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Interfacial characterization of poly (vinyl alcohol) fibers embedded in
a calcium phosphate cement matrix: An experimental and numerical

investigation
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Abstract

Because of their chemical similarity to the mineral phase of bone and teeth, calcium phosphate

cements are extensively investigated for applications in biomedicine. Nevertheless, their applica-

bility in load-bearing anatomical sites is restricted by their brittleness. Reinforcement of calcium

phosphate cements with polymeric fibers can overcome this mechanical limitation provided that

the affinity between these fibers and the surrounding matrix is optimal. To date, the effects of the

fiber-matrix affinity on the mechanical properties of fiber-reinforced calcium phosphate cements are

still poorly understood. The goal of this study is therefore to investigate the interfacial properties

and bond-slip response between the CPC matrix and polymeric fibers. To this end, we selected

polyvinyl alcohol fibers as reinforcing agents because of their high strength and stiffness and their

effective reinforcement of cementitious matrices. Micromechanical pull-out experiments were com-

bined with numerical simulations based on an dedicated constitutive interfacial law to characterize

the interfacial properties of poly (vinyl alcohol) fibers embedded in a calcium phosphate cement

matrix at the single fiber pull-out level. The computational model developed herein is able to

predict all three main phases of pull-out response, i.e. the elastic, debonding and frictional pull-

out phases. The resulting interfacial constitutive law is validated experimentally and predicts the

pull-out response of fibers with different diameters and embedded lengths.
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1. Introduction

Calcium phosphate cements (CPCs) are widely used in orthopedic and dental surgery due to

their chemical similarity to the mineral phase of bones and teeth [1, 2]. Consequently, clinically used

CPCs reveal excellent compatibility to bone tissue [3–5]. These biomaterials can be prepared in the

operating room and they can be directly injected or molded during surgery into bone defects or gaps5

between bones and implants [6]. These CPCs are attractive alternatives to the majority of currently

available sintered bone substitutes due to their moldability and in-situ hardening properties [7, 8].

CPCs are produced by mixing a precursor powder and liquid phase at different liquid-to-powder

ratios (L/P ratio). During this process, calcium phosphate crystals are formed by precipitation

which eventually interlock to give mechanical stability to the cement [9]. Despite their widespread10

usage in orthopedic and dental surgery, currently available CPCs are far from ideal, mainly in view

of their poor mechanical properties. Bending strength values of CPCs are indeed reported in the

5–15 MPa range, far below the values reported for cortical bone (about 200 MPa [10]). Morgan

et al. [11] investigated damage and fracture properties of carbonated apatite CPCs and reported

fracture toughness values of 0.14 MPa m1/2 which is considerably lower than the fracture toughness15

of human cortical bone (2–5 MPa m1/2 as reported by Nalla et al. [12]). These limited values of

bending strength and fracture toughness of currently available CPCs stress the strong need for

the development of CPCs with improved mechanical propertie in terms of enhanced toughness

and strength [13]. This toughness of cementitious matrices can be improved most efficiently using

reinforcing fibers, as shown for instance by the effective reinforcement of concrete using polymeric20

fibers. In addition to design criteria such as the amount, dimensions, and mechanical properties of

these polymeric fibers, fibers should also be biocompatible for biomedical applications. Generally,

polymeric fibers used for biomedical applications are either resorbable or non-resorbable. Resorbable

fibers made of natural or synthetic polymers such as collagen, polylactic acid (PLA), poly(lactic-co-

glycolic acid) (PLGA), or polycaprolactone (PCL) are too weak to reinforce CPCs efficiently [14,25

15]. On the contrary, non-resorbable fibers composed of polyamides, carbon or glass reinforce

cementitious matrices more efficiently due to their higher tensile strength and stiffness [1].

