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Abstract 

Anti-washout concrete (AWC) is engineered for underwater constructions, with resistance to dispersion achieved through 

the use of anti-washout admixtures (AWAs). This study experimentally investigated the design of sustainable anti-washout 

concrete mixtures containing a high content of by-product waste materials. The study aims to evaluate sustainable 

underwater concrete mixtures with high supplementary cementitious materials content, analyze the influence of AWA on 

compressive strength, and assess the compatibility of anti-washout admixture with both SCMs and superplasticizers. 

However, the interaction of AWA with a high content of ground granulated blast furnace slag (GGBS) and microsilica in 

underwater concrete has not been previously investigated. Two groups of concrete mixtures were developed: the first group 

consisted of two sustainable mixtures, with and without AWA, containing 52.15% ordinary Portland cement (OPC), 43.5% 

GGBS, and 4.35% micro silica. The second group consisted of two conventional mixtures: one with 100% OPC and the 

other with 100% OPC plus AWA. Fresh properties, such as slump flow, viscosity (measured by the V-funnel), and air 

content, were evaluated. Compressive strength was measured to assess mechanical performance. Durability was 

investigated using four tests: rapid chloride penetration tests (RCPT), water penetration, water absorption, and initial 

surface absorption tests (ISAT). An anti-washout test was conducted to determine the effectiveness of AWC in minimizing 

the washout of cement particles. The mixture design introduces an innovative approach to utilizing high levels of SCMs 

for producing high-strength, durable, and sustainable AWC. The durability results showed that the ISAT test was 

ineffective for evaluating concrete performance underwater. This research contributes to understanding the effects of 

AWAs and their compatibility with superplasticizers and SCMs. AWA forms a thixotropic gel that protects cement 

particles from washout and is highly compatible with superplasticizers. 

Keywords: AWC, Antiwashout Concrete; Underwater Concrete; Thixtropy of Cement Paste Concrete; Anti-Washout Admixture; 

Durability; Sustainable Concrete. 

 

1. Introduction 

1.1. History of Underwater Concrete 

Conventional concrete, made from ordinary Portland cement (OPC), aggregate, and water, remains the primary 

construction material worldwide. Moreover, it is considered the source material for new and innovative developments 

suggested to address advanced environmental problems in the construction sector. Significant challenges are regarded 

as motivations for scientists to investigate new types of concrete mixtures that can withstand the harsh environmental 
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conditions [1–3]. However, the worldwide cement market is facing a surge in cement demand, accompanied by high 

levels of CO2 emissions in the cement industry, which is urged to incorporate waste materials into concrete production 

[4–7]. In this context, scientists have developed concrete for underwater applications. Underwater concrete is a 

specialized type of concrete characterized by high performance, specifically designed for foundations and structures 

submerged underwater, such as dams and bridges [3, 8]. Concrete is the essential building material for major structures 

planned for coastal areas, rivers, and harbors. Which are scientifically described as underwater engineering constructions 

[5, 9–14]. The technology of underwater concrete, also known as anti-washout concrete (AWC), is a type of non-

dispersible underwater concrete [10, 11, 15, 16]. It was developed to solve problems and manage the challenges of 

placing, compacting, and repairing traditional concrete in underwater structures. Anti-washout concrete was applied to 

non-structural elements, such as cofferdams or caisson seals, as well as to structural components, including bridge piers, 

dry-dock walls, floors, water intakes, ports, and harbor installations. Additionally, it was used for bridge piers in rivers, 

metro systems, and deep shafts in unstable, waterlogged ground. Additionally, it has been utilized to sink precast tunnel 

sections, join tunnel sections, and repair erosion or cavitation damage to major hydraulic structures [5, 17, 18].  

The history of Anti-washout concrete (AWC) dates back to 1970, when Germany had a requirement to enhance and 

improve concrete casting underwater. The invention of AWC was introduced practically in 1974 by adding concrete 

viscosity-modifying admixtures based on cellulose ether to traditional concrete used for underwater applications 

associated with low water velocity conditions. Japan successfully continued to meet this target by developing new anti-

washout admixtures through various product innovations [11]. In the mid-1980s, the U.S. Army Corps of Engineers 

applied AWC to structures in the ocean [19]. To evaluate the washout ability of underwater concrete, the U.S. Army 

