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ABSTRACT

This study explores the synergistic effects of welan gum-based anti-washout admixtures (AWAs) and slump-
retaining polycarboxylate ether superplasticizers (SK-PCEs) in underwater concrete (UWC). It addresses the inherent
challenge of simultaneously achieving sufficient viscosity to resist washout while maintaining adequate workability
for extended placement. Three mortar series incorporating different water-to-binder (w/b) ratios and AWA/SK-PCE
combinations were investigated through tests of time-dependent flow behavior, washout resistance, V-funnel flow time,
bleeding, setting time, and compressive strength. Test results showed that the incorporation of SK-PCE is efficient to
reduce the rate of flow loss over time, yet without altering the V-funnel flow time (i.e., viscosity) measurements. At a
high w/b of 0.5, the AWA’s ability to trap mixing water (bleeding) and reduce washout loss was slightly disrupted by the
SK-PCE. However, at lower w/b of 0.42 and 0.36, the negative SK-PCE impact becomes negligible, suggesting that the
inherent particle packing and naturally cohesive mixtures compensate for the dispersive energy provided by the PCE
polymers. While the incorporation of AWA prolonged setting and reduced late-age compressive strength, the addition
of SK-PCE alongside AWA had a neutral effect. From a practical standpoint, this reflects the possibility of adjusting
the AWA and SK-PCE couple in order to optimize washout resistance and workability drop without dramatically
compromising the setting and durability of UWC mixtures.
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1. Introduction

The fresh underwater concrete (UWC) properties
must be thoroughly tailored to ensure successful construc-
tion and repair of marine and hydraulic structures. Unlike
conventional concrete cast and consolidated above water,
vibration is prohibited for UWC mixtures since this could
induce significant cement paste washout and aggregate
segregation, which could deteriorate the hardened concrete
properties . Properly proportioned UWC must exhib-
it sufficient fluidity to ensure proper self-leveling while
maintaining adequate cohesiveness and internal stability to
resist washout and bleeding during underwater placement.

Numerous researchers reported that the washout
risks significantly increased for UWC mixtures pos-
sessing higher workability (i.e., slump flow exceeding
about 600 mm) "*. In such situations, the UWC matrix
is less cohesive and typically prone to separation during
underwater casting, directly impacting the mechanical
performance. For instance, Assaad and Issa showed that
reducing washout from 13% to 4% led to improved re-
sidual compressive strength from 72% to 90% ©'. The
strength deficit is primarily driven by three factors, in-
cluding the physical washout loss of the cementitious
phase, disruption of the mixture homogeneity caused by
aggregate segregation during discharge, and water infil-
tration within the plastic concrete until the onset of hard-
ening. The use of high-range water reducers (HRWRs) is
essential to secure the high fluidity required for self-con-
solidation at the point of discharge while maintaining a
low water-to-binder ratio (w/b) to safeguard the concrete
strength and structural integrity .

Antiwashout admixtures (AWAs) are commonly in-
corporated to reduce the dilution (or, washout) of the cemen-
titious matrix, which enhances the resistance against ero-
sion of exposed surfaces and maintains acceptable residual
compressive and bond strengths to reinforcing bars *”. The
AWAs, such as cellulose derivatives or microbial polysac-
charides like welan gum, function primarily through aque-
ous phase thickening and inter-particle bridging. The long-
chain molecules of the AWA contain numerous hydrophilic
groups that adsorb and fix large volumes of water. This in-
creases the viscosity of the pore solution, making it harder

for external water to penetrate and dilute the matrix. Zhang

etal. ¥

reported that AWA polymers develop a three-di-
mensional network within the paste, acting as a molecular
glue to tether the fine particles together and create a thixo-
tropic structure that resists the kinetic energy of water
during free-fall or current exposure.

The UWC mix constituents must be thoroughly tai-
lored, since the mechanism that prevents washout (i.e.,
high plastic viscosity) is the same mechanism that restricts
flow. From a rheological point of view, AWAs significant-
ly increase the yield stress (i.e., the force needed to start
movement) and plastic viscosity (i.e., the resistance to flow
once moving) of cementitious materials . Nevertheless,
while a high AWA dose may lead to zero washout, the re-
sulting UWC may fail to achieve optimum consolidation
around the reinforcement bars or fill the corners of a re-
pair patch, leading to internal voids and honeycombing.
Furthermore, it has been shown that AWA polymers often
compete with superplasticizers for adsorption onto the
cement particles, which can accelerate the loss in work-
ability ", It is worth mentioning that the use of set-re-
tarders commonly based on sodium gluconate and gluco-
heptonate often delay the setting times and early strength
development, making them inappropriate for UWC pro-
portioning "',

Slump-keeping polycarboxylate ethers (SK-PCEs)
are designed to prolong the workability window between

U251 This can

mixing and placement of fresh concrete
be particularly useful during hot weather concreting and
large-scale construction works requiring several hours of
continuous pours. In underwater works involving deep-sea
tremie placements or repair of submerged piles, extended
workability is critical, since the concrete must often trav-
el through hundreds of meters of tremie piping without
clogging. If the workability is reduced during the pouring
process, the concrete can plug inside the pipes, with dra-
matic consequences affecting the equipment functionality
and structural integrity due to the formation of cold joints
and honeycombing . This can be particularly exacerbated
with AWA additions, requiring the use of SK-PCEs.

