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Abstract. As one of the concrete admixtures, water reducing admixtures and superplasticizers are usually used to re-
duce the mixing water volume and improve the performance of the harden concrete while maintaining better work-
ability of the fresh concrete. However, the concrete strength and durability properties are affected differently by differ-
ent types and dosages of the water reducing admixtures and superplasticizers. Based on the published literatures, this
paper comprehensively reviews and analyzes this problem. Different types of the concretes, including ordinary Portland
cement concrete, ordinary Portland cement concrete containing pozzolan, fly ash and ground granulated blast furnace
slag, calcium sulfoaluminate cement concrete, ferrite aluminate cement concrete, recycled aggregates concrete, light-
weight aggregate concrete, self-compacting concrete and ultra-high performance concrete, are considered to discuss
the influence of types and dosages of the water reducing admixtures and superplasticizers on their strengths. Water
absorption, frost resistance and permeability resistance of the concrete are mainly reviewed to discuss this influence on
the durability properties of the concrete. Then, some suggestions on the application of the water reducing admixtures
and superplasticizers in reinforced concrete structures and projects are proposed.
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1. Introduction

Due to the development of the modern projects, new
requirements for the durability and construction technol-
ogy of the reinforced concrete (RC) structural members
are constantly put forward. To meet this demand, adding
chemical admixtures in concrete is one of the most com-
monly method (Plank & llg, 2019; Yaphary et al., 2017). In
the modern advanced concrete, about 80% of the pro-
duced concrete contains different kind of the admixtures
(Plank & llg, 2019). Among them, the widely used admix-
tures in the fresh concrete are water-reducing admixtures
and high water-reducing admixtures (superplasticizers). At
present, according to the capacity of reducing water, water
reducing agents are usually divided into ordinary water
reducing agents represented by lignosulfonate, high range
water reducing agents represented by naphthalene series,
aliphatic series, etc., and high-performance water reducing
agents represented by polycarboxylic acid series. Accord-

ing to their functions, they are divided into early strength
type, standard type and retarding type, and the water re-
ducing rate is generally more than 5% (Collepardi, 1996).
By adding the water reducing admixtures in the fresh con-
crete, high strength concrete without losing the workabil-
ity can be obtained (Papayianni et al., 2005; Aicha, 2020).

For the fresh concrete, the flocculation cement particles
are deflocculated by the addition of the water reducing ad-
mixtures and superplasticizers and open network voids are
formed, see Figure 1 (Bjomstrom & Chandra, 2003). The
added water reducing admixtures are adsorbed on the hy-
drating cement particles, see Figure 2a. For the previous
generation of the water reducing admixtures such as ligno-
sulfonate, the electrostatic repulsion shown in Figure 2b is
the dominant cement dispersion mechanism. For the new
generation of the high-performance water reducing agents
such as polyacrylates, polycarboxylates, and polyethylene-
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based copolymers, inhibition of reactive sites (see Figure 2d)
through dispersion becomes the dominating mechanism
(Mehta & Monteiro, 2017), where HMW and LMW indicate
high and low molecular weight, respectively. For all types of
the water reducing admixtures, the steric repulsion shown
in Figure 2c creates short-range physical barriers between
the cement particles.
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Figure 1. Flocculation of cement particles by the water reducing
admixtures and superplasticizers (Bjomstrom & Chandra, 2003)
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Figure 2. Diagrammatic illustration of the dispersion
mechanisms of the water reducing admixtures and
superplasticizers (Mehta & Monteiro, 2017)
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However, due to the distinct cement, different doses
and types of the water reducing admixtures and superplas-
ticizers, it is a complex task to understand and quantify their
effects in the fresh concrete (Boukendakdji et al., 2012). It is
still uncertain how the concrete strength and durability be-
haviour are influenced by the different dosages and types
of the water reducing admixtures and superplasticizers? In
the present paper, a comparatively review has been carried
out to discuss the influence of varying dosages and differ-
ent types of water reducing agents and superplasticizers
on concrete strength and durability behaviour. Basing on
the literature review, some suggestions for the applica-
tion of water reducing agents and superplasticizers in the
preparation of structural concrete in practical projects are
proposed.

2. Effect of different dosages and types
of the water reducing admixtures and
superplasticizers on the concrete strength

Usually, the compatibility or incompatibility of cement
and admixtures can have unpredictable effects on cement
hydration; for the same water reducing agent and super-
plasticizer, this effect may vary when the concrete type
is different (John et al., 2019; Marchon & Flatt, 2016). In
this section, the influence of varying dosages and differ-
ent types of superplasticizers on concrete strength will be
reviewed, considering different types of concretes contain-
ing different cementitious materials and aggregates.

2.1. Ordinary Portland cement concrete

Three types of the superplasticizers (Jhatial et al., 2018) —
BASF Rheobuild 850, 561 and 858, were used to M15 con-
crete with a water-to-cement ratio (W/C) of 0.5, where the
superplasticizer dosages ranged from 0.5%~2.5% with an
increment of 0.5%. Ordinary Portland cement (OPC) was
used as the cementitious material. The results showed
(see Figure 3) that, the lower superplasticizer dosages ad-
dition effectively improved the 28-day compressive and
flexural strengths of the concrete. For the 28-day compres-
sive strength of the concrete, those lower superplasticizer
dosages were equal and less than 1.0%, 1.5% and 2.0%
for BASF Rheobuild 561, 858, and 850, respectively; for the
flexural strength of the concrete, those lower superplas-
ticizer dosages were equal and less than 1.5%, 1.5% and
2.0% for BASF Rheobuild 561, 858, and 850, respectively.
Then, for each superplasticizer, when the superplasticizer
dosage was larger than the above-stated corresponding
dosage, both compressive and flexural strengths of the
concrete decreased with the increased superplasticizer
dosages. It can be seen from Figure 3 that, the concrete
with 1.0% addition of BASF Rheobuild 561 had the maxi-
mum increase in compressive strength while for the flex-
ural strength, 2.0% BASF Rheobuild 850 resulted in a maxi-
mum increase.
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Similar results were also observed by Antoni et al.
(2017), where five superplasticizers — CC, SV, AS, BA and
BS, were used to OPC mortars with W/C of 0.3. The 7-day
and 28-day compressive strength of the mortar increased
and then decreased with increasing dosage of the super-
plasticizers (see Figure 4).

