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Graphical abstract Abstract

Small docks play a vital role in supporting economic activities in
Indonesia, where concrete is commonly used due to its perceived
5 durability. However, exposure to seawater and wave action necessitates
enhanced protection, as degradation of concrete in  marine
environments is ultimately unavoidable. This study examines seawater
penetration info concrete at the Lempasing Fishermen's Boat Pier in
Lampung Province, Indonesia, over a 365-day period. The research
employed 22.5 MPa PCC concrete, which met the standard penetration
depth requirements for highly aggressive environments. Samples were
0 T - - cured in freshwater for 7 days before exposure to seawater. The findings
0 100 200 am 400 show that penetration depth conforms to the empirical model y = a
) In(bt) + c, aligning with existing literature (Yoo et al., 2011). Model
Specimen age, days projections estimate seawater penetration to reach approximately 8.5
cm over 50 years. Accordingly, a 13 cm concrete cover can serve as a
sacrificial layer, effectively delaying the initiation of rebar corrosion and
preserving reinforcement integrity for up to 50 years, with a safety factor
greater than 1.5. Despite this protective strategy, the compressive
strength of submerged concrete declined significantly to 7 MPa after 365
days. This deterioration was primarily due to confinuous wave action and
the chemical ingress of seawater, which friggered the formation of
ettringite and pore expansion, resulfing in cracking. Furthermore, the
premature exposure of concrete—before achieving pore discontinuity—
significantly contributed to the loss of strength. These findings underscore
that while rebar corrosion can be mitigated through adequate cover,
the concrete matrix itself remains vulnerable to accelerated internal

degradation under aggressive marine conditions.
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1.0 INTRODUCTION

1.1 Problem Statement

Indonesia is an archipelagic nation consisting of
approximately 17,380 islands, of which around 8,000
are inhabited. As a result, numerous small piers are
needed to support local fransportation, especially for
fishing activities. Concrete is the material of choice
for constructing pier structures due to its perceived
durability—defined as the ability of a material to
maintain its performance over time when exposed to
environmental conditions—especially when
compared fo steel or wood. However, cases of
failure have been observed in small piers. Figure 1a
shows a collapsed pier, while Figure 1b depicts a pier
that exhibited visible degradation just two years after
construction. Seawater contains a high
concenfration of sulfates and salts, and the
surrounding marine air also carries these aggressive
agents.  Their infilirafion infto concrete can
significantly — accelerate  material  degradation,
compromising the structural integrity of the pier. The
failure of these structures not only poses safety risks
but also results in substantial economic losses. Most
small piers are constructed using normal concrete
without  additional  protection or  durability
enhancements. This raises a critical question: How
can normal concrete be resistant to the marine
environment?

Figure 1 Small piers in Indonesia: (a) Collapsed pier, (b)
Degraded piers

1.2 Mechanisms of Water Ingress

Durability in marine environments refers to a
material’s capacity fo withstand continuous exposure
tfo harsh environmental conditions. Concrete is
commonly selected for pier structures due to its
inherent durability, which refers to a material's ability
fo maintain its performance over fime when
subjected fo environmental stressors. However,
achieving optimal durability requires appropriate
design, quality  construction, and  ongoing
maintenance [1]. A high level of concrete durability
can only be attained when both the material’s
properties—at  macro and micro scales—and
environmental influences are thoroughly understood.
Concrete is a porous material, with a total pore
surface area reaching approximately 500 m?/cm?3[2].
The diameter of these pores ranges between 10 nm
and 1000 nm, which is large enough to allow the
passage of water molecules that typically measure
around 3 A (0.3 nm). Through these pores, water can
fransport particles with diameters ranging from 10 nm
to 700 nm (0.00001 mm to 0.0007 mm). As noted by
Hand ef al. (2019) [3], the penetration of water into
concrete is influenced by pore radius and the size of
the fransported particles. Open and interconnected
pores form capillary pathways that facilitate water
ingress, which may occur via pressure gradients,
diffusion, or capillary action.

Sources of water ingress include rainfall, soil
moisture, humidity in the surrounding air, wave
splashing, and capillary rise. The continuity of pores
plays a significant role in determining the speed at
which harmful substances such as sulfates and
chlorides reach embedded reinforcement. Once
inside the concrete, water can raise internal
humidity, initiate further hydration reactions with
unhydrated cement particles, dissolve hydration
products, alter the infernal pH, and further modify the
pore structure. In splash zones, where both moisture
and oxygen are abundant, corrosion may be limited,
but degradation of the concrete matrix progresses
more rapidly due to repeated wetting and drying
cycles and chemical attack [4].

The effects of water ingress info concrete include
strength reduction, cracking, increased permeability,
and corrosion of embedded steel. Therefore, the
concrete used in pier structures must not only prevent
water infiltration but also resist the aggressive
substances dissolved in seawater that accelerate
degradation. The concrete cover serves as a crucial
protective layer, and its durability depends on
adequate thickness and material resistance.
Achieving resistance requires minimizing both porosity
and permeability, thus enhancing the concrete’s
ability to function effectively throughout its intended
service life.
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1.3 Concrete Properties Affecting Permeability

