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a b s t r a c t

The rheological properties of cement pastes prepared using kenaf-plant cellulose micro-

fibers (CMFs), which was incorporated for the purpose of internal curing, were investigated.

The main test variables are the length and mass fraction of the CMFs. CMFs of lengths of

400 mm and 5 mmwere included in the mixtures at 0.3, 0.6, 1, and 2 wt.% of the cement. Dry

CMF particles were wetted with water to the fiber saturation point using vacuum filtration

immediately before mixing. An optimum shearing protocol was designed to minimize the

shear-induced structural breakdown of cement pastes with the CMFs under hysteresis

loops of the shear strain rate. It consisted of an initial pre-shearing step at a high shear

strain rate of 80 1/s, three acceleration and deceleration cycles with a maximum shear

strain rate of 40 1/s, and a rest step before each acceleration. The mixtures’ flow curves

were well fitted to the HerscheleBulkley fluid model with a minimum coefficient of

determination of 0.9993. The yield stress of cement pastes was at least 34.3% higher for

longer CMFs at the same dose. However, the mixtures exhibited similar plastic viscosities

with a coefficient of variation of only approximately 5.8%.

© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Plant-based cellulose fibers such as kenaf, jute, coconut, and

hemp are commonly produced by the global agroindustry.

Such fibers are abundantly cultivated from renewable sources

and are cheaper than man-made synthetic fibers. Recently,

approximately 68% of the global cellulose fibers market has

been occupied by AsiaePacific countries [1]. The globalmarket
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size for cellulose fibers is projected to rapidly expand and

reach 41.5 billion USD by 2025 [1]. Most of all, cellulose fibers

are renewable resources that reduce the environmental

impact of related products [2,3]. In particular, kenaf fibers are

commercially available in the United States and Asia because

they can be cultivated every 3e4 months at approximately

1.7 kg/m2 [4]. Cellulose fibers are usually employed as feed-

stocks in many industries, ranging from the biomedical field

to the polymer science field, as alternatives to some steel and
APs, superabsorbent polymers; TG, thermogravimetry; DTG, de-
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polymeric fibers [5e11]. They have also been used as additives

in cement and concrete composites [12]. In particular, the use

of cellulose fibers is known to modulate the cement setting

time [13], autogenous shrinkage, and internal relative hu-

midity (RH) [14,15], as well as the rheological properties of

concrete [16], owing to their hygroscopicity and chemical

composition.

Several researchers have investigated the mechanical and

durability characteristics of cellulose fiber-reinforced cement

composites with short or pulp fibers [17e19]. These charac-

teristics are dependent on the source plants, fiber dose, fiber

length, fiber processing, and the chemical condition of the

fiber surface [20,21]. Incidentally, raw cellulose fibers exhibit a

favorable performance in the internal curing of concrete with

a reduced degree of self-desiccation and autogenous

shrinkage [12,14,22], as was confirmed by superabsorbent

polymers (SAPs) [23] and pre-wetted fine lightweight aggre-

gate [24]. The majority of previous studies on internal curing

comprised the use of short cellulose fibers [25e27]. It has been

observed that changes in the rheological behavior as well as

delays in the cement setting were due to the presence of the

cellulose fibers. Similarly, the authors also found that both the

change in the rheological properties and the cement setting

delaymanifested on using cellulosemicrofibers (CMFs), which

were used for the purpose of internal curing [28]. However, the

rheological properties of cement composites comprising cel-

lulose fibers were barely quantitatively evaluated. Only Nils-

son and Sargenius [29] investigated the rheological

modification of cement mortars containing CMFs from recy-

cled paper and superplasticizer. Moreover, cellulose fibers are

different from synthetic fibers, in that the fiber size, water

absorption capacity, and chemical dissolution can affect the

hydration of the cement from an early age [13,30]. The use of

CMFs for internal curing may significantly reduce the flow-

ability of cement composites. However, studies on the effect

of CMFs on the rheology of cement composites have not been

reported thus far. Thus, a guideline is required for evaluating

the rheological properties of cement composites comprising

cellulose fibers.

