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A B S T R A C T   

Viscosity modifying agents (VMAs) are essential ingredients for the production of flowable cement-based ma
terials. This paper presents an overview of commonly used VMAs and attempts to shed some light on the un
derlying physics at the origin of their mechanisms of action. The main molecular parameters of VMA controlling 
the rheological properties of the cement pore solution are highlighted. As the mechanisms of action of VMAs in 
cement-based materials are closely related to their affinity with the surface of cement particles, the adsorption of 
the main VMA types is discussed. The effect of VMAs on flow properties and stability of cement-based materials is 
presented for VMAs added without any superplasticizer, and then in systems incorporating both VMAs and 
superplasticizers. Finally, the effect of VMAs in enhancing concrete properties to secure adequate performance of 
different construction applications, and perspectives for future developments of novel cement-based materials 
made with VMAs are showcased.   

1. Introduction 

For a long period of time, concrete has been a relatively simple 
construction material, where cement and water contents control the 
fresh and hardened properties of the material. However, over the course 
of the last couple of decades, performance specifications of cement- 
based materials have evolved towards the formulation of sophisticated 
materials with the potential for tailored and specified properties to 
satisfy a wide range of performance and casting processes. High- 
performance concrete with adapted rheology has been made possible 
due to ongoing innovation in the field of rheology modifying admix
tures, first and foremost yield stress reducing admixtures, namely 
superplasticizers. Nevertheless, complex casting processes, such as 
grouting, pumping, self-consolidation, and 3D-printing have increased 
the level of demand on the rheological characteristics necessitating 
adjustment possibilities beyond yield stress modification. This can be 
achieved by the sole use or supplementary use of viscosity modifying 
agents (VMAs) where modifications of yield stress, viscosity, and thix
otropy can be achieved, thus allowing a wide range of mixture propor
tioning at a given water-to-cement mass ratio. VMAs are also known as 
viscosity modifying admixtures, viscosity enhancing agents (VEAs), 

anti-washout admixtures (AWAs), and stabilizing agents (SAs). 
VMAs are mainly used for their ability to enhance the stability of 

cement-based materials when faced to destabilizing conditions, such as 
phase separation induced by gravity (i.e., segregation, bleeding) [1–4] 
or induced by the contact with a dry surface or a pressure gradient (i.e., 
water filtration, washout) [5–10]. They can also be used to enhance the 
yield stress of cement-based materials. This is critical for some appli
cations, such as shotcrete or monolayer mortars that, after spraying, 
should exhibit high resistance to sagging and stay on the wall in thick 
layers [11,12]. Similarly, in an extruded layer during 3D printing, the 
deposited material should not deform under its own weight [13,14]. The 
use of VMA along with superplasticizer is critical in many applications 
necessitating the design of low yield stress and moderate to high vis
cosity, such as in the case of self-consolidating concrete (SCC) [1–4]. The 
use of VMA can also be useful in enhancing the robustness of cement- 
based materials, despite of their adequate stability levels, as discussed 
below. 

Yet, the vast variety of mechanisms to stabilize cement-based sys
tems makes it complex to provide a complete overview. Enhancing 
concrete stability can be secured through proper use of inorganic pow
der components, organic polymers, air entraining admixtures, or 
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capillary forces. The effects of inorganic components such as nano silica 
or nano clay are discussed in [15–20] in this special issue and in [21]. 
The present paper concentrates on the organic VMAs. Although VMAs 
can affect the setting and hardening processes along with the hardened 
properties of cement-based materials, they are mainly applied to modify 
the rheology and stability of the materials in the fresh state. 

In addition, for certain construction applications and with the need 
for novel binder compositions, maintaining consistent properties of the 
formulated material is key to successful processing and production. 
Thus, the relevance of VMAs to enhance stability and robustness will 
significantly increase in the future. A more fundamental understanding 
of their modes of action is required for efficient use of this unique class of 
chemical admixtures. Within this frame, this paper presents a compre
hensive review of the relevant research findings pertaining to VMAs and 
attempts to offer some perspectives for research and developments in the 
relevant area of VMAs. 

This paper discusses the mostly commonly used categories of VMAs. 
The main molecular parameters of VMAs that can control the rheolog
ical properties of cement pore solution are highlighted. The mechanisms 
of action of VMAs in cement paste are underlined. This includes the 
affinity of VMAs with the surface of cement particles and their effect on 
flow properties and stability of cement-based materials for systems 
proportioned with and without any superplasticizers. Finally, the effect 
of VMA on enhancing concrete performance intended for various con
struction applications is presented, and perspectives for future de
velopments and applications of novel cement-based materials made with 
VMAs are highlighted. 

2. VMA classification and overview of their “mechanisms of 
action” 

2.1. VMA classification 

The classification of the ample variety of chemistries of VMAs is not a 
straightforward issue. In fact, in literature, different categories of VMAs 
can be found based on the origin of the VMAs, their working mechanism, 
or their impact on the physical properties of the concrete incorporating 
the VMA. Probably, the classification done by Kawai et al. [22], that 
distinguishes three main types of VMAs according to their origin, is the 
one with the lowest complexity. However, this classification does not 
provide a physical or chemical meaning related to the specific effect of 
the VMA type on concrete properties. In particular, Kawai et al. classi
fied organic VMAs as natural, semi-synthetic, and synthetic polymers. 
Natural polymers include microbial polysaccharide polymers, such as 
welan gum, diutan gum, and guar gum, cellulose, and starch. Semi- 
synthetic polymers include cellulose-ether derivatives, guar gum de
rivatives, and modified-starch. These polymers are mostly based on 
naturally occurring polymers that are partially modified by the addition 
of functional groups. Synthetic polymers are namely polyethylene oxide, 
polyvinyl alcohol, or polyacrylamides. These polymers have the main 
advantage that their molecular structure can be tailored to achieve the 
aimed properties of cementitious materials. The chemical composition 
of different types of VMAs was extensively described by Gelardi et al. 
[23]. In this review paper, the most relevant features of the molecular 
structure of different VMA types are briefly explained. Among them, 
Sphingans gum, cellulose ether, and modified starch are commonly used 
in cement-based materials. 

2.1.1. Microbial polysaccharides 
Sphingans are microbial polysaccharides obtained by aerobic 

fermentation by Sphingomonas. Welan gum, diutan gum or gellan gum 
belong to this group. Welan gum and diutan gum are the sphingan gums 
that have been more extensively investigated in cementitious materials. 
They both have a linear tetrasaccharide backbone structure that con
tains L-mannose, L-rhamnose, D-glucose and D-glucuronic acid but 
different side chains [24]. The side chains in welan gum consists of L- 

mannose or L-rhamnose in the C-3 of every glucose repeating unit, while 
two units of L-rhamnose are present in diutan gum (see Fig. 1a). For 
welan gum, the molar ratio of the L-mannose, L-rhamnose, D-glucose, 
and D-glucuronic is 1.0:4.5:3.1:2.3, and the D-glucuronic acid is around 
11.6%–14.9% [24] (see Fig. 1b). The molecular weight of welan gum is 
significantly lower than that of diutan gum, with a value of around 106 

g/mol in the former VMA and 3–5 ⋅ 106 g/mol in the latter VMA [25,26]. 
Both polysaccharides contain a carboxylate group that provides them 
with an anionic charge and the ability to adsorb onto cement particles. 
The side chains shield the carboxylate group of the backbone in aqueous 
solution, and the polysaccharides adopt a double helix conformation. 
This provides the aqueous solution with high viscosity even at high 
concentrations of Calcium [27]. Welan gum and diutan gum are also 
chemically stable at 150 ◦C and high pH that makes them very inter
esting to work in the cement field and oil-well industry [28,29]. 

Xanthan gum is a microbial polysaccharide obtained by the 
fermentation of the bacterium Xanthomonas campestris. Its structure 
consists of a backbone made of glucose units and side chains of the 
trisaccharides alpha-D-mannose that contains an acetyl group, beta- D- 
glucuronic acid and a beta-D-mannose terminal unit, linked to a pyru
vate group (see Fig. 1c). The presence of glucuronic acid in side chain 
provides the xanthan gum with an anionic characteristic. It has a mo
lecular weight in the range of 2 .106 to 20 .106 g/mol, and it is stable at 
high salt concentrations (up to 150 g/l NaCl), temperature in water of up 
to 90 ◦C, and pH in the range of 2 to 11 [30]. 

2.1.2. Cellulose and cellulose ether polymers 
Such VMA types have a linear molecular structure based of up to 

thousands of D-glucose units. Their molecular weight is around 105 and 
106 g/mol. The properties of cellulose polymers depend on:  

(1) Molecular mass: The increase of the molar mass decreases their 
solubility and increases the shear thinning behavior. 