Unlike conventional PCEs, the SK-PCEs are grafted
with functional groups within their polymer chemical struc-
ture to exhibit a slower release mechanism that prevents the
rapid workability loss and premature stiffening "*"*. The

polymers function by adsorption onto the cement parti-
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cles, while the grafted side chains are gradually detached
under the high alkaline cementitious solution to release
the active dispersing segments over time """, Commonly
used side-chains include modified phosphates or cationic
monomers of carboxyl and ester groups that prolong the
induction period of cement hydration while providing
a mild retarding effect "*'”). Chen et al. ** reflected the
importance of properly balancing the carboxyl and ester
groups in order to maximize initial dispersion, while si-
multaneously securing enough delayed action to improve
flowability retention over time. Hence, if the active graft-
ed functional groups are rapidly released, these can be
consumed by the cement hydrated compounds, leading
to polymer depletion and early stiffening **. Simply in-
creasing the superplasticizer dose to mitigate early poly-
mer depletion is not recommended, since this induces
a dramatic drop in the yield stress and plastic viscosity
with detrimental effects on the UWC washout and segre-

gation phenomena.

Scope and Paper Objectives

The effectiveness of AWAs in reducing the UWC
washout loss and the ability of SK-PCEs in improving
slump retention have been examined independently "%,
Consequently, the combined interplay between welan gum
AWAs and SK-PCEs remains unexplored, particularly
knowing the competing mechanisms of action governing
such polymers in the UWC system. The compatibility of
these admixtures for mixtures with different water-to-bind-
er ratios (w/b), including their effects on workability,
washout, setting, and strength, remain insufficiently under-
stood and require further assessment.

This paper is part of a research program undertaken
to (i) evaluate the flow retention of UWC systems incor-
porating different concentrations of AWA and SK-PCE
polymers; (ii) establish the link between washout loss and
residual compressive strengths determined in dry and sub-
merged conditions; and (iii) provide practical guidance for
dosage optimization in underwater casting applications re-
quiring extended UWC flow retention, yet with controlled
influence on setting times and hardened properties. Three
concrete-equivalent-mortar mixtures possessing relative-
ly low to high stability levels are evaluated in this study

through measurements of time-dependent flow, V-funnel

flow time, bleeding, washout loss, setting, and compres-
sive strength. Data presented in this paper can be of partic-
ular interest to concrete engineers and consultants involved
in underwater construction requiring optimized AWA and
SK-PCE additions to improve workability retention with-
out compromising washout resistance or hardened proper-

ties.

2. Experimental Program

2.1. Materials

ASTM C150 Type I Portland cement and ASTM
C989 Grade 100 ground granulated blast furnace slag
were used. The cement had a specific gravity of 3.15 and
a Blaine fineness of 325 m’/kg, while the slag presented a
specific gravity of 2.87 and a Blaine fineness of 440 m®/
kg. The cement composition comprised 63.1% CsS, 6.2%
C;A, and sodium equivalent (Na,O,,) of 0.55%. The binder
consisted of 75% cement and 25% slag. The fine aggregate
consisted of ASTM C33 siliceous sand having a 4.75 mm
nominal size, a 2.45 fineness modulus, and a 2.65 specific
gravity.

A commercially available PCE-based high-range wa-
ter reducer (HRWR) characterized by its high initial dis-
persion properties is used to achieve the required flowabil-
ity. Its specific gravity, pH, and solid content are 1.055, 6.2,
and 30.5%, respectively. According to the manufacturer,
this HRWR is formulated for rapid adsorption onto cement
particles to maximize early dispersion, with a recommend-
ed dosage ranging from 0.2% to 1.2%, by mass of binder.

The SK-PCE is used to extend the flowability of
tested mixtures. This admixture is designed using anionic
functional groups to reduce early adsorption onto cement
grains, thus maintaining a greater fraction of dissolved
polymers in the pore solution for better flow retention. Its
specific gravity, pH, and solid content were 1.052, 6.5, and
30.3%, respectively, while its recommended dosage ranges
from 0.1% to 0.8%, by mass of binder.

A powder form of Welan gum (from Kelcocrete) act-
ing as AWA was employed in this study. To ensure uniform
dispersion and prevent agglomeration, the powder was
pre-dissolved in a portion of the mixing water to create a
5% aqueous solution. This solution was prepared using a

high-shear mixer at 500 rpm for 10 min, and subsequently
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substituted for an equivalent mass of the total mixing wa-

ter during mortar preparation.

2.2. Mix Proportions

As shown in Table 1, three UWC categories are con-
sidered in this experimental program with binder contents
of 375, 435, and 500 kg/m’. The w/b varied from 0.50 to
0.42 and 0.36, thus offering a wide range of stability and
cohesiveness levels. The sand-to-total aggregate ratio re-
mained constant at 0.45.

The experimental program utilized the concrete-equiv-

alent-mortar (CEM) method for testing the performance
interactions between AWA and SK-PCE (Table 1). This
technique preserves the binder content and w/b of the par-
ent concrete while substituting the coarse aggregates with
a quantity of sand having an equivalent specific surface

[4.23
area

!By minimizing the confounding effects of coarse
aggregate internal friction and surface roughness, the CEM
approach enables a more precise characterization of the
mortar cohesiveness due to admixture additions, including
the matrix’s proneness to washout loss and drop in com-

pressive strength in humid environments.

Table 1. The UWC mix proportions and corresponding CEM.

