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ARTICLE INFO ABSTRACT

Keywords:
Carbon nanotubes
Cementitious composites

This study aims to understand the effects and mechanisms of length, diameter, and functional group of carbon
nanotubes (CNTs) on rheological behaviors of cementitious composites. The experimental results show that the
addition of CNTs decreases the flow index and increases the critical shear rate of cementitious composites. CNTs

xizls(ztgy with a sub-micrometer length and small diameter endow cementitious composites with high yield stresses and
Model Y minimum viscosities. Influenced by the high water absorption of hydroxylic groups, the minimum viscosity of

cementitious composites with hydroxyl functionalized CNTs is larger than that of composites with pristine
carbon nanotubes (p-CNTs). By contrast, the yield stress and minimum viscosity of cementitious composites with
carboxyl functionalized CNTs are smaller than that of cementitious composites with p-CNTs at most contents due
to the high dispersion induced by carboxyl groups. The effect mechanisms of CNTs on rheological behaviors can
be attributed to adsorption effect and entanglement effect, which are closely related to length, diameter and
functionalization groups of CNTs. The established minimum viscosity prediction model considering the influence
of CNT physicochemical features can provide guidance for regulating the workability and hardened performance

of CNTs modified cementitious composites.

1. Introduction

Owing to their excellent physical and mechanical properties, carbon
nanotubes (CNTs) are favorable nano-fillers for cementitious composites
[1,2] and has received extensive attention from researchers and engi-
neers [3,4]. For example, compressive, flexural, tensile, and splitting
strengths of cementitious composites can be increased by 50 %, 269 %,
19 %, and 86 %, respectively [3,5,6], due to the addition of CNTs.
Meanwhile, the incorporation of CNTs endows cementitious composites
with excellent piezoresistive properties [7,8], electromagnetic interfer-
ence shielding properties [9] and damping performances [10,11].

The rheological property of cementitious composites with CNTs
plays a decisive role in the pumping power and pressure drop of con-
crete, and also has significant impact on the workability, homogeneity,
mechanical properties and durability of concrete especially that with
reinforcement bars12-16. Hence, it is important to investigate the
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influences of CNTs on the rheological properties of cementitious mate-
rials. At present, previous investigation mainly focus on the relation-
ships between CNT content, dispersion agent and rheological
parameters of cementitious composites. Leonavicius et al. [17] found
that the content increasing of CNTs led to pH decrease of water solutions
and viscosity increase of the fresh cement pastes. Meanwhile, low con-
tents of CNTs (0.00005 %~0.005 %) decreases the dynamic viscosity of
water solutions by approximately 15 % and high amounts of CNTs (0.05
% and 0.5 %) increases the dynamic viscosity of cement paste by 1.3 to
4.7 times [18]. Skripkiunas et al. [19] stated that the addition of 0.25 %
multi-walled carbon nanotubes (MWCNTS) in cement paste decreases
the yield stress by 30.7 % and increases the plastic viscosity by 29.6 %.
Besides, some researchers focused on the effect of the surfactant on the
rheological property of cement pastes with MWCNTs. Mendoza et al.
[20] found that adding both MWCNTs and surfactant suspensions in-
creases the yield stress and has little impact on viscosity of cement
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pastes, resulting from the triple interaction between MWCNT, surfac-
tant, and cement. Skripkiunas et al. [19] showed that the combined
using of polycarboxylate ether (PCE) and MWCNT suspension decreases
the plastic viscosity of cement pastes by 9.90 %, and reduces the yield
stress to 0 Pa, as well as endows cement paste with a shear-thinning
behavior. De Paula et al. [21] grew CNTs directly onto the cement
clinker and studied the influences of CNTs on rheological behaviors of
cement pastes. The results showed that the addition of these CNTs has
almost no influence on rheological behaviors of cement pastes.

It is worthwhile to note that the physicochemical features of CNTs
have remarkable influence on the rheological behaviors of cement
pastes. The physical characters, mainly including length and diameter,
almost determines the dispersion and aggregation of CNTs in cement
pastes. The hydrophilic ability of CNTs is improved by the presence of
surface modification groups including hydroxyl and/or carboxyl groups,
and then the water absorption capacity of CNTs in cement pastes is
increased [22,23]. The change of dispersion state and water absorption
capacity of CNTs will significantly change the rheological behavior of
cement pastes. This leads to that the related results obtained by different
researchers without considering the impact of CNTs’ physicochemical
features (i.e., length, diameter, and functionalization group) are not
comparative. Therefore, the influence of CNTs’ physicochemical fea-
tures on rheological behaviors of cementitious composites should be
investigated. Additionally, the workability of cementitious composites
degrades significantly with the increasing CNT content. However, there
is a lack of in-depth research on the prediction of the workability of
cementitious composites with CNTs. Therefore, CNTs with different
lengths, diameters, and functionalization groups were used to investi-
gate the influences of CNT physicochemical features on the rheological
behaviors of cement pastes in this study. The effect mechanisms of CNTs
with different lengths, diameters, and functionalization groups were
revealed and a viscosity prediction model was established to reveal the
effect of CNT content on the workability of cement pastes.

2. Materials and experiments
2.1. Materials

The cement used in this study was P-O 42.5R purchased from Dalian
Onoda Cement Co. ltd., China. The chemical compositions of the used
cement are shown in Table 1. A polycarboxylate-based superplasticizer
(SP), 3310C purchased from Dalian Sika Co., 1td., China, was used as
water reducer. Three types of CNTs, including p-CNTs, hydroxyl func-
tionalized CNT (CNT-OH), and carboxyl functionalized CNTs (CNT-
COOH) were utilized. All the CNTs were ordered from Chengdu Organic
Chemicals Co. 1td. The physical and chemical properties of CNTs are
presented in Table 2.