Considering the requirement for the evaluation of the

rheology of cement composites comprising cellulose fibers, in

this study, the rheological properties of cement pastes

comprising CMFs of two lengths were investigated. The mix

proportions of all the cement pastes were selected from a

previous study on the internal curing of cement composites

using CMFs [28]. The main test variables were the length and

mass fraction of the CMFs. All the CMF particles were wetted
Fig. 1 e Flow chart of
with water up to the fiber saturation point using vacuum

filtration before mixing. Thus, except for the CMFs in the

plastic state, it was assumed that the CMFs did not alter the

water/cement (w/c) ratio of cement pastes. Before the design

of the shearing protocol, it was observed that the shear-stress

level of all the mixtures decreased under repeated normal

shearing cycles that comprised only the acceleration and

deceleration of the shear strain rate. This phenomenon was

associated with a shear-induced structural breakdown, i.e.,

the structure does not recover owing to the breakage of the

membranes or chemical linkages between the cement parti-

cles [31]dwhich are assumed to be formed during the cement

hydrationddue to shear. Thus, an optimal shearing protocol

was designed to minimize the occurrence of a structural

breakdown.

The main purpose of this study is to present a reference

guideline for evaluating the rheological properties of cement

pastes comprising CMFs. This study comprehensively con-

ducted the preparation and processing of CMFs and the

optimal design of shearing protocol, as well as the evaluation

of the rheological properties of cement pastes with CMFs. Two

types of CMFs with lengths of 400 mm and 5 mm were incor-

porated into the cement pastes at 0.3, 0.6, 1, and 2 wt.% of

cement. Following the designed shearing protocol consisting

of an initial pre-shearing step at a high shear strain rate, three

acceleration and deceleration cycles, and a rest step before

each acceleration, the flow curves of all the mixtures were

fitted to the constitutive equation of the HerscheleBulkley

(HeB) fluid model to evaluate their rheological properties

[32]. Finally, based on the analysis, the shearing protocol

designed in this study was found to be suitable for evaluating

the rheological properties of cement pastes containing CMFs.
2. Test specimens

Themix proportions in this study were originally designed for

investigating the effectiveness of plant CMFs as an internal

curing agent in cement composites [28]. The main test vari-

ables are the length and mass fraction of the CMFs. The flow

chart of this study is presented in Fig. 1.

2.1. Materials

In this study, cement, water, superplasticizer, and plant CMFs

of two lengths were used to produce various mixtures of

cement pastes. Type-I ordinary Portland cement with a
rheology study.
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density of 3.13 g/cm3 was used, and its particle size distribu-

tion, asmeasured using laser diffraction, is presented in Fig. 2.

The chemical oxide composition of the cement, as determined

using an X-ray fluorescence spectrometer (Bruker S8 Tiger,

USA), is listed in Table 1. The loss on ignition of the cement

was 2.31%. A polycarboxylate-based superplasticizer (specific

gravity: 1.04±0.05, pH: 5.0±2.0) was used owing to its effec-

tiveness in the dispersion of plant cellulose fibers in cement

composites [14].

The two types of CMFs presented in Fig. 3 were manufac-

tured by pulverizing original kenaf strand fibers with an

average tensile strength of 330 MPa and oven-dried density of

1.36 g/cm3 determined by direct tension test and automatic

gas pycnometer, respectively. Pulverizers operating at 25,000

and 28,000 rpmwere used to process the strand fibers into the

CMFs, which were referred to as 1MF and 2MF, respectively

(Fig. 3), where “MF” denotes microfibers. 1MF and 2MF had

average lengths of 5 mm and 400 mm and porosities of 82.9%

and 85.9%, respectively.

2.2. Chemical composition and thermogravimetric
analysis

The chemical composition of the CMFs, determined via three

repetitions of a method comprising fat removal and a series of

filtrations [33], is listed in Table 2, which suggests that cellu-

lose is the major component. The lignin showed the

maximum standard deviation of 0.32 wt.% in the chemical
Fig. 2 e Particle size distribution of Portland cement.

Table 1 e Chemical oxide composition of Portland
cement.

Oxide Portland cement (wt.%)

CaO 61.72

SiO2 21.32

Al2O3 5.61

Fe2O3 3.12

SO3 2.51

MgO 3.94

K2O 0.79

TiO2 e

MnO e
composition. This was also confirmed by the thermogravi-

metric analysis of the kenaf powder (Fig. 4); a substantial

decomposition of cellulose occurs at 300e400 �C (Fig. 4) [34].