Except for AS, the optimum dosage for the other four
superplasticizers was about 0.4% to 0.5%, resulting in an
increased mortar strength about 20 MPa. It is worth noting
that, when the dose of AS was larger than 0.5%, the mor-
tar compressive strength declined more significantly. After
the dosage of AS reached 0.8%, the compressive strength
had been below the strength of mortar without super-
plasticizer, which was due to the segregation of the fresh
mortar with excessive superplasticizer, meanwhile there
were more significant decrease in the 7-day harden mor-
tar compressive strength. Obviously, the addition of excess
superplasticizer maybe has greater adverse influence on
early strength of the mortar, thus higher early strength
was observed in OPC concrete without water reducing
agent (Ramachandran et al,, 2017). For OPC mortars with
0.25 and 0.35 water-to-cement ratios (W/C), the change of
the compressive strength of the 28-cured mortar with the
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varying doses of the superplasticizers CC, SV, AS, BA and
BS is shown in Figure 5.

Compared to the same mortar without the superplas-
ticizer, for OPC mortars with lower W/C (see Figure 5a),
the 28-day compressive strength was comparatively larger
increasing with the varying dosages of CC, SV and BA su-
perplasticizers; and the optimum dosages of CC, SV and BA
superplasticizers range from 0.2% to 0.5%. For OPC mor-
tars with larger W/C and the varying dosages of AS and
BS superplasticizers (see Figure 5b), comparatively obvious
increment in 28-day compressive strength was observed.
Thus, it seems that, for the same OPC mortar and concrete,
the optimum dosage is depending on the superplasticizer
type. In addition, due to the different superplasticizer type
and optimum dosage, the increment in the concrete/mor-
tar compressive strength is also different.

Apparently, Table 1 summarizes the optimum dosages
of different water reducing agents and superplasticizers
applied to OPC concrete from other experimental studies.
It also clearly shows that, for different superplasticizer type,
the increment in compressive strength and the optimal
dosage of OPC mortar and concrete with the same coarse
or fine aggregate type is different.
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Figure 3. Variation of the 28-day compressive and flexural strength of the ordinary Portland cement concretes
with varying dosages of three different superplasticizers (data from Jhatial et al., 2018)
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Figure 4. Variation of the 7-day and 28-day compressive strength of the ordinary Portland cement mortars
with varying dosages of five superplasticizers (data from Antoni et al.,, 2017)
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b) water-to-cement (W/C) = 0.35
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Figure 5. Variation of the 28-day compressive strength of the ordinary Portland cement mortars with different water-to-cement ratios
with varying dosages of five superplasticizers (data from Antoni et al.,, 2017)

Table 1. The optimal dosage of different superplasticizers in OPC concrete or mortar

Increased
Compressive Superplasticizer Optimum Type of coarse Type of fine Water-to-binder | compressive References
strength class perp dosage / % aggregate aggregate ratio (W/B) strength
at 28d /%
Crushed
. Crashed stones . .
M15 BASF Rheobuild 20% with a maximum stongs W|th.a 05 80.1% Jhatial et al.
850 size of 20 mm maximum size (2018)
of 475 mm
Crushed
. Crashed stones . .
M15 BASF Rheobuild 10% with a maximum ston.es W|th.a 05 17.7% Jhatial et al.
561 size of 20 mm maximum size (2018)
of 475 mm
Crushed
. Crushed stones . .
M15 BASF Rheobuild 10% with a maximum stongs W|th'a 05 102.9% Jhatial et al.
858 size of 20 mm maximum size (2018)
of 4.75mm
Type A, and F,
anionic melamine Crushed stones Shah et al
M20 polycondensate 0.5% with a maximum . 0.48 40.2% ‘
. . Ordinary sand (2014)
non-toxic size of 20 mm
superplasticizer
Crushed granite Alsade
M30 Liboment-FF 1.8% with a maximum | Sea sand / 12.8% 201 3)y
size of 20 mm
Crushed granite | River sand with Salem et al
M30 Glenium 0.8% with a maximum | a maximum size 0.66 10.8% (2016) ’
size of 20 mm of 5 mm
Crushed granite Muhit et al
M35 Sikament@R2002 1% with a maximum | Sylhet sand / 29.5% (2013) ’
size of 20 mm

2.2. Portland pozzolan cement concrete

Strength variation of Portland pozzolan cement (PPC) mor-
tars with the dosage of five different superplasticizers —
CC, SV, AS, BA and BS was also studied by Antoni et al.
(2017), see Figure 6. Similar to the trend shown in Figure
4, the 7-day and 28-day PPC mortar compressive strength
increased and then decreased with excess superplasti-
cizer. Even so, compared with the OPC mortars with the

same W/C in their experimental study, the optimum dos-
ages relevant to the maximum increment in compressive
strength was relatively low, ranging from 0.2% to 0.5%.
This is mainly due to the reduction of the inter-particle
attraction force by the volcanic ash, and thus reducing the
amount of water required in the fresh concrete mix. The
optimum dosages of the five superplasticizers, namely CC,
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SV, AS, BA and BS for the maximum increment in com-
pressive strength varied greatly when they were compared
to the mortar without the superplasticizer. For instance,
compared to the same mortar without superplasticizers,
the maximum increment in 28-day compressive strength
of PPC mortar by the addition of superplasticizers CC, SV,
AS, BA and BS were 5.8%, 31.7%, 23.3%, 25.1% and 28.2%,
respectively. The maximum and minimum increment in
mortar strength corresponds to the 0.5% addition of SV
and 0.2% addition of CC superplasticizers, respectively.