Fig. 1 shows the smooth, complete, and multiple-walled structure of
p-CNTs (LT, Lt, ST, St). Fig. 1(a), (b), and (c) exhibit the dispersion state
of the four types of p-CNTs, among which LT has the most favorable
dispersion state (Fig. 1(a)) and Lt has the worst dispersion state (Fig. 1
(c)). Additionally, the different diameter of CNTs can be distinguished in
Fig. 1(d) (LT, outer diameter is around 22.08 nm, and inner diameter is
around 6.94 nm) and Fig. 1(e) (St, outer diameter is around 9.47 nm,
and inner diameter is around 3.17 nm), respectively.

Table 3 lists zeta potentials of CNTs. The high Zeta potential generate
large repulsive force of CNTs, resulting in a relatively stable state of
CNTs in cement pastes. The low Zeta potential causes small repulsive
force between CNTs. Hence, CNTs with low Zeta potential is prone to
aggregation. Table 3 shows that the absolute values of the zeta potential
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for CNTs (—29.9 mV ~ —20.0 mV) are much higher than those of cement
particles (—10.4 mV) [24]. This will induce considerable electrostatic
repulsion to overcome van der Waals’ forces between CNTs and lead to a
low aggregation degree [25]. That is to say, CNTs are more likely to
adhere to cement particles rather than themselves [24].

The maximum values of water vapor adsorption (mg/g) at the same
relative pressure (P/Py = 0.90) and temperature of 20 °C for CNTs are
shown in Table 4. A larger water vapor adsorption of CNTs, representing
the ability of the water absorption of CNT in the cement pastes is greater,
leaves a less the free water in the cement pastes and the smaller the free
activity space of CNTs, thus leading to the worse dispersion of CNTs. The
water absorption capacities of CNTs with micrometer length and large
diameter are larger than that of CNTs with sub-micrometer length and
small diameter. CNTs with large special surface area (SSA) possess large
water absorption capacities because they can provide more attachment
points per unit mass for water. Furthermore, the CNT-OH can absorb
more water compared with p-CNTs and CNT-COOH.

2.2. Paste preparation

A total of 8 types of cement pastes were prepared. For each type of
cement paste, 5 contents (0.1 %, 0.3 %, 0.5 %, 0.7 %, and 1.4 % by
volume of cement) of CNTs were investigated. The detailed mix pro-
portions of cement pastes with/without CNTs are given in Table 5. The
water-to-cement ratio (w/c) was fixed at 0.24, and the SP content was
fixed at 1.0 % by the weight of cement.

CNTs are easily entangled in cementitious composites due to hy-
drophobicity and huge van der Waals force arising from the high
polarizability [26] and large aspect ratio [27]. Uniform dispersion of
CNTs is quite crucial for their effectiveness on performance of cemen-
titious composites. The commonly used method for improving the
dispersion state of CNTs include physical and chemical method. Soni-
cation, as a typical physical dispersion method, is the most widely used
technique to achieve a uniform dispersion of nanomaterial in various
solutions through mechanical breaking up the clusters [28]. The addi-
tion of surfactants is a chemical method to uniformly disperse carbon
nanofillers [25,29]. In this study, a combined method of ultrasonication
and SP (a kind of surfactants) [25] was used to improve the dispersion of
CNTs in cement paste.

The schematic diagram of the paste preparation is shown in Fig. 2.
First, the SP was added to water with light shaking to prepare an SP
solution. Then, different contents of CNTs were added to the SP solution
followed by a sonication treatment for 1 h to prepare uniform CNT
suspensions. After that, the CNT suspensions were cooled by the water
bath to the ambient temperature. At last, cement particles were added
into the CNT suspensions within 90 s. The paste was mixed by a stirring
of 500 r/min for 2 min, and a speed of 60 r/min for another 1 min.

2.3. Rheological behavior test

The rheological behavior test was performed by an MCR 301
rheometer with a constant temperature of 25 + 0.1 °C immediately after
the cement paste preparation. The rheometer used is a coaxial cylinder,
the rotor diameter of which is 26.657 mm, and the gap between the rotor
and cylinder is 1.130 mm, as shown in Fig. 3(a). Three steps were set to
conduct the rheological behavior test of cement pastes, as shown in
Fig. 3(b). First, all samples were pre-sheared with 300 s~! for 2 min to
break down the flocculation structure. After that, a rest was applied to
create a uniform and stable condition. Then, a speed-up step from 0 to
100 s~ ! was set and finally followed by a ramp-down phase from 100 to

Table 1

Chemical components of P-O 42.5 R cement.
Composition CaO SiO, Al,03 Fe,03 SO3 MgO K20 TiOo Na,O
wt. % 65 21.2 5.16 3.39 2.43 1.32 0.63 0.78 0.07
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Table 2
Properties of CNTs.
Type Outer diameter Inner diameter Length /pm Aspect ratio (Length/ —OH content —COOH content Specific surface area (SSA)
/nm /nm outer diameter, 1/d) /wt.% /wt.% /m?/g
St 5~15 2~5 05~2 33 ~ 400 - - >350
ST 20 ~ 30 5~10 05~2 16 ~ 100 - - >120
StH 5~15 2~5 05~2 33 ~ 400 5.58 - >380
StC 5~15 2~5 05~2 33 ~ 400 - 3.86 >270
Lt 5~15 2~5 10 ~ 30 667 ~ 6000 - - 220 ~ 300
LT 20 ~ 30 5~10 10 ~ 30 333 ~ 1500 - - >110
LtH 5~15 2~5 10 ~ 30 667-6000 5.58 - 220 ~ 300
LtC 5~15 2~5 10 ~ 30 667 ~ 6000 - 3.86 220 ~ 300

Note: S and L denote short and long; t and T denote thin and thick; the thin CNTs were functionalized. H and C denote CNT with the surface functionalization groups of
—OH and -COOH, respectively. Taking “StH” as an example, it represents short-thin CNTs with a functional group of ~OH.

Fig. 1. TEM images of p CNTs: (a) low magnification images of LT, (b) Lt; (c) ST; (c) high magnification images of LT and (e) St.

