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THREE SPECIMEN GEOMETRIES AND THREE METHODS 

OF DATA EVALUATION IN SINGLE-FIBER PULLOUT TESTS

S. Zhandarov,1,2 C. Scheffler,1* E. Mäder,1 and U. Gohs1

Keywords: fiber-matrix interface, microbond test, pullout test, local interfacial shear strength, interfacial 
frictional stress

The shapes of force–displacement curves recorded in single-fiber pullout and microbond tests are analyzed 
within the framework of a stress-based model of interfacial debonding. Three characteristic points allowing 
one to evaluate the local interfacial strength parameters, the local interfacial shear strength (IFSS), and the 
interfacial frictional stress, using several different methods, can be marked out in each curve. The “alternative” 
method based on the measured peak force and initial postdebonding  force appeared to be more reliable than 
the “traditional” one using the debond force for calculating the local IFSS in fiber–matrix systems. The effect of 
specimen geometry on force–displacement curves and on calculated local interfacial strength parameters was 
investigated. Though the “equivalent cylinder” approximation often yields a good estimate of these parameters, 
there is a need for a method which would explicitly include the actual specimen geometry.

Introduction

Though the fiber pullout from a matrix as a means of estimating the interfacial bond strength in fiber–matrix systems 
was first proposed more than 50 years ago [1], the pullout techniques (microbond [2] and pullout [3] tests) still remain the 
most popular methods for determining the interfacial strength parameters in fiber-reinforced composites. This is explained, 
in particular, by their versatility. These techniques can successfully be used for a very wide range of fiber–matrix systems — 
combinations of glass, carbon, polymer, natural, metal, and other fibers with polymer (both thermoplastic and thermosetting), 
metal, ceramic, and concrete matrices [2-10]. Over the years, a considerable progress has been made in the practical aspects 
of pullout experiments and in the methods of data reduction. Nevertheless, most of the researchers using pullout techniques 
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still limit themselves, in the old way, solely to calculations of the mean (apparent) interfacial shear strength (IFSS) between 
the fiber and matrix. However, an analysis of the force–displacement curves obtained in pullout and microbond tests can yield 
much more information, and, what is more, information which characterizes fiber–matrix interfacial strength properties more 
adequately. The aim of this paper is to compare different treatment methods of experimental force–displacement curves for 
specimens having different geometrical shapes.

1. Theoretical Consideration

1.1. Interfacial crack propagation and the factors controlling it

The main reason for the wide use of pullout techniques is even not their universality, but, to a greater degree, the fact 
that they are direct and simple in experiments. In pullout and microbond tests, a single fiber is pulled out of a matrix droplet 
or block in which it has been preliminary embedded, and the force–displacement curve is recorded (or, in some cases, only 
the peak force is measured). Traditionally, the interfacial bond strength between the fiber and matrix is characterized in terms 
of the apparent (average) interfacial shear strength (IFSS), defined as [2]

	 τapp
f e

F
A l

= max ,	 (1)

where Fmax  is the peak force required for complete fiber pullout, Af  is the perimeter of fiber cross section, and le  is the 
embedded fiber length. Most of researchers limit themselves to this equation, ignoring the fact that τapp  characterizes the 
interfacial bond (adhesional) strength only indirectly. The interfacial shear stress is constant along the embedded fiber length 
only if the matrix is purely plastic [11]; in all other cases, the interface includes segments where the shear stress is greater or 
smaller than its mean value given by Eq. (1). Moreover, numerous experiments on a wide variety of fiber–matrix systems 
[12-16] have shown that τapp  strongly depends on the embedded length le  and therefore cannot be used as a true interfacial 
strength parameter, which should not depend on the interface and specimen geometry. And, finally, direct observations [17-21] 
and analyses of force–displacement curves [22-24] clearly demonstrated that fiber debonding from the matrix during the 
pullout process occurs through interfacial crack propagation, and the measured force includes contributions from both the 
adhesional bonding in the intact interface segments and the interfacial friction in already debonded regions. In particular, at 
the moment when the force is at its maximum, both the interfacial adhesion and the friction contribute to this peak value. 
Moreover, a variation in the embedded length changes not only the resulting value of τapp , but also the ratio between the 
adhesional and frictional parts in it. At larger embedded lengths, the frictional contribution can even prevail over the adhe-
sional one [25]. Thus it becomes obvious that the use of τapp  as a measure of the interfacial bond strength is, to a high degree, 
conventional and, strictly speaking, incorrect.