Considering the strength variations of ordinary Portland
cement mortars and Portland pozzolan cement (PPC) mor-
tars with the dosage of five different superplasticizers — CC,
SV, AS, BA and BS shown in Figure 4 and Figure 6, it can be
concluded that, for the same type of the mortar and con-
crete, the increment in mortar and concrete strength re-
sulting from the addition of the different superplasticizers
is different; for the same type of the water-reducing agent,
the optimum dosages relevant to the maximum increment
in compressive strength of two types of the mortar and
concrete is different. Those different effects clearly show
the compatible or incompatible problems between binders
and superplasticizers.

2.3. Ordinary Portland cement
concrete containing fly ash

It is universally known that fly ash is a solid particle dross
produced by the combustion of coal, consisting mostly of
SiO,, Al,03, Fe,03 CaO and other impureness. Fly ash ex-
hibits pozzolanic properties when the CaO content is low,
and exhibits cementitious properties when fly ash contains
up to 20% CaO (Oner et al., 2005). At ambient tempera-
tures, fly ash can serve as partial substitute of cement or as
mineral additive. The resulting product through the poz-
zolanic effect fills the pores inside concrete to increase the
compressive strength and impermeability (Ahmaruzzaman,
2010). However, changes in W/C and the content of fly
ash will affect the concrete strength (Law et al., 2015), and
these adverse effects can be reduced by adding water re-
ducing agents and superplasticizers.
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Stuart et al. (1980) investigated the optimal amount of
two superplasticizers, i.e., melamine-based admixture and
naphthalene-based admixture, on the strengths of Port-
land cement mortars containing 0%, 20%, 40% and 60 % by
volume fly ash replacements. Test results showed that the
trend of water reduction rate and the strength were con-
sistent for the concrete with melamine-based admixture.
Its optimum dosage was a little more than the maximum
recommended dosage when the W/C of mortar was 0.63.
While for the naphthalene-based admixture, the varia-
tion of water reduction rate and strength had multi-peak
characteristics due to the ability to further deflocculate the
grains at high dosages and the optimum dosage of the
superplasticizers was the same as the maximum recom-
mended dosage.

In addition, owing to the high-efficiency water reduc-
ing agents attached onto cement particles, the optimal
dose which was on account of the content of the Portland
cement in concrete was not affected by fly ash replace-
ments (Stuart et al., 1980). For fly ash concrete without su-
per water reducer, when the fly ash replacements varied
from 20% to 60%, the maximum strength of the fly ash
concrete at 3, 7, 28 and 90 days were observed at 20% fly
ash replacement, see Figure 7a. For fly ash concrete mixed
with the water reducing agents, the concrete strength
decreased with the increased fly ash replacements from
0% to 60% (see Figures 7b and 7c). It was appeared that
the strength-producing properties of the fly ash and its
replacement percentage were important factors (Stuart
et al., 1980). However, the strength of concrete mixed with
melamine-based admixture was higher at 0% fly ash re-
placement, see Figure 7b. For the same target slump (50
mm~90 mm) of the fresh concrete containing fly ash, when
the water reducing agents added were the maximum dose,
1.5 times the maximum dose or 2 times the maximum dose,
the increased admixture dosage led to increased concrete
strength (Alaka & Oyedele, 2016). That because the water
reducing agent reduced the W/C required to achieve the
set target slump, and the corresponding W/C at each dose
ranged from 0.35 to 0.38, 0.31 to 0.34 and 0.28 to 0.32.
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Figure 6. Variation of the 7-day and 28-day compressive strength of the Portland pozzolan cement mortars
with varying dosages of five superplasticizers (data from Antoni et al.,, 2017)
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Figure 7. The effect of two types super water-reducing
admixtures on concrete incorporating fly ash and varied
dosages at 3, 7, 28, 90 days (data from Stuart et al., 1980)

So, from this perspective, for concrete with high volume
fly ash, the excess water reducing agent is beneficial to its
strength. It is worth noting, however, that the high range
water reducers contain a certain percentage of water con-
tent (Stuart et al, 1980; Alaka & Oyedele, 2016), which
means that very large doses may lead to a corresponding
increase in the W/C.
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2.4. Ordinary Portland cement
concrete containing GGBFS

Ground granulated blast furnace slag (GGBFS) is a by-
product of the ironmaking, and consists of SiO,, Al,O3,
Fe,05, CaO, MgO, etc. (Raut et al., 2015; Ozbay et al,
2016). The strength of the OPC concrete containing GGBFS
was also influenced by the different water reducing agent
dosages. For instance, 0.25% by the weight of cement of
three superplasticizers, namely Na-styrene sulphonate,
Na-B-naphthol and Na-phenol sulphonate formaldehyde
condensates, were added to the slag cement slurry with an
initial W/C of 0.25, respectively. The compressive strength
of the slag cement pastes with the superplasticizer was
enlarged to some extent, mainly because the addition of
superplasticizer meliorated the pore structure of the slurry
hardening and made the structure denser (El-Hosiny et al.,
2002).

