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A B S T R A C T

The maximum packing fraction (φfm) of flexible fibers is an essential parameter for understanding the rheological 
behavior of flexible fiber-reinforced cement paste (FFRCP). However, direct measurement of φfm of flexible fibers 
is still lacking. In this study, a shear rheology-based method for direct measurement of φfm was proposed and the 
assumption of fiber conformation under shear was verified by micro-CT. Based on this, a yield stress model for 
FFRCP was constructed to explain the entanglement and friction effects in the fiber network. Finally, static yield 
stress tests and small amplitude oscillatory shear (SAOS) tests were carried out to explore the structural build-up 
of FFRCP. It was found that the proposed method enables direct determination of φfm through only a few 
viscosity-fiber content data for a given FFRCP. Furthermore, the proposed model can describe the static yield 
stress of FFRCP well. Finally, the relative structural build-up rate of FFRCP follows a similar trend as the relative 
yield stress, with a critical relative fiber volume fraction (0.299) as the boundary. Subsequently, the relative 
structural build-up gradually deviates from the relative yield stress due to the limiting effect of the fibers.

1. Introduction

Synthetic flexible fibers such as polypropylene (PP) fibers have 
proven to be a versatile addition to cement paste [1–4]. The incorpo
ration of flexible fibers contributes to enhancing the crack resistance, 
toughness, and dimensional stability, leading to an improvement in the 
overall durability and service life of the cement-based materials [5–9]. 
However, like rigid fibers, the inclusion of flexible fibers is detrimental 
to the workability of fresh cement-based materials, particularly at high 
fiber content [10–12]. Workability, which is dependent on rheological 
properties, is a fundamental property of cement-based materials and its 
control ensures correct and easy casting [13–15]. Specifically, the 
workability also plays a crucial role in the interlayer interface properties 
of 3D printed fiber-reinforced cement-based materials (FRCBM) 
[16–18].

The effects of fiber type, fiber content, fiber geometry and fiber 
orientation on the workability or rheological properties of cement-based 
materials have been investigated in numerous studies [12,14,19–24]. It 
was generally found that the primary determinant of the fresh properties 
of FRCBM is the maximum packing fraction of the fibers. However, 
predicting the rheological properties of cement-based materials con
taining synthetic flexible fibers remains a challenging task. Sultanga
liyeva et al. [20] proposed a yield stress model for cementitious 
materials based on fiber content and geometry, elastic modulus, and the 
rheology of suspension. This model provides a profound understanding 
of the deformation and orientation of flexible fibers in cement-based 
materials. However, on the one hand the key to predicting fiber- 
induced amplification of the yield stress of the model lies in the 
maximum packing fraction of fibers as described, which in turn requires 
knowledge of the yield stress of suspension medium. On the other hand, 
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the evaluation of maximum packing fraction in this model is not 
applicable to fiber samples with multiple sizes or different elastic 
moduli, such as hybrid fibers. Although the maximum packing fraction 
of fibers can be measured by dry packing method, it is sensitive to the 
applied compaction degree and cannot account for the effect of water in 
the cement-based materials [25]. The maximum packing fraction of 
flexible fibers is more accurately described as a contact percolation 
fraction rather than the “geometric” maximum packing density deter
mined through compaction experiments [20]. It is noteworthy that Li 
et al. [19,21] investigated the packing density of mortar containing 
flexible fibers using the wet packing method [26,27]. But in fact, what is 
obtained is the packing density of the solid system when the flexible 
fibers were in a specific conformation. The flowing or mixing can induce 
a preferred orientation of the flexible fibers and thus modify the fresh 
properties of the cement-based materials [12]. This means that the 
conformation of the flexible fiber changes dynamically during the 
shearing process, in other words the packing fraction of the flexible fi
bers is not fixed either. The dynamic properties of flexible fibers in 
cement-based materials under shearing has been rarely reported previ
ously. In summary, it is necessary to propose a method that can directly 
measure the maximum packing fraction of flexible fibers while also 
reflecting the dynamic characteristics of the packing fraction under 
shear.

After the maximum packing fraction of the fibers is determined, the 
modeling of the rheological properties of FRCBM can be performed. 
Some yield stress models for FRCBM based on multi-scale approaches 
have been proposed, which relate the yield stress of the suspending fluid 
and the fiber volume fraction to the yield stress of FRCBM [20,28,29]. 
However, it is important to remember that the underlying logic of these 
models, i.e., the yield stress of FRCBM is proportional to the constitutive 
cement paste, is historically established for semi-dilute systems [12]. 
That is to say, only the hydrodynamic interactions between the sus
pending fluid and the inclusions are considered, so it is theoretically 
unsuitable for high-concentration cement-based suspensions. This 
means that the modeling of yield stress in FRCBM needs to be further 
improved to provide deeper insights, especially when the higher content 
of flexible fibers results in entanglement and friction effects in the fiber 
network that are not negligible.

