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Abstract:  Wetting-drying cycles pose a significant threat to concrete exposed to marine environments 
through several degradation processes from the penetration, crystallisation, and migration of adverse ions 
during natural submersion and evaporation phases. This paper experimentally investigates the suitability of 
utilising seawater and sea-sand ultra-high-performance concrete (SWSS-UHPC) exposed to cyclic wetting-
drying in a laboratory environment. Four mixes were prepared with different aggregate sources (i.e., sea-
sand and river sand) and various proportions of SCM as cement replacement (i.e., 0% as control, 25% 
binary, and 50% ternary mix). Matured UHPC specimens were exposed to twenty intermittent wetting-drying 
cycles, each cycle consisted of four consecutive days of air drying, followed by three days of immersion in 
chloride and chloride-sulphate composite solutions. Axial compressive strength tests on cube specimens, 
electrical resistivity, and ultrasonic pulse velocity tests on cylinder specimens were periodically determined 
after 2, 8, 14, and 20 cycles to assess the mechanical and durability performance of UHPCs. Preliminary 
results suggest no degradation of mechanical and durability performances of industrial by-product based 
SWSS-UHPC under wetting-drying cycles, especially in composite corrosion environments. As such, 
SWSS-UHPC has the potential to be a durable option for coastal splash zone infrastructures while offsetting 
the carbon footprint using SCMs and reducing demand for traditional natural aggregates.

Keywords: Seawater and sea-sand ultra-high-performance concrete (SWSS-UHPC), wetting-drying cycles, 
strength, electrical resistivity, ultrasonic pulse velocity.

1. Introduction
The rising demand for ordinary Portland cement (OPC) concrete production accounts for significant CO2 
emissions as well as shortages in depleting natural resources (e.g., river sand, fresh water, coarse 
aggregates, etc.), and thereby disrupting ecological balance (Xiao et al. (1)). Incorporation of readily 
available marine resources, seawater and sea-sand concrete (SWSSC) can be a promising alternative to 
its conventional counterparts. Additionally, hazardous industrial by-products such as blast furnace slag, fly 
ash, silica fume etc. can be utilised as supplementary cementitious materials (SCMs) to substitute cement 
and curtail the carbon footprint associated with concrete fabrication. Furthermore, SCMs as full or partial 
substitution of cement have the potential to improve the mechanical as well as durability performance of 
concrete due to their pozzolanic characteristics (Prakash et al. (2)). It is generally acknowledged that an 
abundance of chloride in SWSSC leads to improved early-age mechanical properties as the hydration 
reactions are accelerated, however, the long-term strength development abates as a result of the soft 
hydration products leaching out over time (Mohammed et al. (3)). However, there is evidence that utilising 
marine resources in concrete can yield improved transport and durability properties such as water 
absorption, sorptivity, chloride penetration resistance due to their compact microstructure (Ebead et al. (4)). 
Nowadays, ultra-high-performance concrete (UHPC) has emerged as an improved alternative to 
conventional concrete as a result of its significantly enhanced mechanical and durability performance. 
Enhancement of microstructure, homogeneity of the interfacial transition zone (ITZ) and substantial 
reduction in porosity of UHPC is achieved from the application of high binder content, low water-to-binder 
ratio, fine powders, and the subsequent dense particle packing (Mishra and Singh (5)).

Marine structures, especially situated in tidal and splash zones are subjected to combined actions of harsh 
chemical exposure and wetting-drying cycles. The literature agrees that wetting and drying cycles present 
a more severe environment compared to immersion only and can accelerate concrete degradation when 
associated with aggressive ions (Gao et al. (6)). During the drying cycle, harmful ions (e.g., chloride and 
sulphate) penetrate into concrete saturate and crystallize due to evaporation of water. The ions accumulate 
as a result of the concentration gradient and are driven inward by the capillary absorption (Wu et al. (7)). 
Subsequently, in the next wetting cycle, seawater again penetrates concrete, causing continuous 
crystallisation and migration of detrimental ions. Expansive reaction products continue to form especially in 



sulphate-rich environments which develop microcracks when the stress that develops due to the expansion 
process becomes greater than the tensile strength of concrete (Qi et al. (8)). Formation of microcracks 
enables the ingress of solution and thus further accelerates the degradation process. UHPC with a very 
dense and nearly impermeable microstructure can not only resist the penetration of aggressive ions, but 
also can keep pore water evaporation to a minimum (Ahmad et al. (9)). Therefore, incorporation of sea-
sand, seawater, and industrial by-products in UHPC manufacture has immense prospects to achieve a 
viable construction material with excellent transport and durability performance (Saleh et al. (10)), especially 
suited for unfavourable marine wetting-drying environment.