In order to find a more adequate measure of the interfacial bond strength in fiber–matrix systems and to get more 
information from the raw data obtained in pullout and microbond tests, we have to theoretically consider the processes of 
initiation and propagation of interfacial crack. This can be done using either of the two approaches, differing by the criterion 
of interfacial failure accepted, both of them including a large number of specific theoretical models. In the first one (stress-
controlled debonding [12, 13, 25-30]), the local IFSS τd , i.e., to a first approximation, the local interfacial shear stress near 
the crack tip is considered as the failure criterion. In the second approach, which is based on fracture mechanics, the failure 
criterion is the critical energy release rate Gic  (energy-controlled debonding [13, 17, 31-35]). Both approaches assume that 
the corresponding critical quantity (τd  or Gic ) is constant during the whole pullout process; the aim is to determine this 
value from experimental data. As has been shown in [36, 37], the stress-controlled and energy-controlled debonding ap-
proaches are complementary and do not contradict to each other. In this paper, we will use the stress-based model developed 
by Zhandarov and Mäder, whose most detailed description can be found in [15].
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1.2. Possible specimen shapes in pullout and microbond tests 

From general considerations, it is obvious that the interfacial crack propagation should depend on the geometrical 
shape of specimen and the loading pattern. The specimen shapes used most often are presented in Fig. 1. First of all, we should 
note that pullout test and microbond tests do not differ by specimen shape, size, or preparation method, as is often erroneously 
believed, but solely by boundary conditions: in the microbond test, fixed is the “front” (close to the loaded fiber end) part of 
the matrix (Fig. 1a), but in the pullout test — its “rear” part (Fig. 1b, c). The force–displacement curves from these two tests 
are very similar, and, in stress-based analyses, the difference between the pullout and microbond tests can often be neglected 
[38]. In the microbond test, practically the only available specimen type is an approximately ellipsoidal microdroplet sitting on 
the fiber, with eventual menisci at both droplet sides. On the contrary, the matrix “droplets” in the pullout test are much more 
diverse: a cylinder [12, 17, 39], a spherical segment [24, 40, 41], a prism (in particular, a rectangular parallelepiped [42]), a 
thin disc in which the fiber runs parallel to the base plane [18, 43, 44], etc. As a curious case, we can mention the “three-fiber” 
test [45] (Fig. 1d), in which the matrix droplet is held by two parallel thick fibers perpendicular to the fiber investigated. The 
specimen shape in this test is extremely intricate for analysis, and the three-fiber test, strictly speaking, is neither of microbond 
nor pullout type. In the further analysis, we will consider only three most popular specimens — a cylinder, a spherical segment, 
and an ellipsoid, ignoring the menisci at fiber entry points.

le

F F F

2

a b c

1

d

F

Fig. 1. Specimen geometries used in microbond and pullout tests: ellipsoidal (a), cylindrical (b), 
spherical segment (c), and “three-fiber method” specimen (d).
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1.3. Important points in force–displacement curves 