(2) Degree of substitution (DS): This is the average number of hy
droxyl groups per glucose unit that has been substituted by ether 
groups [31]. It varies from 0 to 3 and has a direct impact on the 
solubility of the cellulose polymer. Cellulose polymers with DS 
below 0.1 are insoluble, those with DS values of 0.2–0.5 are 
soluble in alkali solutions, while celluloses polymers with DS of 
1.2–2.4 are soluble in water. Celluloses with DS values above 2.4 
are only soluble in organic solvents [32,33].  

(3) Chemical composition of the substitution group: In the case of 
cellulose ether polymers (CE), the structure of cellulose is nor
mally modified by introducing small groups such as hydrox
ypropyl methyl, hydroxyethyl methyl and hydroxyethyl in the 
hydroxyl groups of C-2, C-3 and C-6 (see Fig. 2).  

(4) Molar substitution (MS). MS is the molar fraction of substituents 
per glucose. 

2.1.3. Guar gum and guar gum derivative polymers 
Guar gum is derived from the seeds of the guar plant Cyanaposis 

tetragonolobus, and it is a non-ionic branched polysaccharide with 
β-1,4-linked D-mannopyranose backbone with random branch points of 
galactose via an α-1,6-linkage [34]. The ratio of mannose to galactose 
units varies from 1.6:1 to 1.8:1 depending on the source. Guar gum is 
one of the polysaccharides with the highest molecular weight that 
ranges from 1.0 .106 to 2.0 .106 g/mol [35]. 

Hydroxyl groups of the backbone can be replaced by different 
functional groups to overcome some limitations of guar gums, including 
viscosity reduction due to uncontrolled rate of hydration, turbidity, or 
susceptibility to microbial attack [35]. Hydroxypropylguar is the most 
commonly used derivative of guar gum (see Fig. 3) and, as in the case of 
CEs, its water retention properties depend on its molecular weight, de
gree of substitution, and molar substitution [8]. 

H. Bessaies-Bey et al.                                                                                                                                                                                                                          



Cement and Concrete Research 152 (2022) 106646

3

2.1.4. Starch and modified starches 
Starch is a polysaccharide composed of amylose and amylopectin 

(see Fig. 4), where amylose is mainly a long linear chain of α-1,4 linked 
glucose units while amylopectin is a highly-branched molecule with 
shorter α-1,4 linked glucose units and frequent α-1,6 branches. Except 
for waxy starches, which contain 100% of amylopectin, the percentages 
of amylose and amylopectin vary with the source of the starch, but 
normally is around 20%–30% of amylose and 70%–80% amylopectin. 
Amylose is linear or sometimes partially branched, with a degree of 
polymerization up to 6000 and a molecular weight of 105 to 106 g/mol. 
Amylose chains can form single or double helices. Amylopectin is highly 
branched with an average degree of polymerization of 2 million and a 
molecular weight of 107–109 g/mol [36]. Radius of gyration of amylose 

and amylopectin from potato starch are approximately 50 nm and 
50–500 nm, respectively [26,37–39]. 

Starch is normally modified by esterification or etherification of the 
hydroxyl groups at C-2, C-3 and C-6 of each glucose unit, being the 
modified-starch soluble in water and stable at high pH. Hydroxypropyl 
starch are the most widely used modified starches in cementitious 
materials. 

2.1.5. Other VMAs 
Polyethylene glycol (PEG), also called polyethylene oxide (PEO), is a 

linear non-ionic polymer with a wide molecular weight that ranges from 
200 to 7. 106 g/mol. The chemical structure of its repeating unit is 
shown in Fig. 5a, with hydrophobic ethylene group and a hydrophilic 

Xanthan gum
(c)

Fig. 1. Structure of (a) welan gum, (b) diutan gum and (c) xanthan gum Reproduced respectively from [23] and [30] with permission.  
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oxygen [40]. 
Polyacrylamides (PAM) are linear non-ionic polymers with high 

molecular weight. Anionic PAMs (see Fig. 5b) obtained by the copoly
merization with anionic salts such as carboxylates are normally used in 
the construction field [42]. Their molecular weight ranges from 103 to 

over 106 g/mol. 
Polyvinyl alcohol (PVA) admixtures are water-soluble polymers 

synthesized by the hydrolysis of polyvinyl acetate. PVA can be classified 
in fully and partially hydrolyzed PVA (see Fig. 5c). PVA products have 
different properties (molecular weight, flexibility or solubility) 
depending on the initial length of the vinyl acetate polymer and their 
hydrolysis conditions [41]. 

2.2. Overview: schematic representation and description of VMA 
mechanism of action 

The main mechanism of actions of the different types of VMA are 
summarized in Fig. 6 [25,43,44]. 

2.2.1. Solvation and swelling 
Polymer chains swell to increase the number of interactions with the 

solvent. The polymer size depends on the polymer molecular properties, 
on the environment of the polymer and on the applied shear rate (see 
Section 3.1). 

2.2.2. Entanglement 
Above a critical concentration and critical molar mass, polymer 

chains tend to entangle, and they cannot move without displacing or 
deforming their neighbors. The identity of a polymer is lost, and the 
representative element of the network becomes that of the mesh size (i. 
e., distance between two points of contact between polymers) (see 
Section 3.1). 

(a)

(b)

(c)

Fig. 2. Structure of cellulose ethers (a) HPMC; (b) HECM; (c) HEC. 
Reproduced from [23] with permission. 

Fig. 3. Structure of hydroxypropylguar. 
Reproduced from [23] with permission. 
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Fig. 4. Structure of (a) amylopectin and (b) amylose. 
Reproduced from [23] with permission. 

(a) (b)

(c)

Fig. 5. Structure of repetitive unit of (a) PEO (b) anionic PAM and (c) PVA. 
Reproduced respectively from [42] and [41] with permission. 

Fig. 6. The main mechanism of actions of the different types of VMA.  
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2.2.3. Association 
Associative polymers are characterized by a high propensity for ag

gregation so as to minimize the contact between their hydrophobic part 
and the solvent (see Section 3.2). 

2.2.4. Alignment under shear 
Under shear, changes in the polymer structure could occur, the 

polymer chains align with the flow direction, stretch, and/or disentangle 
(see Section 3.3). 

2.2.5. Depletion 
The difference in non-adsorbed polymer concentration between bulk 

solution and depleted zones generates so-called attractive depletion 
forces, which may cause particle flocculation (see Section 4.2). 

2.2.6. Bridging 
High molar mass polymers are able to adsorb simultaneously at the 

surfaces of several cement particles at the same time (see Section 4.2). 

3. VMA in cement pore solution 

3.1. Conformation and concentration regime 

The conformation (i.e., chain shape), molecular weight, and ten
dency for the VMA molecules to associate in cement pore solution have 
marked influence on the mechanism of action of the polymer and the 
rheological properties of cement pore solution and cement paste. The 
conformation of polymer depends on the polymer molecular properties 
(i.e., molecular weight, chain flexibility, intra and inter molecular in
teractions), on the environment of the polymer (i.e., interaction between 
polymer monomers and solvent, volume concentration of the polymers 
in solution) and on the applied shear rate [44–51]. In the dilute regime, 
the polymer chains are spaced apart and develop the same conformation 
as when they are alone in solution [51]. The size of polymer can be 
described by the radius of gyration RG (see Fig. 6a). Above a critical 
volume concentration c*, the semi dilute regime is reached. In the semi 
dilute non-entangled regime, the polymer chains are compressed to 
reduce their apparent volumes and the size of coil decreases with con
centration. In the semi dilute entangled regime, the polymers are 
entangled and they cannot move without displacing or deforming their 
neighbors [51] (see Fig. 6c). 

The critical concentrations, separating these regimes, has not been 
precisely defined in the literature. Their value differs according to the 
hypotheses of transition from one regime to the other. Assuming that 
deformable spheres occupy a volume 4π

3 R3
G, the volume concentration of 

n spheres in solution is φ = 4π
3 nR3

G. 
Considering the approximation made on the shape of the polymer 

coils in solution, it is possible to consider that the maximum packing 
fraction of the polymer coils is φc=1 [44]. Therefore, the critical con
centration separating the diluted and semi-diluted regimes is c* = M

NA
4π
3 R3

G
, 

where M is the molar mass of the polymer, and NA is the Avogadro 
number. For a VMA having a molar weight of 800 k g/mol and a hy
drodynamic radius around 60 nm, the critical concentration is of the 
order of 0.15%. In practice, the critical concentration is identified by 
measuring the changes in the viscosity of solution (see Section 3.3). It 
should be kept in mind that this critical concentration could be affected 
by the formation of associates (see Sections 3.2 and 3.3). 

In the concentrated regime, the monomers of the polymers are quite 
close to each other [51]. This situation is attained for highly concen
trated solutions or melt polymers and is out scope of this paper. 