Permeability in cementitious materials is a critical
indicator of durability, as it determines the extent to
which water and aggressive agents can infilirate the
concrete matrix. Low permeability signifies that the
concrete is watertight and resistant to fluid ingress.
Both low porosity and low permeability are essential
characteristics of durable concrete [5]. Several
factors, including the type and composition of
mafterials, curing methods, exposure age, and
environmental conditions influence these properties.
Permeability decreases with an increase in pore
discontinuities. The formation of discontinuous pores is
delayed by higher water-to-cement (w/c) ratios, as
they require more extended periods to develop [4].
Pore discontinuities help reduce capillary porosity,
which, along with surface cracks, is a principal
confributor to increased permeability [7]. The
incorporation of calcined clay has been shown to
reduce macropores and promote the development
of denser calcium-alumino-silicate-hydrate (C-A-S-H)
and monosulfate (AFm) phases, thereby enhancing
impermeability [8]. Research suggests that an
optimal w/c ratio of approximately 0.28 results in
minimal void permeability [?]. Similarly, the water-to-
binder (w/b) ratfio plays a pivotal role in hydration
dynamics; lower w/b ratios combined with extended
curing periods improve resistance to water diffusion
[10]. In contrast, higher w/c ratfios and insufficient
curing result in reduced compressive strength and
increased permeability [4].

Among supplementary cementitious materials,
silica fume has demonstrated superior performance
in enhancing water tightness compared to plain
concrete and concrete containing crystalline
additives, particularly under  moisture-limited
conditions [7]. A synergistic combination of 9% micro-
silica (SiO,) and 1% nano-siica reduced water
penetration in self-compacting concrete (SCC) by
nearly 58%, short-term water absorption by
approximately 23%, and total absorptfion by about
30% [11]. Furthermore, the use of modern
polycarboxylate ether-based superplasticizers and
chemically active additives significantly improves
permeability control, compressive strength, and
overall concrete performance [12]. Nevertheless,
permeability tends fo increase with  higher
proportions of recycled aggregates due to their
inherent porosity [13]. On the other hand, encased
concrete structures show a marked reduction in
penetfration depth with the addition of multiple
carbon fiberreinforced polymer (CFRP) layers,
enhancing impermeability [14].

Water penetration in concrete can also be driven
by external pressure. Water tightness, therefore,
becomes a decisive factor in evaluating a structure's
ability to resist pressurized fluid ingress [15].
Experimental studies have been conducted to assess
penefration depth under forced water pressure
conditions [16]. Fly ash has proven effective in
reducing water penetration depth under pressure by

increasing concrete density and enhancing
watertight properties [17]. This finding aligns with the
conclusions drawn by Hearn et al. (2006) regarding
SCC [6] However, the benefits of fly ash in improving
durability under seawater exposure are notably
limited when its content exceeds 10% [18].

1.4 Existing Research and Standards

Concrete undergoes continuous changes over time
due to chemical exposure, water infiliration, material
composition, environmental conditions (such as heat
and humidity), and sustained mechanical loads.
These factors contribute to the evolution or
degradation of the concrete matrix by altering its
pore structure, chemical composition, and
mechanical integrity. As such, concrete porosity is a
complex and dynamic property rather than a stafic
characteristic. The development of pore structure is
governed not only by the initial hydration process but
also by subsequent degradation mechanisms
induced by environmental exposure [6].

According to the Japanese Specification on
Concrete Standard (2017), water penetration must
be evaluated to control the risk of reinforcement
corrosion caused by chloride ingress from seawater
[5]. Chloride-induced corrosion is a major cause of
structural degradation in marine environments. A
study investigating the combined effects of fatigue
loading and hydrodynamic pressure on chloride
penetration in road pavements revealed that stress
levels significantly influence the chloride ion diffusion
coefficient (DRCM), particularly when the number of
load cycles ranges between 30,000 and 60,000.
Additionally, hydrodynamic pressure was shown fo
accelerate damage accumulation and influence
DRCM behavior during the final loading stages [19].

For sulfate exposure classifications, categories SO
(no exposure), S1 (slight exposure), S2, and S3 are
deftermined based on the concentration of sulfate
ions (SO,%*). Seawater is classified under the SI
category, where the maximum allowable SO,
concenfration is 1500 ppm [20]. In addition, [21]
recommends that the chloride ion content in
concrete should not exceed 0.5 g/L (0.05%) to ensure
long-term durability, particularly in structures exposed
to marine environments.

1.5 Knowledge Gap

To prevent chloride ions from reaching the
reinforcement, waterproof concrete and a
sufficiently thick cover are required, especially in
marine environments where seawater contfains
aggressive substances and is subjected to confinuous
wave pressure. However, Indonesian standards do
not specify a concrete cover thickness for such
conditions. The largest concrete cover requirement in
Indonesia applies fo underground structures, with a
minimum thickness of 7.5 cm [20]. Waterproof
concrete is defined as concrete with a maximum
penefration depth of 50 mm for moderately
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aggressive environments and 30 mm for highly
aggressive environments [22]. Additionally, it must
have a maximum permeability coefficient of 1.5 x
107" m/dft, as specified in [ACI 301-729] [23].

1.6 Objectives of This Study

No maftter how dense, concrete always contains
several interconnected pores, making it an inherently
permeable material. Some permeability testing
methods pose challenges in terms of fime, cost, and
variability. Therefore, improved rapid permeability
testing is needed to enable agencies to adopt
performance-based specifications with  greater
confidence [24]. Recent predictive approaches,
including Ensemble and Regression Tree (RT) models,
have demonstrated high accuracy in estimating
water penefration depth [25].

Although predictive models exist, further studies
are required to assess the actual conditions at pier
locations. These models can provide insights into the
necessary concrete cover thickness. In marine
construction, the concrete cover must account for
degradation depth, ensuring that the inner structure
remains strong enough to withstand applied loads
over its service life. The growth of degradation depth
in actual conditions and the relationship with the
results of permeability tests according to standards
are the objectives of this study. Thus, this study can
help predict the degradation of concrete
submerged in seawater based on these tests.