PVA fibers are a particularly promising fiber type for reinforcement of CPCs because of their

high modulus of elasticity and tensile strength. Moreover, their strong affinity for hydrophilic

cementitious was already exploited effectively for reinforcement of other cementitious matrices such30

as concrete [16]. Finally, PVA is regarded as a biocompatible polymer in the biomedical field, as
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shown by its use in various applications in biomedicine [17]. In view of these beneficial properties,

PVA fibers have been recently introduced into CPCs, thereby transforming brittle CPCs to ductile

and tough fiber-reinforced calcium phosphate cements (FRCPCs) [18].

In order to describe the mechanical behavior of fiber-reinforced CPCs three main phases can35

be discerned, i.e. the CPC matrix, fibers, and the fiber-matrix interface. While the matrix and

fiber phases of fiber-reinforced CPCs are adequately understood, the effect of the interface between

polymeric fibers and the matrix of CPCs is still poorly understood [19]. This interface behavior

is dictated by chemical, frictional, and mechanical interactions between the matrix and embedded

fibers [20, 21]. Stresses are transferred from the matrix to the fibers through this fiber-matrix40

interface. Consequently, the mechanical properties of fiber-reinforced CPCs can only be optimized

when their fiber-matrix interface is fully understood.

Experimental single-fiber pull-out tests are the most common micromechanical tests to assess

the fiber-matrix affinity [22, 23]. From these tests, key parameters which characterize the pull-out

response can be derived in a quantitative manner including the critical fiber embedded length. This45

parameter is defined as the longest fiber length that can be pulled out of its surrounding matrix

without any rupture [24].

Recently, single-fiber pull-out behavior has also been studied analytically and numerically [25–

30]. Single-fiber pull-out tests using PVA fibers embedded in a concrete matrix were performed

and analyzed at both quasi-static and high pull-out rates by Scheffler et al. [28]. They investigated50

both as-received and surface-treated PVA fibers and demonstrated that removal of fiber coatings

can affect the interfacial mechanical bonding between the PVA fiber and the concrete matrix.

An analytical micromechanical model for polymeric fibers of hydrophobic and hydrophilic nature

embedded in a concrete matrix was developed by Lin et al. [29]. This model included the effect of

chemical bonding and slip-dependent interfacial properties to provide a more realistic representation55

of the fiber-matrix interfacial interactions. Breitenbucher et al. [30] analyzed the pull-out response

of steel fibers considering different inclinations and concrete matrix strength. They developed an

analytical model for hooked-end fibers considering the anchorage effect and proposed an interface

law for pull-out behavior of straight fibers.

Although numerous studies have been dedicated to fiber reinforcement of cementitious matrices60

used in civil engineering [30–36], the interface behavior of polymeric fibers and biomedical cements

is still hardly investigated. Herein, we study the pull-out response of PVA fibers from a CPC matrix
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both experimentally and numerically for different fiber embedded lengths and diameters. We use

two types of interfacial constitutive laws to represent the fiber-matrix interface properties in our

numerical model. The first suggested interfacial constitutive law can predict only the elastic and65

frictional pull-out stages. Here we ignore the debonding stage. This could be a valid approximation

specifically for fibers with relatively small diameters and embedded lengths. In previous literature,

usually the debonding stage is either ignored or assumed with constant frictional shear stress. In

the experimental data presented in this paper we noticed a distinct debonding stage that is also

slip-dependent. Therefore, we suggest an advance interfacial constitutive law that is able to capture70

the complete pull-out process including a slip-dependent debonding stage.

Specifically, we i) present a novel experimental protocol to assess the affinity between PVA

fibers and the surrounding CPC matrix by means of single-fiber pull-out tests; (ii) we determine

the critical embedded length for PVA fibers with two different diameters and correlate the work

of pull-out with the embedded length; and (iii) we design a numerical model with a predictive75

interfacial constitutive law which describes the three main phases of single-fiber pull-out, i.e., the

elastic, debonding and frictional stages. This numerical model is validated with our experimental

data.