Corps of Engineers adopted the C61-89A and subsequently the CR D-C 661-06 as specifications for Anti-washout 

admixtures for concrete in 1989 [20, 21]. Non-dispersible underwater concrete refers to concrete containing anti-

washout admixtures (AWAs), which are water-soluble polymers with long-chain structures and strong absorption 

capacity. When absorbed, these admixtures produce advanced viscous concrete [22, 23]. Higher fluidity was developed 

using a superplasticizer (SP) to reduce the water-to-binder ratio (w/b). Additionally, anti-washout admixture (AWA) is 

added to the concrete ingredients as the primary constituent to enhance viscosity and segregation resistance [24]. AWC 

can be used to solve problems, including the placement and repair of traditional concrete in underwater construction, 

which is a significant challenge. Due to its self-leveling, self-compacting, and minimal environmental impact, non-

dispersible underwater concrete plays a vital role in underwater and underground construction. The main crucial 

improvement of the casting process of AWC is related to the enhancement of the reduction in mass loss underwater, 

which is described as the washout resistance ability. High fluidity and a decrease in the water-to-binder ratio (w/b) were 

achieved by incorporating ingredients that altered the yield value and viscosity of the mixture, thereby enhancing 

washout and segregation resistance. According to previous publications, AWAs are water-soluble polymers that improve 

the yield value and viscosity of concrete [23].  

1.2. Literature Review 

Nasr et al. [15] investigated the washout resistance of self-protected underwater concrete containing 533 kg/m3 OPC 

by varying water features; however, traditional concrete mixtures were used without either AWAs or SCMs. The 

recommendations emphasized adjusting the mixtures and considering water flowability, referring to the increase in the 

water-to-cement ratio or SP, which results in a high slump and high workability associated with high mass loss. This is 

an expected result due to the lack of use of AWA. In another experimental work presented by Ali Sikandar et al. [10], 

different anti-washout admixtures, also referred to as viscosity modifiers, were applied to study their effect on the 

properties of non-dispersible AWC, which contained 450 kg/m³ of OPC as the primary and only binder, along with 2.5 

kg/m³ of AWA. Although the high content of OPC resulted in the highest 28-day compressive strength of 44.4 MPa 

with different AWAs, the study concluded that biopolymers in AWAs may enhance the compressive strength. Ganesh 

Kumar et al. [25] produced AWC using 480 kg/m3 OPC silica fume (SF) and fly ash (FA). At 28 days, the maximum 

compressive strength was 32.4 MPa, which is considered low strength compared to the extremely high content of OPC. 

The conclusions showed that incorporating FA and SF leads to better washout resistance and durability performance; 

however, a loss in workability and strength was registered due to some defects in the mixture design related to SF and 

FA content.  

Moon & Shin [26] evaluated the resistance against corrosion and strength of AWC using three mixtures: 100% OPC, 

20% FA as a partial replacement, and the third mixture contained 50% blast furnace slag as a partial replacement. At 28 

days, the OPC reference mixture showed the highest strength; however, after 91 days, the mixture with 50% Slag showed 

only a 13.8% increment. Liquid-based cellulosic AWA and melamine-based high-range water reduction were used in 

the mixture design. The results showed that anti-washout underwater concrete exhibited better slump flow with increased 

SCMs content; moreover, SCMs increased the resistance against corrosion. Recently, underwater repair concrete was 

produced using 429 kg of Portland cement, supplemented with an anti-washout admixture and superplasticizer. The 

work aimed to study the adhesion of underwater repair concrete exposed to hydrostatic pressure. The highest 

compressive strength was recorded as 59.2 MPa; however, the results analysis revealed the complexity of the casting 

problem associated with this type of concrete mixture [27]. AWA was employed to produce underwater cement grout. 
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The result showed a decrease in strength at 28 days when compared with the OPC reference mixture [17]. Resisting 

washout is a vital characteristic that enhances the performance of concrete cast underwater; moreover, it secures quality 

repairs underwater with minimal water pollution from this type of casting. Mass loss (washout loss) and slump flow in 

concrete produced with 592 kg/m³ of OPC (non-sustainable concrete) were negatively affected by the water-cement 

ratio; meanwhile, silica fume and fly ash can enhance washout resistance. Thus, anti-washout admixtures have been 

developed by manufacturers to enhance and control the stability of fresh concrete systems based on cement and 

cementitious materials [28].  

1.3. Problem Statement and Research Gap 

The majority of the research was conducted to study UWC with a high content of OPC, which is the first problem 

addressed in this experimental research. This may be considered the main defect in mixture design, which is analyzed 
as a non-sustainable concrete with no compatibility and no matching for the new global climate enhancement demands. 