The conformation of polymers in the dilute has extensively been 
studied in the literature [46,47,50]. Depending on the affinity of the 
monomers with the solvent, the polymer exhibits an expanded or con
tracted conformation. Repulsive electrostatic forces between the 
monomers of a polyelectrolyte in water leads to an expanded 

conformation of the polymer. However, the addition of ionic species 
could screen these charges and lead to a more compact conformation. In 
some case, these ionic species could lead to a crosslinking of the polymer 
or even a precipitation. 

It was observed in [42] that while anionic polyacrylamide (i.e., poly 
(acrylamide-co‑sodium acrylate)) adopts an expanded conformation in 
water, the counterions present in cement pore solution (i.e., ca2+ or 
Mg2+) lead to polymer crosslinking and a dramatic decrease of the 
polymer size. It was shown in [52] that the conformation of carbox
ymethyl cellulose strongly depends on the Calcium ions in the solvent to 
the charged side groups of the polymer ratio and a precipitation, an 
expansion or contraction of the polymer could be observed. 

Moreover, results obtained by Khayat et al. [25] suggest that for 
welan gum, conformation is not affected by the composition of the 
cement pore solution. According to [23], diutan gum and welan gum 
exhibit a double-helical conformation where the side chains screen the 
carboxylate groups of the backbone and prevent crosslinking by Calcium 
ions. Finally, it was shown in [7,53], that cellulose ether (HEC and 
HPMC) conformation is also almost the same in both distilled water and 
cement pore solution. 

In the dilute regime and in the case of linear polymers, the relation 
between the radius of the coils and molar mass M of the polymer can be 
expressed as RG = KRGM

υ, where KRG and ν are constants depending on 
the flexibility of the chain and the affinity of the polymer with the sol
vent, respectively. 

As the radius of gyration, the intrinsic viscosity captures the size of 
the polymer in solution. The intrinsic viscosity [η] corresponds to the 
reduced viscosity (i.e., ratio of the specific viscosity ηSP to the dissolved 
polymer concentration c) of an individual molecule at very low shear 
rate. Its dimension is therefore the inverse of a concentration. As stated 
earlier, the specific viscosity is defined as ηsp =

η0
η00

− 1, where μ0 is the 
zero-shear viscosity of polymer solution and η00 is the viscosity of the 
solvent. The intrinsic viscosity parameter can then be computed from 
the molar mass M via the Mark–Houwink–Sakurada relationship [η] =
KηMa, where Kη and a depend on the polymer and the solvent [54]. 

The above constants linking the molar mass to the radius and to the 
intrinsic viscosity respectively for polyethylene glycol, cellulose ether, 
xanthan gum and polyacrylamide in different solvents are summarized 
in Table 1. It should be kept in mind that these constants depend on 
polymer polydispersity and could be affected by other molecular pa
rameters such as DS and MS of cellulose ethers or polymer anionicity. 

As stated above the conformation of polymers in solution also de
pends on their intermolecular interaction, which will be discussed 
further in the next section. 

3.2. Associative polymers and formation of aggregates 

Cellulose ethers' skeletons are grafted with hydrophobic groups, 
mainly alkyl or hydroxyalkyl chains. In an aqueous solution, these 
polymers are characterized by a strong propensity to combine in such a 
way as to minimize water contact between water and hydrophobic part 
of the polymers [5–7,57,58]. In dilute solution, intramolecular in
teractions are favored and at higher concentration they lead to the for
mation of polymer associates (i.e., aggregates, agglomerates) [59] (see 
Fig. 6b). 

Fig. 7 shows the size distribution by intensity measured by dynamic 
light scattering of HEC in cement pore solution at different concentra
tions [53]. The main peak around 10 nm can be attributed to polymer 
coils. Above 0.5% of HEC, the apparition of polymer associates which 
were not observed at lower concentrations and which size is around 
hundreds of nanometers is noted. Similar results have been obtained in 
[5–7,57,58] and show that above a critical concentration, called in the 
following the overlapping concentration, cellulose ether polymers are 
able to form hydrophobic association which size is around few micro
meters (i.e., order of magnitude of cement particle size). 
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It was shown in [8] that above a critical concentration, hydrox
ypropyl guar chains can also form associates. It is suggested that simi
larly to cellulose ether, the hydrophobic character of the alkyl side 
chains leads to strong intermolecular interactions and formation of as
sociates. By comparing different hydroxypropyl guar polymers, they 
showed that additional substitution of alkyl side chains enhances the 
formation of associates at lower dosages. However, according to [60], 
for natural starches, associated polymers could not be observed in water 
and limewater. 

It was shown in [61] that in the semi dilute regime, xanthan gum 
forms a microgel. According to [59], these microgels are not compact 
and are stable in good solvent and high ionic strength. It is suggested in 
[62] that hydrogen bonding between neighboring chains could lead to 
the formation of these associates. Finally, it should be kept in mind that 
low molar mass surfactant addition can strongly inhibit or enhance the 
formation of these associates. Clasen et al. [52] extensively studied the 
effect of the concentration of surfactant Sodium dodecyl sulfate on the 
formation of associates of HPC, HEMC, and HPMC. 

To the best of our knowledge, the critical concentration (i.e., over
lapping concentration) above which polymer associates form cannot be 
easily defined from the molecular properties of the polymers and 
experimental measurements are needed. 

3.3. Viscosity and concentration regimes 

Viscosity of cement pore solution has a marked influence on both the 
stability (see Section 4.3) and the viscosity of the cement-based material 
(see Section 4.2.2.). At low shear rates the higher is the viscosity of the 

cement pore solution containing VMA, the more stable is the suspension. 
At high shear rates induced by mixing, pumping and casting concrete, 
shear thinning behavior of VMA solution maintain a relatively low 
resistance to flow [25]. 

It should be kept in mind that only non-adsorbed VMA increase the 
viscosity of cement pore solution. In this section we focus on the rheo
logical behavior of aqueous VMA solution regardless of their affinity and 
adsorption on the surface of cement particles. 

Depending on the concentration regime and polymer chain proper
ties, polymer solution could behave as a Newtonian solution, as shown 
for cellulose ether below 0.4% in Fig. 8a, or exhibit a Newtonian 
behavior at low shear rates and a shear thinning behavior (i.e., viscosity 
decreases with shear rate) above a critical shear rate value, as shown for 
welan gum in Fig. 8b and for cellulose ether above 0.4% in Fig. 8a. The 
viscosity at the Newtonian plateau is called the zero-shear viscosity and 
has extensively been studied in literature. 

Fig. 9a shows the evolution of the specific viscosity of cellulose ether 
and polyethylene glycol aqueous solution as a function of polymer 
concentration. At the same concentration, the specific viscosity depends 
on the polymer and increases with the polymer molar mass. Fig. 9b 
shows the evolution of the specific viscosity of cellulose ether, poly
ethylene glycol and xanthan gum aqueous solution as a function of the 
dimensionless number c[η] (which is proportional to the volume con
centration of polymers in solution). As a first observation, the evolution 
of the viscosity of all these polymers follows the same master curve. 

Below a critical concentration c*, which seems to depend on the 
polymer family, the specific viscosity of these polymers is described by 
the same master curve with a gradient of 1. Above this concentration, a 
sudden change in slope 4.4 is observed. c[η] seems to well capture, at a 
first order, the effect of polymer conformation in solution and concen
tration on the viscosity of solution. For the VMA studied here, the critical 
concentration is between 0.1% and 1%. 

We recall that the evolution of the zero-shear viscosity of a solution 
of a linear polymer as a function of the concentration can be described 
by the Huggins equation [64]: 

ηSp = c[η] + kH(c[η] )2
+Bn(c[η] )α  

where kH is the Huggins coefficient, Bn is a constant dependent on 
polymer/solvent and α > 2 is a constant which will be discussed in detail 
below. 

Depending on the polymer volume concentration (i.e., the concen
tration regime), one of the three terms of the Huggins equation domi
nates the specific viscosity. 

In the dilute regime, when the polymer volume concentration is 
lower than few percent, polymers coils are sufficiently spaced to interact 
hydrodynamically and viscosity can be well predicted by Einstein 
equation. In this situation the specific viscosity is proportional to c and c 
[η] (see Fig. 9a and b). 

In the dilute regime and beyond the range where polymer volume 
concentration is a few percent maximum, the flow disturbances induced 
by a polymer coil significantly affect the flow velocity field of the solvent 
around its neighbors. In this case, the viscosity can only be 

Table 1 
RG-M and [η]-M relationship.  