2. Experimental studies

2.1. Single-fiber pull-out test80

During a pull-out test, a single fiber is pulled out from the surrounding cement matrix and

the pull-out force versus the displacement is measured. Generally, the pull-out response strongly

depends on the matrix composition, chemical properties of the fiber, and fiber geometry including

fiber diameter and fiber embedded length. A possible simplification is to assume that the fiber is

pulled out from the matrix with a constant frictional force along the entire fiber-matrix interface [25].85

In this case the frictional shear stress τ is set equal to a constant value (τ0) and it is independent

of fiber slippage. This assumption may be valid for specific types of matrix and fibers [37, 38].

However, the interfacial shear strength τ is more often a function of fiber slippage [28, 39]. Figure 1

shows a schematic drawing of pull-out responses with constant and slip-dependent frictional force on

the interface. Here, Pmax, Pmaxl, Pdb, and le represent the maximum pull-out load, local maximum90

pull-out force, debonding pull-out force, and the embedded length, respectively. Fiber pull-out can
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lead to a slip-softening, constant friction, or slip-hardening behavior depending on the fiber-matrix

interface adhesion, fiber surface roughness, and the relative properties of matrix and fiber [39].
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Pmaxl
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fully debonded le

slip-softening

constant friction

slip-hardening

Figure 1: Schematic representation of pull-out response with slip-softening, constant friction, and slip-hardening

behavior

2.2. Experimental single-fiber pull-out tests95

To investigate the affinity between PVA fibers and the CPC matrix, two types of PVA fibers with

diameters of 200 and 100µm were pulled out from CPC at embedded lengths between 2 and 10 mm.

Fiber diameter and embedded length are two main parameters that can affect the bond strength

between fiber and matrix. The types and properties of the PVA fibers used herein (Kuraray Co.,

Ltd.) are listed in Table 1.100

Table 1: Properties of the PVA fibers employed in the experimental tests

Diameter Length Tensile strength Modulus Poisson ratio

(µm) (mm) (GPa) (GPa)

200 18 1.0 27 0.2

100 12 1.2 28 0.2

The physical properties and specimen geometry of the CPC used as matrix for all experiments

are listed in Table 2. The powder phase of the CPC consists of 100% α-tricalcium phosphate
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(α-TCP) (CAM Bioceramics, Leiden, the Netherlands), while the liquid phase consists of a 4 wt%

NaH2PO4.2H2O (Merck, Darmstadt, Germany) aqueous solution.

Table 2: Properties of CPC specimens

Matrix Specimen diameter Specimen height Flexural modulus Flexural strength Poisson ratio

(mm) (mm) (GPa) (MPa)

CPC 6 2 − 10 ± 0.5 2.5 ± 0.6 6.6 ± 1.6 0.2

Specimens were prepared by adding the liquid phase to the CPC powder at a liquid-to-powder105

ratio of 1:2. CPC powder and liquid phase were thoroughly mixed together for 1 minute until a

paste was formed. Afterwards, the paste was placed in molds with an inner diameter of 6 mm 3-D

printed from dissolvable PVA (Ultimaker 2+). Cylindrical molds were prepared at different heights

to allow fiber placement at different embedded lengths (2, 4, 6, 8 and 10 mm) using guide notches.

Subsequently, the specimens were clamped and allowed to set for 24 hours at room temperature.110

Figure 2 shows a schematic drawing of the mold (left) and a 3-D printed mold (right) with width

and length of 10 mm and height of 4 mm.

Figure 2: Schematic drwaing of the mold (left) and a 3-D printed mold (right)

After an initial setting time of 24 hours, the specimens were immersed in distilled water for

24 hours to dissolve the PVA. Subsequently, the specimens were immersed in a phosphate-buffered

saline solution (PBS) and placed on a shaker table set at 120 rpm in an incubator at 37◦ C for 72115

hours to allow the CPC to fully cure. Figure 3 shows a typical specimen.
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Figure 3: An experimental specimen with embedded PVA fiber

Before the pull-out tests, all specimens were glued (Pleximon) to a solid base (3-D printed from