2.0 METHODOLOGY

The research was carried out experimentally, using a
concrete mix designed to achieve a target
compressive strength of 20.75 MPa. The mixture
composition for 1T m® of concrete is presented in
Table 1.

Table 1. Material Composition for 1 m® of Concrete

No Materials Amount (kg)
1 PPC 379.63

2 Water 205

3 Coarse aggregate 1013.75

4 Fine aggregate 741.01

This study utilizes Portland Pozzolan Cement (PPC)
due to its availability in remote areas, where Ordinary
Portland Cement (OPC) is scarce. Additionally, PPC
contributes to reducing global warming impacts.

Selection w/c 0.54

The water-to-cement ratio of this mixture is 0.54. Qu
et al, 2021 [26], published a critical review of 11
studies on the durability deterioration of concrete in
marine environments, covering both materials and
structures. Among the reviewed papers, nine were

conducted in real marine conditions, including the
Gulf of Thailand, Arabian Gulf, Persian Gulf, Beibu
Gulf, and Wheat Island. These studies used OPC and
OPC combined with varying amounts of fly ash,
GGBS, and silica fume. The water-to-binder (w/b)
ratios ranged from 0.35 to 0.72.

Concrete used in the Persian Gulf, Beibu Gulf, and
Wheat Island adopted a w/b ratio of 0.35, while
studies in Thailand and other regions used ratios from
0.4 to 0.72. This study employs PPC, which includes fly
ash, and therefore a w/b ratio of 0.54 was selected.
This value closely resembles the w/b ratio used in the
Gulf of Thailand study, which applied OPC with 15%
fly ash and a w/b of 0.55 for structures aged 5 years.
Additional studies reviewed by Qu et al. (2021) with
similar w/b values include research in the Arabian
Gulf (OPC, w/b 0.5) and in the tidal zone along the
English coastline at Folkestone, UK (OPC + 30% PFA,
w/b 0.56) [27].

Selection of Standard Penetration Test Methods

The measured penetration depth reflects the
condition of field concrete under hydraulic pressure.
This test has demonstrated good correlation between
water penetration and surface resistivity.

Standard penetration tests were conducted at
the Structure and Materials Laboratory of the
University of Indonesia. Permeability festing was
carried out on all sample types—three samples
each—according to the Deutsches Institut for
Normung (DIN) EN 12390-8: 2009-07 [28] . This
standard requires that permeability be assessed in
concrete aged 28 days. The fest involves applying
water pressure to concrete block specimens
measuring 200 mm x 200 mm x 120 mm. The water
pressure is applied incrementally: 1 bar (1 kg/cm?) for
the first 48 hours, 3 bar for the next 24 hours, and 7
bar for a final 24 hours. After the pressure is applied,
the specimen is split fo determine the depth of water
infiltration.

Compression tests and seawater penetration tests
were conducted at 28, 56, 90, and 365 days using
cylindrical specimens with a diameter of 15 cm and
a height of 30 cm, in accordance with the
Indonesian National Standard SNI 03-2491-2002 [29].
The seawater penetratfion test used specimens from
split tensile testing, and the penetration depth was
determined visually based on the depth of water
infiliration indicated by visible color differences. All
testing was performed at the Materials and
Construction Laboratory, University of Lampung,
Indonesia. Penetration depth was measured using
vernier calipers af the deepest point of infiltration
(Figure 4d).

Selection of Sample Shapes
Pier pillars are generally cylindrical, making cylindrical

samples more representative of real structural
conditions.
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Treatment of Samples

After the concrete was poured into the mold, the
surface was covered with plastic to prevent water loss.
At one day of age, the mold was removed, and the
concrete was soaked in a tub for seven days.
Following the curing period, some specimens were
stored in a protected environment, while others were
placed in seawater at the Lempasing Fishing Boat Pier,
Bandar Lampung, Indonesia. At 28, 56, 90, and 365
days, six specimens were retrieved from the sea at
each interval—three for compressive strength tests
and three for penetration tests. To maintain their
condition, the test specimens were wrapped in
aluminum foil and immediately transported to the
Materials and Construction Laboratory, University of
Lampung, for testing.

Data analysis

Compressive strength tests were also performed on
the protected specimens. All test results were verified
using the Dixon Criterion[30].

The relationship between penetration depth and
concrete age was analyzed and fransformed into a
logarithmic model, following the approach of [31]. The
model coefficients were determined through trial and
error by selecting values that produced the smallest
sum of squared errors [32]. The model was then
validated using the research findings of [33]. Once
established, the model was wused to predict
penetration depths for future years.

The selected mixture also showed a standard
penefration depth below the maximum allowable
value for highly aggressive environments, which is 30
mm. This threshold of 30 mm is applied and interpreted
as follows: if the standard penetration is less than 30
mm, the mixture is considered suitable for use in highly
aggressive environments [22]. Samples for both the
standard and real penefration tests were cured by
immersion in fresh water for seven days. After curing,
samples for the standard penetration test were kept in
a protected environment, while samples for real
penefration were placed af the pier site at the age of
9 days. Concrete samples from the actual location
were tested at specific ages—28, 56, 90, and 365 days.
Thus, af the age of 28 days, two types of penetration
values are available: standard and real penetration.
Real penetration data at various ages display distinct
behaviors. If penetration growth continues to increase,
concrete degradation is ongoing; if the growth
stagnates, it indicates that penetration has ceased or
slowed significantly. The standard penetratfion value
acts as a reference—whether degradation will persist
or plateau at a given age.