Polymer Solvent KRG (nm) ν a Kη (ml/g) Reference 

Polyethylene (PEG) Cement pore solution  0.0375  0.53   [53] 
DI water  0.0343  0.53   [55] 

Hydroxyethyl cellulose (HEC) Cement pore solution  0.04  0.53   [53] 
DI water  0.026  0.59  0.73 4.1 × 10− 2 [52] 

Hydroxypropyl cellulose (HPC) DI water  0.025  0.56  0.68 4.2 × 10− 2 [52] 
Hydroxyethylmethyl cellulose (HEMC) DI water  0.038  0.53  0.6 1.7 × 10− 1 [52] 
Hydroxypropylmethyl cellulose (HPMC) DI water  0.047  0.51  0.53 3.6 × 10− 1 [52] 
Hydrolyzed Polyacrylamide (HPAM) Water  0.0076  0.62   [42] 
Xanthan Gum 0.01 M NaCl    1.27 2.79 × 10− 3 [56]  
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approximately described by the two first terms of Huggins equation 
which is c[η] + kH(c[η])2. 

In the semi-dilute regime, intermolecular interactions between 
neighboring polymers begin to dominate the mechanical behavior of the 
solution. To decrease their apparent volume, polymers contract and 
above a critical molar mass their chains become entangled and play a 
very important role in increasing the viscosity of the solution. In this 
regime the specific viscosity is dominated by the last term of the Huggins 
equation (c[η])α. As shown in [65–67], an exponent α equal to 4.4 
suggests that the increase in viscosity observed for all the polymers 
studied here is mainly due to the hindrance of movement induced by 
their entanglement. This constant is obtained for linear polymers in 
good solvent. The above results are in agreement with the literature of 
polymer solution and suggest that at a first order, the zero-shear vis
cosity of aqueous VMA solution depends mainly on the volume con
centration of the polymer in solution, no matter the specificities of the 
polymer. 

However, the differences observed between the curves of associative 
polymers (i.e., cellulose ethers and xanthan gum) and non-associative 
polymers (i.e., polyethylene glycol) suggest that polymer association 

and formation of aggregates is involved, along with chains entangle
ment, in the increase of viscosity. 

Furthermore, Fig. 8b shows that at high shear rates, viscosity de
creases when shear rate increases following a power law μ∞γ̇− n, n is a 
called flow index and lies between 0 and 1. The shear thinning behavior 
could be owed to changes in the polymer structure, the polymer chains 
align, stretch, and/or disentangle [44] (see Fig. 6d). The higher the flow 
index, the more pronounced are these changes. It was shown in [52], 
that the flow index of aqueous cellulose ether solution only depends on 
polymer volume concentration and is independent on the polymer molar 
weight, and the DS an MS. It was shown in [68,69] that under the same 
conditions, aqueous welan gum solution exhibits a more pronounced 
shear thinning behavior (i.e., higher flow index n) than aqueous cellu
lose derivatives. According to [44] the critical shear rate above which 
viscosity decreases with shear rate decreases with polymer molar mass 
and concentration. For the best of our knowledge, the polymer proper
ties controlling the shear thinning behavior is still not fully understood. 
Further investigation is needed to control such rheological behavior. 

Fig. 8. Viscosity of (a) cellulose ether (HEMC). (b) welan gum in water for various dosages in polymer as a function of the shear rate. 
Reproduced respectively from [7,63] with permission. 

Fig. 9. Specific viscosity as a function of (a) polymer dosage (b) c[η]. 
Adapted from [53]. 
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3.4. Evolution of dissolution over time 

Dissolution of soluble polymer powder in cementitious suspensions 
can be difficult and dramatically affect the mechanism of action of the 
polymer [5,70–72] (see Section 4.1.3). 

It was shown in [5,72,73], that cellulose ether dissolution in water 
could be slowed by the formation of lumps which dissolution at gentle 
stirring and at room temperature, could take more than a week. It was 
shown in [70], that dissolution of hydroxypropyl guar in lime solution 
could take few hours (see Fig. 10). However, when incorporated to 
cement paste, strong shear induced by mixing leads to a total dissolution 
of cellulose ether and hydroxyl propyl guar within few minutes [70]. 

According to literature of soft matters, at a constant stirring condi
tions, the dissolution of soluble polymer powders depends on the os
motic pressure between the gel and the dilute solution and the 
permeability of the formed gel [74]. 

It is well known from literature that dissolution rate of polymers 
decreases when the molar mass increases [74–78] and when the dry 
grain size increase. For polyethylene glycol, it was shown in [74] that 
the dissolution time is proportional to Mw

2 /

3. 
For polyelectrolytes, osmotic pressure between the solution and the 

gel is controlled by the ionic strength [79]. It was shown in [74] that 
when the solution ionic strength increases, osmotic pressure gradient 
decrease and dissolution rate of the polyelectrolyte (i.e., a bio fermented 
polysaccharide) decreases. Finally, it is obvious that stirring the gel 
efficiently enhances its dissolution and turns it into a polymer solution. 
It was shown in [74] that dissolution time is inversely proportional to 
the applied shear rate. 

4. VMA in cement paste: adsorption and consequence on 
rheological properties 

The working mechanisms of VMAs and their impact on the rheo
logical properties will depend on if it fully remains in solution or, if in 
contrast, it partially adsorbs onto cement particles. In this section, the 
main limitations of the adsorption measurements in cement pastes 
containing VMAs and the origin of this adsorption are described. Af
terwards the impact of the VMAs on the rheological parameters of 
concentrated suspensions, in relation with the adsorption or not of the 
polymer, have been summarized. 

4.1. Adsorption 

4.1.1. Adsorption measurements 
The ability of VMAs to adsorb onto the mineral surfaces mainly de

pends on the molecular structure of the polymer and the surface prop
erties of the solid. However, the measurement of the polymer adsorption 

is not an easy task and it can involve some artefacts. In general, the 
depletion method is applied in which the amount of polymer adsorbed is 
determined from the difference between the initially added polymer and 
the remaining in the aqueous pore solution after certain time. At con
centrations below the VMA polymer overlapping no great artefacts 
should be introduced if the pore solution is adequately extracted. 
However, in the case of cellulose ether VMAs and at dosages higher than 
the overlapping concentration, polymer associates are formed and they 
can be trapped in the porosity of the paste [6,7,80]. This could lead to an 
overestimation of the amount of polymer adsorbed. 

The physical retention of non-ionic CEs between cement particles 
after centrifugation was systematically studied by Hurnaus and Plank 
[80]. This retention was concluded from the low amount of CE depleted, 
the fact that the amount of polymer depleted decreased with the increase 
of the water/cement ratio (W/C) and the absence of plateau value in the 
adsorption isotherm. Furthermore, when using silica flour as model 
system in synthetic cement pore solution, the addition of non-ionic CE 
did not modify the zeta potential of the suspension as expected if 
adsorption would take place. The authors also concluded that the 
amount of polymer retained depended on the number of polymer ag
gregates formed, that increased with the rise of the polymer concen
tration and the decrease of DS. 

For all these reasons, the adsorption of VMA at concentrations above 
the critical concentration for the formation of polymer associates must 
be carefully interpreted. 

4.1.2. Origin of affinity: effect of molecular parameters 

4.1.2.1. Interaction of ionic VMAs with cement. Polymers adsorb on 
surfaces by physical or chemical adsorption. Attractive electrostatic 
forces are responsible for the physical adsorption, while the latter in
volves the formation of chemical bonds. Anionic VMAs such as welan 
gum, diutan gum or anionic polyacrylamides can physically adsorb in 
lower or greater extent depending on their affinity by the mineral 
surface. 

In cement pastes, up to 10-fold adsorption plateau values have been 
measured for welan gum with respect to polycarboxylate-based super
plasticizers [81] (see Fig. 11) due to the higher specific anionic charge of 
welan gum. This has relevant implications in practice as competitive 
adsorption of both polymers could occur [43], something that we 
describe in more detail in Section 5. 

The interaction of anionic PAMs with Calcium ions in solution leads 
to their crosslinking and the formation of microgels that can also adsorb 
onto the cement particles. An increase of the acrylate content of the 
PAM, and consequently their degree of anionicity, enhances the polymer 
adsorption [42]. 

4.1.2.2. Interaction of non-ionic VMAs with cement. Several studies 
[16,19,70] have measured the adsorption onto cement particles of non- 
ionic VMAs such as CEs, starch or guar gum admixtures including the 
modified one with non-ionic groups. To this respect, starch VMA have 
shown to adsorb in cement pastes although its affinity by the cement 
surface is significantly lower than PCE superplastizers and welan-gum as 
shown in Fig. 6. However, the underlying adsorption mechanism of non- 
ionic VMAS still remains a matter of debate and further research on this 
topic is required. In the case of CEs (HEMC and HPMC), a decrease of DS 
leads to an increase of the adsorption [7,31,82] (see Fig. 12). Different 
adsorption mechanisms for polysaccharides onto surface minerals have 
been proposed such as (a) hydrogen bonding [83]; (b) hydrophobic in
teractions [84], (c) complexation between the hydroxyl groups of the 
polysaccharides and metal ions on the mineral surface [85], and (d) 
electrostatic attractive forces [86] between the charged surfaces of 
cement and hydrates and the polar hydroxyl groups of polysaccharides. 