PLA) and dried at room temperature. Finally, the dried specimens were again immersed in the PBS

solution and placed on a shaker table set to 120 rpm in an incubator at 37◦ C for 30 min to allow

for complete hydration. Pull-out tests were performed immediately after removing the specimens120

from the PBS solution to mimic physiological conditions. A representative sketch of the pull-out

test setup is illustrated in Figure 4.
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metal sheet

PVA fiber

CPC matrix
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Figure 4: A schematic sketch of the pull-out test setup

Using a tensile bench (LLOYD material testing, LS1 series), the pull-out load was applied in

the fiber axial direction at a crosshead speed of 1 mm/min. A data collection frequency of 16 kHz

was used to record the experimental data points. Fiber surface abrasion before and after the pull-125

out test was analyzed using the scanning electron micrographs (SEM). Samples were coated with a

10 nm chromium layer and images were obtained at 5 kV. To check the fiber location and incidence

of damage during the pull-out test, samples were scanned using nano-CT (Phoenix NanoTom M,

General Electric, Wunstorf, Germany). Images were acquired using a voxel size of 3.36µm, X-ray

source of 60 kV/ 140µA, and exposure time of 500 ms without the application of a filter.130

2.3. Results and discussion

2.3.1. Pull-out behavior of 200µm thick PVA fibers

PVA fibers with a diameter of 200µm were pulled out from CPC matrix at embedded lengths of

2, 4, 6, 8, and 10 mm (see Figure 5). All experimental data were examined for outliers using Tukey’s

criteria based on the maximum pull-out force. The initial parts of the curves (before the first135

local maximum) for 2, 4, 6, and 8 mm embedded length are very similar. Their initial slopes are
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very close, which means that the effective stiffness of the specimens does not show any significant

dependence on the embedded length, while the peak load increases with increasing embedded length.

The pull-out force slip curves show nonlinear behavior after the initial elastic phase and also multiple

maximum peaks in the post-debonding region. This evidences that the interfacial frictional stress140

in these tests is not constant but varies with embedded length [40].

For embedded lengths of 4, 6, and 8 mm the maximum peak load occurred somewhere in the post-

debonding region, while for cases with 2 mm embedded length the maximum peak load occurred

at the end of the elastic or frictional-free phase. This proves that the amount of mechanical

interlocking and chemical adhesion between the PVA fiber and the CPC matrix during pull-out of145

fibers with 2 mm embedded length is much lower compared to the pull-out of fibers with 4, 6, and

8 mm embedded lengths. This is expected due to the small interfacial surface area between fiber

and matrix. In other words, the area under a pull-out force displacement curve of fibers with 2 mm

embedded length, usually called “pull-out work” [41], reduces significantly compared to the pull-out

of fibers with 4, 6, and 8 mm embedded lengths. Pull-out work generally increases with increasing150

embedded lengths (see Figure 5f). To determine the minimum efficient fiber embedded length for

this thickness, where the pull-out response is close to a friction-less situation, fiber pull-out tests

with embedded length shorter than 2 mm would be necessary. During the friction-less response

the pull-out process ends after the debonding stage. However, these tests were not feasible for the

current experimental setup due to technical limitations.155

For fibers with 10 mm embedded length, the pull-out process was not completed and most fibers

broke after reaching the ultimate load. According to the results shown in Figure 5, the critical

embedded length (lc) of PVA fibers with 200µm diameter is approximately between 8 to 10 mm.

The critical embedded length, defined as the maximum fiber embedded length for a fiber to be

pulled out from a matrix without rupture, is a prominent interface parameter that can strongly160

affect the pull-out response and hence the efficiency of the interfacial properties in FRCPC.
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Figure 5: Force-displacement curves for pull-out of 200µm thick PVA fibers from CPC matrix at embedded lengths

of a) le = 10 mm, b) le = 8 mm, c) le = 6 mm, d) le = 4 mm, e) le = 2 mm and f) effect of fiber embedded length on

pull-out work
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As depicted in Figure 6, a typical pull-out force-displacement curve includes three main phases.