1 s~L. Notably, three samples were prepared for each set.

Table 3
Zeta potential of CNTs (mV). . .
P (mv) 3. Results and discussion
St ST StC StH Lt LT LtC LtH
—20 22,5 -29.9 -28.8 ~26.2 26 —-22.7 -28 3.1. Rheological curves of cement pastes with CNTs
Fig. 4 shows typical curves of rheological behaviors of cement pastes
with CNTs (take Lt as an example). Fig. 4(a) shows the shear stress-rate
Table 4
The maximum amounts of water vapor adsorption (mg/g).
St ST StC StH Lt LT LtC LtH
320.899 124.122 339.75 432.385 389.45 118.321 368.88 451.384
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Table 5

Mix proportions of cement paste with and without CNTs.
Sample CNT (vol.%)  Cement
Control (C) 0 1
St-1/ST-1/Lt-1/LT-1/StH-1/StC-1/LtH-1/LtC-1 0.1
St-3/ST-3/Lt-3/LT-3/StH-3/StC-3/LtH-3/LtC-3 0.3
St-5/ST-5/Lt-5/LT-5/StH-5/StC-5/LtH-5/LtC-5 0.5
St-7/ST-7/Lt-7/LT-7 /StH-7/StC-7 /LtH-7 /LtC-7 0.7
St-14/ST-14/Lt-14/LT-14/StH-14/StC-14/LtH-14/LtC- 1.4

14

Note: StH-1 denotes cement paste with 1 vol% StH.

curves of cement pastes with different contents of CNTs. It can be seen
that the shear stress of cement pastes increases with the shear rate. Fig. 4
(b) shows the apparent viscosity-shear rate curves of cement pastes with
different contents of CNTs. With the increasing shear rate, the apparent
viscosity of cement pastes first decreases and then increase. There is a
minimum viscosity in the shear rate region (0 ~ 100 s h.
Additionally, there are some commonalities of Fig. 4(a) and (b): (1)
When CNT content is fixed, the error bar among the shear stresses/
apparent viscosities are obvious at the low shear rate region (<50 s’l),
while they are present slight differences at the high shear rate region
(exceeds 50 s~!) with the same CNT content. At the same time, the
sensitivity of shear stresses/apparent viscosities of cement pastes with
CNTs varies with the shear rate. (2) With the increase of CNT content,
the shear stresses/apparent viscosities of cement pastes increase sharply

1 min
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at the low shear rate region, while they increase slightly at the high
shear rate region. This means that the shear stresses/apparent viscosities
of cement pastes with CNTs are more sensitive to the low shear rate
compared with high shear rate.

These results are attributed to the aggregation of CNTs at low shear
rate and good dispersion at high shear rate [30-32]. At a fixed shear
rate, the shear stress/apparent viscosity increases with the CNT content,
because the change of CNT content leads to the change of components
(water, cement particles, and CNTs) in the cement paste. It can be
attributed to the “adsorption effect” and “entanglement effect” of CNTs
in cement pastes, which can be explained as follow:

(1) “Adsorption effect”. The free water contributes to the fluidity of
cement paste reduces due to the adsorption of CNTs (Fig. 4 (d))
with large SSA (Table 3) [25]. On the one hand, the distances
between cement particles reduce, thus increasing the interface
friction between cement particles. On the other hand, the dis-
tance between the CNTs decreases, and the number of direct
bridges as well as entanglements between CNTs increases,
resulting in the formation of flow-induced aggregations and
clusters [33] and the increase of interface friction between
cement particles. The above changes increase the shear stresses
and apparent viscosities in the cement pastes.

“Entanglement effect”. Large content of CNTs is easily to form
network structure due to their high flexibility and high aspect
ratio [34-38]. When CNTs are added to cement pastes, part of

(2

—
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Fig. 3. Scheme of (a) coaxial cylinder rheometer and (b) shear rate steps.
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free water is absorbed and trapped in the network structure of
CNTs. The number and the volume of the network structure in-
creases with the CNT content, as exhibited in Fig. 4 (c), Owing to
the formation of an entangled CNT network, individual CNT
motion is prevented [39], and thus a greater force is required to
disperse CNTs, which in turn sharply increases the internal stress
in cement pastes. Eventually, the apparent viscosities/shear
stresses of cement pastes increase.

3.2. Rheological parameters

The yield stress (tg) has been determined in the flow curve (shear
stress (t) and shear rate (y) in the range of 1 to 100 s~1) based on the
Herschel-Bulkley model [40] (Eq. (1)), which considers the accuracy
and sensitivity of the yield stress [41]:

T=19+Ky" (@D)]

where 7 is the shear stress (Pa), 7¢ is the yield stress (Pa), y is the shear
rate (s~ 1), K is the consistency, and n is the flow index representing the
degree of shear-thickening/shear-thinning (n > 1/n < 1). The yield
stress and the flow index are shown in Fig. 5(a) and (c), respectively.

With the increasing shear rate, the apparent viscosity of cement
pastes first decreases and then increases. The breakage of CNT aggre-
gations as shear rate increase results in lower shear stress [28]. There-
fore, a larger apparent viscosity has been observed in the low shear rate
region (before the critical shear rate) for the cement paste with a fixed
content of CNT. When the shear rate continues increasing, the viscosity
of cement paste increases since clumps may form by extrusions between
particles due to external hydrodynamic forces in highly anisotropic
suspensions [42]. Obviously, there are the least interference factors for
analyzing the inter-particle interactions between particles at the critical
shear rate corresponding to the minimum viscosity . Therefore, the
minimum viscosity at a critical shear rate is selected as an effective
parameter to evaluate rheological behaviors of cement paste referring to
[41], which can be identified in the shear rate region.

3.3. Effects of CNTs’ length

Fig. 5 shows rheological parameters of cement pastes with four types
of p-CNTs, i.e., LT, Lt, ST, and St.