2.3. Mix proportions

Eight mix proportions of cement pastes, as presented in Table

3, were tested in this study. The amounts of dry CMFs varied

from 0.3% to 2.0% of the cement by weight. In all the mixtures,

the w/c ratio was 0.3, and the amount of superplasticizer was

fixed at 1.3% of the cement by weight. The amount of super-

plasticizer was selected to ensure sufficient dispersion of the

CMFs despite their different lengths and quantities. The

maximum dose of dry CMFs was 2 wt.% of the cement, but the

2 wt.% 1MF case was excluded from themix proportions owing

to the accompanying agglomeration of fibers. For the prepa-

ration of the CMFs prior to the mixing, the dry CMF particles

were wetted using water up to the fiber saturation point.

2.4. Pre-saturation of CMFs

To prepare the CMFs and wet them up to the fiber saturation

point before mixing, a vacuum filtration setup with a Teflon

(also called “polytetrafluoroethylene”) membrane filter was

employed (Fig. 5). The membrane filter had a diameter and

sieve size of 47 mm and 0.45 mm, respectively. First, the dry

CMF particles were placed in the funnel clamped onto the

flask, and amembrane filter was fixed between the funnel and

the flask.Water approximately ten times the weight of the dry

CMFs was then poured into the funnel. Before operating the

vacuum pump, the CMF particles were allowed to soak

completely for approximately 10 min after the addition of

water. Finally, a vacuum pump with a pressure of 490 mmHg

was operated for approximately 5 min. The saturated CMF

particles thus obtained were then ready for the mixing.

2.5. Sample preparation

Mixing was performed in a controlled room at 23 ± 2 �C and

50 ± 4% RH. First, the cementwas drymixed for approximately

30 s in a Hobart mixer set at 100 rpm. Meanwhile, the pre-

saturated CMFs and a blend of water and superplasticizer

were prepared for the mixing. The saturated CMFs were not

included in the dry mixing because some portion of the water

absorbed by the CMFs could be absorbed by the cement par-

ticles. After pouring the premixed blend of water and super-

plasticizer into the mixing bowl, wet mixing was continued

for 60 s at 100 rpm. Finally, the saturated CMFs were added

into the bowl, and the final mixing was performed for 6 min at

200 rpm to ensure uniform dispersion of the CMFs. The plastic

mixture thus obtained was then used for the rheometer and

mini-slump-flow tests.
3. Test methods

3.1. Rheometer test

A commercial rheometer (HAAKE MARS III, Thermo Fisher

Scientific, USA) with a construction material cell (CMC) was

https://doi.org/10.1016/j.jmrt.2020.12.067
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Fig. 3 e (a) Kenaf strand fibers and CMFs: (b) 1MF (approximate length of 5 mm), (c) 2MF (approximate length of 400 mm).

Table 2 e Chemical composition of kenaf CMFs (unit:
wt.%).

Cellulose Hemicellulose Lignin Extractives Ash

54.1 29.3 14.3 0.8 1.4

Table 3 e Mix proportions of tested cement pastes.

Mixture Cement
(kg/m3)

Water
(kg/m3)

w/c CMF
(wt.% of cement)

SPa

(kg/m3)

1MF 2MF

Plain 1614 485 0.3 e e 21

1MF03 0.3 e

1MF06 0.6 e

1MF10 1.0 e

2MF03 e 0.3

2MF06 e 0.6

2MF10 e 1.0
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used to evaluate the rheological properties of the cement

pastes comprising CMFs (Fig. 6(a)). The CMC consisted of a

two-bladed vane-and-cylinder container, which is presented

in Fig. 6(b). Other types of rheometer cells, such as those

comprising a concentric cylinder or parallel plates, were not
Fig. 4 e Thermogravimetry (TG) and derivative

thermogravimetry (DTG) of kenaf CMF powder.

2MF20 e 2.0

a Polycarboxylate-based superplasticizer.
suitable for this study because they would result in wall

depletion at the contact planes in the case of fiber-added

mixtures [35]. The rheometer was operated in a controlled

room at 23 ± 2 �C and 50 ± 4% RH.

Immediately after the plastic mixture of the cement paste

was loaded into the cylinder container, the two-bladed vane

was positioned at mid-height of the slit with a gap size of

40 mm between the vane and cylinder base. The container

was then covered to prevent the occurrence of evaporation

during the test. Finally, the normal force experienced by the

blades was zeroed before starting the rheometer test.