For normal concrete, in which penetration
contfinues to increase, the penetfration thickness
provides guidance for how much concrete must be
"sacrificed" to protect the reinforcement until the
target service life is reached. The durability of a
column in marine conditions must consider the
effective cross-sectional area of sound concrete,

reduced by the depth of the degraded zone,
according to the designed lifespan.

The depth of water penetration was identified
visually, both in standard penetration tests and in split
tests for natural penetration. The standard penetration
test conducted at 28 days at the University of
Indonesia can be compared with real penetration
fests conducted at the University of Lampung.
Comparing the ftwo supports the objectivity of
penetration depth observation. In both types of tests,
penetration depth was measured from the outer edge
of the sample to the center, using split specimens
tested under a split tensile load. The research flow is

illustrated in Figure 2.

Material and actual
location selection

L
Testing the chemical content of
seawater

| Making test specimens |

Standard  penetfration I Cylinder specimens I

test specimens ¥
Protected specimens [ Submerged in sea water specimens ]
AL

| 7-day curing by immersion |

=
I Placing samples in protected place | | Flacing samples in seawater |
¥
28 days: standard 28, 56, 90 days: 28, 56, 0 and 365 days
Penefration fest compression test samples were removed from
seawater and wrapped in
aluminum foil

]
28, 56, 90 and 365 days: compression test and
natural penetration test using splitting test method
|before festing the aluminum foil is removed)

Literature study

Data Analysis

Model Creation
Model Validation

Figure 2 Research flow

3.0 RESULTS AND DISCUSSION
3.1 Results

Concrete samples submerged in seawater at the
Lempasing Fishing Boat Pier, Lampung Province,
Indonesia, were retrieved at 28, 56, 90, and 365 days
(Figure 3).

Figure 3 Sampling from the seabed
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The appearance of the samples at 28, 56, 90, and
365 days is shown in Figure 4.

(c) )

Figure 4 Compression fest specimens: Protected specimens
(left in a, b, and c) and seawater-immersed specimens
(rightin a, b, c, and d): (a) 28 days, (b) 56 days, (c) 20 days,
(d) 365 days (submerged and cross-section of the concrete
surface with macrofouling in dry condition)

The compressive strength of both protected and
seawater-immersed concrete specimens is shown in
Figure 5. Although the concrete used Portland
Pozzolan Cement (PPC)—which undergoes a
pozzolanic reaction that is not fully optimized at early
ages—the target compressive strength of 20.75 MPa
was achieved at 28 days (Figure 5).

30

25
ks /
=
= 20
=
&
2 15
=
=
E 10
] —o—Submerged inreal sea water
a s
g —e—Frotected
s , , .
1] 100 200 200 400

Specimen age, days

Figure 5 Compressive Strength of Protected and Seawater-
Immersed Concrete

The test specimen after the standard penetration
test is shown in Figure 6.

Figure 6 Sample section from standard permeability test

The results of the standard permeability test are
presented in Table 2.

Table 2 Standard penetration test results

Maximum water penetration, mm

Sample 1 Sample 2 Sample 3

32.4 32.7 22.0 22.8 25.5 23.9

All test results in Table 2 were processed using the
Dixon criteria in accordance with [30] at a 10%
significance level (Figure 7). The standard deviation
of the data shown in Table 2 is 2.5.

05 A 0.482
@ 0.4 4
B
e a3
€
2
2
5 o0z

a0 4 0.075

I -
o0 L
Smallest & suspected  Lorgest is suspected 10% sig level

Figure 7 Standard penetratfion data acceptance check
using Dixon criteria

Since all penetration fest results (Table 2) fall within
the 10% significance level threshold (Figure 7)., all
results are considered valid, and the average
penetration depth was calculated. The average
penetration depth is 26.55 mm, indicating that the
concrete mixture meets the requirement for strongly
aggressive environments, as it remains below the 30
mm threshold [22].

The empirical model is derived from experimental
data. The selection of the logarithmic model is based
on the following rationale: the penetration of sulfates
and chlorides causes local imperfections in the
concrete, leading to the appearance of lattice voids
and subsequent diffusion. Atoms migrate across grain
boundaries, resulting in convex or concave grain
surfaces depending on the grain size. Grain size
evolves over time, and minor impurity phases inhibit
atomic particle growth. These impurity effects are
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best represented using natural logarithmic functions
[34].

The empirical model is presented in Equation 1:

y=aln (BF) +C v (1)

Where:

y : penetration depth (cm)

f : age (day/hour)

a : the influence of the permeability coefficient
especially at 90-365 days — 0.88

b : the influence of the permeability coefficient
especially at 56-90 days—0.8

C : the influence of the permeability coefficient

especially at 28 days -0.1355

The coefficients were determined through trial and
error, selected to minimize the sum of squared errors
(SSE) and produce the model that best fits the
experimental data. Regression diagnostics are shown
in Figure 8.

The relationship between penetration depth and the
empirical model is illustrated in Figure 8.

& -
5 Rz =1

- 4

7]

£ 47

&

T 27

-‘.E' 2 4 .35 tration standard T Bwerment

5 pehetration standa Model

= 2465 cm

% 1 1 Log. (Model)

a
0 T T T 1

0 100 200 300 400

Specimen age, days

Figure 8 Comparison of experimental and model
penetration depth

The sum of squared errors (SSE) [35] for the model
was calculated as 0.046, which is less than 5%, and R2
is 1 (Figure 8), indicating a high level of accuracy.