The yield stress of cement paste with Lt is compared with that of
cement paste with St at different CNT contents, as shown in Fig. 5(a).
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When the CNT content equals to or less than 0.3 vol%, the addition of
CNTs slightly decreases the yield stresses of cement pastes. This may be
associated with the increase of free water in the cement pastes by
replacing the wrapped water in cement particles. When the CNT content
ranges from 0.3 to 0.7 vol%, the yield stresses increase slowly with the
increase of CNT content. When the CNT content increases from 0.7 to
1.4 vol%, the yield stresses of cement pastes with these two types of
CNTs increase sharply, and the yield stresses of cement pastes with St are
larger than that of cement pastes with Lt, i.e., 7os, > 7o1.. However, the
yield stresses of cement pastes containing ST are larger compared with
that of the cement pastes containing LT, i.e., 7ost > 7oLr. The minimum
viscosities of cement pastes with four types of p-CNTs show similar trend
with that of yield stresses, as shown in Fig. 5(b). The minimum viscos-
ities of cement pastes with the four types of p-CNTs follow the trend
Ofr]minSt > NminLt and NminsT = minLT> respeCtiveIY'

In summary, the yield stresses and minimum viscosities of cement
pastes with ST and St are larger than those of cement pastes with LT and
Lt. This conclusion is different from that obtained in reference [43,44],
and can be attributed the following three aspects. (1) The SSA of short
CNTs (ST and St) is larger than that of long CNTs (LT and Lt) (Table 1), i.
e., short CNTs have a stronger ability to adsorb free water at unit mass.
This will decrease the distance between the CNTs, and facilitate the
formation of entanglements between CNTs, increasing the interface
friction between cement particles. (2) The zeta potential { (absolute
value in Table 2) of ST/St is lower than that of LT/Lt, leading to that ST/
St is easier to get agglomerations and form entanglements than LT/Lt.
According to nanocomposite rheology theory [45], a greater force is
required to disperse St, which in turn increases the internal stress in
cement pastes. (3) The numbers and free water adsorption of ST/St with
sub-micrometer at the same content is larger than that of LT/Lt with
micrometer, which may facilitate a complex network structure forma-
tion in the cement paste and increase the friction between cement
particles.

Fig. 5(c) shows the flow index n of cement pastes with four types of p-
CNTs. The flow index n of cement paste with CNTs is smaller than that of
the control, which means adding CNTs weakens the shear thickening

degree of cement pastes. Fig. 5(d) shows the critical shear rate y,,; of
cement pastes with four types of p-CNTs. When the CNT content in-
creases from 0.7 vol% to 1.4 vol%, the critical shear rate y,,; of cement
paste increases sharply. When the CNT content reaches 1.4 vol%, the
critical shear rate of cement paste is in an order of y.i_g, > Vei_sT =
Yeriot > Yerioir- This means the size of agglomerations and entangle-
ments formed by CNTs in cement pastes are in an order of St > St ~ LT >
Lt.

3.4. Effects of CNTs’ diameter

In this part, the effect of CNTs’ diameter on the rheological behavior
of cement paste is studied. First, the yield stress/minimum viscosity of
cement paste with St and ST is compared, as shown in Fig. 5(a) and (b). It
can be seen that when the content of St and ST is less than 0.7 vol%, the
yield stresses/minimum viscosities of cement pastes are similar. By
contrast, when the content exceeds 0.7 vol%, the yield stress/minimum
viscosity of cement paste with St is much larger than that of cement
paste with ST. Similarly, the yield stress/minimum viscosity of cement
paste with Lt is larger than that of cement paste with LT. It can be seen
from the above results CNTs with small diameter lead to a large yield
stress/minimum viscosity of cement paste. The above results are related
to the following two factors: (1) The aspect ratio of CNTs with small
diameter is larger compared with that of large diameter and easier to be
bent; (2) The amount of CNTs with small diameter is larger than that
with large diameter at the same content, resulting in a more complex
network structure formation of CNTs in cement pastes. This is consistent
with the conclusion of Bounoua et al [46].

As shown in Fig. 5(c), the flow index of cement pastes with the small
diameter CNT at the content of 1.4 vol% is less than that of cement
pastes with the large diameter CNT, i.e., ng, < ngr, ny; < npr. Fig. 5(d)
demonstrates that the critical shear rates are similar in cement pastes
containing different CNTs at the content less than 1.4 vol%, and the
critical shear rates of cement pastes with four types of p-CNTs at the
content of 1.4 vol% are in an order of y; s > ¥¢ri_s1> Yeriort > Yerivt- The
results indicate that more agglomerations and entanglements are formed
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by CNTs with a smaller diameter in cement pastes.
3.5. Effects of CNTs’ functionalization groups

3.5.1. Effects of the hydroxyl functionalization group of CNTs

Fig. 5 shows the rheological parameters of cement pastes with CNT-
OH (StH and LtH). In particular, the rheological behavior of cement
pastes with 1.4 vol% StH cannot be measured, because the cement paste
system is so viscous that the rotor of the rheometer cannot be inserted
into cement pastes for normal operation. Theoretically, the yield stress
and minimum viscosity of cement pastes with StH are larger than that of
cement paste with LtH, which conforms to the discipline identified in
Section 3.2.1.

The yield stresses/minimum viscosities of cement pastes with CNT-
OH (StH/LtH) are compared with cement pastes with p-CNTs (St/Lt)
at different content levels, as shown in Fig. 5(a) and (b). When the
content equals to or less than 0.7 vol%, the yield stress of cement paste
with CNT-OH is similar with that of cement paste with p-CNTs. How-
ever, when the content >0.7 vol%, the yield stresses of cement pastes
with CNT-OH are higher than that of cement pastes with p-CNTs. This
may be related to the following two factors. (1) The presence of hydroxyl
groups enhances the water absorption of CNTs [47], leading to low w/c
ratio in local areas of cement pastes with CNT-OH and then increasing
interaction between cement particles and CNTs, as well as promoting the
formation of the network structure. (2) The cement paste is rich in Ca
(OH)2, which affects the stability of CNT-OH suspensions and hinders
the electrostatic repulsion between CNT-OH and SP, causing CNTs
disperse worse [48].

