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In this article, the rheological and thixotropic properties of fresh cement pastes (fcps) with nonionic polyacrylamide (PAM) are
investigated through the coaxial rotary method. The B-HB model is resorted to fit the shear stress versus shear rate diagram,
from which the slurry plastic viscosity is particularly discussed. The results show that with the development of PAM, the
plastic viscosity increases first, then decreases, and then increases again, exhibiting the “up-down-up” trend, which is consistent
with the fcps fluidity. The adsorption, lubrication, and entanglement mechanisms of PAM are successfully used to interpret
this phenomenon. Combined with the suspension density, the relationship among plastic viscosity, flowability, and density is
successfully established follower via a multivariate linear regression method. The Durbin-Watson coefficient, variance inflation
factor, μ significance, ρ significance, and R2 are 2.122, 1.024, 0.014, 0.004, and 0.776, respectively, demonstrating the feasibility
of fitting formula. Besides that, the PAM containing slurry which exhibits the explicit thixotropy is also found according to the
appeared hysteresis curve during one shearing cycle. With the increase of PAM dosage, the thixotropic indexes including Th1
and Th2 decreased, until the PAM exceeded 0.5%-0.6% dosage, both of them yielded negative values. The phenomenon that
the fcps final shear stress exceeds its initial value occurs.

1. Introduction

Polyacrylamide is a kind of linear high molecular polymer.
Due to the amide group contained in its structural unit, it
is easy for PAM to form hydrogen bonds, resulting in the
good water solubility and high chemical activity [1]. Com-
bined with grafting or cross-linking technology, various
PAM modifications can be tailored for different industries,
such as petroleum exploration, water treatment, textile, paper-
making, mineral processing, medicine, and agriculture [2].

In the civil engineering field, polyacrylamides are com-
monly utilized as the viscosity modifying admixtures [3–5].
It can improve the yield stress of the cementing material

while reducing the deformation of the material due to its
own weight, which is the key of additive manufacturing con-
crete. Based on this property, PAM could be used in the field
of shotcrete, single-coat plastering mortar or tile adhesives
[6]. According to [7–9], the flocculation properties of fiber
reinforced cement-based composites prepared by polyacryl-
amide could be appropriately tuned to ensure the casting
process smoothly. Due to its ability of reducing bleeding,
segregation, and significantly increasing the internal cohe-
sion of the traditional concrete, PAM was always employed
as the antiwashout admixture in underwater pouring, filling,
or repair engineering [10–12]. In digital construction field,
the fcps containing polyacrylamide were found to exhibit a
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higher elastic modulus compared with cellulose ethers added
suspension [2, 13]. Combined with its ability of limiting the
deformation of deposited cement-based materials under
their own weight, PAM is emerging as one of the most suit-
able viscosity modifying admixtures for 3D printing con-
crete. Despite so many engineering applications, compared
with other chemical admixtures in the construction industry
such as cellulose ethers [6, 13–23] or polysaccharide
[24–28], the usage of polyacrylamide is mostly based on
empirical data in industrial practice [2], and the exact acting
mechanisms of PAM on cement slurry materials are still
unclear.

Compared with traditional slump and water retention
properties, rheological parameters have more essential prop-
erties in characterizing cement-based materials such as mix-
ing, pumping and filling and can even affect the mechanical
strength and durability of hardened materials [29, 30]. As
the viscosity modifying admixtures, it is highly important
to understand and adjust the rheological behavior of PAM-
added systems accurately. Many models are used to charac-
terize to try to characterizing the cement-based material
rheological properties [31]. The Bingham model or the
Herschel–Bulkley model is commonly proved effective for
fitting rheology performances of concrete, mortar, or cement
paste [9]. In [32], the AWC rheological parameters were per-
formed with the Bingham model; thereby, their relationship
with washout resistance was established. Nevertheless, a
shear-thinning or thickening behavior always occurs when
viscosity-modifying admixtures were added to cement-
based materials in accordance with [33], which was against
the linear correlations between shear stress and shear rate
in Bingham model. In [14, 34], the Herschel-Bulkley model
was proved more precisely to express the shear stress versus
shear rate curves compared with traditional Bingham model,
while the fitting of the Herschel-Bulkley model often fails to
give the right yield stress, and the negative values were found
in [9–11], which is obviously unrealistic.