According to the United Nations website, under its climate actions, Carbon dioxide (CO2) levels in 2023 were 151% of 
pre-industrial levels. Between 2014 and 2023, 48% of human-caused emissions remained in the atmosphere. The 
statistics showed that due to CO2, heating impacts of long-lived greenhouse gases increased by 81% [29]. The second 

challenge in UWC is that the disintegration of concrete due to laying underwater may result in layered and heterogeneous 
concrete characteristics with low strength. This can be practically avoided by using a sustainable mixture design that 
contains AWAs, ensuring the fresh mixture, when cast, does not mix with water and wash away [30]. Flowability can 

be enhanced by using admixtures, as previously studied through experiments examining the influence of selected 
additives and admixtures on concrete designed for underwater use. Bleeding can also be controlled or adjusted by using 

a proper aggregate amount or admixture [10]. The main binder for AWC is still OPC; however, it is a sophisticated 
concrete that requires the addition of various admixtures, such as polycarboxylates, phosphonates, and other additives, 
to produce self-compacting characteristics that enable it to be poured underwater for self-leveling [31].  

For example, stabilized polycarboxylates provide high flowability, a crucial characteristic for filling the formwork, 

whereas modified polycarboxylates and phosphonates promote low viscosity [32, 33]. In this context, the relationship 
between AWA and superplasticizer in underwater concrete remains undefined, as it was not clearly defined in previous 

research or has not been thoroughly investigated by researchers. Different findings from earlier studies also emphasized 
the vital role of SCMs in underwater concrete properties; however, most studies focused on a single test for durability. 
Supplementary cementitious materials have become crucial materials that enhance concrete performance and durability, 

while also reducing OPC content for sustainability and contributing to climate change mitigation. Reducing OPC content 
means reducing CO2 emissions [34]. Durability is another characteristic of underwater concrete that has not been studied 

carefully. However, it is considered one of the primary properties affecting the longevity of underwater structures, 
although it has received little systematic attention. The durability of concrete in aggressive saline environments was 
enhanced by incorporating up to 20% silica fume, consistently meeting expectations for improved resistance to chloride 

and sulfate ions [5]. Pozzolanic materials, such as fly ash, may enable underwater concrete to be self-compacted with a 
low dosage of antiwashout admixture [34]. In 2020, it was suggested that GGBS content may range from 6% to 12%, 

while fly ash content may range from 6% to 9%. The study’s objective focused on abrasion resistance and chloride ion 
penetration resistance; however, the results showed a low content of SCMs in concrete. Moreover, the research does not 
consider the fresh properties of other durability tests. It showed that GGBS with the same content provided better 

properties for OPC mortar, which was related to the enhancement in concrete structure compactness, resulting in a 
reduction in the diffusion of chloride ions [35].  

Grzeszczyk et al. [32] studied the effect of nano-silica fume on the washout property of UWC. They concluded that 

there was no effect on physical properties and compressive strength, which is an infrequent finding. Moreover, UWC 
without nanoparticles achieved similar density, water absorption, and water penetration depth. Nevertheless, silica fume 
with a nano level showed efficiency in reducing the washout property. Ali Sikandar et al. [10] found that UWC achieved 

33.5 MPa and 44.4 MPa using OPC as the main binder, which is a low strength with a high OPC content, indicating a 
critical mixture design that lacks sustainability; moreover, the bleeding capacity increased over time. The viscosity also 
increased when AWA was added to the mixture, and durability was not investigated. Replacing cement with GGBS and 

Fly ash was studied by Yuan et al. [35], who reported that up to 36% replacement was possible. However, the results 
were inconsistent, as they found that slag provides similar strength to the control, while fly ash reduces both strength 

and abrasion resistance, without considering other durability tests. GGBS with a range of 6% up to 12% showed an 
improvement in abrasion resistance and reduced chloride penetration with higher content. GGBS and Silica fume with 
20% replacement for each material showed an increase in abrasion loss over time; however, durability was studied 

through a single test [36].  

No study has yet examined the interaction of AWA with high GGBS-Micro silica mixes in real underwater projects. 
Most researchers have used high OPC content in mixture design for AWC, without addressing sustainability 

requirements. The main observed defects were low compressive strength, despite the high cement content. Additionally, 
the durability of underwater concrete has received less attention. Only scattered and limited tests are available, and they 
show unclear behavior regarding durability, both with and without SCMs. Moreover, the compatibility of anti-washout 

agents and superplasticizer, and their effect on UWC properties, needs further investigation as a crucial point of 
discussion. No previous work has addressed this critical issue. 
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2. Experimental Program 

In this experimental work, sustainable mixtures were formulated using low ordinary Portland cement (OPC) content 

and high proportions of supplementary cementitious materials (SCMs) [31]. The laboratory program began by 

systematically identifying and selecting materials with properties required for the targeted application. Experiments 

were performed in a state-of-the-art laboratory using advanced equipment. The effects of anti-washout agents and 

superplasticizers on durability were evaluated with specialized testing methods to ensure accurate results. This 

methodology has been successfully applied to actual underwater projects in the UAE. Figure 1 outlines the process and 

methods used to achieve the research objectives. Figure 1 shows the methodology used to achieve the aim of this 

research. 