The experimental work presented in this study investigated the performance of industrial by-products (i.e., 
blast furnace slag, silica fume) based seawater and sea-sand ultra-high-performance concrete (SWSS-
UHPC) exposed to a simulated wetting-drying environment. In addition to the control mix (100% OPC), 
OPC-slag binary and OPC-slag-silica fume ternary mixes were evaluated based on several mechanical and 
durability indicators. An identical ternary mix manufactured from tap water and river sand (TWRS-UHPC) 
was analysed for comparison purposes. The influence of intermittent wetting-drying cycles in chloride and 
chloride-sulphate composite solutions, and the subsequent effects on mechanical (i.e., axial compressive 
strength) as well as durability characteristics (i.e., electrical resistivity and ultrasonic pulse velocity) were 
evaluated throughout the course of twenty wetting-drying cycles.

2. Materials and Methods

2.1 Raw Materials and Mix Design
Three types of cementitious binders were used in this study: i) a general-purpose (GP) cement complying 
with AS 3972 (11), ii) ground granulated blast furnace slag (GGBFS), and iii) undensified silica fume. Natural 
sea sand and seawater were used as aggregates and mixing water respectively, and were collected from 
Malabar beach in NSW, Australia. The sea sand was oven-dried and sieved through a 1.18 mm sieve to 
eliminate natural and human-made impurities prior to use in concrete mixing. Natural river sand was also 
sieved, and each size was proportioned to keep its particle size distribution the same as the sea sand in 
order to avoid the associated influence of grading differences. The chemical compositions of the binders 
and seawater as well as the particle size distribution of different types of sands can be found in the previously 
published work of this research group (Saleh et al. (12)).

To avoid the possibility of corrosion in a chloride-rich seawater environment and harsh exposure conditions, 
no steel fibres were used in UHPC production. MasterGlenium SKY 8700, a polycarboxylate-based high-
range water reducer (HRWR), conforming to AS 1478.1 (13) was used to achieve sufficient workability 
despite the very low water-to-binder ratio. Three seawater and sea-sand based UHPC mixes (SWSS-
UHPC) were designed: i) the “control mix” with 100% GP cement, ii) one “binary mix” with 25% cement 
replacement by slag, and iii) one “ternary mix” with 50% cement replacement by 37.5% slag and 12.5% 
silica fume. The ternary mix was also replicated using river sand and reticulated water. The water-to-binder 
ratio, sand-to-binder ratio, and superplasticiser-to-binder ratio were kept the same for all four mixes (0.2, 
0.83, and 0.02, respectively). The different mixing proportions are listed in Table 1. The mix ID for each mix 
consists of the aggregate type used, followed by the percentage of cement replaced by SCMs. The batching 
procedure of UHPCs can be found in Saleh et al. (12). After batching, the SWSS-UHPC and TWRS-UHPC 
specimens were cured for 28 days in 23° C natural seawater and tap water, respectively.

Table 1.  Mix proportions of constituents for UHPCs.

Replacement of 
OPC (%)

Mix ID*

Slag Silica fume

Water to 
binder ratio

OPC

kg/m3

Ground 
Slag 

kg/m3

Silica 
fume 

kg/m3

Sand

kg/m3

Coarse 
aggregate

kg/m3

Water

kg/m3

HRWR

kg/m3

SS-0 0 0 0.2 1200 0 0 1000 N/A 240 24
SS-25 25 0 0.2 900 300 0 1000 N/A 240 24
SS-50 37.5 12.5 0.2 600 450 150 1000 N/A 240 24
RS-50 37.5 12.5 0.2 600 450 150 1000 N/A 240 24

* SS: sea sand, RS: river sand.