As mentioned earlier, the literature on the yield stress of FRCBM is 
abundant, but studies focusing on the time-dependent rheological 
behavior or the structural build-up are limited. The thixotropic struc
tural build-up of cement-based materials is an intrinsic property that 
plays an important role in pumpability, stability and formwork filling as 
well as buildability for 3D printing [30]. Although Perrot et al. [31]
developed a structural build-up model for FRCBM, it was targeted spe
cifically towards rigid fibers. Chen et al. [32] studied the static yield 
stress evolution of 3D printed calcium sulphoaluminate cement com
posites (CSACCs) with polypropylene (PP) and polyvinyl alcohol (PVA) 
fibers. This has certain guiding significance for the study of FRCBM 
structural build-up, but the relationship between structural build-up and 
fiber properties, especially the maximum packing fraction, is lacking. 
This is not conducive to further understanding of the structural build-up 
of FRCBM. Therefore, the structural build-up for cement-based materials 
containing flexible fibers requires further research.

This study aims to develop a new experimental method that can be 
used to measure the maximum packing fraction of flexible fibers 
directly. Based on this, it is hoped that a yield stress model can be 
constructed that will provide deeper insights into the contribution of 
fibers in flexible fiber-reinforced cement paste (FFRCP). Finally, the 
structural build-up of the FFRCP was explored.

2. Methodology

Inspired by the structural response of flocs under shear [33,34], 
flexible fibers can be considered as a special type of floc that undergoes 
shape and orientation changes under shear, resulting in alterations to 

the rheological properties of FFRCP. The specific methodology for this 
proposed approach is outlined below:

Sultangaliyeva et al. [20] developed a model based on [12], Eq. (1)
below, which was confirmed to be capable of predicting the yield stress 
of FFRCP. This model implies that an increase in yield stress of FFRCP 
(τ0) is due to the increase of fiber volume fraction (φf ), and furthermore, 
as φf tends to the maximum packing fraction (φfm), τ0→∞. 

τ0

τ00
=

(

1 −
φf

φfm

)− 2

(1) 

where τ00 is the yield stress of the suspension medium, i.e., the pure 
cement paste.

According to rheology, that is, viscosity is the ratio of shear stress to 
shear rate, Eq. (1) can also be written in the form of viscosity as: 

η0

η00
=

(

1 −
φf

φfm

)− 2

(2) 

where η0 and η00 are the viscosities corresponding to τ0 and τ00 
respectively.

It should be noted that compared to rigid fibers, flexible or soft fibers 
do strongly deform when dispersed in cement-based materials [20]. The 
fibers gradually deviate from the conformation and orientation corre
sponding to dense packing with deformation, thus reducing the 
maximum packing fraction. As a result, the viscosity of FFRCP will in
crease due to the decrease of water film thickness [19]. Here, Eq. (2) can 
be extended to account for the effect of such fiber deformation on the 
rheological properties of FFRCP.

As the deformed fibers are subjected to increasing shear stress (τ), the 
fibers will straighten and rearrange. In this case, preferential fiber 
orientation along a given shear direction is expected to occur within a 
FFRCP element [35]. And φfm is more representative of the packing 
fraction for fibers at a certain deformation state. The preferred fiber 
conformation and orientation corresponding to φfm will be achieved 
only when the applied shear rate or stress is large enough (usually 
assumed to be infinite) [12]. Therefore, Eq. (2) should be reformulated 
taking into account the shear-induced change in fiber deformation. 
Furthermore, φfm becomes the effective maximum packing fraction 
(φfmeff (τ)), which is a function depending on shear stress or rate. This 
effective maximum packing fraction accounts for the increase of fiber 
deformation. A schematic evolution of φfmeff (τ) versus shear stress is 
presented in Fig. 1. It should be emphasized that φf is a fiber volume 
fraction, not an effective volume fraction, since fibers at low 

Fig. 1. Evolution of the effective maximum packing fraction φfmeff (τ) for flex
ible fibers as a function of shear stress τ.
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concentrations (to which this method is applicable) do not trap free 
water like particle flocs, resulting in an increase in the actual volume 
fraction [36]. As for the reason why the proposed method is based on the 
premise of low fiber content, it will be explained later. In addition, Eq. 
(2) is essentially a special case of the Krieger and Dougherty model [37], 
that is, the exponent is − 2. But this also results in a loss of flexibility in 
fitting experimental data [34]. Therefore, an adjusting parameter “a” 
(following Tregger et al. [33]) is introduced to increase the flexibility of 
the model. As a result, Eq. (2) can be expressed in more appropriate form 
as the following Eqs. (3) and (4) for FFRCP. 

η’(τ) =
[

a
(

1 −
φf

φfmeff (τ)

)]− 2

forτ > τ0 (3) 

and, 

η’ =

[

a’
(

1 −
φf

φfm

)]− 2

forτ→∞(τ≫τ0) (4) 

where ή (τ) is the ratio of the viscosity of the FFRCP to that of the sus
pension medium, and the value depends on τ. ή  and aʹ are the corre
sponding viscosity ratio and adjusting parameter when τ≫τ0, 
respectively.