The first phase represents the initial elastic stretching of the part of fiber that is not embedded (the

fiber-free length). Subsequently, the debonding phase starts and continues until reaching a local

peak load accompanied by clear load drop to the point of full debonding. Due to deformability of165

the PVA fibers [28, 42], the starting point of debonding phase and local maximum load are difficult

to distinguish. These two points are very close and usually the starting point of the debonding

phase is considered to be directly after the first local maximum load [28]. The load drop after

the first peak load corresponds to chemical debonding since this phase would not occur if only

frictional bonds are formed between the fiber and the matrix. In fact, the load drop corresponds170

to the transition from the debonding phase (with both chemical and frictional bonds) to the final,

third phase with frictional bonds only [29].

Non-linear behavior was observed in the frictional pull-out phase. This so-called slip-hardening

behavior can be observed especially for PVA fibers and is attributed to fiber surface abrasion during

the fiber pull-out process. Frictional bonds can significantly increase due to the fibrillation of fiber175

surface; this is considered to be one of the main mechanisms of slip-hardening [39, 40].
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Figure 6: Typical pull-out force vs. slip curve obtained during pull-out of a PVA fiber embedded in CPC matrix

(df = 200µm, le = 8 mm)

Figure 7 shows SEM of the PVA fibers with 200µm diameter before and after the pull-out

test. In Figure 7 fiber surface abrasion upon pull-out is evident. This observation explains the

various local maxima and frictional pull-out resistance in the pull-out force-slip curves (see blue
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points, Figure 6).180

(a) (b)

Figure 7: SEM images of PVA fibers, df = 200µm a) before and b) after the pull-out test

Nano-CT imaging of the fiber-matrix interface after fiber pull-out indicates that no matrix

defects are observed (see Figure 8). Both matrix and fiber remained intact until the end of the

test and interface breakage (i.e. tunneling) is the only dominant phenomenon during the pull-out

process. In addition, Figure 8 shows an intact and dense cement paste surface around the fiber,

without voids or noticeable cracks.185

CPC matrix200µm

location of PVA fiber

Figure 8: Nano-CT of the fiber-matrix interface after fiber pull-out ( df = 200µm, le = 6 mm)
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2.3.2. Pull-out behavior of 100µm thick PVA fibers

PVA fibers with a diameter of 100µm were pulled out from the CPC matrix at embedded lengths

of 2, 4, and 6 mm (see Figure 9). For fibers embedded for 6 mm in CPC, similar to PVA fibers

with 200µm diameter and 10 mm embedded length, almost all fibers broke immediately after the

maximum peak load was reached. This evidences that the strength of mechanical interlock between190

these PVA fiber and CPC matrix is stronger than the fiber tensile strength.

Based on these results the critical embedded length (lc) for a PVA fiber with 100µm diameter

is estimated approximately between 6 and 4 mm. Figure 9d compares the total pull-out work for

fibers of 100 and 200µm .The pull-out work increases with increasing diameter, since the frictional

and chemical interfacial bonding between the fiber and the matrix increase due to the larger fiber195

circumferential surface.
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Figure 9: Force-displacement curves for pull-out of 100µm thick PVA fibers from CPC matrix at embedded lengths

of a) le = 6 mm, b) le = 4 mm, c) le = 2 mm and d) effect of fiber diameter on pull-out work

A summary of all experimental results is listed in Table 3. In this table le, Fmax-b, Fmax, and

W represent the fiber pull-out lengths, first local peak load in the debonding phase, the maximum

peak load, and pull-out work, respectively.
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Table 3: A summary of experimental results