2.2 Testing Procedures
After the curing period, the matured specimens were exposed to twenty intermittent wetting-drying cycles 
under laboratory environment (23° C temperature and 50% relative humidity). Two aggressive solutions 
were selected for the wetting-drying regime: i) 10% NaCl solution, and ii) a composite solution of 10% NaCl 
and 5% MgSO4 by mass of water. MgSO4 was purposely chosen as a source of sulphate since it is regarded 
as the most destructive sulphate-bearing solution toward cementitious materials (Bescher et al. (14)). In 
accordance with the test protocol stated in Medeiros-Junior et al. (15), each cycle lasted for 7 days, including 
4 consecutive days of natural air drying, followed by 3 consecutive days of immersion in solutions. A number 
of mechanical and durability tests were conducted periodically at concrete ages of 28, 42, 84, 126, and 168 
days, which corresponds to 0, 2, 8, 14, and 20 wetting-drying cycles, respectively. 

Axial compressive tests were carried out on 50 mm × 50 mm cube specimens following the requirements of 
ASTM C109/C109M (16). Two types of non-destructive tests, i.e., electrical resistivity and ultrasonic pulse 
velocity (UPV), were performed on 100 mm dia. × 200 mm height cylinders to predict the durability 
characteristics of the UHPCs. A four-pin Wenner probe array with 50 mm electrode spacing was used to 
measure surface electrical resistivity according to AASHTO TP-95 (17). The UPV measurements were 
acquired by A PROCEQ made PUNDIT PL-200 as per ASTM C597 (18). Microscopic images were captured 
on specimens cast in 10 mm dia. plastic tubes using a Hitachi 3400 scanning electron microscope (SEM) 
operated under backscattered electron (BSE) mode. All the mechanical and durability test results presented 
in this paper are obtained from the mean of three identical UHPC specimens.

3. Results and Discussion

3.1 Visual Inspection
Figure 1 exhibits the UHPC specimens after twenty wetting-drying cycles prior to preparing them for SEM 
imaging. UHPCs under chloride-only solution showed precipitation of NaCl on the surface (Figure 1a-1d), 
while their colour faded from the wetting-drying cycle exposure. However, the appearance of different mixes 
was somewhat identical, indicating a similar mechanism of chloride attack on different mixes. On the 
contrary, the specimens exposed to cyclic wetting-drying in chloride-sulphate composite solution were 
visually contrasting. Prominent white patches were seen on the surfaces of the SS-0 control and the SS-25 
binary mixes, which were absent in the ternary mixes (SS-50 and RS-50), as shown in Figure 1 (e-h). The 
whitish substance seems to be brucite (magnesium hydroxide). It is well-known that MgSO4 reacts with 
portlandite to form gypsum and brucite, which are insoluble in water (Bescher et al. (14)). Since 100% OPC-
based control mix has abundant portlandite, a significant amount of brucite is produced and deposited on 
its surface. As SCMs, especially silica fume consumes portlandite due to their pozzolanic reactivity, almost 
no brucite is visually detected in the ternary blends. Another reason why no corrosion products associated 
with sulphate attack were found in ternary mixes was their extremely dense and impermeable 
microstructure, which will be discussed in the following sections.

(a) (b) (c) (d) (e) (f) (g) (h)

Figure 1. UHPC specimens after 20 wetting-drying cycles, (a)-(d) under chloride solution, (e)-(h) 
under chloride-sulphate composite solution.

SEM micrographs in Figure 2 compare the paste portion of control and ternary SWSS-UHPCs after 28 days 
of curing. As expected, large hexagonal plate shaped portlandite and unreacted cement particles are noticed 
in the SS-0 control mix. On the contrary, abundance of unreacted slag particles was apparent in SS-50 
ternary mix, with no visible portlandite. The microstructure of SS-50 was compact with homogeneous ITZ 
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compared to SS-0. Unlike the ternary mix, shrinkage cracks were evident in the control mix, which is 
corroborated by the findings of Saleh et al. (12).

(a) (b)

Figure 2. SEM micrographs of SWSS-UHPC after 28 days (a) SS-0, (b) SS-50.