Memon et al. (2007) prepared mortars with three mix
ratios (1:2, 1:2.5 and 1:3, respectively) firstly and then in-
vestigated the compressive strength of the mortars at
0%, 50% and 60% GGBFS replacements and superplasti-
cizer dosage in the range of 0% to 0.5% by the mass of
blast furnace slag and OPC, where superplasticizer of trade
named SIKAMENT NN was used. Test results showed that
(see Figure 8), for mortar with 0% GGBFS, the increase in
water reducing agent dosage increased the compressive
strength (see Figure 8a). For mortars with 50% and 60%
GGBFS replacements, the increase of water reducing agent
dosage was beneficial to the compressive strength, but the
increase trend gradually slowed down when the dosage
exceeded 0.2%, then the compressive strength tended to
be stable when the dosage was in the range of 0.3% to
0.4% (see Figures 8b and 8c). For mortar with mix ratio 1:2.5
and 50% GGBFS replacements, the compressive strength
was reduced when the water reducing agent dose reached
0.5% (see Figure 8b). The same trend was also observed
for mortar with mix ratio 1:3 and 60% GGBFS replacements
(see Figure 8c). That is because the tardy hydration pro-
cess resulting from the superplasticizers in high dose (Fujii
et al,, 2015), which meant that, from view of both cost and
engineering requirements, the better dosage of the super-
plasticizer SIKAMENT NN was 0.2% by the weight of total
binder.

2.5. Calcium sulfoaluminate cement concrete
and ferrite aluminate cement concrete

Calcium sulfoaluminate cement (CSC) concrete is prepared
with CSC and mixed with sodium nitrite admixture, which
is characterized by high early strength, better frost resist-
ance and corrosion resistance as well as low shrinkage
(Garcia-Maté et al.,, 2013; Qin et al,, 2018), and is widely
used in the RC structures. In practical projects, water re-
ducing agents and superplasticizers in the CSC concrete
can improve the strength and enhance the workability.
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Figure 8. Effect of different superplasticizer dosages on the 28-
day compressive strength of the mortars incorporating GGBFS
and varied dosages (data from Memon et al., 2007)

For CSC mortar with W/C of 0.35 (Zhang et al,
2016), the effect of different type and doses of super-
plasticizer on mortar strength were investigated, where
B-naphthalenelfonic acid-based superplasticizer (BNS),
aminosulfonic acid-based superplasticizer (AS), polycar-
boxylate acid-based superplasticizer (PC) were used. Five
different dosages were selected for BNS, AS and PC, see
Figure 9. The 1-day compressive strength of samples con-
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Figure 9. Effects of superplasticizer dosage on compressive
strength of the calcium sulfoaluminate cement mortars
(data from Zhang et al., 2016)

taining BNS first decreased and then tended to level off.
For the mortar containing AS, the strength first rose and
then started to decrease when the amount of AS exceeds
2%. For the mortar containing PC, the strength decreased
from the beginning, and the change was most obvious at
the dose of 1.75%, and the compressive strength was about
10 MPa lower than those of the other two types of the
mortar with superplasticizers BNS and AS (see Figure 9a).



The 7-day and 28-day compressive strengths of mortar
samples obviously increased compared to the 1-day com-
pressive strength of the corresponding mortars with the
same superplasticizer, see Figure 9b and Figure 9c. For
mortar samples with BNS, AS and PC, in the correspond-
ing dosage ranges — 1.0%~2.0% for BNS, 1.5%~2.5% for
AS and 0.75%~1.75% for PC, respectively, the variations
in 7-day compressive strength were 0~3.2%, 0~10% and
0~22.9%, respectively, indicating the 7-day compressive
strength of mortar samples was less affected by BNS and
increased slightly with increasing AS and PC dosages (see
Figure 9b). For the 28-day compressive strength of mortar
samples, different strength variation trends were observed,
see Figure 9¢: compressive strength of mortar samples with
PC increased from 64.7MPa to 71.6 MPa with the increased
superplasticizer dosages from 0.75%~1.75%; compres-
sive strength of mortar samples with BNS decreased from
79 MPa to 73.2 MPa with the increased superplasticizer
dosages from 1.0% to 2.0%; the strength of mortar sam-
ples with AS increased with the increased superplasticizer
dosages from 1.5% to 2.25% and then began to decrease
in the dosage range 2.25%~2.5%.

The above-mentioned phenomena may be related to
the fact that the presence of superplasticizer slows the
cement hydration down, in the meantime, the reduction
in early compressive strength of mortar specimens is as-
sociated with the retardation effect for the formation of
ettringite (Hekal & Kishar, 1999). Similar conclusions were
also obtained in an experimental study by Wu et al. (2021),
where two types of superplasticizers, namely BNS and PC,
were added to CSC mortar with W/C of 0.35. Test results
showed that, with BNS in the range of 0.8% to 2%, the
compressive strength of the CSC mortar was gradually in-
creased at 2 hours, 7 days and 28 days. As for superplasti-
cizer PC, the strength increased insignificantly in the dose
range of 0.08%~0.17%, and even gradually decreased in
7 days. The 2 h compressive strength decreased by 36%,
when the dose amount came up to 0.20%. The scanning
electron microscopy (SEM) study on the 2h-mortar showed
that, the addition of the BNS in the mortar can promote
the generation of the ettringite, thus improving its early
compressive strength; while the addition of PC resulting
in the morphology of ettringite changed from rod-like to
flake-like, causing a decrease in compressive strength.