 

Figure 1. Research methodology flowchart 

2.1. Materials 

Ordinary Portland cement grade 42.5 N, compliant with CEN [37], was used. GGBS, complying with BS EN 

standards [38], was used as the primary supplementary cementitious material, while microsilica (MS) was added in a 

constant quantity. The chemical composition of OPC, GGBS, and MS is shown in Table 1. Table 2 illustrates the residue 

on a 45-micron sieve for OPC, GGBS, and MS. A polycarboxylated high-range superplasticizer was used to reduce 

mixing water and improve slump retention; it is a high-performance admixture based on a modified polycarboxylate 

ether [39, 40]. Coarse aggregate, with a maximum diameter of 20 mm, was used. Washed crushed sand and red dune 

sand were used as fine aggregates, and Figure 2 shows the combined gradation chart. To produce anti-washout concrete, 

an underwater stabilizer for concrete and mortar, which is a ready-to-use powder admixture that prevents cement from 

being washout was used. The AWA is recommended for all types of concrete placed underwater where anti-washout 

properties are required [18]. Table 3 shows the mixture details. A constant low water-to-cement ratio was used in all 

mixtures. 
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Table 1. Chemical composition for OPC and cementitious materials 

Chemical composition % SiO2 Al2O3 Fe2O3 CaO MgO C3A C3S C2S C4AF TiO2 SO3 Cl Na2O L.O.I 

OPC 19.7 5.53 3.23 61.8 1.88 9.20 53.51 16.24 9.48 - 2.21 0.01 - 2.50 

GGBS 21.27 13.34 0.64 41.55 6.90 - - - - 0.98 0.11 0.01 - - 

MS 92.38 - - - - - - - - - - - 0.46 5.01 

Table 2. Residue on 45-micron sieve 

Material Quantity 

GGBS 1.78% 

MS 2% 

 

Figure 2. Combined aggregate gradation chart 

Table 3. Anti-washout concrete (AWC) and normal concrete mixtures details 

Mixtures Mixture Type 

Cementitious Content (kg/m3) 
AWA 

(kg) 
w/c 

Coarse Aggregate 

(kg/m3) 

Fine and Dune 

Sand (kg/m3) 

Superplasticizer 

(kg/m3) 
OPC GGBS MS 

Mix 1 Normal 200 200 20 0 0.34 1000 880 7.00 

Mix 2 AWAC 200 200 20 4 0.34 1000 880 8.00 

Mix 3 Normal 460 0 0 0 0.34 1000 880 8.50 

Mix 4 AWAC 460 0 0 4 0.34 1000 880 9.00 

2.2. Testing Procedures 

AWC fresh properties were measured by using the slump-flow test to determine concrete flowability according to 

(BSEN 12350-P8:2010) as presented in Figures 3 (a and b) [41]. Concrete fresh density was measured according to (BS 

EN 12350-6:2000) [42]. The air content was measured according to BS EN 12350-7:2000 [43], as presented in Figures 

4 (a and b). V-Funnel Test was applied according to (BS EN 12350-9:2010) [44]. A compressive strength test was 

conducted at 3, 7, and 28 days, following the procedure outlined in BS EN 12390-3:2002 [45], as shown in Figures 5 (a 

and b). The washout test (mass loss) was measured according to US Corps CRD-C 661 [21, 46], as shown in Figures 6, 

which explain the steps of measuring mass loss. The test begins by measuring the empty basket, followed by the basket 

containing a sample of the concrete, and then immersing the sample inside a tube filled with seawater. Washout test 

(loss of mass) calculations of concrete samples were expressed as a percentage of the initial mass of the sample as 

follows [21]: 

D =
Mi−Mf

Mi
 × 100 (1) 

where: 𝐷 = washout %; 𝑀𝑖 = mass of sample before initial test; 𝑀𝑓 = mass of sample after each test. 
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(a) (b) 

Figure 3. (a) Slump test preparation, (b) measuring the diameter 

  

(a) (b) 

Figure 4. (a) Air content preparation, (b) The apparatus 

  

(a) (b) 

Figure 5. (a) Cubes preparation for compressive strength test, (b) applying the test 

      

Figure 6. The washout test steps according to the US Corps-C661 [21, 46] 

In this research work, the durability performance was studied using four tests, which were implemented for the first 

time. The tests include: Depth of penetration of water under pressure according to BS 12390 Part 8 [47], water absorption 

test according to BS 1881:P122-2011 [48], Rapid Chloride Penetration test (RCPT) according to ASTM C1202-19 [49], 

and Initial Surface Absorption test (ISAT) according to BS 1881:P208-1996 [50]. 