Under this framework, the rheological properties of
polyacrylamide-blended cement slurry were analyzed by
using H-HB model and found that the change trend of
the obtained plastic viscosity and macrofluidity under the
different PAM content is highly correlated. The relation-
ship between macrofluidity and microparameters of poly-
acrylamide slurry was established by multiple linear
regression method. In addition, the PAM containing slurry
that exhibits the explicit thixotropy is also found and con-
firmed according to the appeared hysteresis curve during
one shearing cycle. With the increase of PAM dosage, the
enhanced thixotropy are verified, which provided some guid-
ance for pumping and construction of polymer-activated
slurry.

2. Materials and Testing Methods

2.1. Preparation of Fresh Cement Paste. The generally
acceptable Ordinary Portland Cement (P.O. 42.5R) con-
forming to GB175-2020 [35] was used in this study. The
chemical composition of OPC was carried by the X-ray fluo-
rescence method, as shown in Table 1. A Bettersize 2000

laser particle size distribution instrument was resorted to
explore the OPC particle distribution, as shown in
Figure 1. In this figure, the diagrams of frequency vs. diam-
eter and frequency vs. cumulative mass content are illus-
trated with the black and red solid lines, respectively.

The chemical viscosities used is traditional commercial
nonionic polyacrylamide. Its molecular weight is 10 million
Daltons, and its molecular structure and physical picture
are shown in Figure 2. Cement slurry ratio was processed
with a fixed water cement ratio of 0.5, and polycarboxylic
acid high-efficient water reducing agent was added with a
2.0% of cement weight [32, 36, 37]. PAM content was 0%,
0.1%, 0.2%, 0.3%, 0.4%, 0.5%, 0.6%, 0.7%, 0.8%, 0.9%, and
1.0% of cement weight, and the gradient contrast tests were
conducted to obtain the more reliable results. The prepara-
tion process of cement slurry is carried out strictly in accor-
dance with our previous tests [10].

2.2. Rheological Testing. The rheological properties of fcps
were measured using an LVDT-1T coaxial rotary viscome-
ter. The illustrations of rheological testing of fcps are shown
in Figure 3. Based on the range of measured cement-water-
ratio and the molecular weight of PAM, the selected geome-
try of the outer (Stator) and inner (Rotor) cylinders is shown
in Figure 3(a). The diameter and height of rotor were
5.0mm and 33.0mm, respectively. The diameter and height
of stator were 20.0mm and 45.0mm, respectively. The rhe-
ology testing was adopted immediately after mixing proce-
dure, and the shear rate was set to increase from 2.5 s to
25 s in 10 steps with 15 s as the interval time. The specific
schematic diagram of shear rate versus time is shown in
Figure 3(b).

2.3. Fluidity. The fluidity was determined according to GB/T
2419-2005 [38] by dropping a jump table 25 times in 15 sec-
onds. The average of the two perpendicular measurements
was recorded as the simple extensibility, and the final fluidity
result of a given proportion mixture was determined by
averaging three independent samples.

2.4. Density. The fcps density was conducted strictly con-
forming to GB/T208-2014 [39]. After pouring the mixed
cement slurry into a 100ml measuring cylinder, the appara-
tus was vibrated to exhaust the entrapped air void, then
scraped off the excess grout with a sharpener. The masses
of the measuring cylinder and total mass of measuring cylin-
der and fcps were weighed separately. The density calcula-
tion formula is shown in

D = m2 −m1ð Þ
V

, ð1Þ

where D is the density of fresh cement paste (%);m1 refers to
the measuring cylinder mass (g); m2 refers to the total mass
of measuring cylinder and fcps (g); V is the volume of mea-
suring cylinder.

2.5. Thixotropic Testing. The fcps thixotropic testing was
conducted with the coaxial rotary method similar to the rhe-
ology testing. The geometry and size of apparatus selected in
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this test were shown in Figure 3(a). The fcps thixotropic test
protocol is displayed in Figure 4. The shear rate was set to
increase from 2.5 s to 25 s in 10 steps at 15 s intervals firstly,
and then, the shear rate was decreased from 25 s to 2.5 s in
10 steps at the same time interval.