Although the CSC has the increasing performance ad-
vantages, its large-scale application is limited resulting
from the scarcity of alumina raw materials (Huang et al.,
2020), for which the use of ferrite materials to partially re-
place aluminum materials in calcium sulphate aluminate
cement to make ferrite aluminate cement (FAC) an attempt
to solve this problem (Bullerjahn et al., 2014). Huang et al.
(2021) investigated the effects of the superplasticizers
on workability of FAC pastes. As the experimental study
showed, in the FAC pastes with W/C of 0.29, when the fluid-
ity was 180 mm, 240 mm and 270 mm, the required dosage
of polycarboxylate acid-based water reducing agent (PC)
was lower than that of the melamine-based water reduc-
ing agent (MA) and aliphatic-based water reducing agent
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(AP), which indicated that the PC had slow setting effect
and better dispersion capacity in comparison. Similar to
CSC concrete, the addition of PC in the concrete retarded
the hydration process and had an effect on the hydration
product of ettringite (Hekal & Kishar, 1999). During the
preparation of FAC paste, the dose of PC should be con-
trolled, which can ensure the strength from the perspective
of reducing the W/C.

For the above-mentioned different types of cementi-
tious materials concrete, water reducing agents and su-
perplasticizers added to concrete/mortar can improve the
workability and reduce the W/C. The strength of the con-
crete/mortar can also be improved when the dose of the
superplasticizer is in a certain range. But when the dosage
of superplasticizer exceeds the optimum, the compressive
strength will generally decrease with the increased dos-
age. This may be caused by the segregation or bleeding
caused by excessive superplasticizer, such as the segre-
gation in OPC concrete. The reduction in strength of the
concrete containing GGBFS or fly ash may result from the
superplasticizer-delayed hydration reaction. The strength
of CSC and FAC concrete with water reducing agents is also
affected by the quantity and formation of the hydration
products. In any case, it is not reasonable that the addition
of water reducing agents or superplasticizers exceed the
optimal dose. However, in some special cases, excessive
water-reducing agents and superplasticizers can be added
to make concrete reach the target slump and reduce the
W/C as much as possible, such as in the high-volume fly
ash concrete.

2.6. Recycled aggregates concrete

For the aim of meeting the challenges in the continuous
exploitation of building raw materials and environmental
protection, recycled aggregate (RA) will be a greater sub-
stitution for natural aggregate (NA). RA can be divided
into coarse and fine RA, respectively. Concrete made from
RA tends to have poor performance (Olorunsogo & Paday-
achee, 2002; Zaharieva et al., 2003), and minor addition of
water-reducing agents and superplasticizers can improve
the RA concrete properties. In the study of Pereira et al.
(2012a, 2012b), the fine RA replaced NA at four substitu-
tion rates of 0%, 10%, 30%, 50% and 100%. At each sub-
stitution rate, for the superplasticizer content of 1% of the
cement mass, the addition of lignosulfonate-based regular
superplasticizer and modified polycarboxylates high-per-
formance superplasticizer to the concrete increased the
28-day compressive strength. This is due to the adding
superplasticizers to ensure the optimal workability of con-
crete and reduce W/C. The 28-day compressive strength of
fine RA concrete without superplasticizer or with modified
polycarboxylates superplasticizer was basically not affected
by the change of the replacement rate of fine RA while this
strength of fine RA concrete with lignosulfonate superplas-
ticizer decreased with the increase of fine RA replacement.

The dispersion mechanism of modified polycarboxyl-
ate superplasticizer is mainly due to the so-called steric
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hindrance effect (Yoshioka et al., 1997; Collepardi, 1998) or
steric repulsion shown in Figure 2¢, while the dispersion
mechanism of lignosulfonate superplasticizer is mainly
due to electrostatic repulsion shown in Figure 2b. As fine
recycled aggregate had a higher specific surface area, su-
perplasticizer can be adsorbed in the stirring process, thus
reducing the effect of ligninsulfonate superplasticizer. The
increase of fine RA made an increase of the effective W/C
of concrete with the addition of ligninsulfonate super-
plasticizer greater. Similarly, the increase of the replace-
ment rate of fine RA will also reduce the splitting tensile
strength of concrete (Pereira et al., 2012a, 2012b), which
can be weakened by the addition of ligninsulfonate super-
plasticizer or modified polycarboxylates superplasticizer.
For coarse RA concrete (Matias et al., 2013a), at the re-
placement rate of 25%, 50% and 100% coarse RA, similar
results were also obtained by adding lignosulfonate super-
plasticizer and modified polycar-boxylate superplasticizer,
respectively. The addition of superplasticizer can reduce
the adverse effects brought by the addition of coarse RA. It
can be predicted the higher the water reducing capacity of
the superplasticizer, the better this effect. On the premise
of maintaining a constant effective water-to-binder ratio
(W/B), with the increase of the replacement rate of coarse
aggregate by coarse RA, the dosage of lignosulfonate
superplasticizer did not change while the dosages of the
modified polycarboxylate superplasticizer increased from
0.42% to 0.48%, which was always smaller than the dosage
of lignosulfonate superplasticizer, indicating the different
dispersion mechanism of each superplasticizer, as men-
tioned above and shown in Figure 2.

2.7. Lightweight aggregate concrete

Light aggregate concrete is made of cement, water, light
coarse and fine aggregates. It has the advantages of light,
advanced soundproof, heat-insulating, better freezing and
fire resistance (Ke et al.,, 2010). The high-efficiency super-
plasticizers can usually be added to improve the slump
and enhance the concrete strength to prepare high-per-
formance light aggregate concrete (Ramachandran & Mal-
hotra, 1996; Mehta, 1999).