The addition of CNT-OH decreases the flow index n of cement paste,
as seen in Fig. 5(c). The value of n for cement paste with CNT-OH is
larger than that of cement paste with the p-CNT. This may be attributed
to the large water adsorption of CNT-OH to decreases the amount of free
water that contributes to the fluidity of cement pastes, which facilitates
the agglomerations of CNT-OH. Therefore, a higher critical shear rate
(Fig. 5(d)) is required to break up the agglomerations of CNT-OH [19].

3.5.2. Effects of the carboxyl functionalization group of the CNTs

The yield stresses/minimum viscosities of cement pastes with CNT-
COOH (StC/LtC) at different content levels are shown in Fig. 5(a) and
(b). It can be seen that the yield stresses/minimum viscosities of cement
pastes with CNT-COOH are smaller than that of cement pastes with the
p-CNT. The yield stresses/minimum viscosities of cement pastes with
StC, LtC, St, and Lt are in an order of St > StC > Lt > LtC. This phe-
nomenon may be explained by two reasons: (1) The presence of
-carboxyl functionalization grou has a positive impact on the dispersion
of CNTs, which is conducive to the formation of additional stabilizing
hydrogen bonds [49]; (2) High zeta potential of CNT-COOH renders the
system a better dispersion as a result of electrostatic repulsion. Inferred
from Table 2 that the electrostatic repulsion force of StC (the absolute
value of Zeta potential is 29.9) is higher than that of St (20), indicating
that StC can be better dispersed in cement pastes than St. The well-
dispersed CNTs reduce the amount of “trapped water” in the network
structure formed by the “entanglement effect” of CNTs in cement pastes
and increase the free water to lower friction resistance between cement
pastes.

The flow index n of cement paste with the p-CNTs (St/Lt) is larger
than that of cement paste with CNT-COOH (LtC, StC), as exhibited in
Fig. 5(c). It should be noted that the flow index of cement paste with 1.4
vol% StC is smaller than 1, implying that this kind of cement paste is a
shear-thinning fluid. However, the flow index of cement paste with CNT-
COOH (LtC, StC) lower than 1.4 vol% is >1, i.e., that this kind of cement
paste is a shear-thickening fluid. Fig. 5 (d) shows that the critical shear
rate of cement paste with p-CNT is similar to that of cement paste with
CNT-COOH (LtC, StC). This indicates that the size of flocculation
structure in cement pastes with CNT-COOH is similar to cement pastes
with p-CNT.
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3.5.3. Effects of different types of CNTs

The yield stress 7y, the minimum viscosity #,,,,, the flow index n and
the critical shear rate y,; of cement pastes with 1.4 vol% p-CNTs or
functionalized CNTs are shown in Fig. 6.

Fig. 6 (a) shows that the yield stress 7y of cement pastes with different
types of CNTs is in an order of 7os > Tost > Tostc > ToLw > ToLt > ToL¢C >
ToControl- When the length of CNTs is the same, the yield stresses of cement
pastes with CNT-COOH are smaller than that of cement pastes with p-
CNTs or CNT-OH. This is mainly because the zeta potential and dis-
persibility of CNT-COOH is larger than that of p-CNTs and CNT-OH.
Besides, the water adsorption of CNT-OH is larger than that of p-CNTs
and CNT-COOH, resulting in the largest water “adsorption effect” and
the least free water in cement paste. In particular, the impact of water
adsorption of CNTs on yield stress of cement paste is larger zeta
potential.

Fig. 6(b) shows that the minimum viscosities 7, of cement pastes
with different types of CNTs are in an order of 7,51 > fminsic > Mminst >
Neminiet > MminLt = Mminiec > MminControl+ LHE Minimum viscosities of cement
pastes with CNT-OH and CNT-COOH are larger than those of cement
pastes with the p-CNTs, because CNTs with ~-COOH or —~OH groups have
strong interfacial bond adhesion with cement particles [50]. Further-
more, the long chains of -COOH or —~OH groups of CNTs entangle with
the increase of shear rate at the content of 1.4 vol%. The minimum
viscosity of cement paste with CNT-COOH is smaller than that of cement
paste with CNT-OH, because the -OH group can decrease the stability of
CNTs suspension in cement paste. However, the minimum viscosity of
cement paste with StC is larger than that of cement paste with St, while
the minimum viscosity of cement paste with LtC is smaller than that of
cement paste with Lt. This is attributed to the following two factors. On
the one hand, the dispersibility of CNT-COOH is better than that of p-
CNTs in cement paste [51]. On the other hand, the long chain of CNT-
COOH with micrometer size is prone to entanglement, leading to
remarkable “entanglement effect” at high contents and high shear rates.
The combined effect of the above two factors contributes to the different
results in minimum viscosity of cement paste with different length CNTs.

The flow index n of cement pastes with different types of CNTs is
shown in Fig. 6(c). The flow index n of cement pastes with different
types of CNTs is in an order of ngc < ngwm ~ ngy ~ Ny ~ Nyc &~ N <
Nconrol- The flow indexes of cement pastes containing CNTs are lower
than that of the control cement pastes. The reasons have been discussed
in the former of this section (Section 3.2.4.3).

The critical shear rate y,,; of cement pastes with different CNTs is
shown in Fig. 6(d). The critical shear rates y,; of cement pastes with StH,
StC, St and LtH are the same, i.e., ¥ igq = Yerisic = Yerist = Yeriu- At the
same time, the above critical shear rates of these cement pastes are
larger than that of cement pastes with LtC (y,c) and Lt (y.;,). The
result shows that the critical shear rate of cement pastes with CNT-
COOH and p-CNT are smaller than that of cement pastes with CNT-OH.