3. Results and Analysis

3.1. Rheological Properties. The shear stress versus shear rate
for fcps with different PAM dosages is displayed in Figure 5,
where shear stresses are marked with different colors and
shapes based on the PAM content. As the first observation,
the acceleration of shear stress in PAM-added slurries
decreased with increasing shear rate, indicating a decrease
in material viscosity. The cement paste containing PAM
exhibits pronounced shear-thinning behavior. This is
because PAM belongs to the absorbable polymer, which
could stick on the surface of cement particles through chela-
tion or hydration bonds as the anchorage points [33]. Its

long-chain structure of polymers could simultaneously
adsorb onto several cement grains and bridge them together
[2], through the interaction between cement particles and
polymer intermolecular as the connection nodes, resulting
in the intertwining structures in the polymer system [7,
40]. With the progress of shear protocol, the network floc
structure in fcps is gradually destroyed. Accompanied by lin-
ear alignment of the polymer long chains, the fcps resisting
shear damage ability is subdued, leading to the shear-
thinning behavior for PAM-added cement pastes.

With the increase of PAM content, the fcps shear-thinning
behavior becomes less conspicuous. During shearing process,
there not only exists slurry structural destruction; the inter-
structure rebuilding also occurs in the form of PAM reab-
sorption and rewinding. This means that the structural
damage and reconstruction of the cement slurry are con-
stantly occurring during shearing process. When the PAM
content is low, the slurry structure damage in the suspension
system is dominant, and the material exhibits obvious shear-
thinning behavior. With the growth of PAM content, the
contact probability between PAM long-chain structures and
cement particles increases. The structure reconstruction phe-
nomenon is gradually enhanced, leading to the weakening of
the shear-thinning behavior.

In order to study the rheological parameter characteris-
tics of the slurry under the action of PAM polymer further,
a new B-HB model is determined by taking advantage of
the model of Bingham and Hershel-Bulkley while avoiding
its shortcomings, as shown in Equation (2). For the first part
of shear stress versus shear rate graph (γ < 7:5 s−1), Bingham
model is used to get the yield stress and the plastic viscosity
values. For the second part of shear stress versus shear rate
graph (γ > 7:5 s−1), Herschel-Bulkley model is simulated
through using the confirmed yield stress obtained in Bing-
ham model to obtain the pseudoplastic index. The typical fit-
ting schematics are shown in Figure 6, from which 0.2%,
0.5%, and 0.8% PAM are illustrated. In this paper, the plastic
viscosity of the PAM addition system is analyzed emphati-
cally, and its influence on the macroscopic flow properties
of the material is studied, while the other parameters includ-
ing yield stress and shear rate will be analyzed in our future
study.

τ = τ0 + μγ γ < 7:5 s−1,
τ = τ0 + Kγn γ > 7:5 s−1:

(
ð2Þ

3.1.1. Plastic Viscosity. Figure 7 describes the plastic viscosity
results of fcps with different PAM dosages, from which the
plastic viscosities are shown in red circle dots in the left,
and the corresponding dates are shown in the right. It is
shown that, with the increase of PAM content, the plastic
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Figure 1: Particle size distribution of P.O. 42.5R cement.

Table 1: Chemical composition of P.O. 42.5R cement.

Chemical constituents CaO SiO2 Al2O3 Fe2O3 SO3 MgO K2O Na2O Minors

Content/% 66.65 17.88 6.35 3.72 2.66 0.61 0.85 0.12 1.16

Note: loss on ignition is 1.35%.