Lightweight fine and coarse aggregates (LWAC), made
by Portland cement and fly ash in a certain proportion,
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were used to prepare concrete (Gesoglu et al., 2014). Un-
der the condition of constant W/B of 0.32, the appropriate
amount of polycarboxylic ether type superplasticizer was
added to ensure the target slump of LWAC. The dosage of
the superplasticizer was reduced with the increasing uti-
lization rate of light aggregate. The dosage of the super-
plasticizer was reduced to 0.7% of cement content, when
both the replacement rates of coarse and fine aggregate
by LWAC of 100%. Due to the brittleness of lightweight
aggregate itself, the strength will also decrease with the in-
creased amount of lightweight aggregate (Kim et al.,, 2010;
Khaleel et al., 2011). Experimental results showed that, the
increased dosage of the polycarboxylic ether type super-
plasticizer can reduce the W/B of LWAC while ensuring
the target slump, and thus improve the concrete strength
(Gesoglu et al., 2014). This is consistent with the conclusion
of Wilson and Malhotra (1998).

2.8. Self-compacting concrete

Self-compacting concrete (SCC) is characterized by the fill-
ing capability and evenly through its own fluidity under the
action of gravity without the need for manual vibration.
Compared with ordinary concrete, self-compacting con-
crete has lower aggregate content, lower W/C and higher
dosage of highly effective superplasticizer (De Schutter
et al,, 2008; tazniewska-Piekarczyk & Szwabowski, 2012;
Esen & Orhan, 2016). Because of its better self-compact-
ness, it is more convenient for the construction process,
thus saving the cost and reducing the pollution caused
by vibration. When self-compacting concrete is prepared,
the type and dosage of the superplasticizer have a great
influence on its performance.

In the experimental study of Benaicha et al. (2019),
water-reducing agent named ViscoCrete Krono 20 with
0.3%~1.0% dosages of the increment of 0.1% were added
to self-compacting concrete with W/B of 0.37. When the
superplasticizer dose was 0.3%, see Figure 10, the concrete
compressive strength at different ages reached the maxi-
mum; although the strength decreased with the increased
superplasticizer dosages in the range of 0.3% to 0.7%,
it was always higher than the concrete strength without
superplasticizer. When the superplasticizer dosages were
within 0.8%~1%, the addition of superplasticizers reduced
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Figure 10. Effects of superplasticizer dosage on strength of self-compacting concrete (data from Benaicha et al., 2019)
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the strength to lower than the same age strength of the
specimens without superplasticizers (see Figure 10).

The above-stated reduced concrete strength with the
increased superplasticizer dosages is related to the seg-
regation and bleeding of the fresh concrete. In SCC, the
effectiveness of high-efficiency superplasticizer would not
continue to exceed the saturation dosage (Manomi et al,,
2018; Oualit et al., 2018), i.e., when the dose exceeded the
saturated point, continuously adding high-efficiency super-
plasticizer would not improve the fluidity of cement paste
or fresh concrete but delay the setting time of cement (Ai-
cha, 2020) and lead to segregation and bleeding of fresh
SCC (Mazloom et al., 2018). For the Self-compacting con-
crete S9W45SFO, S11WA45SFO, S13W45SF0 and S15W45SFO
with the same water-to-cement ratio 0.45 and the corre-
sponding superplasticizer dosages 0.4%, 0.8%, 1.2% and
1.6%, respectively, no bleeding was observed in SOW45SF0
and S11WA45SFO fresh concrete, while bleeding tendency
was shown in S13WA45SFO fresh concrete and segrega-
tion, bleeding tendency was observed in S15W45SF0 fresh
concrete. The 28-day compressive strength of the harden
S9W45SF0, S11W45SFO, S13W45SF0 and S15WA45SFO con-
crete specimens were 47 MPa, 42 MPa, 40 MPa and 37
MPa, respectively (Mazloom et al., 2018). Compared to the
SOWA45SFO specimen with 0.4% superplasticizer dosage,
the excessive 1.2% superplasticizer dosage in S15W45SF0
concrete specimen made the 28-day compressive strength
27% reduction. Obviously, when the superplasticizer dos-
ages exceed the saturation dosage, both the workability of
the fresh concrete and the strength of the harden concrete
are greatly affected.

2.9. Ultra-high performance concrete

Ultra-high performance concrete (UHPC), related to high
toughness, ultra-high strength and better durability, is a
new type of composite material mainly composed of high-
strength matrix and fiber and its W/B is about 0.2 (Yoo
& Banthia, 2016; Zhou et al., 2021). Applying the super-
plasticizer appropriate in preparing UHPC is very impor-
tant. Adding the superplasticizers to concrete can not only
promote its the workability, resulting in the uniform fiber
distribution, but also improve the pore structure of the
harden concrete. Both two aspects are beneficial for the
concrete strengths.

In the experimental study of Wang et al. (2017), for
UHPC with fiber volume fraction of 1%, 2% and 3%, the
optimal yield stresses of fresh concrete with 1%, 2% and
3% fiber were 900-1000 Pa, 700-900 Pa and 400-800 Pa,
respectively. The yield stress was affected by superplasti-
cizer slightly while the superplasticizer reduced W/B down
to 0.18. In the fresh concrete, the superplasticizer dosage
should be within a relatively suitable range to provide a
uniform distribution of fibers. In addition, in cement paste
with polypropylene fibers, due to the electrostatic repul-
sion and steric hindrance effects of polycarboxylate, the
dispersibility of polycarboxylate superplasticizer increased
with increasing length and dosage of the fiber (Zhang
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Figure 11. Effects of superplasticizer dosage on 28-day strength
of ultra-high-performance concrete (Sadrmomtazi et al., 2018)

et al., 2019). The microstructure of UHPC is also affected by
the superplasticizer dosage. For UHPC containing rushed
quartz (Courtial et al., 2013), with the superplasticizer in the
range of 0.5% to 1.8%, the microstructure was not changed
visibly when there was no crushed quartz; however, the su-
perplasticizer in the range of 1.8% to 2% caused a big im-
pact on the microstructure when there was crushed quartz
in concrete.