Civil Engineering Journal         Vol. 11, No. 12, December, 2025 

5244 
 

3. Results and Discussions  

3.1. Slump Test 

The slump results are presented in Figure 7. The test was measured over three periods: directly after casting as 

an initial slump, after 30 minutes, and after 60 minutes [31]. The flow decreased when measured between 30 minutes 

and 60 minutes. Such behavior is logically related to the initial chemical reactions between the binder and the 

constituents of the concrete, as well as the bonding effect of the hydration of cement particles. Previously, it has 

been reported that the superplasticizer will affect the conjunction with the anti-washout admixture, AWC will show 

a decrease in fluidity and longer setting time [13, 22, 51]; however, in the current experimental work, the combined 

effect of the superplasticizer and the AWA admixture showed a minimal decrease in flow. In comparison with 

another study, a reduction in setting time and strength development was registered for OPC and Metakaolin concrete 

containing AWA and HRWR-Naphthalene-based [52]. This behavior suggests that AWA admixture has a minimal 

effect on the rheology of both sustainable and traditional concretes. A reduction in flow was observed due to the 

addition of AWA, which is attributed to the impact of AWA on retention water [53]. In this work, SCMs were used 

with a high content, which has not been previously studied in terms of their effect on AWA. The harsh environment 

for casting concrete underwater is still considered a significant challenge for meeting technical requirements during 

casting, such as the ability to self-level, self-consolidate, and spread freely into the framework section without the 

use of vibrating equipment [54]. Advanced rheology properties are necessary to ensure optimal mixing, handling, 

and concrete casting times for various applications. Slump flow for SCC between 660 and 750 mm is compatible 

with multiple concrete applications [55, 56]. 

 

Figure 7. Slump flow results 

3.2. Air Content 

Figure 8 shows that the addition of AWA admixture caused a positive decrease in air content. This behaviour 

was measured in Mix 2 and Mix 4 when 4 Kg of AWA was added to produce AWC. Mixture 1 without AWA 

showed 1.9% air content, whereas mixture 2 showed 1.4% with a 26.31% reduction. Mixture 3 without AWA 

admixture showed 1.7% air content, whereas mixture 4 showed 1.3% air content with a 23.5% reduction. Previously, 

it has been reported that the addition of AWA admixture increases air content when the dosage increases up to 0.5% 

by weight of cement [57]. In contrast, in this investigation, the dosage of AWA was 0.02% by weight of cement, 

resulting in a lower air content. The reduction of air content due to AWA addition did not affect the AWC fresh 

density value, as presented in Table 4. According to the specification for anti-washout admixtures for concrete, Part 

11 [21], the mixture design must result in an air content of 3.0% or less, which should be compatible with the binder 

blend of two or more cementitious materials. It was crucial to measure the air content to ensure that it would not 

negatively impact the mechanical properties and durability [11, 58]. Previously, a reduction in air content with the 

use of AWA was reported, using a higher w/c ratio [53]. In this current work, the cement ratio was 0.34 to reduce 

the effect of water on increasing compressive strength.  
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Figure 8. Air content results 

Table 4. Fresh density in relation to air content reduction 

Mix 
Cementitious Content (kg/m3) 

w/c 
Admixture  

(kg/m3) 

AWA  

(kg) 

Air content  

(%) 

Fresh density  

(kg/m3) OPC GGBS MS 

Mix 1 200 200 20 0.34 7.0 0 1.9 2430 

Mix 2  200 200 20 0.34 8.0 4 1.4 2470 

Mix 3 460 0 0 0.34 8.5 0 1.7 2460 

Mix 4 460 0 0 0.34 9.0 4 1.3 2465 

3.3. V-Funnel Test 

As shown in Figure 9, the V-funnel test results indicate that the addition of AWA has a significant effect on the flow 

rate. Mix 1 showed a 13-second slump flow. Mix 2, with a binder consisting of 200 kg of OPC, 200 kg of GGBS, 20 kg 

of MS, and 4 kg of the AWA admixture, showed an 18-second flow rate. The addition of AWA admixture resulted in a 