3.2. Shearing protocol

An optimum shearing protocol was designed for this study to

minimize the shear-induced structural breakdown of cement

https://doi.org/10.1016/j.jmrt.2020.12.067
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Fig. 5 e Vacuum Teflon-membrane filtration for pre-

saturation of CMFs.
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pastes comprising CMFs under hysteresis cycles of the shear

strain rate [31]. It was observed that all the tested mixtures

(Table 3) developed stable flow responses under a constant

shear strain rate of 80 1/s for 300 s with no shear-induced
Fig. 6 e (a) Rheometer test setup and (b) ge
structural breakdown. Thus, the shear strain rate of 80 1/s

was selected for initial pre-shearing in the shearing protocol

[36]. The designed shearing protocol (Fig. 7) comprises an

initial pre-shearing step at a high shear strain rate of 80 1/s for

60 s, three acceleration and deceleration cycles from1 to 40 1/s

at steps of 5 1/s with each strain rate lasting 20 s, and a rest

period at 0.1 1/s for 40 s before the initiation of each

acceleration.

Following the shearing protocol, the three deceleration

flow curves (i.e., shear stressestrain rate responses) were used

for the analysis, with the data at 1 and 40 1/s excluded. The

shear stress was measured every second, and shear stress

data for each strain rate step were averaged.

3.3. Mini-slump-flow test

In addition to the rheometer tests, mini-slump-flow tests were

conducted in compliance with ASTM C230 [37] and C1437 [38]

to establish a correlation between the rheological properties

(i.e., yield stress and plastic viscosity) and the spread diameter

of the cement pastes comprising CMFs. The mini-slump cone

had a height of 50mmand an inner top and bottomdiameter of

70 and 100 mm, respectively. A mixture of almost equal height
ometry of cylinder container and vane.

https://doi.org/10.1016/j.jmrt.2020.12.067
https://doi.org/10.1016/j.jmrt.2020.12.067


Fig. 7 e Designed optimum shearing protocol.
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was poured into the cone twicewith each layer being tampered

20 times using a standard rod. After the cone was raised

vertically, the spread diameters of themixture were measured

in four directions to obtain the average spread diameter.
Fig. 8 e Shear stress development of the plain mixture as

obtained using the shearing protocol.
4. Results and discussion

4.1. Rheological model

The three flow curves of each mixture were fitted to the

constitutive equation of the HeB model [32], which is repre-

sented by the three parameters in Eq. (1):

t¼ t0 þ a _gb (1)

where t, t0, _g, a, and b are the shear stress, yield stress, shear

strain rate, consistency index, and flow index, respectively.

For b<1, the fluid exhibits shear thinning, whereas the fluid

exhibits shear thickening for b>1. As this model takes into

consideration three parameters, the plastic viscosity cannot

be theoretically deduced. However, the equivalent plastic

viscosity m0 can be calculated by applying the best approxi-

mation of the Bingham straight line to the HeB curve in a

certain range of the shear strain rate [32]. Using the least

squares method, the equivalent plastic viscosity m0 can be

determined as follows:

m0 ¼ 3a
bþ 2

_gb�1
max (2)

where _gmax is the maximum shear strain rate applied.

Under the designed shearing protocol (Fig. 7), a plain

mixture and all the mixtures comprising CMFs exhibited a

stable shear stressestrain rate response; Fig. 8 presents the

measured shear-stress data over time for the plainmixture, as

an example. This was considered as a proof of the suitability

of the shearing protocol for cement pastes comprising CMFs.

Based on the measured shear stress data, the relationships
between the shear stress and shear strain rate were exam-

ined, as shown in Figs. 8 and 9. The shear stress plotted for

each shear strain rate in Figs. 8 and 9 represents the average of

the 20 data points measured at each step. For each mixture,

three flow curves were fitted to the measured data based on

the HeB model (Eq. (1)). It should be noted that only a shear

strain rate of 35 1/s was excluded from the curve fitting of the

1MF series after observing a relatively small deviation be-

tween the measured shear stresses (Fig. 9). The rheological

behaviors of the cement pastes comprising CMFswere in good

agreement with the HeB model (Figs. 9 and 10).

4.2. Yield stress and plastic viscosity

According to the curve fitting, the rheological parameters and

coefficients of determination of all the mixtures are listed in

Table 4. In addition, Fig. 11 presents the yield stress and plastic

viscosity with respect to the type and quantity of CMFs. In

Fig. 11, the yield stress and plastic viscosity represent the

average of the three fitted flow curves.

https://doi.org/10.1016/j.jmrt.2020.12.067
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Fig. 9 e Relationships between shear stress and shear strain rate for the plainmixture and 1MF series: (a) Plain, (b) 1MF03, (c)

1MF06, and (d) 1MF10.

