were performed by [14] In the laboratory to study the possibility
of limiting the mobility of soluble sulfate ions on the sulfate-contaminated crushed concrete base of a parking lot, as
it began to experience severe heaving because of the secondary formation, expansive minerals (ettringite and
thaumasite), in which the results showed that a blend of Type V cement and Class C fly ash offers a viable solution
for stabilizing sulfate-contaminated crushed concrete. Furthermore, the properties of Portland cement mortar Type V,
combined with Ground Rice Husk Ash (GRHA) and two types of limestone powder, were investigated. The results
indicated that the compressive strength of the mortar decreased as the percentage replacement of GRHA and limestone
in Portland cement Type V increased. According to the sulfate resistance results, it was found that the strength loss
and drying shrinkage of the mortar were reduced as the percentage replacement of GRHA and LS in Portland cement
Type V increased [15]. Extending Type V cement's resistance to sulfate-induced deterioration, it can be concluded
that additional cementitious materials can be added to improve performance further.

GGBFS, or Ground Granulated Blast-Furnace Slag, has emerged as an eco-friendly cementitious material that
improves the concrete's mechanical performance and durability when partially replacing portland cement and helps
lower CO2 emissions linked to cement manufacturing [16]. GGBFS is a finely milled version of GBFS with
cementitious characteristics similar to cement, allowing it to be used as an aggregate binder. GBFS is a hazardous
material (B3 waste) derived from combustion residue in furnaces during the steel refining process or as a byproduct
from steel plants, typically found in granular or sand-like form [17]. Its use in blended cement contributes to
environmental benefits by reducing carbon dioxide emissions, preserving natural resources, improving waste
management, and enhancing the properties and capabilities of concrete [18]. Therefore, GGBFS is one such
supplementary material that has the potential to improve sustainability and performance while simultaneously
reducing the environmental impact of Portland cement production [19]. A previous study investigated the use of
GGBEFS in the substitution of Portland Composite Cement (PCC), and the results indicate that the compressive strength
of both the standard concrete and the GGBFS substitution concrete increases with age. In normal concrete,
compressive strength values remain consistent; however, in concrete with GGBFS substitution, the compressive
strength values start low but continue to rise, with an increase expected to continue after 28 days [20]. Another study
explored the use of GGBFS as a partial replacement in cement concrete in cube, cylinder, and beam samples, with
compressive strength tests performed utilizing compression test apparatus on 0%, 5%, 10%, and 15% fine aggregate
replacement by GGBFS concrete; thus, the test results indicate that the compressive strength is significantly higher
and almost identical when the fine aggregate content is substituted with GGBS at 5% and 15% [21]. The influence of
Granulated Blast Furnace Slag on the compressive strength of mortar, manufacturing capacity, and economic value
has been examined in a case study at PT. Semen Indonesia (Persero) Tbk., which discovered that using 2% granulated
blast furnace slag resulted in the highest compressive strength at 28 days, whereas adding 0% provided the lowest
compressive strength [22]. In addition, a study found that adding Ground Granulated Blast Furnace Slag (GGBFS) to
Portland cement type II in an acidic environment increased the average compressive strength of the concrete. However,
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treating with peat water in type 11 cement hinders concrete development due to sulfate attack, causing damage to the
concrete [17].

Concrete damage refers to the physical and mechanical degradation caused by internal or external factors, reducing
structural capacity and integrity. Microcracks, scaling, spalling, or changes in stiffness and strength can all be signs
of this deterioration. It can be caused by mechanical loading (cyclic or impact forces), environmental exposure (such
as chloride intrusion, sulfate attack, or freeze-thaw cycles), or chemical reactions (such as alkali-silica reaction or
carbonation) [23]. Several strategies are used to analyze this decline, one of the most advanced being computational
modeling by implementing damage mechanics models in Finite Element Analysis (FEA) software. Cast3M is a finite
element-based tool that may be used to simulate concrete damage behaviour, with Mazars' damage, which can be used
as the law to assist the simulation. [24], [25]. A previous study by [26] used the Mazars damage model in Cast3M to
numerically evaluate oil palm shell concrete numerically numerically numerically, producing results compatible with
experimental findings while showing the model's sensitivity to mesh density and geometric dimensions. It was also
corroborated by [27] research describes that the failure patterns seen in cube specimen simulations revealed that adding
finer mesh sizes within the random field framework provided results more closely approximating the experimental
failure behaviour of oil palm shell concrete. In the other sample of concrete beams with single reinforced bar samples,
cracking usually begins in the middle of the span. It remains unique throughout the loading period, with no new crack
production but progressive spreading of the existing damage. [25]. Thus, the Mazars damage model's potential as a
valuable instrument in structural damage simulations is further bolstered by the reliable and insightful representation
of concrete failure patterns that the application of Cast3M provides.