The shape of a typical force–displacement curve in the pullout test (Fig. 2) is governed by the process of interfacial 
crack propagation. While the whole interface remains intact, the applied load is practically proportional to the displacement 
of the grip with the fiber in it (segment OA). At this, first stage, the slope of the plot is determined by the compliance of the 
experimental installation, including the specimen. At the point A, the external force reaches its critical value ( Fd , debond 
force), and an interfacial crack is initiated — the fiber begins to debond from the matrix [17, 22]. However, at first, the mea-
sured force continues to increase with crack growth, because the total frictional force in debonded regions is nearly propor-
tional to the crack length, while the adhesional force in the intact segment decreases initially not so fast, though with a 
steadily increasing rate. Therefore, the force–displacement plot begins to deviate from a straight line, and at the point A, a 
more or less distinct ‘kink’ is observed. At the point B, these two rates become equal, and the adhesional force decreases 
faster than the frictional force increases; thus, the point B corresponds to the peak force ( F F= max ). The segment BC, where 
the applied force decreases steadily is, as a rule, very short; at the point C, a further crack growth would cause a simultaneous 
decrease in both the force F and the displacement s (segment CD). However, the tensile testing machines are usually con-
structed in such a way that their movable grip cannot change its movement direction during the test. As a result, the segment 
CD is experimentally unobservable, and at s sb= , instantaneous (“catastrophic”) debonding of the remaining part of fiber 
occurs [46]. The registered force drops to Fb  at a point E, and the last segment of the curve is fully determined by friction 
between the debonded fiber and the channel within the matrix. As the fiber is being pulled out, the frictional force decreases 
in accord with the length of its part remaining in the matrix and reaches zero at the complete pullout ( s le= ). (In the microbond 
test, the matrix droplet as a whole slides along the fiber, and the force applied to the right of the point E remains constant and 
equal to Fb ).

Thus, the force–displacement curve includes three characteristic points corresponding to the changes in the process 
of interfacial crack propagation:

•	 Fd  — the debond force (crack initiation);
•	 Fmax  — the maximum force (change the balance of adhesional and frictional contributions);
•	 Fb  — the initial frictional force (complete debonding).

In addition, the coordinate of the point K ( s le= ) indicates the embedded fiber length. Since the slope of the segment 
EK is usually very small, the value of le  may contain a considerable error, and it is recommended to check it by other means. 
In the microbond test, the embedded length is measured directly using an optical microscope.

The values of Fd , Fmax , and Fb  form a basis for calculating the interfacial strength parameters for a given individ-
ual specimen.
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Fig. 2. Idealized force–displacement curve F–d in the pullout test (for details, see Subsect. 1.3).
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1.4. Model 

The model assumed in this paper, as many other stress-based models, is based on the one-dimensional shear-lag 
stress transfer method originally proposed by Cox [47], but with a corrected shear-lag parameter introduced by Nayfeh [48], 
which has been proved by Nairn et al. [17, 35, 49] to be more adequate for single-fiber composites than the Cox model. Our 
analysis includes the residual thermal stresses and the interfacial friction in debonded regions. The main assumptions of this 
model are as follows:

•	 The fiber and matrix are purely elastic. The matrix is isotropic and the fiber is transversely isotropic.
•	 The matrix droplet can be considered as a cylinder with an effective radius Reff , which is chosen to match the total 

matrix volume around the embedded part of fiber (the equivalent cylinder model [35]). The fiber is also assumed to be cylin-
drical (of radius rf ) and coaxially embedded in the matrix cylinder.

•	 The friction in the debonded part of the interface is constant, i.e., in terms of the ‘interfacial frictional stress’ τ f , we 
can assume that τ f = const .

The last assumption means that the interfacial behavior in debonded regions is not modeled by the Coulomb friction. 
It follows from experiments that the shear stress in the debond zone is not strictly proportional to the applied load, but is often 
roughly constant [17, 35, 50]. As has been shown by many researchers [15, 19, 25, 46, 50–53], the force–displacement pullout 
curves modeled under these assumptions show good agreement with experimental data.

This model was presented in detail in [15, 25, 46], and numerous experiments [19, 51] have demonstrated that it is 
sufficiently accurate. It includes two independent interfacial parameters: the local IFSS τd  and the interfacial frictional stress 
τ f , which are assumed to be constant for a given specimen, but may vary from one specimen to another. One of our most 
important results obtained using this model was the relation for the force applied to the loaded fiber end as a function of crack 
length [15], namely,

	 F a
r

l a l a
l af

d e T e
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is a term, having the dimension of stress, that appears due to the residual thermal stresses; EA  is the axial tensile modulus of 
fiber, aA  is the axial coefficient of thermal expansion (CTE) of fiber, am  is the axial CTE of matrix, DT  is the difference 
between test and stress-free temperatures (which, for polymers, is considered equal to the glass-transition temperature), and 
β  is the shear-lag parameter as defined by Nayfeh [48], namely,
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where Em  is the tensile modulus of matrix, GA  is the longitudinal shear modulus of fiber, Gm  is the shear modulus of matrix, 
and Vf  and Vm  are the fiber and matrix volume fractions, respectively, in the specimen. It has to be noted that Eq. (2) is 
valid for both pullout and microbond tests.