3.6. Viscosity prediction models of cement paste with CNTs

Cement paste is a kind of suspension. In the study of the rheological
behavior of suspension, the relationships between the suspension vis-
cosity (1) and particle volume fraction (¢) can be written as follow [52]:

=1, xf(¢) 2)

For cement paste with CNTs, f(¢) = f(¢,) X f(¢ents)- Thus, Eq. (2) can
be rewritten as Eq. (3):

n =1y x f(¢.) x f(ponrs) 3

where, ¢, is the volume fraction of cement particles; ¢y, is the volume
fraction of CNTs. When the w/c ratio is fixed, the viscosity of cement
paste with CNT is a function of ¢qyr,. However, the viscosity of the CNT
suspension is too small to be measured by a certain rheometer. There-
fore, it can be calculated by the ratio of the viscosity of cement paste
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Fig. 6. Comparison of cement pastes containing various CNT with a diameter of 5 ~ 15 nm: (a) Yield stress 7o; (b) Minimum viscosity #,,;,; (c) Flow index n; (d)

Critical shear rate..y,;

with CNTs (1) and without CNTs (cement paste matrix, 7,), which is also
called the relative viscosity (1), as shown in Eq. (4):

n

N % F(9.) @

f(¢CNTs) =

3.6.1. The prediction of minimum viscosity of cement pastes with CNTs

In this section, the minimum viscosity of cement paste with CNTs is
predicted. Einstein model [53] (Eq. (5)) and, Batchelor model [54] (Eq.
(6)) and Brinkman model [55] (Eq. (7)), were usually used to reflect the
relationships between relative viscosity and particle volume fraction (¢)
[56]. The Einstein model [53] is used for very dilute suspensions (¢ <
0.02) of perfectly rigid non-aggregating spheres in an incompressible
fluid. The Batchelor model [54] considered the effects of Brownian
motions, which is applicable for semi-dilute suspension. The Brinkman
model [55] introduces (1 — ¢) to account for the crowding effect of
available particles, which is suitable for suspension with a medium
particle volume fraction.

n= =1+ ®)

0

N, =1425¢+6.24 (6)
1

On the basis of results obtained in Section 3.2.1 ~ 3.2.4, rheological
behaviors of cement pastes with CNTs are affected by “adsorption effect”
and “entanglement effect” simultaneously. Considering the effect of CNT
water adsorption (actually, also a part of the volume exclusion effect,
which is related to the length, diameter as well as functional groups of
CNTs), the effective volume fraction (¢peff)is used to simply modify the

classical equations, as shown in Eq. (8):

by = kb ®)

where the coefficient k (>1) represents the magnification of CNT volume
is mainly due to water absorption. Based on the relationship between k
and ¢efr above-mentioned, the coefficient k is related to the length,
diameter as well as functional groups of CNTs. The water absorption
effect of CNTs can be illustrated in Fig. 4(d). Due to the high aspect ratio
of CNTs, the water adsorbed at the port of CNTs can be ignored.
Therefore, the CNT volume amplification coefficient k can be calculated
by the following Equation:

7n><7r><(§+d)2><li 2d

D

k (14+=) 9)

nxxx (2P xl

where d (>0) is the water adsorption thickness of CNTs. Thus, the
effective volume fraction (¢eff) mainly caused by the water adsorption
can be rewritten as Eq. (10):

2d\°
by = (1+3> X ¢

In this section, the minimum viscosities of cement pastes with CNTs
are predicted by the modified classical viscosity prediction models
(Table 6) based on the effective volume fraction (¢efr) of CNTs. The
prediction results of the relative viscosity (nr)have low accuracy, as
shown in Table 6.

Thus, the viscosity prediction model should be further modified. The
CNTs content (0 ~ 1.4 vol%) in this experiment is within the range of the
solute particle volume content of the dilute solution ( ¢ less than 2 %),
which meets the content variation range of the Einstein model.

The viscosity prediction model for cement paste with CNTs are

(10)
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Table 6
The modified classical viscosity prediction models.
The modified classical viscosity The modified classical viscosity Equation
prediction models prediction equation
e e n
Modified Einstein model 0= % =1+ oy an
Modified Batchelor model N =1+ 25¢, + 6-24’?)? (12)
Modified Brinkman model 0 = 1 (13)
r = 25
(1- )

established according to previous modified Einstein viscosity prediction
model (Eq. (11)) and the modification mechanisms of CNTs. Because the
content of CNTs (¢) is close to 0, the modified Einstein model (Eq. (11))
can be rewritten as Eq. (14) to predict viscosity of cement pastes with
CNTs less than 1.4 vol%.

M= 1+l = 14+ [T+ gl —1] = 1+40) (14)

In Eq. (14), parameter ([n])is used to describe the formation kinetics
of the network structure of CNTs, which is influenced by the length,
diameter, and functional groups of CNTs in cement pastes. A larger [n]
indicates that the network structure of CNTs in cement paste is formed
faster.

3.6.2. Prediction results and accuracy

Table 7 shows the fitting results of nr based on modified classical
models and the author’s model proposed in Section 3.2.5.2. Obviously,
the fitted nr of proposed model based on the “adsorption effect” and
“entanglement effect” of CNTs is more accurate than the fitted results of
the other three modified classical models, as shown in Table 8.

According to Eq. (8) ~ (10), the water film adsorption thickness d of
an individual CNT (as shown in Fig. 4(d)) can be calculated. The cor-
responding results are shown in Table 9.

The water film adsorption thickness d is calculated to be positive for
all types of CNTs, as the results are fitted by the author’s model. Because
the amplification coefficient k is directly introduced on the basis of the
classical model to characterize the amplification of volume mainly
owning to the adsorption of water. Therefore, the difference of the water
film thickness obtained in different models mainly reflects the adapt-
ability of the volume amplification coefficient k to the viscosity models
under this assumption. The obtained water film thickness conforms to
the actual situation, which indicates that the amplification factor k is
more appropriate in this kind of model. However, the fitted results for
d in the other three models are negative sometimes, which violates the
assumption (d > 0) in this study. The above results prove the reasonable
of the new proposed viscosity prediction model. Hence, the minimum
viscosity prediction model of cement pastes with CNTs can be calculated
by Eq. (15):

Table 7
The fitting results of n, based on classical models and the author’s model.