Based on Eqs. (3) and (4), together with the method developed by Liu 
[34], φfmeff (τ) and φfm can be determined. Firstly, the stress ramp-up 
tests are performed to obtain the flow curves of cement pastes with 
different initial fiber volume fractions (Fig. 2(a)). Subsequently, the 
1 − [ή (τ) ]− 1/2 value corresponding to a given shear stress (τ1) is plotted 
against the fiber volume fraction, which can be fitted linearly, as shown 
in Fig. 2(b). When ή (τ) tends to infinity, φf is close to φfmeff (τ), and the 

1 − [ή (τ) ]− 1/2 value tends to 1. Hence, the φfmeff (τ1) for the given stress 

value is achieved when 1 − [ή (τ1) ]
− 1/2

= 1. Repeating this for each 
stress value yields the φfmeff (τ) − τ curve, and φfm corresponds to the 
φfmeff (τ) value when τ≫τ00 (Fig. 2(c)). Fig. 3 shows a flowchart of the 
shear rheology-based method for φfm measurement.

3. Experimental materials and methods

The materials used in this study for the preparation of FFRCP 
included cement, flexible fibers and water. The cement used was com
mercial ordinary Portland cement (PO 42.5R) conforming to GB175- 
2007, with specific gravity and specific surface area of 3.3 and 355 
m2/kg respectively. The main chemical composition of PO 42.5R is CaO 
(64.9 %), SiO2 (22.3 %), Al2O3 (4.2 %) and Fe2O3 (3.6 %), etc. More 
detailed information on the physical and chemical properties of cement 
can be found in [38]. The flexible fibers studied were polypropylene 
(PP) fibers. According to the classification criterion defined by Martinie 
et al. [12], the fibers can be considered as flexible fibers. Table 1 shows 
some basic parameters of the PP fibers. In addition, tap water from the 

laboratory was used as mixing water.

3.1. Mix proportions and sample preparation

The water-to-cement ratio (W/C) for the samples subjected to 
maximum packing fraction tests and rheological tests was 0.5. Due to the 
relatively prolonged duration required by the micro-CT test, in order to 
minimize the influence of bleeding and settlement while maintaining a 
reasonably close W/C used in other tests, a W/C of 0.5 has been chosen 
for the micro-CT test. For the maximum packing fraction test, two 
different volume fractions for each fiber were required to determine the 
maximum packing density. Concerning the static yield stress test, the 
fiber volume content was set at 1, 2 and 3 %, regardless of the aspect 
ratio. In addition, the fiber content was fixed at 1 % for the small 
amplitude oscillatory shear (SAOS) test. The detailed mix designs of the 
FFRCP are summarized in Table 2.

Once the pre-set ingredients have been weighed, the water was first 
added to the cement and mixed in the mixer (NJ-160A) bowl for 2 min. 
Subsequently, PP fibers were divided into three portions and slowly fed 
into the cement paste by hand to ensure proper distribution and mini
mize fiber clumping effects [29]. The cement paste was mixed for 
another 1 min to obtain the final FFRCP mixture.

3.2. X-ray micro-CT test

X-ray micro-CT technique (ZEISS Xradia 510 Versa 3D X-ray mi
croscope, 120 kV and 10 W) was selected in this study to capture the 
orientation and distribution of fibers in cement paste. The cement paste 
samples with W/C of 0.5 were tested immediately after shearing. In 
addition, a low fiber volume fraction of 0.1 % was maintained to ensure 
the better independent distinction of each fiber [20]. Three samples, 
denoted as CT-0, CT-10, and CT-20, were prepared and subjected to 
shear at a rate of 10 Pa/s for 0 s, 10 s, and 20 s, respectively, followed by 
CT scanning tests. After 2D image processing, the XCT VG Studio MAX 
software was used for the reconstruction of 3D images. The method in 
[39] was employed to extract the information on the coordinates and 
angles of fibers in 3D space. Finally, the average ratio of the fiber length 
in the shearing direction to the original fiber length was defined as the 
orientation factor to quantify the fiber orientation [39].

3.3. Maximum packing fraction test

The stress ramp-up protocol was performed using a Brookfield 
rheometer (RSX-SST) to determine the flow curves for maximum pack
ing fraction test of flexible fibers. The rheometer’s torque and speed 
ranges are 0.1–200 mNm and 0.01–1000 rpm, respectively. The rotator 
used was a four-bladed vane with a length and diameter of 40 mm and 
20 mm respectively. The FFRCP samples were tested directly after being 
moved to the cup (1000 mL beaker). To avoid strongly modifying the 

Fig. 2. (a) Flow curves of cement pastes containing different fiber contents (φf1, φf2, φf3); (b) Determination of φfmeff (τ1); (c) Determination of the maximum packing 
fraction φfm.
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orientation of fibers, no pre-shear step was performed before tests [12]. 
The shear stress was increased linearly from 0 to 250 Pa at a rate of 10 
Pa/s. The resultant shear stress versus viscosity curves were recorded. 
The 1 − [ή (τ) ]− 1/2 versus φf curves were plotted and extrapolated to a 
value of 1 for each shear stress to obtain φfmeff . Finally, φfm was obtained 

according to the evolution result of φfmeff with shear stress. The tem
perature of the sample was controlled at ~20 ◦C by a water bath device.