Equation (2) can easily be linked to the important points in force–displacement curves. Indeed, F Fd = ( )0  and 
F F lb e= ( ) . The calculation of Fmax requires an additional analysis, which was carried out in [15]. The equation for the peak 
force has the form
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1.5. Why has the specimen shape to be taken into account? 

Equation (2) implicitly (through the value of β ) includes Vf  and Vm  — the fiber and matrix volume fractions in the 
specimen. For cylindrical specimens, obviously,

	 V
r

Rf
f

m
=

2

2 ,	

where Rm  is radius of the matrix cylinder (see Fig. 1b).
For specimens of other geometrical shapes, Vf  and Vm  can depend on the embedded length le . Expressions for Vf  

in a hemispherical matrix droplet and in an of ellipsoid of revolution are [25]
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 (Fig. 1c),	
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 (Fig. 1a),	

respectively.
The embedded length does not appear in Eq. (9) explicitly, but is determined implicitly by the droplet radius and ratios 

between the axes of the matrix ellipsoid. It is advisable to measure both the embedded length and the droplet diameter for each 
individual specimen. For a theoretical consideration, the Carroll model [54] or the spherical approximation for the droplet 
shape can be used. As was shown in [55], the approximation of real ellipsoidal droplets by spherical ones (with the same le ) 
does not lead to great errors. The fiber volume fraction in a spherical droplet in the microbond test is [25]

	 V
l
r

f
e
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+
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1
6

2

2

.	

It is considerably (by 2-3 orders of magnitude) greater than that in typical pullout specimens and, in addition, very 
strongly depends on the embedded length le . As can be seen, the final form of Eq. (2) and, consequently, the determined 
values of τd  and τ f , depend on the specimen shape even if the equivalent cylinder approach is used. The fiber volume frac-
tions for other possible specimen shapes can be found by direct calculations.
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1.6. Three approaches to the determination of interfacial strength parameters 

As was already noted, the model assumed by us includes two independent parameters, τd  and τ f . On the other hand, 
using the force–displacement curve obtained from a pullout or microbond test, three equations involving these parameters can 
be taken for the specimen tested:

	 F Fd
exper0( ) = ,	 (5)

	 F Fexper
max max=  (according to Eq. (5)),	

	 F l Fe b
exper( ) = .	 (6)

Therefore, τd  and τ f  can be determined using several different approaches.
1.6.1. “Traditional” approach. The local IFSS τd  is determined from the force Fd  corresponding to the “kink“ in 

the force–displacement curve (Eq. (5)). Then, its value is inserted into Eqs. (4) and (3), and the implicit equation obtained is 
solved for τ f  (e.g., using the iteration method).

This approach was historically the first and appeared before the publication of the model presented in this paper. Since 
the debond force Fd  does not depend on the interfacial friction, the assumption τ f = const  can be omitted, but then only the 
local IFSS τd  can be calculated. This was done by many authors, who did not limit themselves to the determination of τapp , 
but was not aimed at the estimation of interfacial friction [13, 56-58].

1.6.2. “Alternative” approach. In the real practice, the “kink” at the point A in the force–displacement curve often is 
not distinct. Most often, this is due to the high compliance of the experimental installation, which results from, e.g., a large 
free fiber length (between the point of its entry into the matrix and the movable grip). Therefore, the debond force Fd  can be 
measured only with a significant error, which, in turn, entails errors in the calculated values of τd  and especially τ f . At the 
same time, the forces Fmax  and Fb are measured reliably enough. This can be the basis for an alternative method of calculation 
of interfacial strength parameters. First, the interfacial frictional stress τ f  is determined from Eq. (13), whose explicit form is

	 F r lb
exper

f e f= 2π τ .	