CH2 CH
n
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NH2
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Figure 2: Monomer structure (a) and physical picture (b) of high
molecular nonionic polyacrylamide.
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viscosity first increased (from 4.256Ps·s to 9.237 Ps·s), then
decreased (from 9.237 Ps·s to 3.480 Ps·s), and then increased
(from 3.480 Ps·s to 5.147Ps·s). Plastic viscosity is expressed
as the flow resistance of the slurry internal structure, reflect-
ing the cohesion of particle-to-particle phase, particle-to-
liquid phase, and the continuous liquid phase under flow
conditions. The results shown in Figure 7 indicate that, with
the increasing of PAM dosage, the fcps flowability increases
first, then decreases, and then decreases again. However,
according to the upper established adsorption and entangle-
ment mechanisms, fcps flow resistance will continue
increase for the enhanced particle adsorption and structural
entanglement with the increase of PAM dosage, leading to
the rising values of the plastic viscosity. This is inconsistent
with the “up-down-up” trend of plastic viscosity in this

paper. In order to confirm the accuracy of rheological
parameter results, the fluidity testing of the fcps with differ-
ent PAM contents was further investigated.

3.1.2. Fluidity. The fluidity results of the cement slurry with
different PAM contents were tested conforming to GB/T
2419-2005, and the results are shown in Figure 8. It is
clearly demonstrated that, with the increase of PAM from
0.0% to 0.3%, the fcps flowabilities decrease sharply from
211.5mm to 186.5mm; then, the flowabilities increase
from 186.5mm to 200.0mm as the PAM increase, from
0.3% to 0.7%; finally, the flowability values decrease again
from 200.0mm to 187.5mm with continuous increase in
PAM beyond 0.7% content, showing the “down-up-
down” tendency. This trend highly corresponds with the
plastic viscosity “up-down-up” tendency in B-HB model.
This discovery, on the one hand, confirms the feasibility
of B-HB model for simulating shear stress versus shear
rate diagrams in PAM-added cement slurry system, and
on the other hand, it also verifies that there are deficien-
cies in the understanding of the acting mechanisms of
polymers on cement-based materials.

Combining the plastic viscosity and fluidity data, it can
be found that the effects of PAM in cement can be attributed
to three aspects, namely, adsorption (including particles and
water molecules), lubrication, and entanglement. Due to the
addition of polycarboxylate superplasticizer, cement parti-
cles in the suspension are dispersed uniformly, and the fcps
plastic viscosity is low. When a small amount of PAM is
added (PAM < 0:3%), PAM will be adsorbed on the surface
of cement particles ascribed to the effect of hydrogen bonds
and the chelation of alkali metals. Within this range, PAM
mainly exhibits adsorption effect, i.e., adsorbing the water
molecules in the suspension and alkali metals on the surface
of cement particles. The cohesion of the suspension system
is enhanced, and the plastic viscosity is increased. When
0:3% < PAM < 0:65%, the free water and particle surfaces
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Figure 3: Diagrams of rheology test: (a) geometry of LVDT-1T coaxial rotary viscometer; (b) protocol of shear rate versus time.
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in the suspension system have been completely adsorbed,
but the content of PAM is not high enough to form the
entanglement structures at this time. The addition of PAM
mainly existed in the form of pure solution, which is mani-
fested as the lubricating effect between the cement particles.
Within this range of PAM dosage, the cohesion of the sus-
pension system is weakened by the existence of depletion
attractive forces [41], and the plastic viscosity is reduced.
When the PAM content in the cement slurry exceeds
0.65%, the entanglement effect between the polymer long-
chain particles occurs and gradually dominates. The cohe-
sion of the suspension system is enhanced again, leading to
the increased plastic viscosity values. It should be noted that
the above analysis of the action mechanism of different dos-
ages of PAM in cement slurry is mainly based on rheological

and fluidity data. More relevant experiments are needed to
perform to certify the accuracy of these mechanisms.

3.1.3. Relationships. Studying the rheological properties can
predict and evaluate the pumping ability and flow stability
capabilities of cement-based materials, yet rheometer com-
ponents are sensitive, fragile, and expensive, making them
unsuitable for construction sites. In contrast, traditional field
test techniques such as slump expansion test and fluidity test
have large human errors. Through establishing the func-
tional relationship between flow rate and rheological param-
eters, the quantitative mixture rheological parameters can be
obtained after the simple instrument testing. While avoiding
cumbersome experimental operations, it can also achieve the
purpose of predictably adjusting the rheological properties
of the target material, meeting the requirements of on-site
construction.