3.4. Static yield stress test

The rheometer and rotor used for static yield stress test are consistent 
with the maximum packing fraction test described above. To obtain the 
static yield stress of FFRCP just after mixing, a constant shear rate (0.1 
s− 1) protocol was adopted. The applied shear rate is consistent with 
previous studies as reported in [40]. The peak of the shear stress evo
lution was taken as the static yield stress. Each yield stress test was 
performed three times to ensure the repeatability of the measurements. 
Note that transferring the prepared fresh FFRCP to the rheometer re
quires a slow pouring velocity to avoid effect on the fiber orientation 
[31]. Similarly, no pre-shear step was carried out before this test and the 
temperature was controlled at ~20 ◦C.

Further, the static yield stresses of the samples at resting times of 
300, 720, 1200 and 1800 s were measured to evaluate the structural 
evolution of the FFRCP. Then the Roussel model [41] was used to obtain 
the structural build-up rate of the FFRCP (AFFRCP

thix ). 

τs = τ0 + AFFRCP
thix • trest (5) 

where τs is the static yield stress of the sample, trest is the resting time.

3.5. SAOS test

To obtain the evolution of the storage modulus (Gʹ) and phase angle 
(δ), SAOS time sweep measurements were carried out in a rotational 
rheometer (Anton Paar MCR 302) with a concentric cylindrical geom
etry. The frequency was chosen as 1 Hz, which allowed sufficient time 
for the hydration products to build up and provided stable data [42]. In 
addition, strain amplitude sweeps were performed to determine the 
linear viscoelastic domain (LVED), where the storage modulus is inde
pendent of the applied shear strain. Finally, the angular frequency and 
strain amplitude were determined to be 1 Hz and 0.001 %, respectively, 
within LVED, for the subsequent time sweep test.

4. Results and Discussions

4.1. Initial validation of the shear rheology method

The primary premise for the validity of the proposed shear rheology 

Fig. 3. A flowchart of the proposed shear rheology-based method.

Table 1 
Basic parameters of PP fibers.

Fiber type Length (mm), L Diameter (µm), D Density (g/m3) Tensile strength (MPa) Young’s modulus (GPa), E Elongation rate (%)

PP 3, 6, 9, 12 40 0.91 398 4.2 28.0

Table 2 
Summary of the mix proportions of the FFRCPs prepared.

Experiment type W/C Fiber length (mm) Fiber content (%)

X-ray micro-CT test 0.5 6 0.1
Maximum packing fraction test 0.6 3 0, 0.164, 0.185

6 0, 0.068, 0.087
9 0, 0.029, 0.046
12 0, 0.043, 0.059

Static yield stress test 0.6 3 0, 1, 2, 3
6 0, 1, 2, 3
9 0, 1, 2, 3
12 0, 1, 2, 3

SAOS test 0.6 3 0, 1
6 0, 1
9 0, 1
12 0, 1
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test method is the assumption that the fiber conformation undergoes 
continuous straightening and rearranging under shear. The purpose of 
this section is therefore to validate this hypothesis. The 3D CT- 
reconstructed images of the fibers under different shear conditions are 
shown in Fig. 4. As expected, these fibers do undergo deformation in the 
cement paste. However, due to the high W/C, the overall degree of fiber 
bending is not significant. This is consistent with the conclusion from 
[20]. When un-sheared, the fibers in the paste exhibited extremely non- 
uniform distribution (Fig. 4(a)). However, under the action of shearing, 
the fibers become increasingly dispersed and straightened (Fig. 4(b) and 
(c)). In the shear direction, with the increase of shear time, the orien
tation factor of fibers (the average ratio of the fiber length in a certain 
direction to the actual length of all flexible fibers [39]) increases grad
ually (0.54, 0.60 and 0.72), suggesting that fiber tends to lie more 
parallel to this direction. Therefore, the hypothesis was quantitatively 
validated by micro-CT imaging and 3D image reconstruction, which 
preliminarily demonstrated the rationality of the proposed shear 
rheology test method.

4.2. Maximum packing fraction

According to the assumptions of the background theory (Fig. 1), a 
relationship that increases first and then reaches a plateau exists be
tween φfmeff (τ) and τ for the fresh FFRCP. This is confirmed for the 
FFRCP, as illustrated in Fig. 5(a). It is worth noting that when the shear 
stress is less than 150 Pa, which is much larger than the yield stress of the 
suspension medium, that is, pure cement paste, the φfmeff (τ) of the fibers 
is hardly dependent on the shear stress regardless of the fiber length or 
aspect ratio. This plateau region did not occur when a similar shear 
rheology test method was used to measure the solid volume fraction of 
cement paste containing clay admixtures [33]. This distinction can be 
attributed to the fact that the flexible fibers can adapt to the shear by 
deformation, which means that more energy is required to achieve the 
yielding of system [43,44]. The fiber is gradually straightened and 
rearranged continuously under shearing, causing φfmeff (τ) to increase 
continuously until the optimal conformation is obtained, which corre
sponds to φfm of the fiber. Similar φfmeff (τ) − τ relationship was also re
ported in highly concentrated calcium carbonate suspensions [45]. To 
quantify the dynamic characteristics of the flexible fiber under shearing 
and obtain φfm more accurately, a stretched exponential function was 
adopted: 