Fiber diameter le Fmax-b Fmax W Pull-out Number of Number of Maximum load

(µm) (mm) (N) (N) (N mm) status specimens fiber ruptures

200 10 8.6 ± 2.4 – – Fiber breakage 15 11 –

200 8 2.9 ± 0.4 5.9 ± 0.6 31.3 ± 2.8 Fiber pull-out 15 4 Frictional phase

200 6 2.3 ± 0.6 4.7 ± 1.3 16.8 ± 4.1 Fiber pull-out 16 1 Frictional phase

200 4 2.7 ± 0.3 4.3 ± 0.8 11.6 ± 2.1 Fiber pull-out 18 – Frictional phase

200 2 2.5 ± 0.4 2.1 ± 0.2 3.5 ± 0.5 Fiber pull-out 15 – End of elastic phase

100 6 – – – Fiber breakage 14 12 –

100 4 1 ± 0.09 1.9 ± 0.2 5.1 ± 0.6 Fiber pull-out 15 3 Frictional phase

100 2 1 ± 0.05 1.6 ± 0.1 1.9 ± 0.1 Fiber pull-out 16 – Frictional phase

3. Numerical modeling200

In this section, we propose a finite element (FE) numerical model to gain insight into the

fiber-matrix interactions during the pull-out process. The goal here is to determine an interfacial

constitutive law that represents the fiber-matrix interface properties as observed experimentally.

The CPC matrix and the PVA fiber are discretized by standard continuum elements. To in-

troduce the fiber-matrix interface properties, we employed zero-thickness interface elements with a205

traction separation law (TSL). A schematic discretization of continuum and zero-thickness interface

elements is depicted in Figure 10.

solid elements

(CPC matrix)

zero-thickness elements

(fiber-matrix interface)

solid elements

(PVA fiber)

upper face nodes

lower face nodes

Figure 10: Schematic FE discretization of fiber, matrix and fiber-matrix interface elements
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The modeling of the interface was done by means of explicit interface elements because in the

single fiber pull-out analysis the location of the interface elements was known. To numerically

simulate the fiber pull-out process, the following assumptions were made:210

• Crack initiation starts after the local maximum load. Therefore, the first and second kinks in

the pull-out force-slip curves (see Figure 6), which represent the starting point of debonding

phase and the local maximum load, respectively, were considered equal.

• Based on nano-CT observations, matrix damage, fiber damage, and the effect of fiber sur-

face abrasion were neglected. Therefore, fiber and matrix were considered as linear elastic215

materials.

The non-linear process is concentrated at the fiber-matrix interface. The constitutive equations

can be defined as follows:

σm = Dmεm (1)

ṫint = TJu̇intK (2)
220

σf = Dfεf (3)

where T denotes the cohesive tangent matrix and Dm and Df are the tangent stiffness matrices for

matrix and fiber, respectively. Also Ju̇intK indicates the rate form of displacement jump between

the upper and lower faces of the interface element (see Figure 10). The displacement jump in the

pull-out study represents the fiber slippage and can be formulated as:

JuintK = Nint(u
+ − u−) (4)

where u+ and u− represent the nodal displacements on the upper and lower edges of the interface225

elements and Nint corresponds to the shape functions of the interface elements.

The experimental results clearly revealed three main stages of the pull-out process. In most of

previous studies, the debonding stage was ignored and it was assumed that the frictional pull-out

stage starts immediately after the elastic phase. This assumption is valid for PVA fibers with small

diameters and high aspect ratios for three reasons [28, 42, 43]. First, relative slippage between230

the fiber and the matrix in the debonding phase is usually small compared to the elastic and

16



frictional phase. This is more significant when the embedded length of the fiber is also small. This

observation can be evidenced by studying the experimental pull-out results for PVA fibers with

200 and 100µm diameters (see Figure 5 and 9). Second, it is not straightforward to define the

starting and end points of the debonding stage for small polymeric fibers like PVA fibers. For235

reasons of simplicity, this phase is usually ignored in the literature [28, 42]. Third, it is clear that

the quality of the debonding phase directly depends on the fiber surface coating. Usually, industrial

fibers are used with an as-received surface coating and less attention is paid to the role of fiber

surface treatment in the pull-out process. Therefore, the effect of fiber coating on the debonding

stage is rarely considered in numerical studies. The frictional pull-out process can be approximated240

by slip-hardening behavior following a quadratic function. It is assumed that during the pull-out

test the interfacial shear stress between the PVA fiber and the CPC matrix may first increase due

to the accumulation of fiber debris.