In 1993, De Larrard et al. [42] gave a method based on
Bingham model and Herschel-Bulkley model for slump
and yield stress of cement-based materials, respectively, as
shown in Eq. (3) and Eq. (4) in Table 2. In Eq. (3), the plastic
viscosity of the mixture is required to be lower than 300Pa·s,
and if it exceeds this value, the equation does not hold. As
for Eq. (4), it is only applicable to cement-based materials
whose yield stress is between 100 and 2000Pa, and the calcu-
lated yield stress value below this range is documented
smaller than the truth value. After that, Ferraris et al. [43]
presented the relationship between plastic viscosity and den-
sity for the low-flow grout (slump value less than 260mm)
and provided a feasible solution for the conversion between
rheological parameters and flow parameters. Based on the
inherent performance parameters of the mixtures, Roussel
et al. [44] established the relationship formula between the
high flow slump and yield stress (slump value above
200mm) after combining the Bingham and Herschel-
Bulkley models, as shown in Eq. (7) in Table 2. The equation
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is not affected by the discrepancy of testing tools or mate-
rials, and it can directly transform the slump cone into a
simple and effective rheological testing apparatus.

Nonetheless, few studies have been conducted on the
relationship between rheological parameters and fluidity of
polymers incorporated in fcps systems. In this paper, it has
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Figure 7: Plastic viscosity results of fcps with different PAM dosages.
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Table 2: Equations between flowability and rheological parameters.

Researchers Equation Number Parameters Model

De Larrard et al. [42]
τ0 =

ρ

270 300 − Sð Þ Eq. (3) Yield stress; slump Bingham

τ0 =
ρ

347 300 − Sð Þ + 212 Eq. (4) Yield stress; slump Herschel-Bulkley

Ferraris et al. [43]
μ = ρT − 1:08 S − 175ð Þ, 200mm < S < 260mm Eq. (5) Yield stress; slump —

μ = 250ρT , S < 200m Eq. (6) Plastic viscosity; slump —

Roussel et al. [44] τ0 = 1:747ρV2r−5 − λ
r2

V
Eq. (7) Yield stress; slump Bingham, Herschel-Bulkley

6 Geofluids



been documented that the plastic viscosity of the mixture is
consistent with the flowability. Combined with the inherent
corresponding parameter, the relationship between plastic
viscosity, fluidity, and density was successfully fitted by mul-
tiple linear regression method through SPSS software. The
density, plastic viscosity, and fluidity results of fcps with dif-
ferent PAM dosages are shown in Table 3.

The SPSS fitting results and related model parameters of
the multiple linear regression analysis are listed in Equation
(3) and Table 4, and the reasonable ranges for each model
parameter are listed in the last row of Table 4.

S = 0:385 − 0:231μ + 0:012ρ, ð3Þ

where S, μ, and ρ are the fluidity (mm), plastic viscosity (Pa·s),
and density (kg/m3) of fresh cement paste, respectively.

The multiple linear regression requires the fitted param-
eter to meet the following two conditions: the parameters are
independent of each other, i.e., the Durbin Watson coeffi-
cient is around 2.0; there is no multicollinearity between
the variables, i.e., the variance inflation factor is less than
5.0. The results shown in Table 4 display that the Durbin
Watson coefficient value and the variance inflation factor
are 2.122 and 1.024, respectively. Both of which meet the
requirements of the multiple linear regression, proving that
the method is feasible to fit the relationship among the plas-
tic viscosity, fluidity, and density. The significance analysis
reveals that the significance of μ and ρ are 0.014 and 0.004,
respectively, which are both less than 0.05, indicating that
both density and plastic viscosity can effectively influence
the fcps fluidity. Combined with the R-squared value of
0.776 in this equation, it can be concluded that Equation
(3) can well express the relationship between the plastic vis-
cosity, fluidity, and density of cement slurry under the incor-
poration of PAM.