UWC1

uwcC2 UWC3

Mass (kg/m’)/Specific Gravity = Volume (L/m®)

Binder 375/3.15=119.05 435/3.15=138.09 500/3.15=158.73
Water 187.5 182.7 180
w/b 0.5 0.42 0.36
Sand (0—4.75mm) 800/2.6 =307.7 780/2.6 = 300 760/2.6 =292.3
Aggregate (1.18-9.5mm) 960/2.7 =355.5 950/2.7=1351.8 920 /2.7 =340.7
Air content % 3 2.6 2.9
Total volume, L/m’ 999.79 998.64 1000.77
CEM1 CEM2 CEM3
Binder, kg/m’ 375 435 500
w/b 0.5 0.42 0.36
Sand (0—4.75mm), kg/m’ 1035 1020 980
AWA, % of binder 0%, 0.15%, or 0.4% 0% or 0.3% 0% or 0.2%

SK-PCE, % of binder
HRWR, % of binder

0%, 0.2%, or 0.4%

0%, 0.25%, or 0.5% 0%, 0.3%, or 0.6%

Various to achieve a fixed initial flow of 220 = 10 mm

This experimental program was designed to evalu-
ate the interactions between AWA and SK-PCE across the
three distinct stability regimes. Hence, within each catego-

ry, the following protocol was applied:

® A control mix was prepared, with the HRWR adjust-
ed to achieve a constant initial flow of 230 + 10 mm,
as per ASTM C230. This corresponds to approxi-
mately a slump flow diameter of 650 x 650 mm in
concrete mixtures, allowing underwater casting to be
realized without vibration .

® The AWA was then introduced at different dosage
rates to reduce washout loss, while again adjusting
the HRWR to maintain the same initial flow. As
shown in Table 1, the AWA varied from 0.15% to
0.4% for mixtures prepared with 0.5 w/b, while this
was gradually reduced to 0.3% and 0.2% for mortars

made with 0.42 or 0.36 w/b, given the increased co-

hesiveness due to the reduced free mixing water.

®  Given the significant loss in flow encountered fol-
lowing AWA additions, the SK-PCE was introduced
at pre-determined rates in order to limit the drop in
flow within 160 = 10 mm during a time interval of
60 min from batching. The 60-minute interval peri-
od is considered enough for proper concrete casting
during underwater works ''!. Hence, for example,
the SK-PCE was introduced at 0.2% or 0.4% in the
0.5-w/b mixtures containing 0.15% or 0.4% AWA,
respectively. As earlier, the HRWR was always ad-
justed to ensure that the initial target flow of 230 +

10 mm was achieved.

Mixing was conducted in a climate-controlled en-
vironment (23 °C, 50% RH). The sand was initially
pre-blended with 50% of the mixing water, after which

the cementitious materials were introduced over 30 s. The
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HRWR was subsequently added along with the remaining
water, then the SK-PCE and AWA, followed by 1.5 min
of continuous mixing. After a 30-second rest period, the
process concluded with a final 1.5-minute mixing cycle to

ensure the homogeneity of the mixture.

2.3. Testing Methods

Following the end of mixing, the flow and its evo-
lution during a 60-minute interval period, unit weight,
V-funnel flow time, bleeding, washout loss, setting time,
and compressive strength are determined. The mini-slump
cone measures 70 mm at the top and 100 mm at the bot-
tom, with a total height of 50 mm, as per ASTM C230
specification Y, Measurements were made right after mix-
ing up to 60 min, at 15-minute time intervals. The mortar
was kept in a bowl covered by wet burlap during the rest
period, yet vigorously mixed for 5 min prior to each test.

The flowability and relative viscosity were assessed
via the V-funnel test, utilizing a modified Marsh cone with
a 500 mL capacity and a 12.7 mm discharge orifice "'*.
Measurements were made right after the completion of
mixing to ensure consistent data. The V-funnel flow was
recorded as the time needed for the total mortar discharge,
as shown by the first appearance of light through the appa-
ratus orifice.

Bleeding was determined as per ASTM C232 using
75 x 150 mm cylinders ). The bleed water was period-
ically collected from the mortar’s surface using a pipette
and weighed to the nearest 0.01 g. The bleeding capaci-
ty was calculated as the ratio of the total decanted water
mass to the mass of mixing water present in the sample,
expressed as a percentage. This test is critical for assessing
the stability of UWC mixtures across the varying w/b val-
ues. Replicate values are considered for the V-funnel and
bleed water tests.

Figure 1 shows the experimental set-up adapted
from the CRD C61 test method to evaluate the washout
loss of CEM mixtures without coarse aggregates ***. Ap-
proximately 1 kg of fresh mortar was placed in a wire-
mesh basket and subjected to a free-fall drop through a 1
m water column. The basket dimensions adhered to the
original CRD C61 specifications, with 1.5 mm nominal
diameter of the circular perforations to minimize material

loss during the initial filling process. Following a 15 s im-

mersion period at the column base, the basket is retrieved
at a constant velocity of 0.5 m/s and weighed. The washout
loss, designated as W, is determined based on a single drop
cycle; the average of three measurements is taken. Testing
was done right after mixing (referred to as W) as well as
after the conclusion of each flow test realized throughout
the 60-minute time interval. For example, W5, and W, re-
fer to washout loss determined after 30 or 60 min, respec-
tively. Just like the flow test, the mortar specimen was kept
in the bowl covered by a wet burlap during the rest period,
and vigorously mixed for 5 min prior to washout testing.