Two types of TSLs are proposed herein. In the first one we ignore the debonding stage and in

the second one we consider all three stages of the pull-out process.245

The first TSL describes two phases of the pull-out process. The elastic phase with a linear

function and the frictional phase with a quadratic function according to:

τ(s) =


Gs 0 ≤ s ≤ s0

df
(
γ2(s− s0)2 + γ1(s− s0)

)
+ τmax s > s0

(5)

where G is the corresponding relative bond modulus, s is the fiber slippage, s0, γ2 and γ1 represent

the starting point of sliding and parameters controlling the ascending branch of the pull-out curve,

respectively, and τmax is the maximum bond strength of the interface.250

Due to symmetry, we constructed a two-dimensional axisymmetric FE model. The only source

of nonlinearity comes from the interface behavior. In the simulations, we discretized the region next

to the interface with a finer mesh compared to the rest of the domain. The boundary conditions

and a typical mesh discretization are shown in Figure 11.
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Figure 11: Schematic FE discretization of fiber, matrix and fiber-matrix interface elements

Furthermore, we assumed that the normal stress along the PVA fiber does not exceed its material255

ultimate strength and therefore the PVA fiber will not break before it pulls out from the CPC matrix.

To compare the model prediction with experimental data, a representative average curve for each

set of experiments was interpolated using B-splines. We tuned the model parameters such that the

best fitted curve with regards to the average experimental result was obtained. We selected the

three main points of the pull-out curve, i.e. the first peak load, the maximum pull-out load, and260

the end point of the frictional phase for the model calibration and the best fitting procedure.

The model variables are tuned for the pull-out process of the PVA fiber with 200µm diameter and

8 mm embedded length and the results is depicted in Figure 12a. The numerical pull-out prediction

with these calibrated parameters and the same diameter but now for PVA fibers with 6 and 4 mm

embedded lengths are presented in Figure 12b and 12c. The average curves and experimental result265

are defined with blue lines and gray highlighted bands, respectively.
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Figure 12: Numerical prediction including two-phase traction separation law for the PVA fiber pull-out test, df =

200µm, a) le = 8 mm, b) le = 6 mm, c) le = 4 mm

Furthermore, for the PVA fiber with 100µm diameter, the numerical model parameters were

calibrated for the 4 mm embedded length. Figure 13 shows the prediction for the 2 mm embedded

length using the same parameters.
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Figure 13: Numerical prediction including two-phase traction separation law for the PVA fiber pull-out test, df =

100µm, le = 4 mm (left) and le = 2 mm (right).

We observed a strong agreement between the calculated pull-out curves using the numerical270

model with the proposed two-phase TSL and the experimental data. However, the proposed two-

phase TSL in Equation 5 does not capture the debonding stage, but it still can reasonably predict

the general trend of the pull-out response.

In our pull-out tests for PVA fibers with 200 and 100µm diameters, the debonding phase is

significant and cannot be excluded from the pull-out analysis as one could do for fibers with small275

diameters. In fact, all three main stages of the pull-out process can be clearly distinguished from

each other. Consequently, the load drop after the first local peak load and during the chemical

and frictional debonding stages cannot be ignored. For this reason, a model with a more precise

prediction and the ability to mimic the complete pull-out process is required. In this regard, a more

advanced version of the TSL that includes all three pull-out phases (namely the elastic, debonding280

and the frictional pull-out stage) can be formulated as follows:

τ(s) =



Gs 0 ≤ s ≤ s0

τmax exp

(
s0 − s

df γ0

)
s0 ≤ s ≤ s1

df
(
γ2(s− s1)2 + γ1(s− s1)

)
+ τmax exp

(
s0 − s1
df γ0

)
s > s1

(6)
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This version of the TSL employs a linear function for the elastic phase, a descending exponential

and slip-dependent function for the debonding stage, and a quadratic function for the frictional

pull-out phase.