Fig. 10 e Relationships between shear stress and shear strain rate in 2MF series: (a) 2MF03, (b) 2MF06, (c) 2MF10, and (d)

2MF20.
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Table 4 e Rheological parameters of tested cement
pastes.

Mixture Flow curve t0 (Pa) m0 (Pa-s) a (Pa-sb) b R2a

Plain 1 1.679 1.93 0.1386 1.777 1

2 1.919 1.97 0.1216 1.821 0.9999

3 1.884 1.97 0.1173 1.831 0.9999

1MF03 1 2.042 1.94 0.2434 1.669 0.9997

2 2.497 1.85 0.1920 1.730 0.9999

3 1.643 1.89 0.2418 1.664 0.9999

1MF06 1 3.475 1.90 0.1583 1.801 0.9997

2 2.802 1.94 0.2164 1.707 0.9996

3 3.196 1.90 0.1766 1.765 0.9993

1MF10 1 4.514 2.12 0.3558 1.576 0.9999

2 5.000 2.10 0.3544 1.574 0.9999

3 4.944 2.04 0.3018 1.617 0.9999

2MF03 1 1.528 1.77 0.1516 1.754 1

2 1.516 1.78 0.1463 1.767 1

3 1.570 1.77 0.1379 1.783 1

2MF06 1 1.331 1.84 0.1874 1.701 1

2 1.414 1.85 0.1732 1.728 1

3 1.638 1.85 0.1735 1.726 1

2MF10 1 1.642 1.92 0.2166 1.670 1

2 1.997 1.94 0.2051 1.691 1

3 2.443 1.96 0.2115 1.684 1

2MF20 1 2.189 2.05 0.2954 1.596 0.9999

2 2.710 2.11 0.3167 1.584 0.9999

3 3.875 2.16 0.3461 1.564 0.9999

a Coefficient of determination for data fitting.

Fig. 12 e Spread diameters of tested cement pastes.
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The type and quantity of CMFs had a significant influence

on the yield stress of the cement pastes (Fig. 11(a)). The yield

stress of the plain mixture was approximately 1.83 Pa. The

inclusion of additional 1MF CMFs caused an increase in the

yield stress up to approximately 4.82 Pa with 1% CMFs. The

1MF series exhibited higher yield stresses than the plain

mixture. In contrast, the use of 2MF CMFs of 0.3% or 0.6%

resulted in an even smaller yield stress than that in the case of

the plain mixture. Furthermore, the growth rate of the yield

stress with respect to the fiber dose was more drastic in the

case of the 1MF series (Fig. 11(a)); the yield stress of 2MF10was

approximately 42.1% of that of 1MF10. This implies that the

yield stress of the cement pastes was dependent on the length

of the CMFs to a greater extent than the number of CMFs; a

greater number of fibers were present in the 2MF series for a

given quantity of CMFs. The increase in the interfacial friction

between the granulates and fibers appeared to be marked in
Fig. 11 e (a) Yield stresses and (b) plastic
the case of the use of 1MF owing to its longer length as

compared to that of 2MF [16]. As a reference, it has been re-

ported in previous studies that the yield stress of the cement

composites generally increases in the case of longer fibers for

the same quantity [39e41].

The plastic viscosity of the plain mixture was approxi-

mately 1.96 Pa-s. As a reference, the plastic viscosity of the

cement paste with a w/c of 0.3 was approximately 3 Pa-s,

which is in accordancewith Eq. (2) [42] and is greater than that

in our study owing to the exclusion of superplasticizers. In

contrast to the effect of CMFs on the yield stress, all the

mixtures, regardless of the presence of CMFs, exhibited a

similar range of plastic viscosities with a coefficient of varia-

tion of only approximately 5.8% (Table 4 and Fig. 11(b)). This

appears to indicate the adequate incorporation of CMF parti-

cles at the fiber saturation point in all the mixtures. Further-

more, 1MF03, 1MF06, 2MF03, 2MF06, and 2MF10 showed lower

plastic viscosities than the plain mixture. This could be

attributed to the lubrication effect of the saturated CMFs in the

cement pastes, which was also observed with the use of SAPs

[43,44]. Moreover, Ma et al. [45] found that the plastic viscos-

ities of a cement paste with a w/c of 0.18 and another cement

paste with the same w/c as well as SAPs saturated with extra

water were nearly identical to each other. Finally, they

concluded that the plastic viscosity appeared to better char-

acterize the effect of the SAPs rather than the yield stress. The

plastic viscosity increased slightly as the quantity of CMFswas

increased (Fig. 11(b)). Among the two CMF series, the 2MF se-

ries exhibited a lower level of plastic viscosities.
viscosities of tested cement pastes.
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Fig. 13 e (a) Spread diameter versus yield stress, and (b) spread diameter versus plastic viscosity of tested cement pastes.
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In summary, the yield stress of the CMF-added cement