In real-world conditions, the most consistent factor
is the chemical composition of seawater, which is

reflected by the constant “c” in Equation 1.
According to Darcy's Law, fluid flow is defined as:

Q =-K.A AH/AL

Where:

Q = the fluid flow rate

K = permeability coefficient

A = cross-sectional area penetrated by the fluid

Ah = difference in piezometric height between two
points,

AL = distance between the two points.

Concrete exposed to seawater undergoes pore
stfructure changes over time due to chemical

interactions, making the permeability coefficient (K)
in Equation 1 a fime-dependent factor, expressed as
a. The area (A in Darcy's law) affected by fluid flow
also changes with time due to the development of
atomic structure, which is represented as In(bt) in the
model. The natural logarithmic form was selected
because minor impurity phases, which inhibit atomic
particle growth, evolve over time—a behavior best
captured logarithmically.

For validation, the model was applied to the study
by Yoo et al. [33] (Figure 9) using coefficients: a =
1.704; b =0.5; c =-2.4138.

RE=09792

1 Largest sum square
error 0.03 < 5%

Penefration depth, cm

48 & 144 192

Speciman age, hours
=——ExpErimant =—jkiodal

Figure 9 Application of the model in the research of Yoo et
al, 2011

The error value when applying the model to Yoo
et al's [33] results was 0.0669, using the sum of
squared errors method [35]. Yoo ef al [33]
investigated penetration depth under water pressure
conditions.

Using the model in Equation 1, the predicted
seawater penetration depth into concrete over time
is presented in Figure 10.

Penetration depth, cm

i 10 0 30 40 50 40 70 a0
Spaciemen age, yaar

Figure 10 Prediction of seawater penetration depth into
concrete

The conversion of the water-to-cement (w/c) ratio
to penetration depth and estimated service life
based on capillary pores is presented using Zheng et
al.'s research [36] in Formula 2, and ifs
implementation scenario is summarized in Table 3.
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Where:

Ct. cover for t years with selected w/c; Cmodel:
concrete cover model at age f; Capp-submerged:
Capillary pores when concrete comes info contact
with seawater; Capp-submerged-model:  Capillary pores
model.

Table 3 Implementation scenario

standard Capillary Concrete cover, cm

penetra pores, %

. dry mass Concrete in contact with

w/c tion, at..days | the seaq, .... days of age
cm of age

28 14 | 28 |14 | 28 | 14 | 28

50 years 75 years

0.44 2.08 19.9 18 | 649 | 588 | 6.8 | 9.3

0.50 2.42 229 | 21 | 747 | 687 | 7.8 | 10.8

0.54 2.66 249 | 23 | 813|752 ] 86 | 11.8

he required concrete cover thickness to reach
service lives of 50 years and 75 years, based on the
empirical model shown in Figure 10, is 8.5 cm and 8.9
cm, respectively. From Table 3, the cover thickness
calculated for a w/c of 0.54 is 8.13 cm for 50 years
and 8.6 cm for 75 years, showing consistency with the
model predictions.

To ensure structural safety, a safety factor of 1.5is
applied. The resulting recommended cover thickness
is presented in Table 4.

Table 4 Implementation criteria with safety factor 1.5

Concrete cover with safety factor 1.5, cm
w/c Concrete in contact with the seaq, .... days of age
Service life 50 years Service life 75 years
14 days 28 days 14 days 28 days
0.44 9.8 8.8 10.2 9.3
0.5 11.2 10.3 11.8 10.8
0.54 12.2 11.3 12.8 11.8

3.2 Discussion

The surface of concrete submerged in seawater
gradually becomes covered with macrofouling and
appears increasingly fragile over time (Figure 2).
Marine organisms typically prefer concrete surfaces
when the pH is neutral to slightly alkaline (i.e., higher
pH values), rather than acidic (lower pH). However,
macrofouling remains superficial, forming a layer
approximately 1.8 mm thick, as measured using a
vernier caliper (Figure 4d, taken after drying), without
penefrating the concrete. The concrete in this study
meets the design strength requirement, achieving a
compressive strength of 22.5 MPa (Figure 5), and also
safisfies the penetration resistance criteria for strongly
aggressive environments (Figure 6, Table 2, and
Figure 8). Although Portland Pozzolan Cement (PPC)
was used—which contains pozzolanic materials—the
optimal pozzolanic reaction typically occurs around

56 days. All standard penefration test data in Table 2
were validated using Dixon's criteria (Figure 7),
confirming their reliability.

3.2.1 Concrete Compressive Strength

The compressive strength of the concrete decreased
gradually over time (Figure 5), declining to 7 MPa at
365 days. This significant reduction is primarily
aftributed to the chemical composition of the
seawater at the study site, as detailed in Table 5.

Table 5 Chemical composition of seawater in Lempasing,
Lampung, Indonesia

Chemical mg/| %
Cl 18859.4 56.6
Sulfate 2690.5 8.1
Na 10532.6 31.6
Mg 941 2.8
Fe 0.46 0
Ca 285.08 0.9
Cr 0.083 0
Al 0.11 0
P 0.362 0
Salinity 32 ppt
pH 8.51
Dissolved oxygen
- dry seqason 5.5-7.2
- rainy season 5.1-6.7

This composition closely aligns with the findings of
Galvis-Sdnchez, which reported chloride (55.2%),
sodium (30.6%), sulfate (7.7%)., magnesium (3.7%),
calcium (1.2%), potassium (1.1%), and trace amounts
of other elements [37].