Initial and final setting times were evaluated using
the penetration resistance method (ASTM C403) *”). Sam-
ples were maintained under controlled laboratory condi-
tions to eliminate the influence of humidity and tempera-
ture fluctuations. The setting times were determined by
identifying the points at which the penetration resistance
reached the 3.5 MPa (initial) and 27.6 MPa (final) thresh-
olds, allowing for an assessment of the impact of admix-
ture combinations on cement hydration kinetics.

The compressive strength was evaluated in accor-
dance with ASTM C109 under both dry and submerged

[28

casting conditions **. For the submerged specimens, two

distinct casting methods were employed:

®  Method 1 (Re-homogenized): Mortar samples pre-
viously subjected to the washout test were manually
homogenized in a bowl and subsequently cast into 50
mm cube molds. This approach has been validated in
prior studies to correlate effectively with the UWC
mechanical properties, including the bond strength to
reinforcing bars ',

®  Method 2 (Underwater gravity casting): Molds are
placed in a reservoir filled flush with water. The
freshly mixed mortar was poured without any con-
solidation using a modified Marsh cone positioned
10 mm above the water surface. This method has
proven effective in predicting the impact of washout
loss on the residual pull-off bond strength of under-

water geopolymer repairs .

Regardless of the casting condition, all specimens
were demolded after 24 h and cured in lime-saturated wa-
ter at 20 = 3 °C. Compressive strength results at 28 days

are reported as the average of three replicate specimens.
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1013.5 —840.7

1013.5
=17.05%
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Figure 1. Photo of the washout set-up test.

3. Test Results and Discussion

3.1. HRWR Demand

The HRWR dosages required to ensure an initial
flow of 230 = 15 mm for tested mortars are summarized
in Table 2, along with the variations in flow during the
60-minute interval period. As expected, the incorporation
of AWA increased the HRWR demand, primarily due to
competitive adsorption and increased viscosity °* . For
example, the HRWR increased from 0.45% for the 0.5-w/b

control mix to 0.66% and 1.05% for mortars incorporating

0.15% or 0.4% AWA, respectively. Earlier studies showed
that the large AWA polymer chains (including welan gum)
can physically wrap around the cement particles and inter-
fere with the combs of PCE molecules, reducing their thin-
ning efficiency . Concurrently, the AWAs bind portions
of the free mixing water into a three-dimensional gel net-
work, leading to increased viscosity and internal friction,
which necessitate higher HRWR dosage. As shown in Ta-
ble 2, the addition of SK-PCE seems to exhibit a negligi-
ble influence on the HRWR demand, hinting at its limited

contribution to the initial dispersion of the cement grains.

Table 2. HRWR demand and flow variations over time for tested mixtures.

HRWR, % AWA, % SK-PCE, % Flow (mm) after Various Rest Int‘ervals Rate of Flmiv Loss,
of t,, t,s, ts, t,s, and t,, Respectively mm/min
0.5w/b 0.45 0 0 230, 190, 175, 145, 125 -1.7
0.5w/b—0.15AWA 0.66 0.15 0 225,180, 150, 110, n/a -2.5
0.5w/b—0.4AWA 1.05 0.4 0 230, 155, 110, n/a, n/a —4
0.5w/b—0.15AWA—-0.2SK 0.65 0.15 0.2 235, 205, 190, 175, 160 -1.2
0.5w/b—0.4AWA—-0.4SK 1.02 0.4 0.4 225,205, 195, 180, 165 -0.97
0.42w/b 0.66 0 0 235,200, 170, 150, 120 -1.87
0.42w/b—0.3AWA 0.85 0.3 0 225,170, 130, n/a, n/a -3.17
0.42w/b—0.3AWA-0.25SK 0.85 0.3 0.25 230, 195, 180, 165, 140 -1.4
0.42w/b—0.3AWA—-0.5SK 0.8 0.3 0.5 230, 205, 195, 190, 170 -0.9
0.36w/b 1.05 0 0 225,180, 155, 130, n/a -2.07
0.36w/b—0.2AWA 1.32 0.2 0 230, 175, 140, 110, n/a —2.63
0.36w/b—0.2AWA—-0.3SK 1.32 0.2 0.3 235, 205, 190, 170, 150 -1.37
0.36w/b—0.2AWA—-0.6SK 1.3 0.2 0.6 230,210, 195, 180, 170 -1
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3.2. Time-Dependent Flow Variations

Figure 2 presents the evolution of flow over time for
mortars prepared with 0.5 w/b. While the control mix ex-
hibited a moderate flow loss rate of —1.7 mm/min, the in-
corporation of AWA yielded significantly sharper declines
driven by a combination of water immobilization and the
formation of a polymeric structural network . The cor-

responding flow loss rate increased to —2.5 and —4 mm/

min at AWA dosage of 0.15% or 0.4%, respectively. The
former phenomenon (i.e., water immobilization) is typical-
ly ascribed to the long-chain hydrophilic microbial gums
that soak up and chemically bind a significant portion of
the free mixing water, leading to higher internal friction
and immediate flow loss. On the other hand, the dissolved
AWA polymer chains overlap and tangle, creating a micro-
scopic mesh throughout the matrix that increases the resis-

tance to flow.

Mixtures with 0.5 w/b

220
0.4AWA-0.4SK
y =-0.967x + 223
g 180 1 A R?=099
€
= 0.15AWA-0.2SK
F‘-j y =-1.2x + 229
140 - R2=0.97
y =-4x + 225 Control
R2=0.97 y=-1.7x+224
R2=0.97
100 T T T T T T T T )
0 15 30 45 60 75
Time, min

Figure 2. Typical flow variations over time for 0.5-w/b mixtures.