φfmeff (τ) = φfmi +
(
φfm − φfmi

)
{

1 − exp

[

−

(
τ
τr

)k
]}

(6) 

where φfmi is the initial packing fraction of fibers before shearing. τr is 
the characteristic shear stress which reflects the resistance of the fibers 
to deformation. k is a coefficient reflecting the rate of change in fiber 
conformation with shear stress.

It should be noted that due to the influence of the mixing and transfer 
process on the fiber conformation, φfmi, τr and k may be inconsistent 
even for the same fiber, but φfm is unchanged. This is similar to the 
characteristic of cement-based materials reaching an equilibrium state 
under shearing as shown in [40]. Also, strictly speaking, the above 
conclusion regarding shear history-independent φfm applies only to 

FFRCP under the critical shear intensity. Han and Ferron [46] discov
ered that upon reaching the threshold shear intensity, the cement paste 
displayed a shear-thickening behavior. Since the conformation of flex
ible fibers depends on the consistency of the cement paste [20], Eq. (6)
holds only below a certain shear intensity. This also means that the fi
bers cannot always maintain the optimal conformation as the shear 
stress continues to increase.

As shown in Fig. 5(a), the evolution of φfmeff with shear stress can be 
well described by the Eq. (6). The φfm of 3, 6, 9 and 12 mm PP fibers can 
be obtained as 0.0693, 0.0631, 0.0557 and 0.0484, respectively. Clearly, 
these packing fractions are all greater than the ones obtained with 
Sultangaliyeva model (see Eq. (9) in [20]), which were derived from the 
spread test results (see Fig. 5(b)). One explanation can be that the 
deformed fibers are not fully straightened and rearranged due to the low 
shear rates involved during the spread tests and thus the optimal fiber 
conformation is not obtained [47]. This maximum packing fraction gap 
also reflects the rationality of the proposed method. In addition, as ex
pected, φfm decreases as the fibre aspect ratio (A) increases. Martinie 
et al. [12] showed that the dense packing fraction of rigid straight fibers 
with high aspect ratio scales with 1/A. As flexible fibers deform in the 
cement paste and eventually quite different from original straight shape, 
the actual aspect ratio (Aʹ) can be expressed as the ratio of the effective 
length (Leff , defined as the average distance between the ends of the 
deformed fiber) [20] to diameter of the fiber, which reads: 

A’∝D−
2
5L

1
5 (7) 

Therefore, when the fiber diameter is fixed, 1/Aʹ scales with A− 1/5. 
The results in Fig. 5(c) show that φfm is proportional to A− 1/5, indicating 
that φfm of the flexible fiber can also be represented by the original A. 
This can be used to make an estimate of φfm for flexible fibers. Certainly, 
further data acquisition is required to substantiate this conclusion.

4.3. Static yield stress

The relationship between the obtained relative yield stress and the 
corresponding relative fiber volume fraction (φ,

f ) is shown in Fig. 6. 
First, it can be clearly seen that the yield stress of FFRCP exhibits a step- 
like characteristic. When φ,

f is less than about 0.3, the yield stress of the 
material is close to the suspending cement paste, which means that the 
influence of fiber on the rheological properties of cement paste is rela
tively low at this time. However, as soon as the relative volume fraction 
exceeds this critical point, the relative yield stress of FFRCP increases 
dramatically by orders of magnitude. Furthermore, the theoretical value 
obtained by Eq. (1) is much smaller than the experimental results, 
especially at high fiber content. Therefore, unlike the situation where 
the maximum packing fraction of flexible fibers is measured using shear 
rheology at low fiber content, there may be other factors besides fiber 
straightening and rearrangement that contribute to the static yield stress 
of FFRCP.

It should be emphasized that the fiber content of samples subjected 
to static yield stress test in this study ranged from 1 to 3 %, although the 
maximum φ,

f (L = 12 mm, φf=3%) is 0.6196. This value is smaller than 
the critical random loose packing fraction (0.8, the yield stress increases 
by an order of magnitude when φ,

f is greater than this value) defined in 
previous studies [12,20], i.e., the cut-off point for the degree of fiber 
influence on the rheological properties of the cement paste. It was found 
that the cementitious material was difficult to flow during the actual 
slurry preparation process at this time. Further analysis using crowding 
factor (N, defined as the number of fibers present in a spherical volume 
with a diameter equal to the length of one fiber) [48] and effective- 
medium theory (EMT) [49] showed that the selected PP fiber content 
basically exceeded the flocculation thresholds (Φf ) for the formation of 
flocculation (Fig. 7). It can be presumed that the formation of the fiber 
flocculation network may be responsible for the experimental values 