38% increase in flow time. Incorporating SCMs may work as viscosity-enhancing agents [28]. The same behavior was 

observed for mixtures 3 and 4, which were produced with 460 Kg of OPC as the main binder. Mix 3 showed a flow rate 

of 12 seconds, whereas Mix 4, with the addition of 4 Kg of AWA admixture, showed a flow rate of 20 seconds. Mix 4 

registered a 67% increase compared to Mix 3. Mixing AWA with concrete ingredients will modify the viscosity of the 

concrete, increasing its capacity to hold suspended particles and stabilize the concrete. Furthermore, it will enhance the 

plastic viscosity of UWC, which exhibits thixotropic properties [10]. It can be concluded that the increment in viscosity 

of the cement pore solution containing AWA will result in a more stable suspension [59]. Previously, it has been reported 

that the fluidity of the mixture may reflect the viscosity and washout resistance of the UWC; moreover, it can give a 

reflection of the workability of the concrete and fluidity loss as a reference [60].  

The increase in the rate of flow indicates the viscosity of concrete by showing the time required to pass through 

the V-funnel. Previously, AWAs were added to the concrete to improve and enhance yield value, viscosity, and 

segregation resistance due to their structure as water-soluble polymers [24, 61, 62]. Incorporating AWA admixture 

affected the flow rate of the AWC by altering its rheology, making the material stickier. Concrete with high viscosity 

may flow continuously over an extended period; however, low viscosity will produce a quick initial flow followed by 

a stop [55]. Slump flow and flow rate results show adequate filling capability, indicating a potential for pouring into 

congested reinforcement sections. Additionally, the mixture’s self-leveling ability can provide a smooth surface finish, 

a crucial parameter for underwater concrete applications. While self-leveling underwater is not necessary for the 

shape, it can improve overall performance. Previously, concrete with self-consolidating properties often suffered from 

bleeding and segregation; however, in this work, the handling mixtures showed no bleeding or segregation. Presented 

bleeding and segregation [55, 63]. UWC likely reflects an advanced mixture design and improved performance. 

Viscosity is a critical parameter that must be measured for AWC to ensure a good surface finish, especially when 

reinforcement is very dense, which is a positive factor for underwater pours. As observed, AWA introduces a new 

characteristic by increasing the flow rate, which may reduce casting time underwater. Additionally, it demonstrates 

compatibility with cementitious materials. 
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Figure 9. V-funnel results 

3.4. Compressive Strength 

Figure 10 shows the compressive strength results at ages 3, 7, and 28 days. As illustrated, all mixtures attained high 
compressive strength at all ages. Typically, the strength ranged from 45 to 60 MPa at 3 days, indicating a practical 
strength for enduring harsh underwater environments. It can be concluded that the addition of AWA for AWC in Mixes 
2 and 4 did not negatively affect compressive strength and had a slight positive effect at early ages. The addition of 
AWA to concrete resulted in stable interpenetrating cross-linking in the microstructure, leading to improved concrete 
strength [64]. In another study, enhancements in compressive strength for viscosity-modifier admixtures in SCC were 
also reported [65]. However, compared to conventional reference concrete with the same mixture design, AWC tends 
to show a slight decrease in compressive strength. This behavior is attributed to AWA’s effect on delaying the cement 
hydration process at early ages [58, 66–68]. In reference to concrete Mix 1, which contains 200 Kg of OPC, 200 Kg of 
GGBS, and 20 kg of MS without AWA, the compressive strength was 45.53 MPa at 3 days.  

The same ingredients in Mix 2 with AWAs recorded a compressive strength of 47.53 MPa at 3 days. At 7 and 28 
days, both Mixes 1 and 2 showed a slight decrease; however, the high-strength results for AWC containing 200 Kg 
GGBS and 20 kg MS with 4 Kg AWAs demonstrate an innovative approach to produce a sustainable mixture design 
that can replace more than 50% of OPC. Previously, UWC produced with 467 kg/m³ OPC attained a compressive 
strength of around 32 MPa at the age of 28 days with a w/c ratio of 0.45 [53], which is lower than the results in this 
current work. This may indicate the effect of SCMs and the compatibility of AWA with SCMs used in this investigation. 
For the traditional reference concrete, Mix 3, with a binder made of 100% OPC, recorded a compressive strength of 
60.33 MPa at 3 days. As shown in the figure, the addition of AWA in Mix 4 slightly reduced the early compressive 
strength. In Mix 4, with a binder of 100% OPC and 4 kg of AWA, the compressive strength results at 3 days were 56.60 
MPa. Similar behavior was observed at 7 and 28 days. Overall, adding AWA to different concrete mixtures did not 
increase compressive strength as some previous research suggested; instead, a slight and marginal decrease was 
observed. Prior literature indicates that UWC achieved compressive strength comparable to that of control samples 
(between 38.5 MPa and 44.4 MPa), with the addition of slag providing a similar level of strength [8, 10, 35]. This may 
indicate that AWA is compatible with OPC, SCMs, and superplasticizer. It is important to note that concrete cast 
underwater may have a compressive strength up to 20% lower than concrete prepared in air [27]. 