Subsequently, it is reasonable to infer that the demand for high-performance binder systems that provide enhanced
durability and sulphate resistance is increasing due to the aggressive chemical environment of marine environments,
particularly the detrimental effects of seawater on concrete strength and integrity. Although Type V cement offers
dependable protection against sulfate-induced deterioration, it is insufficient in its ability to withstand chloride ingress
and magnesium-induced softening. Ground Granulated Blast Furnace Slag (GGBFS) and other supplementary
cementitious materials have demonstrated promising potential in mitigating these limitations due to their pozzolanic
and latent hydraulic properties. While numerous studies have explored the benefits of GGBFS in concrete, limited
research has specifically addressed its integration with Type V cement under simulated marine conditions. Moreover,
the application of numerical modeling, particularly using the damage model in Cast3M, to simulated damage
behaviour in GGBFS modified with Type V concrete remains underexplored. Accordingly, this research aims to
investigate the effect of GGBFS incorporation on the compressive strength and damage resistance of Type V cement-
based concrete when exposed to seawater. To enhance the experimental investigation, numerical modelling will be
conducted using Cast3M, employing the Mazars damage model across a range of mesh densities. The damage
behaviour observed in the experimental and numerical studies will be benchmarked against [28] Standards to evaluate
the performance and durability of the offshore and coastal environment.

MATERIAL AND METHODS

The study used a combined laboratory experiment and computational approach to assess the influence of Ground
Granulated Blast Furnace Slag (GGBFS) on the compressive strength of Type V cement-based concrete under
simulated marine conditions. To evaluate the structural response of concrete specimens under simulated environmental
loading and analyze failure patterns, damage simulations were conducted using Cast3M in addition to physical testing.
The primary objective was to investigate the impact of diverse GGBFS levels, specifically 0%, 2%, 4%, and 6%, on
the strength and damage of concrete at various curing ages. Accordingly, the independent variable in this study was
the percentage of GGBFS substituting for cement by weight, while the dependent variable was the resulting
compressive strength. All variables are maintained constantly, including the water-cement ratio, aggregate gradation,
blending method, curing regime, and specimen dimensions.

The materials used to fabricate concrete specimens complied with ASTM and SNI standards. According to [29],
the binder consisted of Type V Portland cement from PT: Holcim Indonesia and GGBFS from PT. Krakatau Semen
Indonesia. The coarse aggregate was pulverized aggregate from Merak with a nominal maximum size of 20 mm, while
the fine aggregate was Pontianak river sand with a fineness modulus between 2.3 and 3.1. Both aggregates conformed
to [30]. In addition, the seawater for curing was sourced from Lampung, and potable tap water from Sukamoro, South
Sumatra, was employed as the blending water.

All construction materials were subjected to thorough quality control testing following SNI and ASTM standards
before casting the specimens to ensure appropriateness and performance consistency. The fine and coarse aggregates
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were initially tested for silt content using [31] and [32], as excessive fines can interfere with cement hydration and
limit bonding effectiveness. Subsequently, the aggregate density and its interaction with the mixing water were
evaluated through specific gravity and water absorption tests under [33] and [34]. These tests are essential for precise
proportioning. The particle size distribution and the grading specifications were verified by conducting sieve analysis
of both fine and coarse aggregates in accordance with [35].

A systematic mix design was developed to generate consistent compressive strength values across all GGBFS
substitution levels, based on the results of preliminary material evaluations. Accordingly, cylindrical specimens with
a diameter of 150 mm and 300 mm in height were cast using these materials, following the procedure outlined in [36].
All concrete mixes employed a fixed water-cement ratio of 0.45, in compliance with [37] for concrete exposed to
fresh, brackish, and marine environments, and were prepared without chemical admixtures. The concrete composition
was determined using. [29], and the detailed mix proportions are presented in Table 1 below.