3.2. Thixotropic Properties. Thixotropy refers to the property
that fluid structures are damaged by shearing and gradually
recover after shearing stops. During a shearing cycle, the
flocculated structure formed by interparticle forces (such as
van der Waals force and electrostatic force) breaks down
into smaller flocs or individual particles with increasing
shear rate, which is called the ascending curve. As the shear
rate decreases, the material structure gradually recovers, and
the decelerate of shear stress declines, which is called the
descending curve. In this paper, the area of the hysteresis
loop formed by the ascending and descending curves (Th1)
and the difference between the initial and final shear stress
(Th2) are used as indexes to represent the fcps thixotropy,
as described in Figure 9.

From Figure 9, it can be seen that the fresh cement
slurry after adding PAM has an obvious hysteresis curve,

Table 3: Density, plastic viscosity, and fluidity results of fcps with different PAM dosages.

PAM dosage (%) Density (kg/m3) Plastic viscosity (Pa·s) Fluidity (mm)

0.1% 1749.00 4.26 21.15

0.2% 1722.60 6.45 19.70

0.3% 1688.38 9.24 18.65

0.4% 1670.75 8.26 19.15

0.5% 1685.82 7.10 19.40

0.6% 1657.11 7.09 19.85

0.7% 1650.46 3.48 20.00

0.8% 1631.73 3.88 19.15

0.9% 1611.62 6.27 18.90

1.0% 1607.75 5.15 18.75

Table 4: Model parameter results for multiple linear regression analysis.

Durbin-Watson coefficient Variance inflation factor μ significance ρ significance R2

2.122 1.024 0.014 0.04 0.776

≈2.0 <5.0 <0.05 <0.05 —
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showing a thixotropy that does not exist in traditional
cement slurry [45–47]. This can be explained by the fact
that PAM can effectively enhance the cohesion ability
between hydraulic particles, so that the larger shear
destruction occurs during the shearing process of cement
compared with the pure cement paste. In other words,
the thixotropy of fcps is mainly attributed to the forma-
tion of network entanglement structures under the action
of PAM.

The schematic diagrams of the specific Th1 and Th2
values changing with the PAM content are shown in
Figure 10. It can be seen that the Th1 and Th2 values
gradually decrease with the increase of PAM. The reduc-
tion in thixotropic indexes is related to the aforemen-
tioned structural remodeling. Due to the increase of
PAM, the contact probability between cement particles
and PAM increases. The suspension internal structure
experiences the faster reabsorption and rewinding progress
with the decreasing of the shear rate, resulting in the sub-
dued final thixotropic properties. When the PAM content
exceeds the range of 0.5%-0.6%, both of Th1 and Th2
show the negative values. This expounds that, with the
continuous increase of PAM content, the recovery rate of
fcps internal structure has exceeded the damage rate
caused by shearing progress during the descending curve,
and the final stress value is larger than the initial shear
stress value.

4. Conclusion

This paper investigated the rheological and thixotropic
properties of polyacrylamide in cement slurry. Through
the experimental studies presented in this paper, the fol-
lowing conclusions can be reached:

(1) The B-HB model is used to fit the fcps rheology
diagrams. The obtained plastic viscosity shows that
with the increase of the PAM, its values increase
first, then decrease, and increase again, showing
the “up-down-up” tendency

(2) Based on the jump table results, the suspension
exhibits the “down-up-down” tendency of fluidity
values. The fcps fluidity corresponds to the plastic
viscosity, verifying the feasibility of the B-HB model.
This phenomenon can be rationally clarified by
adsorption, lubrication, and entanglement mecha-
nisms successively

(3) Combined with the density, the relationship between
plastic viscosity, fluidity, and density is established
through multiple linear regression analysis: S =
0:385 − 0:231μ + 0:012ρ. The Durbin-Watson coeffi-
cient, variance inflation factor, μ significance, ρ sig-
nificance, and R2 are 2.122, 1.024, 0.014, 0.004, and
0.776, respectively, showing the effective fitting
results

(4) The PAM-added fcps exhibits remarkable thixot-
ropy according to the hysteresis curve in one
shearing cycle. With the increase of PAM, the
recovery rate of the internal structure of fcps accel-
erates, leading to the declined Th1 and Th2 values.
When the PAM exceeds the range of 0.5%-0.6%,
both thixotropic indexes yield the negative values,
and the fcps final shear stress exceeds its initial
value
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