Fig. 4. 3D CT-reconstructed images of different samples: (a) CT-0; (b) CT-10; 
(c) CT-20. Green represents fibers and brown color represents pores. In addi
tion, 0, 10 and 20 represent shearing times of 0 s, 10 s and 20 s respectively.
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being much larger than the theoretical answers of Eq. (1). The inter
locking of fibers within the fiber flocculation restricts the free flow of 
fibers while allowing the fiber network to withstand certain external 
load [50]. The main sources of mechanical strength of fiber network are 
the mechanical surface linkage and the cohesive forces caused by the 
bending of the elastic fibers, i.e., the hooking force generated by the 
mechanical entanglement of fibers (Fig. 8(a)) and the frictional resis
tance induced by the normal forces at the contact points when the 
elastically bent fibers cannot be straightened due to contact with other 
fibers [50] (Fig. 8(b)). These cohesive forces are particularly pro
nounced at high fiber volumetric concentration. Therefore, the gap 
(Δ τ0

τ00
) between the above experimental results and the model values of 

Eq. (1) could be mainly attributed to the hooking and friction effects 
between the fibers in the fiber network.

According to the classical beam theory, the shear stress caused by 
friction is only related to A and φf , while the stress caused by mechanical 
surface linkage can be expressed by the number of contacts per fiber 

(n =

̅̅̅̅̅̅̅̅
A2φf
8π

√

) [52]. Furthermore, the solid contact contribution can be 
given by a power law, i.e., ∝μcφ,

f
2 (μc is the contact coefficient) [53]. In 

addition, a strong linear correlation is observed when plotting Δ τ0
τ00 

against φʹ
f , which ∝ φf A1/5, on a log–log scale (Fig. 9(a)). Therefore, Δ τ0

τ00 

can be regarded as a power function of φ,

f for simplicity. At the same 

time, the following model was firstly proposed by introducing a step 

function β
(

φ,

f

)
to capture the step characteristics of the yield stress of 

FFRCP: 

τ0

τ00
= β

(
1 − φ,

f

)− 2
+ (1 − β)Δ

τ0

τ00
= β

(
1 − φ,

f

)− 2
+ ρ(1 − β)φ,

f
h (8) 

where ρ and h are constants related to fiber properties such as elastic 
modulus, the β can be expressed as: 

β = 1 −
1

1 + exp
[
− q

(
φ,

f − φ,

f0

) ] (9) 

This step function makes β equal to 0 or 1 when φ,

f is greater or less 
than the transition point φ,

f0 and q (here taken as 100) determines the 
sharpness of the equation [54].

Next the parameters of the equation are determined from the 
experimental data and the final relative yield stress model of FFRCP is 
given by: 

Fig. 5. (a) The effective maximum packing fraction φfmeff (τ) as a function of shear stress τ. (b) Comparison of the results in this study with the Sultangaliyeva model 
values. (c) Relationship between the maximum packing fraction φfm and A− 1/5.

Fig. 6. Relative yield stress τ0
τ00 

(both experimental and theoretical values) as a 
function of the relative volume fraction φ,

f .

Fig. 7. Flocculation thresholds (Φf ) calculated from the crowding factor N and 
EMT. The formulas for calculating the Φf based on the crowding factor and 

EMT are Φf =
60

2
3A2 and Φf =

36Lc(1− Lc)
2+Lc(15− 9Lc)

respectively, where Lc =
1− e2

2e3

[

ln 1+e
1− e − 2e

]

and e =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 − (1/A)2
√

. More details can be found in [49].
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τ0

τ00
=

⎧
⎨

⎩
1 −

1

1 + exp
[
− 100

(
φ,

f − 0.299
) ]

⎫
⎬

⎭

(
1 − φ,

f

)− 2
+

176.909

⎧
⎨

⎩
1 −

⎧
⎨

⎩
1 −

1

1 + exp
[
− 100

(
φ,

f − 0.299
) ]

⎫
⎬

⎭

⎫
⎬

⎭
φ,

f
1.612

(10) 

From Eq. (10), it can be found that when the relative fiber content is 
less than φ,

f0 (0.299), the equation can be simplified to Eq. (1), which is 
consistent with the experimental results in Fig. 6. At this time, the 
interaction of fibers in the flexible fiber flocculation network can be 
ignored, and the yield stress enhancement effect of fibers mainly comes 
from the straightening and rearrangement of fibers. This is also the 
principle of using shear rheology to measure the maximum packing 
fraction of flexible fibers, and it also explains the reason why the premise 
of this method is low fiber content. When the relative fiber volume 
fraction is greater than φ,

f0 Eq. (1) is no longer applicable. At this point 
the total shear stress sustainable by the fiber network will be mainly 
given by the entanglement and frictional effects of the fibers.