As shown in Figure 2, the slopes flattened remark-
ably when the SK-PCE was coupled with AWA, with the
flow values remaining larger than 160 mm after 60 min.
Hence, the resulting flow loss rate dropped to —1.2 and
—0.967 mm/min for the 0.15SAWA-0.2SK and 0.4AWA-
0.4SK mixtures, respectively. This can be attributed to the
time-dependent activation of the PCE functional groups """,
trying to slide within the AWA polymeric networks to keep
the system moving. The higher AWA dose at a given w/b
requires more functional groups to maintain the flow. Chen
et al. *” reported that the gradual alkaline hydrolysis of es-
ter groups caused the additional carboxylates to be slowly
released into the pore solution over time, supplementing
the initially adsorbed polymer fraction. In other words, this
suggests the presence of a clear synergistic effect between
AWA and SK-PCE in UWC mixtures; while AWA provides
the necessary stability (washout resistance), SK-PCE pro-
vides the time-release fluidity needed to maintain proper
workability over time.

Regardless of w/b, the flow loss rate varied within

a narrow range (i.e., between —0.9 and —1.4 mm/min) for

mixtures containing the couple AWA and SK-PCE poly-
mers (Table 2). This confirms that the sacrificial time-re-
lease mechanism of the SK-PCE successfully balanced the
AWA-induced thickening across the different mix designs
with varying water contents. From a practical standpoint, it
is worth noting that a flow reduction from an initial value
of 230 mm (equivalent to 650 x 650 mm concrete slump
flow) to approximately 160 mm (equivalent to 350 x 350
mm slump flow) within 60 min is considered acceptable.
This allows engineers to effectively manage workability
and predict underwater casting behavior during construc-

tion ',

3.3. V-Funnel Flow and Bleeding

Table 3 summarizes the unit weights, V-funnel
flow times, and bleeding characteristics (i.e., maximum
value, and its rate of increase determined during the first
10-minute), washout loss, and setting times. The table also
includes for the 0.42-w/b mixture series the coefficients

of variation (COV) determined as the ratios of the mean
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value divided by the standard deviation, multiplied by 100.
Generally speaking, the COVs were pretty limited for the
V-funnel and bleeding tests (i.e., less than 4.4%). The COV

varied between 6.2% and 8.8% for the washout loss deter-
mined after mixing, and then increased to 9.1% and 12%
at the end of the flow test.

Table 3. Fresh properties, washout loss, and setting times for tested mixtures.

Unit Weight,  V-Funnel, Bleeding Washout loss, % Set Time,
kg/m’ sec Ma"‘o/‘: alue, R“::i’n%/ Initial W, W at End of Flow Test hr:min
0.5w/b 1,905 29.5 9.7 0.90 17.2 We, = 8.1 9:10
0.5w/b-0.15AWA 1,910 43 4.6 0.39 12.1 W,=6 10:45
0.5w/b-0.4AWA 1,885 75 23 0.17 42 Wy = 1.7 13:20
0.5w/b-0.15SAWA-0.2SK 1,910 46.5 52 0.44 10.6 W= 8.4 11:05
0.5w/b-0.4AWA0.4SK 1,900 68 4 0.36 48 We,=3.1 13:40
0.42w/b 1,975 (2.1%) 42 (3.4%) 4.8 (3%) 040  13.1(62%)  We=5.9 (10.3%) 8:05 (5.3%)
0.42w/b—0.3AWA 1,950 (2%) 70.5 (3%) 2.5 (2.3%) 0.19 42 (8.8%) Wi = 1.9 (12%) 10:10 (6%)
0.42w/b-0.3AWA-0.25SK 1,960 (1.8%) 68 (3.8%) 3.1 (3.4%) 023 3.5(8%) Weo = 2.2 (9.1%) 10:05 (7.4%)
0.42w/b-03AWA-0.5SK 1,960 (2.3%) 72 (3.9%) 3.0 (4.4%) 025  4.2(7.5%) Weo =3 (10.1%) 10:45 (6.7%)
0.36w/b 2,040 61 3.1 0.28 8.8 W, =38 7:50
0.36w/b—0.2AWA 2,015 82.5 1.8 0.12 3.6 W, =19 9:10
0.36w/b—0.2AWA—0.3SK 2,010 88 24 0.21 32 W =23 9:35
0.36w/b—0.2AWA—0.6SK 2,020 85.5 22 0.21 34 We=2.9 9:30

Because of water immobilization and the formation
of polymeric networks, the incorporation of AWA remark-
ably improved the mortar stability, leading to increased
V-funnel flow time and reduced bleeding. For example, the
flow time increased from 29.5 s for the control 0.5-w/b mix
to 43 and 75 s when 0.15% or 0.4% AWA was added, re-
spectively. The corresponding bleeding dropped from 9.7%
to 4.6% and 2.3%, respectively, while its rate decreased
from 0.9 to 0.39 and 0.17 %/min, respectively. As expect-
ed, lowering the free mixing water (i.e., w/b) naturally en-
hanced internal friction and stability, leading to increased
V-funnel flow time and reduced bleeding (Table 3).