 

Figure 10. Compressive strength results 
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3.5. Washout Test (Loss of Mass) 

Figure 11 shows the washout and weight loss for the control concrete and AWC from the plunge test. Concrete water 

resistance, or anti-washout capacity, is the primary characteristic of AWC for underwater applications. As can be seen, 

mass loss was measured three times in this experiment: initially, after 30 minutes, and after 60 minutes. For Mix 1 

without AWA, the composite binder consisted of 200 kg of OPC, 200 kg of GGBS, and 20 kg of MS. The anti-washout 

capacities were 2.80%, 2.50%, and 2.40% during initial testing, after 30 minutes, and after 60 minutes, respectively. In 

Mix 2 AWC with 4 kg of AWA, washout percentages were 1.50%, 1.30%, and 0.9% at initial, 30, and 60 minutes, 

respectively. As shown, there is an apparent reduction in mass loss compared with Mix 1. AWC can preserve water by 

holding suspended particles in the matrix; this behavior may reduce dilution, bleeding, and segregation in concrete [30]. 

Previously, a superabsorbent polymer was used as AWA to produce anti-washout concrete containing 1320 kg/m3 OPC; 

the washout resistance was evaluated using a self-designed method that visually assessed the mass loss without 

calculation. The analysis of optical images focused on the color of water and cement, which were stirred in the beaker. 

The darker color of the water indicates that more cement has been washed out, which is incompatible with the Corps of 

Engineers' method for calculating mass loss and cannot be used for comparison with current results [17].  

 

Figure 11. Washout loss results 
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3.6. Depth of Penetration of Water under Pressure 

Figure 12 shows the water penetration depth. All samples were exposed to a water pressure of (500 ± 50) kPa on the 

surface of the hardened concrete for up to 72 ± 2 hours [47]. The first group of concrete, made from a binder consisting 

of 47.8% OPC, 43.5% GGBS, and 4.35% MS, showed a penetration depth of 8 mm for both Mix 1 and Mix 2. In 

contrast, the second group, made from 100% OPC, showed penetration depths of 18 mm and 20 mm for Mix 3 and Mix 

4, respectively. Concrete containing OPC, GGBS, and MS with and without AWA (Mix 1 and Mix 2), exhibited lower 

penetration depths compared to concrete with OPC only (Mix 3 and Mix 4). The reduction in water penetration depth 

was 55.5%, with an overall decrease of 60%. Micro silica helps develop the cement through densification and grain 

refinement in the interfacial transition zone [73]. Micro silica particles are known to improve compaction and reduce 

bleeding in freshly mixed mortars and concrete, thereby decreasing permeability [20]. GGBS has also been shown to 

mitigate pore sizes in concrete effectively; higher replacement levels create a denser structure due to the pozzolanic 

binder, which enhances water resistance. GGBS reacts with water and calcium hydroxide to form new hydration 

products through a pozzolanic reaction, producing additional C-S-H gel. Consequently, concrete with a denser 

microstructure, or lower porosity, results from higher C-S-H content, leading to greater durability [74]. It has been 

previously reported that adding AWA may benefit the durability of AWC by lowering water permeability; however, no 

previous test has exposed samples to the pressure of water in AWC [75]. The high reduction in water penetration may 

partly be due to AWA polymers adhering to the boundaries of water molecules, thereby adsorbing and fixing some of 

the mixing water. Furthermore, AWA continues to accumulate and begins to expand as it absorbs water. The reduction 

in water penetration depth will enhance durability by slowing the iron oxidation process, especially at lower oxygen and 

chloride levels [11]. 