The strength of UHPC is also affected by the super-
plasticizer dosage. Sadrmomtazi et al. (2018) investigated
the effect of three superplasticizer contents, i.e., 1%, 1.2%,
1.4%, on the compressive strength of UHPC with a W/B of
0.20 (see Figure 11), where in Figure 11, concrete speci-
mens with the dimension of 50x50x50 mm were prepared.
A20, B20 and C20 series specimens shown in Figure 11 all
had the W/B of 0.20 while the binder contents in these
three series specimens were 800, 900 and 1000 kg/m3, re-
spectively. Figure 11 shows that, with the increase of the
superplasticizer dosage from 1.0% to 1.4%, for A series
UHPC with a relatively lower binder contents, the compres-
sive strength increased from 111 MPa to 121 MPa by about
9% increment. While for C series UHPC with the largest
binder content, the increase of the concrete compressive
strength was not significant.

In conclusion, for ordinary concrete and SCC, the addi-
tion of superplasticizers can reduce the W/B as far as possi-
ble under the condition of achieving the target slump, and
there has a relatively optimal dosage. For UHPC, besides
the similar effect of that in ordinary concrete and SCC, the
effect of the superplasticizer addition and dosage on the
concrete fiber distribution and microstructure should also
be considered.

3. Effect of different dosages and

types of the water reducing admixtures
and superplasticizers on concrete
durability behaviour

Durability is defined as the capability of the concrete to
resist aggressive environment attacks such as weathering
action, chemical attack, abrasion etc. to maintain the in-
tegrity of its original structure, quality and serviceability for
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a long time (Tang et al., 2015). In the following section, the
effect of the doses and types of the superplasticizers on
the main durability indexes, namely water absorption, frost
resistance and permeability resistance of the concrete will
be mainly reviewed.

3.1. Water absorption

Water absorption of the concrete can give useful informa-
tion of the pore structure, permeation and durability be-
havior of the concrete. As such, water absorption is a vital
element for quantifying the durability of concrete (Parrott,
1992; Henkensiefken et al., 2009; Castro et al., 2011). Water
absorption rate in unsaturated hydraulic concretes is of-
ten determined by the ASTM C1585 (ASTM International,
2004). Since the concrete water absorption is vastly affect-
ed by its microstructure, such as pore size, pore structure,
pore connection, etc., the influence of the adding super-
plasticizers on the hydration of the Portland cement and
the following microstructure development of the concrete
was investigated. Results showed that the two aspects of
concrete were affected by the superplasticizers in high
doses (Gu et al., 1994). The addition of superplasticizer
(1.2% by mass of cement) in OPC paste led to reduced
total pore volume and refined pore structures (Khatib &
Mangat, 1999). As a result, for the concrete prepared by
OPC and NA, the water absorption of the concrete with
superplasticizer was reduced by the melamine superplas-
ticizer in 2.2% of cement, leading to 26% lower than that
of the concrete without superplasticizer (Grabiec, 1999).
In order to explore the effect of the adding superplasti-
cizer on the durability of concrete made with fine recycled
concrete aggregate (RCA), Cartuxo et al. (2016) prepared
the concrete with volume replacement rates of NA by fine
RCA of 0%, 10%, 30%, 50% and 100%, respectively. Two
commercially available superplasticizers, i.e., SikaPlast 898
and Sikament 400 plus were selected, where the amount
was 1% by weight of cement. Test results indicated that,
the water absorption by immersion and the adverse effects
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caused by the addition of fine RCA were reduced with the
use of the superplasticizers. For the regular superplasticizer
Sikament 400 plus, the water absorption by immersion of
the concrete containing fine RCA decreased up to 28%
while this value up to 43% for the SikaPlast 898 high perfor-
mance superplasticizer (see Figure 12a). The 72-hour capil-
lary absorption test on three cylindrical specimens made
from fine RCA also showed reduction up to 48% and 66%
for the Sikament 400 plus and SikaPlast 898, respectively,
see Figure 12b. However, for the concrete containing coarse
RA (Matias et al., 2013b), due to all coarse RA concrete
mixtures absorb about 17% of water, it seems that adding
superplasticizer will not affect the water absorption by im-
mersion. Since the coarse RA had the high-porosity mortar
portion, the water absorption by capillarity of the coarse
RA concrete risen by adding the superplasticizers were al-
most identical, irrespective of the type of superplasticizer.

3.2. Frost resistance

Frost-induced durability problem of the concrete is mainly
related to two factors, i.e., the internal cracking resulting
from the freezing-thawing cycles and surface scaling due
to the presence of deicer salts. The laboratory data and
field experience have clearly showed that, in properly air-
entrained concretes, there are hardly any internal crack-
ing due to frost. On the occasion of deicing salts, scaling
due to freezing becomes the further complicated trouble
linked to the concrete surface microstructure (Pigeon
et al, 1996). Besides the entrainment of air in concrete,
the W/B is also related to the porosity and pore struc-
ture of the concrete. It was reported that the deicer salt
scaling resistance increased with the decreased W/B from
most field and laboratory data (Pigeon et al., 1996). Some
experimental results even showed that for some concrete
with very low W/B, it is not necessary to entrain air (Pigeon
et al, 1996; Gagne et al., 1991); and properly air-entrained
concretes and low W/B can be achieved by adding water
reducing agents and superplasticizers.
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Figure 12. Effects of different type superplasticizers on water absorption of concrete made with fine recycled concrete aggregate
(Cartuxo et al.,, 2016)