Several authors have investigated possible artefacts during the 
measurements that could contribute to the adsorption of non-ionic Fig. 10. Dissolution kinetics of admixture in lime solution (Ca(OH)2 = 20 mM). 

Reproduced from [70] with permission. 
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VMAs. Bülichen et al. [6] explained the adsorption of CEs in base of the 
presence of anionic impurities. Müller [31] investigated the possible role 
of the degradation products of CEs in highly alkaline conditions to the 
adsorption, concluding their high stability by Size Exclusion Chroma
tography (SEC) measurements. Moreover, Hurnaus and Plank [80] 
established that the polymer was retained in the cement porosity during 
the extraction process of the pore solution and not adsorbed onto cement 
particles. 

In contrast with non-ionic CEs and guar gum derivatives, PEGs do not 
adsorb onto cement and CaCO3 [87] particles and, as shown in [42], 
PEG with a molecular weight of 4 ⋅ 106 g/mol and a hydrodynamic 
radius of 80 nm cannot be entrapped in cement porosity (Fig. 13). 

4.1.3. Effect of dry and predissolved addition of VMA 
The mode of the VMA addition may play a relevant role on their 

interaction with the cement particles and consequently on their effect on 
the rheology of cementitious systems. Poinot et al. [70] showed that the 
addition of hydroxypropylguars (HPGs) and CEs pre-dissolved in water 
led to a higher water retention and viscosity with respect the addition of 
these polymers in solid state. In particular, the pre-dissolution of HPG 
induced its faster adsorption onto cement hydrates and the inhibition of 
their growth. The lower specific surface area would explain the lower 
amount of polymer adsorbed and its higher content in cement pore so
lution to reach the overlapping of the polymer coils with respect to the 
addition of HPG and CEs in dry state (see Fig. 14). 

4.2. Consequences on rheological properties 

4.2.1. Effect on yield stress 
The majority of cement-based materials exhibit a yield stress above 

which the material starts flowing and below which the materials stops 
flowing [88]. The desired yield stress depends on the application and 
can be affected by the use of VMA. While low yield stress is required for 
SCC which can be placed in congested reinforcement without vibration, 
high yield stress is necessary for shotcrete or monolayer mortars which, 
after spraying, should stay on the wall in thick layers [11,12]. In this 
section we focus on the main forces induced by VMA in cement-based 
materials and their consequences on the rheological behavior of 
cement paste. A better understanding of the microscopic mechanism of 
actions of VMA allows for an appropriate choice of VMA polymer and 
dosage and a better control of the material yield stress. 

4.2.1.1. Bridging forces. The effect of VMA was studied using advanced 
rheometry in [12] in the case of CEs. The authors based their analysis on 
the fact that, as flow onset measurements screen various range of strains, 
they also screen the various interactions associated to these strains. For 
instance, strains lower than 1E- 3 in Fig. 15 corresponds, for a cement 
paste, to extremely rigid interactions that only hydrate bridges between 
grains can provide [89]. Strains around a couple % correspond to the 
standard Van der Waals forces that dominate the fresh state behavior in 
typical cement pastes without admixtures. Using this frame of analysis, 
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Fig. 11. Adsorption isotherms of PCEs and starch-based and welan gum VMAs. 
Reproduced from [81] with permission. 

Fig. 12. Relative CE adsorption as a function of the DS for a CE dosage of 0.2% 
that it is below the overlapping concentration. 
Reproduced from [7] with permission. 

Fig. 13. PEG concentration in the filtrate after centrifugation as a function of 
the initial PEG concentration before and after contact with cement. 
Reproduced from [42] with permission. 
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it was shown in [12] that CE adsorption on cement grains is at the origin 
of a full collapse of the van der Waals attractive interaction network 
(Around 0.01 strain in Fig. 15). It was moreover suggested that the 
adsorbed CE molecules are at the origin of repulsive steric forces leading 
to this collapse similarly to what adsorbed superplasticizers do. Finally, 
it was suggested that adsorbed CEs are at the origin of the formation of a 
new interaction network in the paste. From dimensional inter-particle 
force analysis, the authors suggested that this network finds its origin 
in the bridging of cement grains by adsorbed ether molecules (see 
Fig. 6e). Flow onset occurs then through a desorption process, the en
ergy of which can be assessed from adsorption isotherm measurements. 

Furthermore, VMA efficiency in bridging particles depends on their 
molar mass (see Fig. 16). For high molar mass VMAs, the yield stress 

increases when the molar mass increases. Low molecular weight VMAs 
are unable to adsorb on multiple particles and can be at the origin of a 
yield stress decrease through steric hindrance (see Fig. 16). Similar re
sults have been obtained by Patural et al. [90,91]. 

It was moreover shown in literature that, the ability of poly
acrylamide to bridge particles is sensitive to shear history and the sus
pension seems to progressively lose its ability to rebuild with each 
shearing or re-mixing cycle [42]. It was suggested that this feature could 
find its origin in the progressive flattening under shear of the adsorbed 
polymer at the surface of cement grains. 

4.2.1.2. Depletion forces. From interparticle force calculations and 
rheological measurements, it was shown in [87] that Van der Waals 
attractive forces are the dominant flocculating mechanism in cement 
paste containing non-adsorbing VMA. In this case, attractive depletion 
forces resulting from non-adsorbing polymers are negligible and do not 
affect the yield stress of the suspension (see Fig. 17). In cement paste 

Fig. 14. Schematic representation of polysaccharide-cement interaction in relation to the addition method of the VMA. 
Reproduced from [70] with permission. 

Fig. 15. Flow onset measurements for the reference cement paste (black curve) 
and for pastes containing 0.1, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2 and 1.5% of HEMC. 
Reproduced from [12] with permission. 

Fig. 16. Relative yield stress (i.e., the ratio between the yield stress of the paste 
with polymer and the yield stress of the reference paste) as a function of VMA 
dosage. 
Adapted from [53]. 
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containing superplasticizers, the magnitude of the attractive van der 
Waals forces decreases, and the contribution of attractive depletion 
forces generated by non-adsorbing VMA to the flocculation mechanism 
become important (Fig. 6f). In this system, the addition of non-adsorbing 
polymers leads to an increase of relative yield stress (see Fig. 17). 

Below a critical concentration which corresponds to the critical 
concentration c* (i.e., in the dilute regime), a moderate increase in the 
relative yield stress is observed. At higher polymer concentrations, a 
rapid increase in the relative yield stress, scaling with c3/2, is observed. 
This scaling is consistent with the magnitude of the computed depletion 
forces. From Fig. 17, it was noted that in the common industrial dosage 
range of VMA (i.e., of the order of few tens of %), the relative yield stress 
remains equal to 1 in the reference cement paste without PCE and vary 
between 1 and 3 in cement pastes containing PCE. This suggests that the 
combination of a superplasticizer and a VMA could lead to an increase of 
the yield stress which is in most cases considered inconvenient. How
ever, it should be kept in mind that before VMA addition the yield stress 
of the reference cement paste containing superplasticizer is very low and 
any addition of VMA at a common industrial dosage will have a very 
moderate effect on the flowability of the suspension. 

For differently modified starches and diutan gum depending upon 
PCE dosage and solid volume a similar increase of the relative yield 
stress is observed in cement and limestone filler paste [92]. 

4.2.2. Effect on viscosity 
The apparent viscosity is defined as the ratio between shear stress 

and shear rate. It depends on the suspension composition and the 
applied shear rate [88]. The rheological behavior at low and interme
diate shear rates of cement pastes is often described by the Bingham type 
relation τ = τ0 + μP γ̇ where τ is the stress, τ0 is the yield stress, μP is the 
plastic viscosity and γ̇ is the shear rate. 

It was shown in [93–100] that VMA incorporation increases the 
plastic viscosity of cement paste. However, shear thinning behavior of 

VMA solution maintains a relatively low resistance to flow during 
mixing, pumping and casting [25,98]. 

At low shear rates, colloidal attractive forces dominate the hydro
dynamic forces and the cement paste displays a shear thinning behavior 
(i.e., decreasing apparent viscosity with shear rate). At intermediate 
shear rates, hydrodynamic forces govern the viscous dissipation and the 
suspension display a Newtonian behavior (i.e., constant apparent vis
cosity). At high shear rates, particle inertia leads to shear thickening 
behavior (i.e., increasing apparent viscosity with shear rate) [88]. In 
high solid volume fraction suspensions, the transition between shear 
thinning behavior and shear thickening behavior is direct and the 
Newtonian behavior is not observed. 