Since τ f  is proportional to the slope of the line EK (see Fig. 2), Fb
exper  should be replaced by Fb

* , the intercept of the 
line EK on the vertical axis. Then, the calculated value of τ f  is inserted into Eqs. (4) and (3), and the resulting implicit equa-
tion is solved for τd . Note that a similar method was used in some simple energy-based models for fiber pullout from concrete 
matrices [32]. In these models, the critical energy release rate Gic  appears to depend on the difference F Fbmax − , but Fd  is 
not involved in the final equation for Gic .

1.6.3. “Indirect” method. This method was developed by Zhandarov et al. [25] for experimentalists whose test instal-
lations cannot record force–displacement curves and solely the values of Fmax  are measured. In this case, a large number of 
specimens in a widest possible range of embedded lengths is tested, and then the nonlinear least squares method with two 
fitting parameters, τd  and  τ f , is used to fit the experimental F dmax ( )  relation with the theoretical Eq. (3). The pair of values 
{τd , τ f } which minimizes the sum
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where n is the number of specimens, is chosen as the best approximation of the local IFSS and the interfacial frictional stress 
for the given fiber–matrix pair.

1.6.4. A fourth approach. Finally, we should note that one more approach to the calculation of interfacial strength 
parameters is possible, namely, from the values of Fd  and Fb  (Eqs. (5) and (6)). Here, the interfacial strength parameters are 
determined, in a sense, independently. This method has the same disadvantages as the “traditional” one (large errors in the 
measured Fd  and, consequently, in the calculated τd ), but the values of the interfacial frictional stress are sufficiently accurate. 
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In this paper, we will not consider this approach separately, because the procedures to determine τd  and the calculated values 
are the same as in the traditional approach, and the procedures and values for τ f  are the same as in the alternative one.

2. Experimental

2.1. Materials and specimen geometries 

In this paper, we used pullout and microbond tests to determine interfacial strength parameters in several fiber-matrix 
systems.

(1) Poly(vinyl alcohol) fibers + concrete and a cylindrical specimen geometry. 
The PVA (Kuralon K-II REC15) fibers used were produced by the Kuraray Co., Ltd. As the matrix, a concrete com-

position typically employed in strain-hardening cement-based composites [59] was taken. The details concerning the fibers 
and matrix, as well as the results of pullout investigations of the interfacial behavior under quasi-static and high-rate loadings, 
were presented in [39]. Here, we will consider only quasi-static pullout tests (displacement rate of 0.01 µm/s) on as-received 
fibers with a mean diameter of 40 µm embedded in cylindrical concrete matrix “droplets” of diameter 2.6 mm. The diameter 
of each individual fiber was measured immediately after the pullout test by an optical microscope.

(2) E-glass fibers + Momentive RIM epoxy and a hemispherical geometry. The fibers, with a mean diameter of about 
17 µm, were produced at the Leibniz-Institut für Polymerforschung Dresden e.V. (IPF) using a continuous pilot plant spin-
ning equipment [60]. The matrix was an EPIKOTE™ Resin MGS™ RIMR135 epoxy/EPIKURE™ Curing Agent MGS™ 
RIMH137 hot-cure amino hardening system (manufactured by Momentive Specialty Chemicals), taken at the weight ratio 
100:30, as recommended by the manufacturer. Individual fibers were embedded in hemispherical matrix droplets having a 
diameter of 2.5 µm (determined by the matrix holder) and then cured for 60 min at 85°C and postcured for 6 h at 80°C. A 
specialized single-fiber pullout testing apparatus, whose construction is described in detail in [61], was used to conduct quasi-
static  investigations at a displacement rate of 0.01 µm/s.

(3) Carbon fibers + Deyang poly(phenylene sulfide) (PPS) resin and a microbond test on small ellipsoidal matrix 
droplets. The microbond test was conducted by Liu et al. at the Sichuan University (China), and its results were reported in 
[62]. In this paper, we will consider their results as an example of microbond tests with ellipsoidal specimen geometry, because 
many researchers present only the general shape of force–displacement curves from the microbond test in their papers, and only 
these authors showed their experimental curve, with real force and displacement data. They used commercial T700SC-12000 
carbon fibers (of diameter 7 µm) produced by Toray Co., Japan and a PPS resin with a melting temperature of 280°C, manu-
factured by Deyang Chemical Co. Ltd, Sichuan, China. The placing of matrix droplet on the fiber is described in detail in the 
original paper [62]. The droplet with the fiber inside was kept at 300°C for 1 min, then cooled down to ambient temperature 