The overall viscosity remained practically un-
changed when the SK-PCE and AWA are both combined
in the same mix. For example, the V-funnel flow times
varied within a narrow range (i.e., 68 to 72 s) for mixtures
prepared with 0.42-w/b. In contrast, however, the interac-
tion of SK-PCE with AWA seems to create a competitive
balance within the mortar matrix, which disrupted the
AWA’s ability to trap water. For example, the rate of bleed-
ing increased from 0.19 %/min for the 0.42w/b-0.3AWA
mix to 0.23 and 0.25 %/min when the SK-PCE was added
at 0.25% or 0.5%, respectively. This can be attributed to a
combination of phenomena, including the high affinity of
SK-PCE molecules, which increases adsorption onto ce-
ment surfaces, reducing the AWA efficiency to form con-

tinuous water-locking films. If the AWA dosage isn’t high

enough to bridge the newly dispersed particles, free water
can migrate to the surface as bleed water. Simultaneously,
the SK-PCE involves a slow-release mechanism of poly-
mers that keeps the mortar in a fluid state for a longer peri-
od, giving water more time to rise before the restructuring
of the matrix.

Strong relationships with correlation coefficients (R?)
larger than 0.9 can be established between the V-funnel
flow times and bleeding characteristics, as expressed in
Equations (1) and (2):

Max. bleeding, % = 713.89 (V-funnel, sec) ',

1
R*=0.93, o

Rate of bleeding, %/min = 85.57 (V-funnel, sec)fl'3 °

R*=0.9. 2)

Figure 3 illustrates the correlation between the rate
of flow loss and the two critical performance indicators,
including V-funnel flow time (cohesiveness) and bleeding
(stability). For the control and AWA-only mortars, a clear
fluidity and performance trade-off is observed. These mix-
tures followed polynomial trends with R larger than 0.64,
where increased V-funnel flow times and/or decreased
bleeding are coupled with higher workability loss over time.
This suggests that in conventional systems (i.e., without SK-
PCE), the physical and chemical mechanisms controlling the
initial fluidity are consumed quickly, leading to a predictable

but steep degradation in cohesiveness and stability.

112



Journal of Building Material Science | Volume 08 | Issue 03 | September 2026

1.0 -
® Control mixes, and those
® containing only AWA

E 0.8 1 = Mixes containing both AWA
Ny and SK-PCE
B 06
£
o
2 [
2 04 - .
G | ° y =0.226x2 + 1.49x + 2.56
% ] . P R2=0.66
-4

0.2 - = f SR T

® e
0.0 T T T T T T 1
100 -
[
[ |
o 80 e
Q T e
n S R P ®
ﬂEJ‘ E = e
S 60 - o i} 2
s y=-12.29x2 - 87.17x - 78.12
B . R%=0.64
= [
T 40 - P ¢
c
= °
= 20
0 T T T T T T 1
0 -1 -2 -3 -4 -5

Rate of flow loss, mm/min

Figure 3. Relationships between the rate of flow loss with respect to the V-funnel flow time and bleeding.

As shown in Figure 3, the introduction of SK-PCE
fundamentally alters such relationships, which shifted the
performance envelope of the produced mortars. The clus-
tering of the orange data points along the left side of the
“Rate of Flow Loss” axis reflects the decoupling of the
initial workability from its rate of loss. In other words, the
SK-PCE maintained consistent lubricating films through
controlled polymer release over time, allowing the mor-
tar to remain workable for longer periods. The data points
show that the SK-PCE enables the mix to maintain a high
level of cohesiveness (V-funnel times between 45-90 s)
without the typical penalty of rapid stiffening. From a sta-
bility perspective, although the bleeding rate is slightly
higher than AWA-only mixes, it remains within a man-
ageable range (i.e., within 0.2-0.45 %/min) for high-per-
formance underwater applications. In other words, the
SK-PCE acts as a rheology stabilizer, balancing the vis-
cosity-building network of the AWA to resist washout and

segregation while ensuring the adequate maintenance of
fluidity to ensure the ease of pumping and placement over

extended durations.

3.4. Washout Loss
The results illustrated in Figure 4 highlight the dom-

inant role of AWA for controlling washout loss, as a result
of the formation of a robust polymeric network that in-
creases the pore water viscosity and binds the cementitious
particles together *>**. Hence, across all w/b series, the in-
clusion of AWA drastically improved stability; for instance,
at 0.5 w/b, the increased AWA dosage from 0% to 0.4%
reduced W, from approximately 17% to 4%. Over time,
the W for the control mix dropped from 8.1% after 60 min
to 1.7% for the 0.4 AWA mix after 30 min, underscoring
the rapid flow loss and quick restructuring provided by the
AWA. Nevertheless, it is worth noting that the main limita-

tion of such data is that the controlled experimental condi-
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tions cannot fully replicate complex underwater construc-

tion environments, which limits direct field generalization
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Figure 4. The washout values for all tested CEM mixtures.

The introduction of SK-PCE alongside AWA yielded
varying washout effects, mainly depending on w/b. Hence,
in the 0.5-w/b series, the addition of SK-PCE (0.4AWA-
0.4SK) led to a noticeable increase in washout compared to
the AWA-only counterpart (i.e., W increased from 4.2% to
5%), which is likely due to the superplasticizer’s ability to
compete with the AWA polymers and partially disrupt their
protective structure *'**!. Interestingly, this instability per-
sisted over time; the 0.4AWA—0.4SK mix exhibited a W,
of 3.1% after 60 min, as compared to 1.7% for the 0.4AWA
mix after 30 min. This suggests that the slump-keeping
mechanism that prevents particle flocculation simultane-
ously delays the formation of a cohesive and washout-re-

sistant matrix skeleton.