3.2 Compressive Strength
Influence of intermittent wetting-drying cycles on compressive strength of UHPC mixes are presented in 
Figure 3 (a-d). Overall, an increase in strength is observed up to 14 cycles, after which a reduction is 
noticed. The chloride solution seems to have a positive effect on strength development compared to 
chloride-sulphate composite solution. Concentrated chloride solution accelerates the hydration mechanism, 
producing greater amount of hydration products (i.e., calcium silicate hydrate or C-S-H), which enhances 
the strength (Saleh et al. (12)). However, the strength reduces with the growth of expansive reaction 
products with time. A relative loss in compressive strength is noted in chloride-sulphate solution exposure, 
especially for the control and the OPC-slag binary mixes. After 20 wetting-drying cycles, the SS-0 and SS-
25 experienced a reduction of 10.5% and 3.6% strength, respectively, compared to chloride only 
environment. Under MgSO4 attack, Ca2+ ion present in C-S-H reacts with Mg and forms magnesium silicate 
hydrates (M-S-H), which is non-cementitious and causes loss of strength and cohesion of the cementitious 
matrix (Bescher et al. (14)). Moreover, exposure in the sulphate-rich environment led to the formation of 
ettringite and gypsum (Jiang and Niu (19)), which can form microcracks and consequently accelerate the 
corrosion process.

It is also evident that the relative strength loss due to sulphate attack is negligible in the ternary mixes. 
SS-50 and RS-50 exhibited a mere 1.3% and 1.8% decrease in strength after adding sulphate into the 
wetting-drying solution, respectively. The addition of SCMs reduces the C3A content in cementitious binders 
which is the most vulnerable phase to sulphate attack. Furthermore, the concrete pore structure is 
significantly improved due to the incorporation of SCMs, especially silica fume. Silica fume, due to its highly 
pozzolanic nature and physical pore-filling effect, can refine the pore structure, increasing smaller-sized gel 
pores (Sakir et al. (20)). Therefore, the silica fume-based mixes possess a dense microstructure which is 
nearly impermeable to chemical attack. As a result, the ternary mixes are not as susceptible to sulphate 
attack as the control and binary mixes. Interestingly, SWSS-UHPC had slightly higher strength gain under 
chloride-sulphate exposure compared to TWRS-UHPC (16.5% and 12.8% growth in strength after 20 
wetting-drying cycles, respectively). The presence of chloride in concrete microstructure can inhibit the 
diffusion of SO4

2- (Jiang and Niu (19)), giving a slight edge to marine UHPC against sulphate attack.

3.3 Ultrasonic pulse velocity (UPV)
As exhibited in Figure 4, UPVs of all the UHPC mixes (before and after wetting-drying cycles) evaluated in 
this paper were much higher than 4500 m/s, which categorised them as ‘excellent’ quality concrete 
according to the classification by Whitehurst (21). Excellent homogeneity and compactness of UHPC’s 
microstructure enable the ultrasonic waves to travel faster through them, leading to higher UPV. However, 
it is apparent that the UPV of the control mix was the highest, followed by the binary mix, whereas the 
ternary mixes had the least UPV (4841 m/s, 4762 m/s, 4694 m/s, and 4648 m/s for SS-0, SS-25, SS-50, 
and RS-50, respectively after 20 wetting-drying cycles). UPV is governed by the density of the raw materials 
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of concrete, and therefore, the unit weight of UHPC specimens (Hong et al. (22)). Incorporation of SCMs 
can produce light-weight concrete since the unit weight of SCMs is substantially lower compared to cement. 
Furthermore, the secondary reaction products formed due to the pozzolanic reactions of SCMs are not as 
dense as primary reaction products and the general cement phases. Therefore, although utilising SCMs in 
UHPC generates higher mechanical properties, it produces lower UPV values. Figure 5 demonstrates the 
relationship between UPV and SSD unit weight of UHPC mixes after 28 days of casting and upon the 
completion of 20 wetting-drying cycles in NaCl. An excellent linear relationship was obtained with correlation 
coefficients close to 1 (R2 = 0.97 and 0.96 for specimens before and after the cyclic wetting-drying, 
respectively). This confirms that UPV is not consistent with strength and primarily dependent on the density 
of concrete, similar to the findings of Saleh et al. (10).
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Figure 3. Compressive strength of mixes under different wetting-drying environments (a) SS-0, (b) 
SS-25, (c) SS-50, (d) RS-50.
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Figure 4. UPV of mixes under different wetting-drying environments (a) chloride solution, (b) 
chloride-sulphate solution.