According to literature, viscosity of cement paste at the Newtonian 
plateau is expected to scale with the product of the cement pore solution 
and another function of the solid volume fraction [101]. However, some 
results from literature [33,34,53,102] show that viscosity of cement 
paste containing VMA increases with the viscosity of cement pore so
lution but the increase is attenuated (i.e. not proportional to the vis
cosity of cement pore solution). According to [102], this behavior is 
owed to non-adsorbed polymers which, thanks to hydrodynamic lubri
cation, prevents direct contacts and reduces the overall energy dissipa
tion. More explanations are given in literature which suggest that non 
adsorbing VMA could be at the origin of repulsive depletion forces [33] 
or repulsive steric forces [53] which lead to an increase of the inter
particle distance and to the decrease of viscosity [103]. The origin of the 
attenuated viscosity in the presence of VMA is still a subject of debate. 
However, it should be kept in mind that it is very delicate to isolate the 
viscosity of cement paste which only results from hydrodynamic dissi
pation (i.e., Newtonian plateau) from the colloidal and inertial contri
butions [88,103]. To avoid misinterpretation, viscosity results from 
literature must therefore be carefully interpreted. Moreover, since in 
suspensions, the microscopic shear rate is higher than the macroscopic 
shear rate, for shear-thinning polymer solutions it is important to 
consider the viscosity of cement pore solution at high shear rates. 

4.2.3. Effect on thixotropy 
Thixotropy has two origins in cement paste: flocculation (over time 

scales of the order of some minutes) and structuration due to hydrates 
nucleation (over time scales of the order of some tens of minutes) [89]. 
VMAs that do adsorb introduce in the system some bridging forces as 
described above. As such, they enhance the flocculation of the system 
and therefore the short time scales thixotropy. The material builds up its 
yield stress very quickly once it has stopped flowing. However, some of 
these macromolecules were reported to delay hydration and therefore 
slow down hydrates' nucleation [82,104–106]. As such, they decrease 
the kinetics and amplitude of the material structuration over long time 
scales, as shown in Fig. 15 where the stress level in the 1E-3 strain range 
drastically drops when CEs are added to the system. 

4.2.4. Effect of varying W/C 
The yield stress of colloidal particles suspensions is expected to scale 

with the product of the interparticle force with a function of the solid 
volume fraction [107], while the viscosity is expected to scale with the 
product of cement pore solution viscosity and another function of the 
solid volume fraction [101]. 

Cement pastes are no exception, and this is expected to apply to 
systems containing VMAs. This means that, as VMAs are expected to 
modify interparticle forces and cement pore solution viscosity (as 
described above), their effects are not expected to depend on solid 
volume fraction. 

Some caution should however be taken here. First, VMA mode of 
action depends on adsorption, which is itself expected to depend on 
concentration, which, in turn, depends on W/C when the VMA dosage is 
expressed as a function of the cement mass. 

Moreover, W/C variations often lead to variations in PCE demand to 
maintain a constant yield stress. As PCEs and VMAs can compete for 

Fig. 17. Relative yield stress of cement pastes and calcite as a function of 
Polyethylene glycol dosage (g/g powder). The superplasticizer is a PCE. Its 
dosage is 1 g/l in cement and 5 g/l in CaCO3 paste, W/Cement = 0.4 and W/ 
CaCO3 = 0.55. The relative yield stress is the ratio between the yield stress of 
the paste with Polyethylene glycol and the yield stress of the reference paste 
without Polyethylene glycol. The vertical dashed line corresponds to the critical 
polymer concentration c* defined in the text. 
Reproduced from [87] with permission. 
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adsorption sites (Cf. Section 5), a variation in W/C and related variations 
in PCE demand can induce variations in VMA adsorption and, in turns, 
the effect of VMA on fresh properties. 

Finally, the variation of W/C modifies the ionic composition of 
cement pore solution and the hydrates at the surface of cement particles 
and can affect the mechanism of action of VMA [108,109]. This can also 
affect the conformation of VMA in solution (Cf. Section 3) and its 
adsorption. 

4.3. Effect on stability 

As shown in Sections 3 and 4.1, the rheological behavior of cement 
pore solution can be correlated to the amount of non-adsorbed VMAs. 
Consequently, and as described in the previous section, the apparent 
viscosity of both cement pore solution and of the resulting cement-based 
suspension increases when the amount of non-adsorbed VMA increases. 
This has, however, some beneficial consequences on the material ability 
to retain some of its free water when faced to destabilizing conditions, 
such as the contact with a dry surface or pressure gradient (i.e., water 
filtration, washout) or simply the phase separation induced by gravity (i. 
e., segregation or bleeding). This feature was demonstrated in [7] in the 
case of CE effect on water retention. It was shown that, below over
lapping concentration, water retention of mortars containing CE can be 
seen as a biphasic filtration process, in which the rheological properties 
of cement pore solution dictate the ability of water to resist migration 
under a pressure gradient whereas, above the overlapping concentra
tion, the formation of some CE associates in the paste pore structures 
start to dominate water retention (see Fig. 18). The size of these asso
ciates could reach few micrometers which is the characteristic size of the 
porosity of the common pastes [88]. 

As suggested by [110], the viscosity of cement pore solution can 
control the rate of filtration but cannot govern alone the water retention. 
The formation of associates is needed to physically plug the filter cake 
porosity and therefore improve water retention. Similar results on the 
effect of the formation of CE associates [5–7,57,58] and hydroxypropyl 
guar associates [8] on water retention have been reported in literature. 

However, the stability of grout or concrete constituent when sub
mitted to gravity is expected to depend on the viscosity of cement pore 
solution and not on the formation of polymer associates. Although 
polymer associates enhance the viscosity of cement pore solution, their 
presence is not mandatory in this case. It should be kept in mind that the 
viscosity of cement pore solution can control the rate of constituent 
separation but cannot govern alone the stability of the suspension. 

Constituents separation can be avoided when the yield stress of cement 
paste builds up very quickly thanks to hydrate nucleation and/or VMA 
induced flocculation (see Section 4.2.3) [111,112]. The yield stress of 
cement paste must be high enough to resist gravity forces applied on the 
flocculated cement particles and generated by the density difference 
between an individual coarse grain and the cement paste [88]. 

The effect of VMA on stability in various industrial applications is 
illustrated in Section 6.1. 

5. Viscosity modifying admixtures and superplasticizer 
compatibility 

In some construction applications, such as SCC, the mixture design 
combines VMA and superplasticizer to secure adequate rheological 
properties and proper performance of the material. While super
plasticizers enhance concrete flowability, the incorporation of VMA can 
increase yield stress and/or viscosity of the mixture leading to a flowable 
yet and stable system during processing and ideally until the onset of 
hardening. However, the blending of these chemical admixtures can 
generate some incompatibilities in cement pore solution or lead to 
competitive adsorption on surface sites of particles, which can influence 
the performance of the cement-based material. 

Mikanovic et al. [113] observed that, while a cellulose ether (HPMC) 
acts as a VMA in water and in lime solution, it exhibits no significant 
viscosity enhancement in the presence of superplasticizer (i.e., Poly
naphthalene Sulfonate (PNS)). These and related observations indicate 
that the erratic behavior (incompatibility) of some VMAs and super
plasticizer couples can, in part, originate from solvation effects and 
polymer interactions occurring in the solution. Such interactions, as 
observed in this example can dramatically alter the combined action of 
these admixtures. On the other hand, Khayat et al. [4] reported good 
compatibility between diutan and PNS-based and two PCE-based 
superplasticizers used in SCC. The superplasticizer demand and work
ability characteristics of the SCC was shown to depend on the selected 
superplasticizer and dosage of the VMA. 

Moreover, it was shown in [87] that in cement paste containing 
superplasticizers, depletion forces induced by non-adsorbing VMA 
become important and could contribute to the flocculation mechanism. 
More details on this mechanism of action are summarized in Section 
4.2.1. 

In cement paste, the mechanism of action of both an adsorbing VMA 
and superplasticizer is sensitive to their adsorption behavior onto 
cement particles. Competitive adsorption at the surface of cement par
ticles can be an advantage leading to synergetic effects between 
adsorption species but, on the other hand, can in some cases reduce the 
desired performance [114]. 

It was observed in [114] that when surface saturation is attained, the 
adsorption of a PCE-based superplasticizer can lead to the gradual 
desorption of the VMA (see regime 2 in Fig. 19). The VMA is a cellulose 
ether (HEC). At relatively high superplasticizer dosage, cement particles 
can be completely covered by superplasticizer molecules, and the entire 
VMA polymer remains in the cement pore solution (see regime 3 in 
Fig. 19). The substitution of the VMA by superplasticizer occurs rapidly 
(i.e., within 15 min). However, it should be pointed out that the 
desorption of an already adsorbed polymer could be very slow process in 
some cases and can take hours, days or even years [115]. 