Conversely, at lower w/b of 0.42 and 0.36, the neg-
ative impact of SK-PCE was negligible, with washout
values remaining practically stable and within the repeat-
ability of testing. For example, W, varied within a limited
range (i.e., from 3.2% to 3.6%) for mixtures prepared with
0.36 w/b and containing AWA alongside SK-PCE. This
suggests that in lower w/b systems, the inherent particle
packing and naturally cohesive mixture compensate for
the dispersive energy provided by the SK-PCE. This, in
other words, allows for enhanced flow retention without
compromising the anti-washout characteristics required
for underwater placement. It is to be noted that adequate
relationships exist between W, with respect to the V-funnel

flow time and bleeding, as plotted in Figure 5.
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Figure 5. Relationships between W with respect to the V-funnel flow time and bleeding.
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Figure 6 illustrates the relationship between the
rate of flow loss and the difference between W, and the
washout value measured over time for the investigated
mixtures. A clear performance gap is observed between
the control/AWA-only mixes and those modified with the
SK-PCE. Hence, the former category of mixtures (blue
dots) exhibiting higher and more variable rates of flow
loss ranging from —1.8 to —4.0 mm/min are associated
with gradually reduced washout values. The resulting R
is 0.81. In contrast, the incorporation of SK-PCE (orange
squares) shifts the performance into a highly stable zone.
Those later mixtures exhibited negligible difference be-
tween W, and W, which is consistently smaller than 2%,
while the flow loss rate was simultaneously restricted to
a narrow range varying between —0.9 and —1.4 mm/min.
This confirms that the tailored molecular structure of the
SK-PCE effectively sustains workability over time, with-

out compromising the cohesive properties required for

underwater applications.

3.5. Setting Time

Figure 7 presents the initial setting times of the
tested mortars. As shown, the incorporation of AWA re-
markably prolonged setting; for example, at a w/b of 0.5,
this increased from 9:10 hr:min for the control mix to
10:45 and 13:20 hr:min when 0.15% and 0.4% AWA is
added, respectively. The observed retardation is attribut-
ed to the steric hindrance and adsorption characteristics
of the AWA !"**** By forming a protective film on the
cement grains, the AWA creates a physical barrier that pre-
vents water and ions from reaching the particle surface,
slowing down the initial chemical reactions. Concurrently,
the AWA thickens the pore water between cement grains
and limits the ionic mobility, which slows down the move-
ment (diffusion) of ions and delays the nucleation of hy-

dration products.
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Figure 6. Relationships between the rate of flow loss vs. the difference of washout over time.
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Compared to mixtures containing only AWA, the in-
corporation of SK-PCE at any given w/b had a negligible
influence on setting; the resulting values remained within
the repeatability of responses (Figure 7). Practically, such
results highlight the relevance of properly adjusting the
AWA and SK-PCE dosages in order to control the loss in

workability without dramatically compromising the setting

times of UWC mixtures.

3.6. Compressive Strengths

Table 4 summarizes the 28-day compressive strengths
determined in dry or wet condition following the re-homog-
enizing method of the washed samples or underwater cast-

ing in the molds.

Table 4. The 28-day compressive strengths were determined in dry or wet conditions.

Re-Homogenizing Method

Underwater Gravity Casting

Strength in Dry
Condition, MPa Strength in Wet Residual Strength in Wet Residual
Condition, MPa Strength, % Condition, MPa Strength, %

0.5w/b 30.7 213 69.38 18 58.63
0.5w/b—0.15AWA 28.8 24.7 85.76 22.5 78.13
0.5w/b—0.4AWA 25.6 24.2 94.53 23.2 90.63
0.5w/b—0.15AWA—0.2SK 28.2 239 84.75 23.6 83.69
0.5w/b—0.4AWA—-0.4SK 25 23.1 92.40 23 92.00
0.42w/b 41.6 32.4 77.88 31.2 75.00
0.42w/b—0.3AWA 36.7 34 92.64 31.1 84.74
0.42w/b—0.3AWA—0.25SK 35.5 32.6 91.83 33 92.96
0.42w/b—0.3AWA—-0.5SK 36.2 33 91.16 314 86.74
0.36w/b 48.7 39.9 81.93 36.3 74.54
0.36w/b—0.2AWA 45 42 93.33 41 91.11
0.36w/b—0.2AWA—-0.3SK 44.2 40 90.50 42.8 96.83
0.36w/b—0.2AWA—-0.6SK 44.7 39.7 88.81 37.6 84.12

Figure 8 illustrates the values determined in the dry
condition, along with the residual strengths determined as
100 minus the ratio between the dry-to-wet strength, divid-
ed by the dry strength value. As expected, the compressive
strengths determined in the dry condition underscore the
classic inverse relationship between w/b and mechanical
performance. Yet, in every single w/b category, the ad-
dition of AWA led to reduced strength; for example, this
dropped from 30.7 MPa for the control 0.5-w/b mix to
28.8 and 25.6 MPa when 0.15% or 0.4% AWA was added,
respectively. This can be attributed to the high-molecu-
lar-weight AWA polymers that can interfere with the for-
mation of the cement’s crystalline structure, like the C-S-H
gel "' Pan et al. """ reported that AWAs can also trap
small amounts of extra air during mixing, which creates
micro-voids that lower strength. On the other hand, the ad-
dition of the SK-PCE had a stabilizing effect on strength,
with the resulting values varying within the repeatability
of responses (Figure 8). This reflects the neutral influence
of SK-PCE polymers on the setting times or long-term me-

chanical performance of UWC mixtures.