Table 1. Fiber and Matrix Properties and Specimen Dimensions

Property Fibers
Poly(vinyl alcohol) E-glass Carbon

Brand name (if applicable) and 
manufacturer

Kuralon K-II REC15, Ku-
raray Co. Ltd, Japan

Leibniz-Institut für Polymerforschung,  
Dresden, Germany

T700SC-12000 Toray 
Co., Ltd., Japan

Fiber diameter 2rf, µm 32-50 16-22 7
Axial tensile modulus EA, GPa 35 75 230

Axial Poisson’s ratio vA 0.2 0.17 0.2
Axial Poisson’s ratio-

aA 10–6 K–1 n/a* 5 0.38

Embedded fiber length le,  µm 500-1500 100-210 40-110
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and annealed in a vacuum oven at 120°C for 12 h. The microbond test was carried out using a special home-made apparatus 
at displacement rates from 1 to 150 µm/s. 

The mechanical and thermal properties of the fibers and matrix required for calculating the interfacial strength pa-
rameters (τd  and τ f ) are presented in Tables 1 and 2.

For each fiber–matrix pair, the values of τd  and τ f  were determined using all the three methods described in 
Subsect. 1.6.

3. Results and Discussion

The values of τd  and τ f  calculated for all the three fiber–matrix pairs investigated are presented in Table 3. In this 
Section, we will briefly discuss these results and point out the advantages and limitations of the methods used.

3.1. PVA fibers + concrete and a cylindrical specimen geometry 

Figure 3a presents a typical force–displacement curve for this system (the inset shows its first part, i.e., the initial 
loading and debonding, on a larger scale). Evaluation of this curve by means of the methods described in Subsect. 1.6 yielded:

in the “traditional” approach, τdt = 31 33.  MPa and τ ft =1 44.  MPa;
in the “alternative” approach, τda = 38 55.  MPa and τ fa =1 08.  MPa.
Here, the subscript “t” stands for the “traditional” approach, and “a”, for the “alternative” one. As can be seen, these 

pairs of parameters are rather close to each other. Some other force–displacement curves showed a greater difference between 
the values of τdt  and τda  for individual specimens, but the average values (over the set of 21 specimens) obtained by the 
“traditional” and “alternative” methods were nearly identical (see Table 3). Thus, it can be concluded that the mechanism of 
interfacial debonding in this system agrees well with the model described in Subsect. 1.4. We should note that the kink points 
were clearly discernible in all force–displacement curves, so that the debond forces could be measured easily. According to 
our experience, two main factors are responsible for a good discernibility of the kinks: (1) cylindrical specimen geometry and 
(2) great embedded length ( l re f>> ). It should be mentioned that the “indirect” method also yielded a very close value of τd  
for this system. At the same time, the value of the interfacial frictional stress obtained using this technique is not simply un-

Table 2. Matrix Properties and Specimen Dimensions

Property
Matrices

Concrete RIM R135/RIM H137 epoxy Poly(phenylene sulfide)

Brand name (if applica-
ble) and manufacturer

Portland cement + fly ash 
(see [39] for details)

Momentive Specialty Chemicals, 
USA RIM R135 resin RIM H137 

hardener weight ratio 100:30
Deyang Chemical Co. Ltd., 

Sichuan, China

Conditions of specimens 
preparation

24 h at 23°C and 
RH = 50%, then 4 weeks 
at 23°C and RH = 90%

85°C/60 min, then 80°C/6 h
1 min at 300°C, then cooling 

down to room temperature and 
annealing at 120°C for 12 h

Radius of the matrix 
droplet Rm, mm 1.3 (cylindrical) 1.25 (hemispherical) 20-55 (small ellipsoidal drop-

lets)
Tensile modulus Em, GPa 28 3.0 4.5

Poisson’s ratio vAM 0.2 0.35 0.4
Stress-free temperature, °C 23 89 90

CTE am, 10–6 K–1 —* 50 50

* If the stress-free temperature for a given fiber–matrix pair is equal to the test temperature, the coefficients of thermal 
expansion are not required for data evaluation.
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derestimated, but is very inaccurate. This is due to the fact that, in the case of a great embedded length, a small variation in 
τ f  or a great variation in τd  may lead to comparable changes in the maximum force, Fmax  [15, 53]. Therefore, the indirect 
method can be recommended only when neither Fd  nor Fb  can be measured reliably [24].