 

Figure 12. Water penetration results 
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Figure 13. Water absorption results 

3.8. Rapid Chloride Penetration Test (RCPT) 

Figure 14 shows the RCPT results. The total charge passed through Mix 1 and Mix 2 is 244 and 278 Coulombs, 

respectively. Mix 2, containing AWA, GGBS, and Micro silica in addition to OPC, demonstrated an advanced mixture 

design by using ingredients suitable for the production of sustainable AWC that can be applied to underwater 

applications. According to ASTM standards [49, 82], Group 1 for concrete containing SCMs in Mix 1 and AWC Mix 2 

is classified as concrete with very low chloride ion penetrability. This is because the chloride ion penetrability ranges 

between 100 and 1000 Coulombs. For concrete mixtures made of 100% OPC, as presented in Mix 3 and Mix 4, the total 

charge passed is 3,500 and 3,200 Coulombs, respectively. Group 2 for concrete with 100% OPC in Mix 3 and AWC 

Mix 4 is classified as concrete with moderate chloride ion penetrability. This is because the charge passed ranges 

between 2,000 and 4,000 Coulombs as presented in ASTM standards. In this study, concrete containing GGBS and MS 

showed an advanced ability to reduce chloride ion penetrability, even with the addition of AWA, as shown in Mix 2. 

Incorporating GGBS and Micro silica with high content was an effective method for producing sustainable anti-washout 

concrete [83]. The porosity of concrete was reduced and refined due to the effects of GGBS and SF [84]. As can be seen, 

the mixture design introduced a reliable method for enhancing the service life of structures used in marine environments. 

Previously, no study had shown RCPT results for sustainable underwater concrete containing a high quantity of 

supplementary cementitious materials; moreover, no previous data were available for the correlation between anti-

washout admixtures, SCMs in AWC, and their effect on durability evaluation through rapid chloride ion penetration. 

 

Figure 14. Rapid chloride penetration results 
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3.9. Initial surface absorption (ISAT) 

Figure 15 shows the ISAT test results. Mix 1, without AWA, and Mix 2 with AWA demonstrated high-performance 

concrete with readings of 0.02 and 0.02, respectively. Mix 3 and Mix 4, with high content of OPC, demonstrated readings 

of 0.03 and 0.03, respectively. According to the ASTM, the concrete mixture design in this experimental work is 

classified as water-resistant, with excellent durability and very low permeability [85]. ISAT test was studied previously 

for normal concrete with high content of OPC to evaluate durability and service life prediction with 35% of fly ash as a 

partial replacement. The ISAT test was previously studied for normal concrete with a high content of OPC to evaluate 

durability and predict service life, using 35% fly ash as a partial replacement. The finding was that initial surface 

absorption had high sensitivity to w/c ratio and fly ash content; however, normal concrete with a 35% w/c ratio was able 

to achieve a 0.105 value with a 0.3 w/c ratio [86]. In this study, the ISAT test was used to evaluate the performance of 

AWC in a harsh environment and to investigate the effectiveness of the mixture design. Supplementary cementitious 

materials have the primary effect of lowering ISAT results; the composite becomes denser and more compact [87]. 

Moreover, the anti-washout admixture showed no contraction when combined with the superplasticizer and SCMs. The 

initial surface absorption test measures the flow rate into concrete per unit area at a specific time from the start of the 

test, under a constant applied head. This test method provides data for assessing the uniaxial water penetration 

characteristic of concrete surfaces, indicating their quality and durability. An applied pressure of 200 mm head of water 

exceeds the severity of most weather exposure conditions caused by driving rain [50]. ISAT results can be linked to the 

finish quality and surface durability under natural weathering conditions. Capillary and interior pores significantly 

influence ISAT, as they are related to pore size, diffusion, and the interconnectedness of pores within the material. The 

density of the cement paste, the continuation of the hydration process, and the reduction of shrinkage are all affected by 

pore size and the physical properties of supplementary cementitious materials, in addition to their function and grain 

size [86, 88]. 

 

Figure 15. Initial surface absorption results 
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• The AWA caused a decrease in air content, which consequently affected the final strength of concrete. 

• Incorporating AWA admixture affected the flow rate of AWC by altering the rheology and making the mixture 

sticky. Concrete with high viscosity may continue to flow over an extended period; however, low viscosity results 

in a quick initial flow and then stops. 

• The addition of an anti-washout admixture demonstrated the mechanism of generating a thixotropic gel. The main 

concept involves creating a thixotropic gel that surrounds cement particles, acting as a defense system to prevent 

washout. This mechanism will increase the cohesion of concrete mixes, minimize washout of cement paste during 

placement, and reduce pumping pressure. 

• Experimental tests showed that the use of anti-washout admixture along with superplasticizer did not reveal any 

critical interactions. 

• Durability tests for AWC showed that depth of penetration of water under pressure, water absorption, and rapid 

chloride penetration are the most effective tests in evaluating the performance of AWC. These tests showed clearer 

results that may help to make a decision in comparison to ISAT for the contraction of anti-washout admixture and 

its correlation with SCMs and superplasticizer. 
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