In Equation 6, G is the corresponding relative bond modulus, and s0 and s1 are the start-285

ing point of the debonding phase and the sliding phase, respectively. Parameters controlling the

descending branch of the pull-out curve in the debonding stage and the ascending branch in the pull-

out stage are defined by γ0, γ1, and γ2. Similar to previous simulations, we selected the first peak

load, the maximum pull-out load and the end point of the frictional phase as criteria to calibrate

the model and find the best fitted numerical curve with regards to the average of the experimental290

data. The same numerical setup used previously was employed for the three-phase model (see Fig-

ure 11). Figure 14 shows the numerical results for the PVA fiber pull-out response with 200µm

diameter and three different embedded lengths. The results of the numerical pull-out analysis for

the PVA fiber with 100µm diameter and two different embedded length are presented in Figure 15.

For the PVA fiber with 200 and 100µm diameters, the model parameters in Equation 6 are tuned295

for 8 and 4 mm embedded lengths, respectively.
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Figure 14: Numerical prediction including three-phase traction separation law for the PVA fiber pull-out test,

df = 200µm, a) le = 8 mm, b) le = 6 mm, c) le = 4 mm
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Figure 15: Numerical prediction including three-phase traction separation law for the PVA fiber pull-out test,

df = 100µm, le = 4 mm (left) and le = 2 mm (right).

A better agreement between numerical and experimental data is clearly observed compared to

the two-phase model. The three-phase TSL enables the description of the slip-dependent debond-

ing stage and predict the complete pull-out response for different fiber diameters and embedded

lengths. It should be highlighted that the effects of chemical and frictional bond strength parame-300

ters during the debonding phase were implemented in both models through the model parameters

γ0, γ1, and γ2. In addition, the value of fiber diameter df is factored out of the TSL model param-

eters to stress that the fiber diameter strongly affects the interfacial constitutive law.

4. Conclusions

To investigate the fiber-matrix interface properties of PVA fibers embedded in a CPC ma-305

trix, we performed experimental single-fiber pull-out tests for fibers with two different diameters

(200 and 100µm) and various embedded lengths between 2 and 10 mm. We determined the critical

embedded length for both fiber diameters as the crucial interface parameter governing the pull-out

response and thus the efficiency of the fiber-matrix interface in FRCPC. To support the experimen-

tal data, we employed a numerical FE model with specific interfacial constitutive laws to analyze310

the pull-out process in detail. We suggest two types of the interfacial constitutive laws consisting

of either two or three pull-out phases with a quadratic slip-hardening characteristic in the frictional

pull-out phase. The former deals with the PVA fibers with a negligible debonding stage relative
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to the final slippage, while the latter is concerned with modeling the complete pull-out process of

PVA fibers which reveal a significant debonding stage. A FE model is developed with a distinct315

representation of the fiber, matrix and interface.

The two-phase TSL for the interface between fiber and matrix includes the linear and frictional

phases of the pull-out process, whereas the three-phase TSL also describes the debonding stage.

We argue that the debonding stage can be ignored specifically for PVA fibers with small diameters

and embedded lengths, but in the tests presented in this paper we observed a significant debonding320

phase. Hence, we suggest a three-phase TSL to numerically model the complete pull-out process.

The numerical model is capable of capturing all three main phases of the pull-out process, i.e.

the elastic, debonding and frictional pull-out phases. Calibration of the model parameters was

performed for a single fiber embedded length and its predictive capability was demonstrated for

different fiber embedded lengths. The interface models developed in our study are idealizations325

of a more complicated situation. Nevertheless, they provide the basis to develop sophisticated

numerical models to capture the complex relationship between physicochemical properties of in-

corporated fibers and the efficacy of fiber reinforcement in calcium phosphate cement matrices.

These models will enable efficient optimization of the mechanical performance of fiber-reinforced

calcium phosphate cements, thereby contributing to the development of novel bioceramic cements330

with load-bearing capacity.
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