Grabiec (1999) studied the influence of melamine su-
perplasticizer with a content of 2.2% by cement weight
on the frost durability of concrete. For the fresh concrete
having the same slump, the W/B of concrete without su-
perplasticizer was 0.43, and that of concrete with super-
plasticizer was 0.35. For concrete samples subjected to 200
cycles of freezing and thawing, compared to the control
samples kept in water, 18.5% and 7.7% reductions in frost
resistance expressed by the compressive strength were
reported for the series of concrete without and with su-
perplasticizer, respectively. In addition, different types of
the superplasticizers had different influences on the frost
durability of concrete. For SCC, the values of frost-resis-
tance and air-voids parameters were affected by the type
of superplasticizer obviously. Due to the "air entraining”
side effect of superplasticizer SP1 acting, it can be guar-
anteed that the frost resistance of the SCC would be bet-
ter. The SCC made of "not air-entraining” superplasticizer
SP2 (without entraining side effect) is not frost-resistant
(kazniewska-Piekarczyk, 2012). For concrete having the
identical structure, W/B and fluidity, application of a dos-
age of 1% polycarboxylate superplasticizer, in comparison
to the 1.1% naphthalene-formaldehyde one, facilitated the
increased frost resistance from F2300 to F2400 (Shuldya-
kov et al., 2016). It can be concluded that, the type of the
superplasticizer and the superplasticizer with and without
air entraining side effect are very vital factors to improve
the frost resistance of the concrete.

3.3. Permeability resistance

The durability of concrete is also affected by its perme-
ability resistance. Obviously, improving the permeability
resistance is beneficial for the service life extension of the
RC structures. The pore structure of concrete is an impor-
tant aspect for the performance (Zhang & Li, 2011) and
the macro porosity of concrete can be reduced by the
addition of superplasticizer (Wang et al., 2015). In order
to explore the superplasticizer and Portland pozzolana
cement interaction in chloride ion penetration resistance
(Sathyan & Anand, 2019), the superplasticizers, namely
sulphonated melamine formaldehyde (SMF), lignosul-
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phates (LS), sulphonated naphthalene formaldehyde (SNF)
and polycarboxylic ether (PCE), were used. Except for SMF-
based mixture, reduction in charge passing was shown in
Portland pozzolana cement incorporated mixes. In the test
study of the Zhang and Kong (2014), a self-synthesized
polycarboxylate superplasticizer was incorporated into the
mortar with a W/B of 0.29, and the dosage was 0%, 0.1%,
0.3% and 0.5% of the cement content. Test results showed
that, pore volume, average pore size and inkbottle pores
volume in the hardened cement pastes decreased with the
increasing dosage of superplasticizer. With the growth in
curing ages from 7 days to 28 days, the pores were filled
with more hydrates, resulting in a significantly lower po-
rosity and average pore size of the 28-days hardened ce-
ment pastes than that of the pastes cured for 7 days (see
Figure 13).

On the other hand, for reactive powder concrete (Tam
et al, 2012), adding insufficient superplasticizer dosage
may make concrete not dense enough, resulting in high
porosity and connectivity between pores. This porous
concrete can be used in the pavement structures, making
them multifunctional, environmental, and sustainable, hav-
ing hydraulic, mechanical, skid resistance, sound absorp-
tion, temperature regulation and air quality improvement
characteristics (Elizondo-Martinez et al., 2020). Excessive
use of the superplasticizer could also result in chemical in-
compatibility problem and segregation, which reduces the
permeability of the concrete. Therefore, there is an optimal
dosage of superplasticizer, which is helpful to disperse the
material particles, so as to obtain more compacted paste
with low porosity.

In conclusion, the durability indexes of the concrete,
namely water absorption, frost resistance and permeabil-
ity resistance, are all affected by the concrete porosity. In
most cases, adding superplasticizers to the concrete can
improve the durability of concrete by densifying the con-
crete microstructure. It is obvious that, the superplasticizer
type, the optimal superplasticizer dosage, the hydration
reaction of superplasticizer to binders and air entraining
side effect of the superplasticizer are the main concerns in
selecting the superplasticizers.
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Figure 13. Effects of superplasticizer dosage on the porosity and average pore size in the hardened cement pastes
(data from Zhang & Kong, 2014)
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4. Conclusions

This paper comprehensively reviews the effect of the dif-
ferent types and dosages of the superplasticizers on the
concrete strength and durability properties. The main con-
clusions are as follows:

1) The action mechanism of various water-reducing
agents and superplasticizers is different, and there
are compatible or incompatible problems between
binders and superplasticizer, leading to different ef-
fects;

2) For the different types of the concrete, the addition
of the appropriate dosage of the water-reducing
agents and superplasticizers can densify the mi-
crostructure of the concrete, thus improving the
strength and durability of the concrete;

3) The superplasticizer type, the superplasticizer dos-
age, the hydration reaction of superplasticizer to
binders and air entraining side effect of the super-
plasticizer play important roles in reducing the water
absorption of the concrete as well as improving the
frost and permeability resistances of the concrete.

Therefore, in the RC structural engineering, the type of

cementing material, the performance requirements of the
concrete, the aggregate characteristics and other factors
should be comprehensively considered to select the ap-
propriate type of water-reducing agents and superplasti-
cizers. Meanwhile, for the selected water-reducing agent
or superplasticizer, the optimal dosage should be tested
so as to guarantees that the hardened concrete can ob-
tain a better pore microstructure and improve the concrete
strength and durability properties.
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