The residual strength index serves as a proxy for
the washout resistance and underwater integrity of UWC
mixtures. Hence, the control mixes across all w/b ratios
exhibited significant strength loss (i.e., 25% to 40%) when
cast underwater due to severe washout of cement pastes
and water infiltration within their skeleton . In contrast,
the introduction of AWA drastically altered the mortar’s
cohesion, yielding increased residual strengths that ranged
between 80% and 95%. This corroborates the benefits of
combining both admixtures (i.e., AWA and SK-PCE) in
the same mixture; while the AWA reduces washout loss
and drop in strength, the SK-PCE is incorporated to ensure
proper workability retention without compromising the
cement hydration kinetics necessary for strength develop-
ment.

Figure 9 plots the relationships between washout
loss determined right after mixing (i.e., W,) with respect
to the residual compressive strengths evaluated following
the two distinct casting methods. Both datasets exhibited a
strong negative linear correlation, indicating that increased

W, directly degrades the residual strength of the materi-
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al, albeit the sensitivity to washout differs significantly 2% of its residual strength. The re-homogenized samples
between the two methods. Hence, the underwater gravity showed a higher R of 0.85, suggesting that the re-homog-
casting method shows a steeper decline in performance; i.e., enization method mitigates some of the structural damage

for every 1% increase in washout, the material loses nearly caused by washout loss.
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Figure 8. The compressive strengths determined in dry conditions, along with the residual values following casting in wet conditions.
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4. Concluding Remarks

This paper explores the synergistic effects of welan
gum AWA and SK-PCEs in UWC mixtures. Its main
limitation is that the controlled experimental conditions
cannot fully replicate the complex underwater construc-
tion environments, which highlights the need for large-
scale or in-situ validation studies. Future research should
include large-scale validation studies and constructability
assessments to verify the practical applicability of the
proposed mixtures. Additionally, it is important to men-
tion that the mechanisms affecting the cement hydration
reactions, setting, and strength development are not di-
rectly verified within the scope of this study; rather, these
were inferred from the observed macroscopic behav-
ior and supported by findings reported in the literature.
While this constitutes a limitation in this study, future
work shall include complementary microstructural and
chemical characterization techniques (e.g., SEM, EDS,
FTIR, XRD, or adsorption analyses) to validate the un-
derlying mechanisms. Based on the foregoing, the fol-

lowing conclusions can be warranted:

1. The rate of flow loss over time significantly in-
creased with AWA additions, due to a combina-
tion of water immobilization and the formation of
a polymeric structural network. Yet, the rates flat-
tened remarkably when the SK-PCE was added.
This suggests the presence of a synergistic effect
between AWA and SK-PCE; while AWA provides
the necessary stability (washout resistance), SK-
PCE provides the fluidity retention needed for
proper casting.

2. The V-funnel flow time (viscosity) remained practi-
cally unchanged when the SK-PCE and AWA were
both combined in the same mix. However, the bleed-
ing characteristics seem to slightly degrade when the
SK-PCE is introduced, reflecting the disrupted abil-
ity of the AWA to bridge the dispersed cement parti-
cles and trap mixing water. The SK-PCE involves a
slow-release mechanism of polymers that keeps the
mortar in a fluid state for a longer period, giving wa-
ter more time to rise before the restructuring of the

matrix.
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Mixtures containing AWA and SK-PCE exhibited
high cohesiveness levels (V-funnel times between
45-90 s), yet slightly higher bleeding characteristics.
This suggests that the SK-PCE acts as a rheology
stabilizer for underwater casting, balancing the in-
creased viscosity to resist washout while remain-
ing fluid enough to ensure the ease of pumping and
placement over extended durations.

Regardless of w/b, the inclusion of AWA drastically
improved stability and washout resistance. In con-
trast, the introduction of SK-PCE alongside AWA
yielded varying washout effects, depending on w/
b. Hence, in the higher 0.5-w/b series, the addition
of SK-PCE led to a noticeable increase in washout
compared to the AWA-only counterpart. Conversely,
at lower w/b of 0.42 and 0.36, the negative impact of
SK-PCE becomes negligible, suggesting that the in-
herent particle packing and naturally cohesive mix-
ture compensate for the dispersive energy provided
by the PCE polymers.

The control/AWA-only mixes exhibited gradually
reduced washout values at higher rates of flow loss
ranging from —1.8 to —4.0 mm/min. Yet, the incor-
poration of SK-PCE shifts the performance into a
stable zone, with the variations in washout being
consistently smaller than 2%, and the flow loss rate
is restricted within a narrow range between —0.9 and
—1.4 mm/min.

The incorporation of AWA remarkably prolonged
setting and reduced late-age compressive strength.
The addition of SK-PCE alongside AWA had a neu-
tral effect, with the responses varying within the
repeatability of test results. This highlights the rel-
evance of properly adjusting this couple in order to
control washout loss and drop in workability without
compromising the setting times and durability of
concrete mixtures.

Negative linear correlations exist between W and re-
sidual strength determined from re-homogenizing the
washed samples or underwater gravity casting. The
underwater casting method showed a steeper decline
in performance, while the re-homogenized samples

showed a stronger correlation with R of 0.85.
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