TABLE 1. Concrete Mix Composition with GGBFS addition

Amount of

Tvpe of Concrete Cement Fine Aggregate Coarse Water GGBFS

yp (kg) (kg) Aggregate (kg) (kg) Addition
(kg)
Normal Concrete 37.05 39.30 72.99 12.97 0.00
GGBFS Concrete 2% 37.05 39.30 72.99 12.97 0.74
GGBFS Concrete 4% 37.05 39.30 72.99 12.97 1.48
GGBFS Concrete 6% 37.05 39.30 72.99 12.97 2.22

Furthermore, after an initial 24-hour curing time at ambient temperatures, the concrete samples were demolded
and immersed in synthetic saltwater that had been precisely manufactured in accordance with [38] to imitate the harsh
chemical environment typical of marine exposure. To investigate the effect of exposure time on the material's
mechanical performance, immersion durations were strategically established at 7, 14, and 28 days. Thirty-six
cylindrical specimens were cast, representing a factorial combination of four GGBFS replacement levels (0%, 2%,
4%, and 6%) and three immersion durations. Three replicate specimens were assigned to each treatment group to
ensure statistical consistency. A standardized evaluation of the structural performance and the assessment of GGBFS's
contribution to concrete durability under simulated marine conditions was facilitated by subjecting all specimens to
compressive strength testing following [39] upon reaching their designated curing ages. The total number of specimens
cast for this study is summarized in Table 2.

TABLE 2. Distribution of concrete specimens based on GGBFS content and curing duration
Curing duration (days)

Concrete Types

7 14 28
Normal Concrete 3 3 3
GGBFS Concrete 2% 3 3 3
GGBFS Concrete 4% 3 3 3
GGBEFS Concrete 6% 3 3 3

After completing the experimental program, the investigation was expanded to include computational simulations
using Cast3M [24]. In which cylindrical concrete specimens measuring 150 mm in diameter and 300 mm in height,
identical to those used in the physical tests, were subjected to simulated compressive loads. These simulations used
different mesh densities to investigate stress distribution and failure behaviour under axial compression loads. The
aggregate size utilized in the model ranges from 1 cm to 2 cm, per the recommendations outlined in [27]. These
dimensional boundaries that reflect the minimum and maximum size serve as the basis for defining the structural
pattern, as elaborated by [25]. Guided by these specifications, the simulation employed CUBS solid elements, with
mesh sizes calibrated directly to the aggregate dimensions. The aggregate size acted as a critical parameter influencing
mesh granularity [27], thereby resulting in configurations comprising 32-sided and 16-sided mesh elements.

In addition, the Mazar damage model was employed to simulate the damage behaviour of the specimens; this
model mathematically anticipates the structural response under the applied loading conditions until failure occurs due
to strain localization. A single damage scalar variable, d, is defined by the model, with a range of 0 (undamaged) to 1
(fully damaged), as the material is regarded as isotropic. This damage value is computed through two underlying scalar
variables: d; and d.. To ensure the precise computation of these variables, it is necessary to identify the critical
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material parameters that significantly affect the morphology and progression of tensile and compressive stress-strain
curves [40]. These parameters include A; and B, for tensile response, and A, and B, for compressive response. The
trial-and-error process is the source of all the parameters that were selected for the simulation, in which it also
calibrates the chosen parameters, ensuring that the simulated global behavior closely matches the experimental
observations [25], [41]. Subsequently, the simulation results will be compared against [28] to evaluate the conformity
between experimentally observed damage behavior and the model prediction.

RESULT AND DISCUSSION

This section describes the compressive strength of concrete specimens subjected to simulated marine
environments, with varying levels of GGBFS. The results are interpreted to assess the mix's performance over various
curing periods, as detailed in the experimental design and testing procedures. The correlation between observed trends
and the fundamental material behaviour is investigated to determine the impact of GGBFS substitution on strength
development and its relevance to marine construction. The section also investigates the damage characteristics after
the testing process, contrasting the results with [28] standards and Cast3M simulations at various mesh resolutions.