Concrete Temperature

The temperature within the concrete was measured
using a vibrating wire embedded strain gauge
installed in a 150 mm x 150 mm x 100 mm concrete
column immersed in seawater along with the other
research samples. The temperature trend recorded
over time is shown in Figure 11.

al

Temperature of concrete
submerged insea water, degree

1] [] 20 ao a0 50 a0 70
Specimen age, days

Figure 11 Temperature in concrete
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Chloride Penetration

Tong et al 2025 [38], published findings on chloride
penetration in cement paste with a water-to-cement
ratio (w/c) of 0.6. The sample used had a diameter of
10 cm and a length of 50 mm, coated with silicon
gel, and soaked in a 0.5 mol/L NaCl solution for 100
days. The specimens were maintained at two
temperatures: 23°C and 38°C. Their results showed
that higher temperatures in the paste led to more
gradual chloride penetration at the same
penetration depth. In Indonesia, the temperature of
concrete is influenced by the ambient climate,
averaging around 30°C (as shown in Figure 11).
Based on chloride penetration data at 23°C and
38°C, a projected chloride penetration curve for
30°C was developed, illustrated in Figure 12.

25
—s—hiodel at 23 degree Celsius

—e—measrad ot 30 degree Celdus
Meosura of 38 degree Celkius
Model ot 38 degree Celoius

—s—teasured at 23 degree Celaius

05

Cloride content incement paste wic 0.6 (% dry masg)

il o 20 30 4D 50 &0 0 ao PO 100

Distance from the exposure surface, mm

Figure 12 Chloride content in cement paste
(Tong et al, 2025 [38] & Niken for Indonesia, red curve)

Capillary Pore

Zheng et al, 2021 [36] examined capillary pore
content in cement paste with w/c ratios of 0.4, 0.44,
and 0.5 at ages of 1, 3, 7, and 28 days. From this
dataset, the capillary pore content for a w/c of 0.54
was extrapolated.

The concrete cover value at 50 years, derived
from the empirical model in Figure 10, was found to
be 8.5 cm. Meanwhile, using capillary pore analysis
and chloride penetration estimations, the cover
value was determined to be 8.13 cm (as shown in
Table 3). This value exceeds the 60 mm threshold,
beyond which chloride content is generally
undetected (Figure 12). In real-world condifions,
however, several factors differ significantly from
controlled laboratory setups: varying chloride
concentrations, differences between paste and
concrete composition, lack of protective coatings,
and wave-induced pressure on concrete structures.
Therefore, the expected penetration depth in
practice is assumed to be 1.5 times greater than that
reported in the study by Tong et al. (2025) [38].

The standard penetration values for w/c ratios of
0.44 and 0.5 were calculated based on the
corresponding capillary pore contents and are

presented in Table 3. These values serve as the
foundation for the implementation scenarios
described in Tables 3 and 4.

pH

Seawater at the research location contains 2,690.4
mg/L of sulfate (Table 5), which falls info Exposure
Class S2, as SO,* levels are between 1,500-10,000
ppm [20]. The presence of sulfate (SO,27) increases
internal alkalinity (pH), and changes the hydration
processThe presence of sulfate (SO,%7) increases the
internal alkalinity (pH) and influences the hydration
process [32]. The initial pH of concrete is typically
around 12.5-13.5 due to the presence of calcium
hydroxide. At pH > 10.5, sulfate reacts with aluminate
phases and forms ettringite [39].

Sulfate and Chloride

Sulfate in seawater triggers the formation of
secondary ettringite. The ratio of etfringite length to
diameter decreases when chloride (CI7) enters the
concrete, which induces expansion. This expansion
weakens bond strength and leads to cracking.
According to SNI 2847 [20], the maximum allowable
chloride content from seawater is 0.15% by weight of
cement. In this study, the chloride concentration in
seawater was 18,859.4 mg/L. Given the PPC weight
of 379.63 kg, the allowable chloride limit is 570 mg/L—
meaning the CI~ content at the site far exceeds the
permissible threshold.

Chloride readily reacts with C3;A to form Friedel's
salt. This direct formation leads to the accumulation
of AP* in solution, released during the reaction of
Cs;A, along with Ca*. The presence of Co*
contributes to concrete expansion. The Friedel's salt
structure also promotes the formation of tobermorite
and eftringite (3CaO -Al,O;-3CaS0O,-32H,0), while
simultaneously inhibiting portlandite (Ca(OH),) and
calcium silicates  (2CaO SIO, and  3CaO SiO,),
especially in high-performance concrete (HPC)
exposed to seawater between 3-90 days [40].

Tobermorite helps retain concrete strength,
whereas etfringite is expansive, compounding the
swelling effect induced by Ca?*. This expansion may
help narrow capillary pores, but if the expansion
exceeds the pore volume, the resulting pressure can
fracture the concrete matrix.

The formation of Friedel's salts via an ion-
exchange mechanism involves the release of OH-
ions from AFm hydrates into the pore solution, which
further raises the pH [41]. This adds to the pH increase
already caused by sulfate ions. A higher pH causes
morphological changes in AFt (eftringite), shifting
from rod-like to needle-like forms, and reduces the
formation of AH; gel. This fransformation s
accompanied by a rise in confinuously connected
pores and a decline in disconnected pores,
ulfimately resulting in weakened matrix strength [42].