When the VMA is displaced by the superplasticizer, yield stress is 
governed by the adsorbed superplasticizer, while the residual viscosity is 
mainly dictated by the concentration of the VMA remaining in cement 
pore solution (see regime 3 in Fig. 20). 

Similar results have been observed in [106] where a PCE-based 
superplasticizer is shown to hinder the adsorption of diutan gum and 
a modified starch and controlled the yield stress of the cement paste. In 
these cases, competitive adsorption enhances the efficiency of both the 
superplasticizer and the VMA. Further demonstration of the effect of 
competitive absorption of superplasticizer and VMA was shown in [116] 

Fig. 18. Fluid loss as a function of the computed filtrate viscosity for 24 
different HEMC(s) and different HPMC(s). The dashed line illustrates the cor
relation between fluid loss and filtrate viscosity below the overlapping con
centration. 
Reproduced from [7] with permission. 
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where lateral form pressure characteristics (initial pressure and pressure 
decay) exerted by SCC made are found to depend on the type, combi
nation, and dosage rates of VMA and superplasticizer. Mixtures made 
with relatively low dosage of VMA polysaccharide- or cellulose-based 
VMA correlated well to thixotropy. Increased concentration of VMA 
led to considerably lower pressure decay given the increase in super
plasticizer demand that can interfere with the rate of the development of 
cohesion and degree of restructuring of the material at rest. Moreover, it 
was observed in [106,117] that starch and diutan gum enhance the 
formation of ettringite and limit the effect of PCE on C-S-H growth. In 
fact, more PCE can be found adsorbed on ettringite, which causes earlier 
accelerated formation of C-S-H. These results suggest that in the pres
ence of PCE these VMAs could enhance thixotropy of cement paste. 

These results should be taken as an illustration rather than a general 
rule. It should, indeed, be kept in mind that the compatibility or in
compatibility between these polymers cannot be extrapolated to all 
types of superplasticizers or VMAs. Any modification in the chemical 

composition or structure of the admixtures could drastically change 
their behaviors. 

6. Use of VMA in various construction applications 

6.1. Stability 

The incorporation of VMA can significantly enhance the perfor
mance of cement-based materials, especially when used in highly 
flowable systems (i.e., systems requiring low yield stress and moderate 
to high viscosity to ensure proper stability). This includes the design of 
grouts for post-tensioning applications, mortar and concrete for under
water placement and repair applications, as well as highly flowable 
concrete and SCC for precast and cast-in-place construction and repair 
applications. The use of VMA can enhance dynamic stability, which 
refers to the resistance of concrete to separation of constituents during 
transport, placement, and flow into place. It can also lead to greater 

Fig. 19. Desorption isotherm of pre-adsorbed HEC (dosage 0.2%) by the addition of PCE and simultaneous adsorption isotherm of PCE. PCE and HEC adsorption 
when they are alone in the system are also plotted. (regime 2) Gradual displacement of the HEC from the surface and (regime 3) total displacement of the HEC. 
Reproduced from [114] with permission. 

Fig. 20. Relative yield stress (i.e., ratio between yield stress of the paste with polymer and yield stress of the reference paste) as a function of PCE dosage (left). 
Relative residual viscosity (i.e., ratio between the residual viscosity at the plateau of the paste with polymer and the residual viscosity of the reference paste) as a 
function of PCE dosage (right). 
Reproduced from [114] with permission. 
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static stability to ensure homogeneous dispersion of cast material until 
the onset of hardening. Several studies have demonstrated the benefit of 
VMA to enhance stability of cement-based materials, which in turn af
fects the performance of the hardened system including impermeability 
and bond to embedded steel reinforcement [118–120]. 

Cement-based materials made with proper concentration of VMA can 
exhibit limited or no bleeding. The forced bleed test can be conducted to 
evaluate the ability of the paste to retain some of the free water in 
suspension given a certain hydraulic gradient. This property can be of 
interest when the material is subjected to pumping where water can 
migrate through the matrix of the skeleton leading to segregation and in 
grouts used for post-tensioning applications when mixing water in grout 
under overhead pressure can lead to water infiltration through closely 
spaced strands. Proper use of VMA and superplasticizer in such grout is 
shown to significantly enhance the resistance to forced bleeding (pres
sure filtration) compared to grout made with superplasticizer and no 
VMA. For example, compared to grout made with 0.40 W/C and 0.5% 
superplasticizer (PNS), the incorporation of 0.055% welan gum and 
1.6% superplasticizer needed to achieve the same flowability was re
ported to reduce forced bleeding from 25% to 1% [1]. Similar benefits of 
reducing pressure filtration was reported for grouts made with cellulose- 
based VMAs [2]. 

As shown in Fig. 21 [3], regardless of the W/C and slump value of 
concrete, the incorporation of welan gum can significantly enhance the 
resistance to bleeding, segregation, and surface settlement. Concrete 
containing 0.07% VMA and no silica fume was shown to secure greater 
resistance to bleeding, segregation, and surface settlement than similar 
mixture made with 0.035% VMA and 8% silica fume. Such enhancement 
of stability is critical in SCC applications, especially when the concrete is 
proportioned with a W/C greater than 0.40 and low to moderate binder 
content. 

In production of SCC, VMA is often used to secure high stability and 
passing ability and filling capacity of the formwork. As shown in Fig. 22 
[4], the use of diutan gum in SCC can enhance the resistance to surface 
settlement and caisson filling capacity. The latter is dependent on high 
deformability and resistance to segregation and blockage. The investi
gated SCC was proportioned with 0.42 W/C. The resistance to surface 
settlement was shown to vary with superplasticizer type (PNS and two 
PCE) and diutan gum concentration and superplasticizer contents, the 
latter added to secure a slump flow of 665 ± 15 mm. 

6.2. Washout resistance for underwater casting 

Because of their ability to retain water in the suspension described in 
the above sections, highly flowable cement-based materials (grout, 
mortar, and concrete) with fixed yield stress can exhibit considerably 

greater washout resistance when an AWA is used. As shown in Fig. 23, 
the washout mass loss decreases with the increase on AWA in concrete 
with a fixed slump consistency [9]. These results are more accentuated 
with the increase in W/C and at relatively high concentration of AWA, as 
shown in Fig. 23 for concrete made with cellulose-based and welan gum- 
based AWAs. The investigated mixtures were prepared with powdered 
welan gum and a liquid-based cellulosic AWA. The latter had 40% solid 
content. A naphthalene-based superplasticizer was incorporated in 
mixtures containing welan gum and those without any AWA. A 
melamine-based superplasticizer was used in mixtures prepared with 
the cellulose-based AWA. The washout resistance determined using a 
standard basket dropped three times in a 1.7-m high water column [121] 
was found to vary with yield stress and plastic viscosity of the concrete. 

Sonebi and Khayat [10] evaluated the effect of AWA on washout loss 
of concrete cast at different water velocities. As shown in Fig. 24, the 
increase in the dosage of welan gum from 0 to 0.07% and 0.15% resulted 
in net reduction in both the standard washout mass loss (Was.3 of 
10.7%, 8.0%, and 5.9%, respectively) and washout mass loss determined 
by subjecting a freshly cast concrete sample in moving water. 

6.3. Robustness of concrete 

Robustness of concrete refers to the ability of the material to display 
the same properties when submitted to some variations in physical and 
chemical properties of the constituent materials, or some variations in 
the content of constituent materials [122–125]. Greater robustness re
fers to the ability of freshly mixed material to tolerate small changes in 
material characteristics without adverse effect on key properties, 
including workability. This includes changes in material temperature, 
sand humidity, sand fineness modulus, and dosage rate of chemical 
admixtures. 

Robustness is, at first order, mostly a water effective dosage issue 
emerging from the sensitivity of the mixture to water content at low W/ 
C and often originating from the difficulty in assessing the water content 
of sand stockpiles in practice. Studies have shown that VMAs are able to 
directly and indirectly improve the robustness of cement-based mate
rials. Indeed, these molecules seems to intrinsically improve the 
robustness of low W/C concrete that already have proper resistance to 
bleeding and segregation. 