In the case of compressive strength, the results indicated that the various addition levels exhibited distinct
performance trends. At 7 days, the 0% GGBFS blend demonstrated the highest early-age strength, while the 2% and
4% mixes demonstrated substantial gains by 28 days, indicating beneficial pozzolanic activity. These findings are
reported in Figure 1, which shows each mix's average compressive strength values during all curing durations.
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FIGURE 1. Compressive strength of concrete with varying GGBFS content at various curing ages

As illustrated in Figure 1, the compressive strength of concrete mixtures with 0%, 2%, 4%, and 6% GGBFS
substitutions increased progressively over 7, 14, and 28 days of curing under simulated marine conditions. Notably,
the 2% GGBFS mix substantially enhanced the strength of the concrete, reaching its peak at 48.12 MPa, outperforming
both the standard concrete, which only reached 42.32 MPa, followed by the 6% and 4%, which were closely behind
at 47.30 MPa and 46.93 MPa. Although its early-age strength was the lowest, the long-term gain suggests that 2%
GGBFS incorporation offers an optimal balance between pozzolanic and matrix compatibility. At this dosage,
sufficient calcium hydroxide remains available for secondary hydration. At the same time, the slag particles contribute
to pore refinement and densification without disrupting the cementitious matrix, which is especially beneficial in
chloride-rich environments. This optimal performance may also reflect a threshold effect, where minimal GGBFS
addition enhances reactivity without causing dilution or retardation. Furthermore, the synergy between slag fineness
and cement chemistry at 2% likely promotes efficient nucleation sites for C-S-H growth, accelerating strength
development over time. These mechanisms are consistent with prior findings by [42], which indicates that excessive
GGBFS content may reduce strength due to the dilution effect and increased availability of unreactive silica, which
can trigger alkali-silica reactions and hinder matrix consolidation.

To further illustrate the strength development, the standard mix (0% GGBFS) showed a 10.10% rise between 7
and 14 days, followed by a 7.02% gain from 14 to 28 days, while the 2% GGBFS mix showed a more noticeable
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strength trend, increasing by 19.26% from 7 to 14 days and 17.86% from 14 to 28 days. Compared to the standard
concrete, this addition of 2% GGBFS in mixing exhibits a modest reduction in strength of —4.68% at 7 days. However,
it significantly improved by 3.25% at 14 days and 13.71% at 28 days. Similarly, 4% of GGBFS concrete experienced
a 17.48% increase from 7 to 14 days and a 12.00% increase from 14 to 28 days. Compared with the concrete without
GGBFS addition, it demonstrated a minimal strength decline of -0.69% at 7 days, followed by subsequent increases
of 5.97% and 10.89% at 14 and 28 days, respectively. Furthermore, the 6% of GGBFS mix increased strength by
16.54% between 7 and 14 days and 11.20% between 14 and 28 days, consistently exceeding the regular concrete at
all ages with improvements of 4.48% at 7 days, 16.54% at 14 days, and 8.15% at 28 days. Thus, these results highlight
the positive impact of low-percentage GGBFS substitutions, particularly those ranging from 2% to 4%, which show
quicker strength growth and improved long-term performance under simulated maritime exposure.

Despite these strength gains, the concrete specimens also experienced substantial physical and chemical
degradation due to prolonged exposure to the seawater environment. One of the most visible symptoms of degradation
was the formation of surface cavities, which can be linked to the aggressive penetration of chloride ions and the
leaching of calcium hydroxide from the cement matrix. This porosity not only compromises the structural integrity
but also expedites the further ingress of detrimental ions. In addition, a distinct whitish layer was observed on the
concrete surface, which is believed to be the result of lime (calcium hydroxide) deposits precipitated during the cement
hydration process. These deposits may undergo additional reactions to produce calcite or other crystalline
efflorescence when they come into contact with carbon dioxide and saline constituents. This phenomenon underscores
the necessity of durable mix designs and suitable protective measures in coastal and offshore construction applications,
particularly in unprotected or inadequately treated specimens, when it comes to concrete's susceptibility to marine
exposure.

On the other hand, the failure patterns found at the end of the 28-day compressive strength tests were assessed in
line with [28] to better understand the concrete specimens' damage behaviour. Per this standard, cylindrical specimens'
fracture patterns are divided into two primary categories: satisfactory and unsatisfactory failures. The satisfactory
category comprises four distinct varieties of fractures. At the same time, the unsatisfactory type incorporates eleven
types designated as types A through K. Based on the experimental result and these standards, the concrete samples
containing 2% and 4% GGBFS demonstrated satisfactory failure modes. In contrast, both the control samples (without
GGBFS) and those with 6% GGBFS showed a relation to unsatisfactory failure characteristics. Figure 2 illustrates the
visual evidence of these failure patterns.