Construction and Building Materials 379 (2023) 131214

[n]
="M XMy pprwenr/c = Mo X <1 + (k X ¢CNT/C) > (15)

here n0 represents the minimum viscosity of cement paste without CNTs.
The relationship between ¢cyyy/w and ¢eyrsc (the ratio of CNT particle
volume to cement particle volume) can be calculated by Eq. (16):

Ve
benryw = Vo X $ewrs)c (16)
W

where, V—; is the ratio of the volume of water to cement particles. It can
be calculated via Eq. (17):

Ve _mc/pc _ pw/pc a”n
Vw  mw/py  mw/mc

where mc is the mass of cement; my is the mass of the water; p,, is the
density of cement, which is equal to 3.1 g/cm?; pw is the density of
water, which is equal to 1 g/cm3; and the my /m¢ = w/c ratio = 0.24.
For cement paste with a certain content of CNTs, Eq. (15) can be
rewritten as Eq. (18), and the specific equation are shown in Table 10:
The parameters in Table 10 is fitted by the proposed model in Eq.
(15). In Eq. (15), a large parameter k and [n] is related to large water
adsorption ability and large network structure formation ability of CNTs
in cement paste, respectively. This makes the cement paste is more
difficult to mix and the grouting flow rate is slower as well as the cement
paste is harder to compact. Additionally, it can be seen from the above
Equations (18-1) ~ (18-8) that cement pastes containing CNTs with
micrometer length, large diameter, and functionalization groups show a
larger volume magnification coefficient k, indicating that these CNTs
have a much thicker water film. The cement pastes containing CNTs
with sub-micrometer length, small diameter, and functionalization
groups show a large parameter [5], representing that these CNTs in
cement pastes will form the network structure fast. At the same time, it
can be seen that the length and diameter of CNTs mainly affect their
“entanglement effect”, while functionalization groups affect both
“entanglement effect” and “adsorption effect” in cement pastes. More-
over, as the content increases, the rate of network structure formation of
CNTs is greater than that of water adsorption. The proposed model
considers the both effects of both water adsorption and CNT network
structure, thereby improving the accuracy of viscosities prediction
model for cement paste with different types and contents of CNTs.

4. Conclusions

The effects of physicochemical properties of CNTs, including length,
diameter, and functionalization groups, on rheological behaviors of
cement pastes are systematically investigated in this study. The rheo-
logical parameters of CNTs modified cement paste such as yield stress,

CNT Prediction results of cement paste with different models

Modified Einstein model Modified Brinkman model

Modified Batchelor model Author’ model

n 1

= =14 250 2 = . Ty =1+ 250 + 6.2(dy)” T =1+ (deg)"
(1 — dbegy)

k R? k R? k R? k a R?
St 2.26 0.81 0.58 0.96 0.27 0.98 1.34 2.36 0.98
ST 0.98 0.65 0.32 0.15 0.21 -0.25 3.72 0.75 0.79
StH 7.37 0.69 1.14 0.92 0.32 0.99 1.05 4.26 0.99
StC 5.79 0.70 1.00 0.92 0.31 0.99 1.04 4.03 0.99
Lt 1.05 0.82 0.37 0.86 0.23 0.81 1.57 1.46 0.82
LT 0.35 0.88 0.17 0.81 0.15 0.75 1.61 0.83 0.87
LtH 1.14 0.89 0.39 0.94 0.24 0.77 1.59 1.52 0.93
LtC 0.86 0.87 0.30 0.58 0.21 0.30 4.96 0.62 0.98