To verify the accuracy and applicability of the proposed model, 
FFRCP with different fiber aspect ratios and contents were prepared and 
the static yield stress tests were carried out. The theoretical predictions 
were compared to the experimental values, and the results are shown in 
Fig. 9(b). The correlation coefficient R2 reaches 0.94 indicating that a 
good agreement has been achieved. A P-value 1.31E-17 (<0.01) in
dicates a significantly different distribution between experimental 
values and model values. It should be noted that the modeling slightly 
underestimates the experimental values when φ,

f0 ranges from 0.1 to 
0.299, indicating that the fiber interaction cannot be completely ignored 

at this time, which needs to be improved in the future. However, this 
does not contradict the underlying logic of the proposed measurement 
method for the maximum packing fraction of flexible fibers, as the fiber 
content selected for the experiments is sufficiently low. In addition, the 
fitting results of the simple power law model (y = a1 + b1 • xc1 , a1, b1 
and c1 are the fitting parameters respectively) are also shown in Fig. 9
(b). Although this model also provides a good description of the relative 
yield stress and is easy to use, the fitting parameters are not linked to the 
fiber–fiber interactions and some important features such as step 
response are not represented. The proposed model is able to take into 
account the effect of fiber and capture the evolution characteristics of 
yield stress, so it is a more ideal model.

4.4. Structural build-up

Structural build-up of various FFRCPs was evaluated using static 
yield stress test and dynamic rheology (Fig. 10). As shown in Fig. 10(a), 
FFRCP exhibits higher static yield stress compared to pure cement paste 
regardless of the resting time. In addition, the structural build-up rate 
increases with increasing fiber length or aspect ratio. For example, 
FFRCPs containing fibers with lengths of 3, 6, 9 and 12 mm have cor
responding AFFRCP

thix of 0.0613, 0.0647, 0.0756 and 0.1202 Pa/s respec
tively. This can be attributed to the spatial congestion within the fiber 
network [55]. As noted earlier, longer fibers correspond to a smaller φfm. 
Therefore, a longer length implies a higher relative fiber volume fraction 
for a given fiber content. Thus, an increase in the number of contact 
points between fibers leads to an increase in AFFRCP

thix . Similar observations 
were also made by Rubio et al. for the fiber cement-based materials [56].

The evolution of Gʹ and δ is shown in Fig. 10(b) and (c). The 

Fig. 8. Cohesive forces (P) caused by (a) hooking of whole fibers and (b) bending of elastic fibers (adapted from [51]). N is the normal force, Ff is the friction force.

Fig. 9. (a) Log – log plot of relative yield stress difference Δ τ0
τ00 

versus the relative volume fraction φ,

f . (b) Correlation between predicted and experimental relative 
yield stress τ0

τ00
.
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structural build-up of FFRCP suspensions is characterized by an increase 
in Gʹ accompanied by a decrease in δ during an initial certain rest period, 
after which Gʹ increases linearly while the evolution of δ becomes 
insignificant. Since the pre-shear step is not performed, the system does 
not reach a good dispersion state reflected by Gʹ has a certain initial 
value. However, the mixing, transfer and rotor immersion steps inevi
tably destroy the sample. Therefore, the particle flocculation network is 
formed under the van der Waals attraction [57], which is reflected by an 
increase in Gʹ and a decrease in δ, i.e., the transition from a liquid-like 
state to a solid-like state. After a certain resting time, the percolation 
time (tperc), the colloidal particles reach the favourable equilibrium 
position, and δ remains stable [58]. The volume of hydration products 
formed during the period may increase linearly as in Refs. [57,59], 
resulting in a linear increase in Gʹ with time [60], and the Gʹ evolution 
rate is also called the rigidification rate (Grigid). In the following, the 
kinetics of build-up of FFRCPs is examined in more detail using Grigid and 
tperc according to Mostafa and Yahia [58].

As expected, incorporation of fibers results in greater Gʹ (i.e., higher 
rigidity) (Fig. 10(b)). This is in good agreement with the static yield 
stress results. Compared with the pure cement paste (57.664 Pa/s), the 
addition of fibers increases Grigid values with the fiber lengths being 
116.158, 115.263, 117.655 and 207.489 Pa/s respectively, but the Grigid 

does not increase strictly with fiber length as in the case of AFFRCP
thix . The 

Grigid of FFRCP is almost the same when the fiber lengths are 3, 6 and 9 
mm, while it increases significantly when the fiber length increases to 
12 mm. This may be related to the higher number of contact points in the 
fiber network when the fiber length is 12 mm. It should be noted that a 
larger Grigid does not mean faster formation of the colloidal network, i.e., 
a smaller tperc. In fact, pure cement paste exhibited the shortest tperc (105 
s), while the determined percolation times for FFRCPs were around 320 
s, regardless of the fiber length. A similar phenomenon was also found in 
cement-based suspensions with polycarboxylate high-range water- 
reducer (HRWR) [58]. tperc is not affected by the degree of hydration and 
can be used solely to describe the physical structural changes [61]. One 
possible reason for this is that the incorporation of fibers increases the 
separation distance between particles due to the wall effect [62].