560 Chatarina Niken et al. / Jurnal Teknologi (Sciences & Engineering) 88:3 (2026) 551563

Magnesium

The magnesium (Mg) content in seawater at the study
site was 941 mg/L. Dissolved oxygen levels in the
Lampung, Indonesia sea ranged from 5.1-7.2 mg/L
(Table 5). This oxygen combines with Mg to form
magnesium oxide (MgO), which can react with silica
fume to form magnesium silicate hydrate (M-S-H). M-S-
H gel is produced through the reaction between MgO
and siica fume, forming a shell-like structure with
internal cavities [43]. Magnesium also reacts with
sulfate to produce magnesium sulfate, which is known
to degrade concrete by decomposing calcium
silicate hydrate (C-S-H) into M-S-H gel, leading to long-
term deterioration.

In addition to forming oxides, Mg can combine
with chloride (CI7) to form magnesium chloride
(MgCl;). While MgO has been considered as a
component in cement due to its benefits such as high
strength  and  dimensional  stability, the  high
concentration of chloride at the research location
(Table 5) makes the formation of MgCl, more likely.
However, MgCl, can be detrimental to concrete,
confributing to surface flaoking and crumbling. Water
containing Mg ions can diffuse info the silicate gel
matrix of the concrete and bind calcium from the
surface layer. This calcium loss destabilizes the C-S-H
sfructure [39]. Additionally, the newly released
magnesium can precipitate as brucite (Mg(OH),)
within the concrete paste. Brucite crystal growth can
generate internal stresses. It is known that the growth
of gypsum and halite crystals can exert pressures
exceeding 2000 atm (202.6 MPa), suggesting that
similar stress levels may be possible with brucite. Such
internal pressure leads to swelling and eventual failure
of the concrete matrix [44].

Chromium and Iron (Ferro)

Chromium (Cr) and iron (Fe) are also present in
seawater. When Cr is combined with Fe in slag, it can
be used to replace up to 40% of sand in concrete
mixtures, yielding improved compressive strength [45].
However, when Fe combines with oxygen, it oxidizes
and causes corrosion of steel reinforcement.

Sodium in concrete is typically in the form of
sodium chloride (NaCl), a salt that significantly
degrades the durability and performance of concrete
over fime.

Phosphorus

In addition to the elements mentioned above,
seawater also contains phosphorus. According to Liu
et al. (2024) [46], increasing the amount of phosphorus
waste in concrete can improve workability, but it
tends to reduce the mechanical properties of the
concrete.

salinity

Although the salinity at the research site is below 500
ppm—technically making the seawater usable in

concrete mixtures—the presence of harmful elements
such as chloride, sulfate, and magnesium poses risks.
Therefore, achieving optimal pore discontinuity and
ensuring low permeability are crucial in marine
concrete applications. The outer concrete layer
(blanket) can act as a sacrificial barrier, protecting the
core structural concrete from degradation.

Permeability

Intrinsic permeability and compressive strength both
improve when the concrete matrix is denser and more
compact. However, even small defects in the matrix—
while negdligible in their effect on compressive
strength—can increase permeability by more than
tenfold [47]. Therefore, compressive strength alone is
not a reliable indicator for estimating the infrinsic
permeability of concrete [6].

The maximum permeability coefficient  for
watertight concrete is 1.5 x 107" m/s, as specified by
[ACI 301-729 (revised 1975)] in [23]. To achieve this
level of impermeability, the penetration depth
between 28-90 days must be approximately 8 x 1077
cm. When translated into standard penetration test
conditions as defined by [28] —where water is applied
under a pressure of 5.09 + 0.5 kg/cm? for 72 hours—the
required penetration depth to maintain a permeability
coefficient of 1.5 x 107" m/s becomes 3.9 x 107¢ cm.

Such low permeability can be achieved by
implementing the following strategies: (1) Using fine-
grained aggregates such as limestone, fine marble, or
dense trap rock, paired with optimal w/c ratios of 0.66,
0.48, and 0.38, respectively [6].(2) Incorporating
nanoparticles (e.g., silica fume) to refine the
microstructure. (3) Enhancing pore discontinuity, which
limits the pathways for water ingress.

The ftime required for a concrete mixture to
develop a discontinuous pore structure is shown in
Table 6.

Pore Discontinuity

An increased water-to-cement (w/c) ratfio leads to a
rise in capillary porosity (Table 6). Capillary pores are
typically considered the remnants of the originally
water-filled spaces in fresh concrete. As the w/c ratio
increases—from 0.40 to 0.44 and then to 0.50—the
volume of initial mixing water increases by 2.34% and
3.09%, respectively [36]. As a result, pore spacing and
contfinuity  increase, while  pore  discontinuity
decreases, making the concrete more permeable.

Table é Time required to achieve pore discontinuity

Time required to achieve a discontinuous pore structure
w/c Time required Approximate degree of
hydration required

0.4 3 days 0.5
0.45 7 days 0.6
0.5 14 days 0.7
0.6 6 months 0.95
0.7 1 year 1
>0.7 impossible >

Source: Hearn et al, 2006 [6]
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With wider spacing and increased capillary pores, it
becomes easier for seawater to penetrate deeper
info the concrete, thereby increasing its permeability.
The pore structure with a high degree of discontinuity
significantly affects the infrinsic permeability of
concrete. Meanwhile, the free water content in
hardened concrete is influenced by the water-to-
cement (w/c) ratio, which in furn alters the effective
permeability of the concrete [6]. The sensitivity of
w/c to concrete permeability is illustrated in Figure 1
[9].