pastes was significantly dependent on the length of the CMFs,

which would change the restraining degree of plastic mix-

tures. Accordingly, the minimum force required to initiate the

flow of cement pastes, i.e., yield stress, is likely to vary

significantly. However, the plastic viscosity appears to be

considerably less affected by the length of CMFs. The CMF

particles at the fiber saturation point appear to be associated

with a similar plastic viscosity of the cement pastes despite

the different amounts of CMFs.

4.3. Mini-slump flow

The spread diameter of the cement pastes comprising CMFs

was affected by the length and mass fraction of the CMFs.

Mixtures comprising CMFs generally exhibited a decreasing

spread diameter as the quantity of CMFs used was increased.

The spread diameter of the plain mixture was approximately

424 mm (Fig. 12). Except for 2MF03, the mixtures exhibited

smaller spread diameters than the plain mixture. The plain

mixture, 1MF03, 1MF06, 1MF10, 2MF03, 2MF06, 2MF10, and

2MF20 presented minimum spread diameters of 400, 385, 385,

360, 415, 375, 375, and 355 mm, respectively. Among the two

CMF types, the 1MF series exhibited smaller flow diameters

than the 2MF series. This is in accordance with the greater

yield stresses and plastic viscosities of the 1MF series than

those of the 2MF series.

4.4. Relationships among yield stress, plastic viscosity,
and mini-slump flow

Both the yield stress and plastic viscosity of the tested cement

pastes were analyzed with respect to the spread diameter, as

shown in Fig. 13. In general, both the rheological properties of

the mixtures were inversely proportional to the spread

diameter, as indicated by the linear regressions in Fig. 13,

although only the plainmixture did not exhibit the same trend

in terms of the plastic viscosity. Among these two rheological

properties, the yield stress appears to be more closely corre-

lated with the spread diameter, regardless of the type and

quantity of CMFs used. This is in agreement with the typical

relationship between the spread diameter and yield stress of

cement pastes [46].
5. Conclusions

In this study, the rheological properties of cement pastes

comprising kenaf CMFs were investigated. The length and

mass fraction of the CMFs were considered as the test vari-

ables. Prior to conducting the rheometer tests, an optimal

shearing protocol was designed primarily for minimizing the

shear-induced structural breakdown of cement pastes under

hysteresis loops of the shear strain rate. Using the designed

shearing protocol, the rheological properties of cement pastes

as per theHeB fluidmodelwere evaluated and correlatedwith

the spread diameter from the mini-slump flow test. The

summary and conclusions of this study are as follows:

1. The shearing protocol, consisting of an initial pre-shearing

step at a high shear strain rate of 80 1/s, three acceleration

and deceleration cycles with a maximum shear strain rate

of 40 1/s, and a rest period before each acceleration,made it

possible to obtain stable shear stressestrain rate responses

for all the mixtures without the occurrence of a structural

breakdown.

2. The yield stress of the tested cement pasteswas dependent

on the type (i.e., length) andmass fraction of the CMFs. The

use of longer fibers (5 mm long), albeit in the same quan-

tities, appeared to induce a larger interfacial friction be-

tween the granulates and fibers, as indicated by the drastic

growth rate of the yield stress.

3. The plastic viscosities of the tested cement pastes were

similar, with a coefficient of variation of approximately

5.8%. This appeared to be associatedwith the CMF particles

at the fiber saturation point in the cement pastes, which

would induce a lubrication effect between the granulates

and fibers. Overall, the mixtures comprising shorter CMFs

(400-mm long) exhibited a lower plastic viscosity than those

comprising longer CMFs.

4. The spread diameter of the cement pastes generally

decreased as the quantity of CMFs increased. Both the

rheological properties of the mixtures were inversely pro-

portional to the spread diameter, as indicated by their

linear regressions. Furthermore, the spread diameter was

more closely correlated with the yield stress than the

plastic viscosity.
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