Naji et al. [126] showed that the use of microbial anionic poly
saccharide VMA can provide greater robustness than cellulose-based 
VMA in stable SCC mixtures proportioned with 0.37 W/C. The mix
tures were prepared with W/C 0.35 and 0.39 to simulate different sand 
moisture contents that correspond to surface saturated dry (SSD) of − 1% 
and SSD of +1%, respectively. Three powder-based microbial anionic 
polysaccharides milled to different fineness levels were used: PS1 and 

Fig. 21. (left) Effect of welan gum content on surface settlement and external bleeding determined for concrete proportioned at different slump values cast in 70-cm 
high columns; (right) variations of bleeding, segregation, and settlement with VMA content and column height. 
Reproduced from [3] with permission. 
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PS2 representing diutan gum with maximum apparent diameter of 180 
and 75 μm, respectively, and PS3 (welan gum) with a maximum 
apparent diameter of 180 μm. A cellulose-based derivative VMA (CEL) 
with a maximum apparent diameter less than 210 μm and a modified 
starch (MS) VMA were also investigated. PNS-based and PCE-based 
admixtures were used to ensure high fluidity. The tested mixtures 
were ranked in terms of robustness using the values of the coefficient of 
variation (COV) for 20 investigated properties of the fresh and hardened 
concrete. As shown in Table 2, SCC made with PNS-based super
plasticizer and PS2 VMA had greater robustness than that made with PS1 
VMA. This may be attributed to the higher fineness of the PS2 product. 
The PS2 was also more effective in terms of robustness than the PS3, 
which could be explained by the higher molecular weight and higher 
fineness of the PS2 VMA. The used PCE-CEL and PCE-No VMA led to the 
lowest robustness. 

The variation of temperature affects the conformation of VMA, its 

adsorption and efficiency in cement-based materials. For SCC and 
flowable concrete, when PCE for ready-mixed applications (with a lower 
charge density) is used, it can be shown that VMA with a lower 
adsorption tendency can be particularly reasonable to absorb the effect 
of varying temperature. However, for pre-cast applications, where 
higher charge density PCE is used, a VMA, such as diutan gum with a 
stronger adsorption can support flow stability and rapid processing [26]. 
It was found that at cold temperatures (5 ◦C), when the stability of the 
cement paste is not amended by significant hydration progress, diutan 
gum provided much better robustness in comparison to starch based 
VMA, although at moderate temperatures (20 ◦C), both VMAs showed 
similar effects and slump retention. In return, diutan gum caused a more 
rapid loss of workability at high temperature (30 ◦C) than starch based 
VMA [26]. The incapability of starch VMA to stabilize concrete at low 
temperatures effectively was also reported before from field observa
tions [127]. 
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Fig. 22. Effect of diutan gum on surface settlement and caisson filling capacity of SCC prepared with different HRWR types. 
Reproduced from [4] with permission. 
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Fig. 24. Effect of welan gum content and water velocity on washout mass loss. 
Reproduced from [10] with permission. 

Table 2 
Comparison of the effect of combination of superplasticizer and VMA on 
robustness of stable SCC [126].  

Superpasticizer- 
VMA 

Normalized sum of ranking 
(%) 

Category Robustness 

PNS-PS2 
PNS-PS3 

100 
86 

I 
(75%– 
100%) 

Very high 

PCE-PS1 
PCE-MS 
PNS-PS1 

71 
71 
69 

II 
(50%–74%) 

High 

PNS-No VEA 45 III 
(25%–49%) 

Medium 

PCE-CEL 
PCE-No VEA 

24 
0 

IV 
(≤ 24%) 

Low  
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Furthermore, it was shown in [128,129] that for steady casting 
processes, where steady consistency is important, the inevitable scatter 
in the flow performance of concrete can be effectively adjusted by 
incorporating either superplasticizer, when the consistency is too stiff, 
or a VMA (here starch and diutan gum) if the consistency is too flowable. 
This adjustment worked well when an effective process observation and 
clear decision rules were applied, regardless of the root cause of the 
scatter, even if cement content, or water content varied up to ±10%, 
gypsum was added, aggregates replaced or cement was replaced by 
limestone filler. These studies clearly showed that by using cusum along 
with v-mask decision making criteria [130,131] a constant rheological 
performance could be achieved by using VMA as a specific rheology 
control. 

6.4. Printability of 3D extruded layer 

The incorporation of certain types of VMAs can significantly enhance 
the printability of cement-based materials. During mixing, pumping and 
extrusion, the incorporation of VMA can reduce the risk of bleeding and 
segregation of the 3D extruded layer [132–134]. 

Immediately after deposition, the incorporation of VMA can allow 
for a control of the shape stability through the increase of yield stress 
(see Section 4.2.1). It was shown in [135,136] that a 3D extruded layer 
containing VMA almost does not deform under its own weight and under 
the weight of successive layers. Moreover, it was shown in [16,137,138] 
that the incorporation of VMA can reduce the drying rate of the 
deposited layer, improve surface moisture and enhance the interlayer 
bond strength. 

7. Perspectives 

Since polysaccharides occur in abundance and in wide variety in 
nature, they offer exhaustless potentials for innovation in concrete 
technology. Acacia gum, for example, has shown to be an effective 
retarder, superplasticizer, and VMA [139–142]. Whether the polymer 
acts as a VMA or a superplasticizer depends upon the polymer dosage as 
well as the solid particle volume fraction [142]. In combination with 
PCE, it can significantly increase the thixotropy of cement paste [140]. 
Further investigation is needed to understand the mechanism of action 
of Acacia gums. Another example of a polysaccharide found in nature is 
the easy water-soluble gum that acts as insect protection inside the bark 
of the Triumfetta pendrata A. Rich plant. It can significantly increase the 
thixotropy of cement paste when combined with PCE. Application tests 
have shown that cement pastes can become flowable for a few minutes 
after mixing and build up a stiff structure within the first 5 min after 
mixing [139]. The cement hydration is not affected by the presence of 
this gum, which makes it particularly interesting for additive 
manufacturing applications since no set-modifying admixture is 
required to promote the structural build-up [140]. 

Unmodified starches can also be interesting as VMA for cement- 
based materials. While they can exhibit a yield stress reducing effect, 
they can increase the overall viscosity [139]. Their effect is complex and 
depends upon multiple parameters [143], but based on the source, the 
ratio of amylopectin and amylose as well as the hydrodynamic diameters 
of the macromolecules varies [144], which offers a wide range for vis
cosity modification. 

The novel use of polysaccharides, that have not been established in 
concrete technology to date, can therefore become an effective inno
vation driver. Furthermore, water soluble polysaccharides that can 
manipulate the rheological properties without complex industrial pro
cessing can become sustainable concrete constituents that help reducing 
cost and environmental impact of concrete construction and create 
livelihood potentials resulting from rapid urban growth [145–147]. 
Therefore, more attention should be given to the better understanding of 
polysaccharides in future research to design high performance concrete 
with adapted rheology. 

Although VMA and superplasticizers compatibility has been exten
sively studied in literature, further investigations are needed to under
stand the interaction of VMA with other chemical admixtures. The 
incorporation of VMA can significantly affect the required dosage rate of 
certain chemical admixtures demand. As shown in [68], the increase in 
welan gum content reduces the free water in the solution that can be 
available to the air-entraining admixture (AEA), hence leading to a 
greater demand of the AEA to secure a given air volume. Other mech
anisms associated with the increase in AEA demand are elaborated in 
[68]. As shown in [148], the addition of a shrinkage reducing admixture 
affects the stabilizing effects of VMA. More attention should be given in 
future to the better understanding of VMA and other chemical admixture 
incompatibilities to secure adequate rheological properties and proper 
performance of the material. 

8. Conclusion 

VMAs are critically important to produce advanced cement-based 
materials for which stability and flow properties are fundamental to 
secure adequate performance. In this paper, commonly used VMAs are 
presented, and the underlying physics at the origin of the effect of VMA 
on cement-based materials is discussed. By highlighting the effect of 
VMA on cement-based flow properties and stability, this paper provides 
the knowledge to design highly stable materials and facilitates the use of 
a broader range of VMAs. 

Non-adsorbing VMAs are shown to enhance the stability of the sus
pension through the increase of the zero-shear viscosity of cement pore 
solution and the formation of associates. The formation of associates is 
needed to physically plug the filter cake porosity and therefore improve 
water retention. The effect of non-adsorbed VMA on the zero-shear 
viscosity of cement pore solution depends mainly on their volume 
concentration in solution and concentration regime. The shear thinning 
behavior of aqueous VMA solution, which allows it to maintain a rela
tively low resistance to flow during mixing, pumping, and casting in
creases when the polymer volume concentration increases, and is 
dependent on the VMA molecule specificities. The polymer properties 
controlling the shear thinning behavior is still not fully understood, and 
further investigation is needed. Moreover, as shown in literature, some 
VMAs mainly enhance the yield stress of cement-based materials by 
adsorbing at the surface of adjacent cement particles and introducing 
bridging force in the system. Furthermore, the combined use of VMA and 
superplasticizer can generate some incompatibility in cement pore so
lution and can lead to competitive adsorption onto surface sites of par
ticles, which can influence the performance of the cement-based 
materials. A number of examples of the effect of VMA on enhancing 
concrete properties in various construction applications are discussed to 
highlight the great benefit of using this unique family of chemical ad
mixtures on the design of novel construction materials. 
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