(a) (b) (c) (d)
FIGURE 2. The damage condition of 28-day concrete specimens at the end of the compressive test
(a) Normal concrete (without GGBFS) (b) Concrete with 2% GGBFS (c¢) Concrete with 4% GGBES (d) Concrete with 6%
GGBFS

Furthermore, the Cast3M simulations consistently replicated the damage observed after the 28-day compressive
test, particularly in mesh configurations that employed 16 and 32-sided elements. The damaged zones were clearly
colour-coded in the damage contour visualizations produced by the model, with orange signifying regions where
concrete degradation had occurred and blue representing areas that remained structurally intact. This colour mapping
was directly correlated with the binary damage state values, where 0 represented an undamaged state and 1 implied
complete damage. The substantial visual distinction between damaged and undamaged areas aided intuitive
interpretation and allowed for exact spatial analysis of damage concentration, distribution, and evolution within the
specimen. This level of visual resolution improves the reliability of evaluating structural behaviour and integrity under
simulated loading conditions, especially when distinguishing between satisfactory and unsatisfactory failure modes
as indicated by standard categorization criteria in [28].
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The simulation identified all samples with 0%, 2%, 4%, and 6% GGBFS as satisfactory failures, as assessed by
simulations using the 16-sided mesh and compared to [28]. The cylindrical specimens, which were distinguished by
damage concentrated at the mid-height, were divided into upper and lower portions as a consequence of this failure
mode. These results indicate that the damage has been similar to that of concrete samples that contained 2% and 4%
GGBFS, which exhibited this pattern upon satisfactory failure. The illustration of the damage pattern of the 16-sided
mesh simulation can be seen in Figure 3.
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FIGURE 3. Damage severity of 28-day concrete specimens after compressive test simulation:
(a) Normal concrete (0% of GGBFS) (b) Concrete containing 2% GGBFS (c) Concrete containing 4% GGBFS (d) Concrete
containing 6% GGBFS

Nevertheless, the 32-sided mesh simulation uncovered damage patterns that were characterized as unfavourable
across all mix compositions. Cracks were primarily concentrated from the top toward the concrete specimen's mid-
height region, a Type J damage characteristic. According to the simulation, this pattern visually divided the specimens
into two distinct components. Furthermore, this damage mode is aligned with the failure characteristics observed
experimentally in plain concrete and specimens containing 6% GGBFS, both classified as unsatisfactory failures. The
corresponding damage visualization from the 32-sided mesh simulation failure pattern is presented in Figure 4.
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FIGURE 4. Damage level of 28-day concrete specimens after compressive test simulation:
Control Mix (0% GGBFS) (b) GGBFS-modified mix (2%) (¢) GGBFS-modified mix (4%) (d) GGBFS-modified mix (6%)
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Although the Cast3M simulations demonstrated promising alignment with experimental results, minor
discrepancies were observed in crack propagation and damage localization. These differences may be attributed to the
model’s assumption of material homogeneity, which overlooks the inherent heterogeneity of concrete, including
aggregate distribution and interfacial transition zones. Additional sources of error may include mesh sensitivity,
boundary condition simplifications, and the limitations of trial-and-error parameter calibration. Future studies should
incorporate material heterogeneity into experimental design and numerical modeling to enhance simulation accuracy
and better reflect real-world structural behaviour.
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CONCLUSION

This study demonstrates the significant impact of GGBFS incorporation on the compressive strength and damage
characteristics of Type V cement-based concrete under simulated marine exposure. The 2% GGBFS replacement
achieved the highest compressive strength at 48.12 MPa after 28 days. Low to moderate GGBFS levels (2%, 4%, and
6%) consistently outperformed the control mix, enhancing early-age strength development and improving failure
resistance in chloride-rich environments. The primary innovation of this study lies in integrating laboratory results
with numerical simulations using the Mazars damage model in Cast3M. This approach remains rare in marine concrete
research involving Type V cement. The simulation framework effectively replicated observed failure modes, with 16-
sided mesh topologies accurately representing the satisfactory experimental mixtures (2% and 4% GGBFS), whereas
32-sided meshes more precisely captured the unsatisfactory characteristics of 0% and 6% mixes. Low GGBFS dosages
between 2% and 4% are recommended for the practical application to improve early-age strength and degradation
resistance. However, this study is limited by its short curing duration, which is only 28 days, focusing only on
compressive strength. Future research should focus on examining the long-term durability, tensile behavior, and
material heterogeneity to enhance the realism of simulations and facilitate the broader implementation of GGBFS-
modified concrete in coastal infrastructure.
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