From Figure 13, it can be concluded that changes
in w/c from 0.25 to 0.28 do not cause a rapid
increase in  permeability—indicating that the
concrete is less sensitive to permeability in this range
(a 0.01 increase in w/c causes only a 0.23 mm/sec
increase in the permeability coefficient). However,
the permeability increases rapidly when the w/c ratio
changes from 0.28 to 0.31 (a 0.01 increase results in a
1.23 mm/sec increase in permeability). Under these
conditions, the concrete becomes highly sensitive to
permeability increases.
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Figure 13 Relationship between w/c and concrete
permeability

Although there is a direct correlation between
concrete compressive strength and porosity [48],
there is no direct relationship between porosity and
permeability [31].

In addition to its impact on pore discontinuity, the
w/c ratfio also affects the compressive strength of
concrete. Both the water-to-cement ratio and the
curing method influence compressive strength to
some extent. Even small changes in these
parameters  significantly — affect the  intrinsic
permeability of concrete. Higher w/c ratios lead to a
coarser pore structure and increased porosity.

Concrete sfructures in marine environments are
continuously exposed to wave action, subjecting
them to constant physical stress. This persistent
pressure forces particles carried by seawater intfo the
concrete, weakening its microstructure and
increasing brittfleness.  Continuous wave action
causes surface abrasion, leading to the detachment
of loosely bound or microcracked particles. This

results in gradual mass loss and a noticeable
reduction in concrete strength.

Another confributing factor is the early exposure
of concrete to seawater. In this study, the concrete
was submerged af 9 days old, while pore
discontinuity development was still incomplete at a
w/c ratio of 0.54. According to [4], it is preferable to
immerse concrete in seawater after 14 days, when
the pore structure has had more fime to become
discontinuous and resistant to fluid ingress.

3.2.2 Experimental Model

Concrete immersed in seawater has a high degree
of saturation. As saturation increases, effective
permeability decreases, since the existing moisture
clogs the pores. Therefore, water content significantly
influences permeability [49]. The free water in
hardened concrete affects effective permeability,
whereas intrinsic permeability depends solely on the
pore structure. A linear relationship exists between
the log-fransformed effective permeability and the
degree of saturation, up to 70%. At high saturation
levels, effective permeability correlates linearly with
compressive strength. This relationship can be
fransformed info a natural logarithmic function. A
comparison between the experimental model and
observed results is presented in Figure 8, with an error
of 0.046 and R? of 1.0, indicating excellent model
accuracy. When water pressure is high, water flow
within the concrete increases, resulting in seepage
flow accompanied by internal deformation of the
concrete[33]. Based on these findings, the
experimental model follows Equation 1. An increase
in the water-cement ratio (w/c) reduces the slope of
this relationship, making effective permeability less
sensitive to safuration variations [31].

The model was applied to the research findings of
[33]. which observed penetration under constant
pressure for 8 days. Despite the limited duration, the
model closely matched the data (Figure 9), with an
error of 0.03 and R? of 0.9792. The slightly higher error
is aftributed to the constant-pressure conditions used
in [33], whereas the present study used dynamically
fluctuating pressure from real sea wave exposure.

The prediction of penetration depth up to 75
years was calculated using Equation 1 and is
presented in Figure 10. At 50 years, the predicted
penefration depth is approximately 8.5 cm, and at 75
years, it is 8.9 cm. The penetration rate begins o
decline after 10 years, eventually stabilizing info a
nearly linear trend. This shift occurs because
seawater has saturated all pores, preventing further
direct infiltiration. From this stage forward, water
movement within the concrete follows a seepage
mechanism rather than pure penetration.

Applying a safety factor of 1.5, the
recommended concrete cover is approximately 13
cm, which is advantageous for ensuring the structure
remains durable beyond 50 years of service.



562 Chatarina Niken et al. / Jurnal Teknologi (Sciences & Engineering) 88:3 (2026) 551563

4.0 CONCLUSION

A study on the compressive strength and seawater
penetration of concrete at the Lempasing Fishing
Boat Dock, Lampung Province, Indonesia, has been
conducted. The penetration results conform to the
mathematical model: y = a In(bt) + c. This model has
been validated against the research findings of [33]
in Korea. Based on this model, the predicted
penetration depths at 50 years and 75 years are
approximately 8.5 cm and 8.9 cm, respectively.
Therefore, constructing with a concrete cover of 13
cm is sufficient fo ensure durability for 50 years, with a
safety factor greater than 1.5.

The results indicate that concrete made with
Portland Pozzolan Cement (PPC) and a w/c ratio of
0.54, when immersed in seawater at 9 days of age,
experienced a significant drop in compressive
stfrength, from 22.5 MPa to 7 MPa at 365 days. This
reduction is primarily due to seawater penetration
driven by wave pressure, which forces aggressive
chemical particles info the concrete matrix.
Additionally, reverse wave action may lead to
chemical dissolution and further intfernal
degradation. The early immersion of concrete,
before optimal pore discontinuity was achieved, also
contributed to the observed strength loss.

For improved durability, the use of PPC concrete
with a w/c ratio of 0.5, and delayed exposure to the
marine environment until at least 14 days of age, is
considered appropriate. At this point, the concrete
achieves optfimal pore discontinuity, meaning the
number of confinuous pores is minimal. Seawater
then enhances the pozzolanic reaction, promoting
the formation of C-S-H and ettringite. The expansion
of ettringite clogs the remaining limited pores, further
preventing seawater ingress. This internal fightness,
reinforced with a thicker concrete cover, ensures
that the structure can achieve a service life of 50
years under marine condifions.
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