To gain further insight into the modeling of the structural build-up of 
FFRCP, the experimental relative yield stress (τ0/τ00), relative structural 
build-up rate (AFFRCP

thix /ACP
thix, ACP

thix is the structural build-up rate of cement 
paste) and the prediction values of the Perrot model [31] were 
compared, as shown in Fig. 11. The Perrot model describes the structural 
build-up of rigid fiber-reinforced cement-based materials well. Firstly, it 
can be seen that the predicted results of the Perrot model are signifi
cantly lower than the actual values. The structural build-up has a strong 
correlation with the inclusion contacts and crowding effects [63]. 
Therefore, the underestimation of the Perrot model results can be 
attributed to the higher internal friction and fiber interlocking effect of 
the flexible fiber network, which can deform more than a rigid fiber 

network [64]. In addition, the discrepancy between the relative yield 
stress and the relative structural build-up rate continues to increase with 
the relative fiber volume fraction, reflected by the relative structural 
build-up rate presenting lower values. For rigid fiber reinforced cement- 
based materials, τ0/τ00 and AFFRCP

thix /ACP
thix start to deviate only when the 

relative volume fraction is larger than the random loose packing fraction 
(0.8) [31]. This implies that both types of fibers limit the structural 
build-up, but to varying degrees. Similar to particle flocs, flexible fibers 
are more prone to form complex contact networks trapping free water or 
cement particles due to the ease deformability compared to rigid fibers. 
This is the reason why flexible fibers limit the structural build-up of 
FFRCP from a low content (φ,

f0 ). Fig. 11 shows that the relative yield 
stress and structural build-up rate of FFRCP follow a similar trend as a 
function of the relative fiber volume fraction ranging from 0 to φ,

f0. 
Therefore, the structural build-up rate of FFRCP can be written as 
AFFRCP

thix = ACP
thix •

τ0
τ00 

at this point. Due to the restriction effect of the fibers, 
the structural build-up rate of FFRCP deviates from the relative yield 
stress, and further investigation into modeling the structural build-up for 
relative volume fractions higher than φ,

f0 is required in future work.

5. Conclusions

In this study, a method for measuring the maximum packing fraction 

Fig. 10. Evolutions of (a) static yield stress, (b) storage modulus Gʹ and (c) phase angle δ with resting time for FFRCPs with fiber content of 1%.

Fig. 11. Non-dimensional structural build-up and yield stress as a function of 
relative fiber volume fraction and the comparison with the predictions of the 
Perrot model [31].
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(φfm) of flexible fibers based on shear rheology was proposed. The micro- 
CT was utilized to preliminarily verify the conformation hypothesis of 
the fiber under shear. Then, a yield stress model for flexible fiber- 
reinforced cement paste (FFRCP) was established to interpret entan
glement and friction effects in the fiber network. Finally, the static yield 
stress test and the small amplitude oscillatory shear (SAOS) test were 
performed to investigate the structural build-up of FFRCP. Based on the 
results of this study, the following conclusions can be drawn: 

1. When the shear stress is less than 150 Pa, the effective maximum 
packing fraction (φfmeff (τ)) is almost independent of the shear stress, 
regardless of the length or aspect ratio of the flexible fibers, due to 
the fibers’ adaptability to deformation. Subsequently, φfmeff (τ) con
tinues to increase until it reaches the φfm, corresponding to the 
optimal fiber conformation. The dynamic characteristics of the 
packing fraction of flexible fibers can be described by a stretched 
exponential function (Eq. (6)). The rheology-based method proposed 
can directly and accurately measure the φfm of flexible fibers, but the 
applicable premise of this method is low fiber content to avoid the 
influence of fiber–fiber interaction.

2. When the relative fiber volume fraction (φ,

f ) is less than 0.299, the 
enhancement effect of flexible fibers on yield stress of FFRCP pri
marily arises from the straightening and rearrangement of fibers. 
When φ,

f exceeds 0.299, the entanglement and frictional effects of the 
fibers become dominant factors. The proposed yield stress model (Eq. 
(10)) can take into account the fiber–fiber interactions and effec
tively quantify the yield stress characteristics of FFRCP.

3. The addition of fibers increases the structural build-up rate (AFFRCP
thix ) 

and rigidification rate (Grigid), but Grigid does not increase strictly 
with fiber length as AFFRCP

thix does. Although FFRCP can form the elastic 
network faster compared to pure cement paste, the percolation time 
of FFRCP does not depend on fiber length. In addition, when φ,

f is less 
than 0.299, the relative yield stress and structural build-up rate of 
FFRCP follow a similar trend as a function of φ,

f . When φ,

f is greater 
than 0.299, the relative yield stress increases faster than the relative 
structural build-up due to the restriction effect of the flexible fiber 
network.

The findings of this study can enhance the understanding of the effect 
of flexible fibers on the rheology of cement paste, thereby providing a 
theoretical foundation for the mix design of FFRCP. It is worth noting 
that a relatively high W/C was used in this study, which can easily lead 
to segregation and bleeding. The applicability of the proposed shear 
rheology-based method as well as the static yield stress model in FFRCP 
with low W/C needs to be further studied, and this is also a subject of 
future work.
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