Overall, a slight increase in UPV was noted with progression of wetting and drying cycles. Periodic 
submersion in chloride produces crystallised salts, whereas sulphate attack forms ettringite and gypsum 
(Jiang and Niu (19)). Continuous formation of these corrosion products and very low pore water evaporation 



from UHPC increase the unit weight of the specimens subjected to intermittent wetting-drying cycles. The 
higher unit weight of all UHPC mixes after exposure is apparent in Figure 5, which is the reason behind the 
UPV increase. No obvious difference between the two wetting-drying conditions was found to influence 
UPV.

Figure 5. Correlation between UPV and SSD unit weight of UHPCs.

3.4 Electrical resistivity
As demonstrated in Figure 6, electrical resistivity of the ternary mixes was significantly higher compared to 
the control and binary mixes. Silica fume, being a highly reactive pozzolan, densifies concrete microstructure 
through the formation of secondary C-S-H (Ghasemzadeh et al. (23)). The pore filling effect of silica fume 
substantially enhances electrical resistivity. Addition of only slag does not notably improve the resistivity due 
to its slower pozzolanic reaction and therefore its contribution only as a physical filler. SS-50 yielded slightly 
higher resistivity compared to RS-50 (28-day resistivity of 303 kΩ.cm and 112 kΩ.cm, respectively), owing 
to the acceleration of hydration and pozzolanic reactions by seawater and the resulting tortuous pore 
network. It is also evident that the resistivity consistently increased with the wetting-drying cycles. This can 
be attributed to two reasons: first, the continuous hydration of cementitious materials and the subsequent 
maturity of concrete. Additionally, the crystallised corrosion products such as Friedel’s salt in chloride 
(Medeiros-Junior et al. (15)) and ettringite and gypsum in sulphate exposure (Jiang and Niu (19)) can block 
the existing pores in the microstructure, increasing the compactness. However, the trends regarding the 
growth of resistivity were similar for both wetting-drying environments.
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Figure 6. Electrical resistivity of mixes under different wetting-drying environments (a) chloride 
solution, (b) chloride-sulphate solution. 

From Figure 6, it is noteworthy that specimens under combined chloride-sulphate solution possessed much 
higher resistivity than chloride solution alone. Electrical resistivity is influenced not only by the pore structure, 
but also the chemistry of pore solution. Chloride ions have greater diffusion capacity compared to sulphate 
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ions and therefore have greater mobility within the pore solution (Medeiros-Junior et al. (15)), causing 
relatively lower resistivity under chloride only exposure. Nonetheless, the ternary SWSS-UHPC mix in this 
study produced significantly higher resistivity values compared to the minimum 100 kΩ.cm threshold to limit 
the corrosion risk to ‘negligible’, as prescribed by RILEM recommendation TC154-EMC (24).

4. Conclusions
The following conclusions can be drawn based on the work presented in this study:

 OPC-only Control and OPC-slag based binary UHPCs experience a relative loss in compressive 
strength under wetting-drying cycles in chloride-sulphate composite solution compared to chloride 
solution alone (up to 10.5% and 3.6%, respectively) due to the formation of non-cementitious M-S-H 
and microcracks. However, no strength degradation was noticed in the OPC-slag-silica fume based 
ternary mixes owing to the impenetrable microstructure.

 Ultrasonic pulse velocity is predominantly governed by the density of concrete raw materials as well as 
the unit weight of concrete specimens, and therefore cannot be a good indicator of the mechanical and 
durability performance of UHPC subjected to wetting-drying cycles.

 Incorporation of silica fume substantially increased the electrical resistivity as a result of its pozzolanic 
and physical pore-filling ability. Resistivity continuously increased with exposure in wetting-drying cycles 
due to continuous cement hydration and crystallization of corrosion products.

 Since chloride accelerates the hydration mechanism and impedes sulphate dissolution, the use of 
marine resources in UHPC production can improve the mechanical and durability characteristics.

 The industrial by-product based SWSS-UHPCs developed in this study were not vulnerable to the 
intermittent wetting-drying environments, and hence, can be utilized in the tidal and splash zones of 
maritime structures.
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