Note, 1), is the relative viscosity; n is suspension viscosity; 1 is suspending medium (cement paste without CNTS); ¢ is the effective volume fraction of CNTs.
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Table 8
The fitting results of n, based on modified classical models and the author’s model.
Viscositypredictionmodel ~ Content Fitted Regular Fitted Regular Fitted Regular Fitted Regular Fitted Regular Fitted Regular Fitted Regular Fitted Regular
(vol.%) neof St Residual e of Residual e of Residual e of Residual neof Lt Residual e of Residual e of Residual e of Residual
of “n,” ST of “n,” StH of “n,” StC of “n,” of “n,” LT of “n,” LtH of “n,” LtC of “n,”
Modified Einstein 0 1 0 1 0 1 0 1 0 1 0 1 0 1 0 1 0
model 0.1 2.02 0.29 1.44 0.97 4.33 —3.02 3.61 —2.33 1.47 0.80 1.16 0.45 1.52 —0.078 1.39 0.67
0.3 4.06 -1.29 2.33 1.59 10.99 -8.11 8.84 —-6.97 2.41 0.57 1.48 0.2 2.55 0.27 2.16 0.98
0.5 6.1 -3.11 3.22 1.11 17.64 —-14.5 14.07 —10.94 3.36 0.16 1.79 0.08 3.58 -0.79 2.94 0.4
0.7 8.15 —4.4 4.1 0.31 24.3 —20.54 19.30 —-15.8 4.31 —0.84 211 —0.28 4.61 —2.06 3.71 0.13
1.4 15.29 3.57 7.20 —0.96 47.6 17.4 37.59 13.47 7.61 1.91 3.23 0.04 8.21 0.85 6.43 —0.47
Modified Batchelor 0 1 0 1 0 1 0 1 0 1 0 1 0 1 0 1 0
model 0.1 1.33 0.97 1.17 1.25 1.78 —0.47 1.66 —0.38 1.19 1.08 1.09 0.53 1.2 0.23 1.16 0.89
0.3 2.4 0.37 1.63 2.29 4.94 —2.06 4.19 -2.33 1.75 1.24 1.3 0.38 1.8 1.01 1.58 1.56
0.5 4.02 —-1.02 2.26 2.07 10.21 —7.07 8.36 —-5.24 2.52 1 1.56 0.32 2.64 0.15 2.16 1.19
0.7 6.18 —2.44 3.06 1.35 17.61 —13.84 14.16 —10.67 3.51 —0.04 1.87 —0.04 3.73 -1.18 2.88 0.96
1.4 18.06 0.81 7.2 —0.96 60.19 4.81 47.31 3.76 8.71 0.81 3.36 -0.1 9.46 —0.39 6.6 —0.64
Modified Brikman model 0 1 0 1 0 1 0 1 0 1 0 1 0 1 0 1 0
0.1 1.14 1.17 1.17 1.25 1.16 0.15 1.16 0.12 1.12 1.16 1.07 0.54 1.12 0.32 1.1 0.95
0.3 1.49 1.28 1.63 2.29 1.61 1.26 1.59 0.28 1.41 1.58 1.24 0.43 1.41 1.39 1.34 1.8
0.5 2.03 0.96 2.26 2.07 2.35 0.79 2.3 0.83 1.82 1.7 1.45 0.44 1.83 0.96 1.67 1.67
0.7 2.88 0.85 3.06 1.35 3.68 0.09 3.53 —0.04 2.43 1.04 1.71 0.13 2.45 0.09 2.13 1.71
1.4 18.92 —0.06 7.2 -0.97 65.01 —0.01 51.06 0 9.79 —-0.27 3.36 -0.1 10.1 —1.03 6.29 -0.33
Author’s model 0 1 0 1 0 1 0 1 0 1 0 1 0 1 0 1 0
0.1 1.04 1.27 1.74 0.67 1 0.31 1 0.31 1.16 1.11 1.5 0.11 1.15 0.29 1.93 0.11
0.3 1.47 1.3 2.69 1.23 1.09 1.78 1.09 1.78 1.79 1.2 1.93 -0.25 1.8 1.01 2.85 0.3
0.5 2.57 0.43 3.48 0.84 1.8 1.34 1.8 1.34 2.66 0.86 2.23 —0.35 2.73 0.06 3.54 -0.19
0.7 4.47 —0.73 4.195 0.21 4.34 —0.58 4.35 —0.58 3.71 —0.24 2.48 —0.65 3.88 —1.34 4.13 —0.29
1.4 18.8 0.07 6.37 -0.13 64.99 0.01 64.99 0.01 8.44 1.08 3.17 0.09 9.26 -0.19 5.81 0.15
Test data 0 1 / 1 / 1 / 1 / 1 / 1 / 1 / 1 /
0.1 2.30 / 2.41 / 1.31 / 1.28 / 2.28 / 1.61 / 1.44 / 2.05 /
0.3 2.78 / 3.92 / 2.87 / 1.87 / 2.99 / 1.67 / 2.81 / 3.15 /
0.5 2.30 / 4.33 / 3.14 / 3.13 / 3.52 / 1.88 / 2.79 / 3.35 /
0.7 3.75 / 4.41 / 3.76 / 3.50 / 3.47 / 1.83 / 2.55 / 3.84 /
1.4 18.87 / 6.24 / 65.01 / 51.06 / 9.52 / 3.26 / 9.07 / 5.96 /
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Table 9
The thickness of absorbed water-film calculated by various viscosity prediction
models.

The thickness of ~ Modified Modified Modified Author’s
absorbed water- Einstein Batchelor Brikman model
film d (nm) model model model
St 2.366461 —-1.11776 —2.24245 0.739605
ST —0.10554 —4.74099 —5.95504 10.21603
StH 8.059837 0.328212 —2.03738 0.116285
StC 6.606139 0.008642 —2.06889 0.102342
Lt 0.106937 —1.84698 —2.41379 1.182663
LT —4.47342 —6.37138 —6.71158 2.944599
LtH 0.319607 —1.76895 —2.40423 1.223382
LtC —0.34466 —2.10623 —2.56708 5.767172
Table 10
Viscosity prediction of cement pastes with CNTs.
CNTs Author’s model for individual mixtures Equation
=1 x (14 (k x dexrie)™)
St 1 =0.1846 x (1 + (1.34)%°) (18-1)
ST N =0.1846 x (1 + (3.729)°7°) (18-2)
StH N =0.1846 x (1 + (1.05¢)*%) (18-3)
StC N =0.1846 x (1 + (1.04¢)*%%) (18-4)
Lt N =0.1846 x (1 + (1.57¢)"*) (18-5)
LT n =0.1846 x (1 + (1.619)°%%) (18-6)
LtH n = 0.1846 x (1 + (1.59¢)"%%) 18-7)
LtC N =0.1846 x (1 + (4.96)°%%) (18-8)

minimum viscosity, flow index, and critical shear rate were analyzed
and the minimum viscosity prediction model was established based on
the “adsorption effect” and “entanglement effect” of MWNCTs. The
following conclusions can be drawn:

(1) The yield stress and minimum viscosity of cement pastes con-
taining CNTs with sub-micron length and diameter of 5 ~ 15 nm
are larger than those of cement pastes containing CNTs with
micrometer length and diameter of 20 ~ 30 nm. This is mainly
affected by the “entanglement effect” effect of CNTs. With the
increase of the CNT content, the flow index of cement paste de-
creases, while the critical shear rate increases significantly.

The yield stress and minimum viscosity of CNT-OH modified
cement paste are larger than that of p-CNT modified cement paste
due to the large water adsorption of CNT-OH. By contrast, the
yield stress and minimum viscosity of cement paste with CNT-
COOH are smaller than that of cement paste with the p-CNTs at
most contents as a result of larger zeta potential.

The viscosity prediction model considering “adsorption effect”
and “entanglement effect” of CNT is firstly proposed for cement
paste with different types and contents of CNTs. The accuracy of
the proposed viscosity prediction model is higher than that of the
modified classical viscosity prediction models. Furthermore, it
provided a direction of the workability of cement paste with
different CNTs.

(2)
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