3.2. E-glass fibers + Momentive RIM epoxy and a hemispherical geometry 

Force–displacement curves for this fiber–matrix pair look quite different (Fig. 3b). The postdebonding “frictional” 
segment of the curve is fairly linear, and the interfacial frictional stress can be determined even more reliably than for the 
previous system. However, these curves have one disappointing feature: there are no a distinct kink in their growing part. 
Upon a more thorough investigation, it is seen see that the initial part of the curve consists of several complementary arched 
segments separated by points that can be considered as very indistinct kinks. For instance, four such “kinks” can be pointed out 
in the inset in Fig. 3b. The question is: does some of these points corresponds to crack initiation? And if so, which point is it?

To get the answer, we calculated the interfacial strength parameters τdt  and τ ft  for all these points. Preliminarily, 
values of the local IFSS and the interfacial frictional stress were determined form this curve using the “alternative” approach 
in order to have a basis for comparison. These values were τda = 99 4.  MPa and τ fa =16 9.  MPa. The values of τdt  and τ ft  
obtained using the “traditional” approach, for all assumed kinks, are listed in Table 3. As expected, the calculated value of τdt  
increased with the accepted value of Fd . The behavior of the calculated value of τ ft  was also very interesting.

0.35

0.30

0.25

0.20

0.15

0.10

0.05

F, Н

�, mm

a

0 0.2 0.4 0.6 0.8 1.0

0.005 0.015 0.025 0.0350

0.30

0.25

0.20

0.15

0.10

0.05

F, Н

�, mm

Fmax
Fd

Fb
*

b

0.4

0.3

0.2

0.1

0 0.02 0.04 0.06 0.08 0.10 0.12

0.01 0.02 0.03 0.04 0.050

0.4

0.3

0.2

0.1

F, НF, Н

�, mm

�, mm

Fmax

Fb
*

Fd

0.08

0.06

0.04

0.02

0

F, Н

v = 0.001 mm s/

v = 0.08 /mm s

Fd
Fd

�

c

Fig. 3. Typical experimental force–displacement curves for PVA fibers–concrete, cylindrical geo
metry (a), E-glass–epoxy, hemispherical geometry (b), and carbon fiber–PPS resin, ellipsoidal 
geometry, microbond test [62] (c).
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For the first kink ( Fd  = 0.1275 N), the calculated local IFSS was τdt = 26.8 MPa. Attempts to calculate the fric-
tional shear stress τ ft  using the traditional approach showed that the experimentally measured peak force Fmax  = 0.4434 N 
could be reached only if τ τft dt> ! Since this is physically impossible (for this, Fb  have to be greater than Fmax ), we con-
cluded that the first kink did not correspond to crack initiation. The origin of this kink remains unclear. For instance, it can-
not be attributed to a nonconstant IFSS along the embedded length, because this hypothesis does not explain the fact that 
almost all force–displacement curves had nearly the same number of kinks (3 or 4) at very close positions ( Fd  values). 
Another factor responsible for this kink could be a noncylindrical shape of specimen (for a droplet having the shape of a 
spherical segment, the fiber volume fraction rapidly decreases for deeper parts of the embedded fiber). As was demonstrated 
in [63], the kink position for such specimens is lower than for “equivalent cylinders.” However, the specimen shape alone 
cannot generate multiple kinks!

Table 3. Interfacial Strength Parameters (the Local IFSS τd  and the Interfacial Frictional Stress τ f ) Calculated for 
Fiber–Matrix Systems Using Three Different Approaches.

Fiber Matrix Specimen 
geometry

Number of 
specimens Approach Local IFSS, MPa Interfacial frictional 

stress, MPa
PVA Concrete Cylindrical 1 Traditional 31.3 1.44

1 Alternative 38.6 1.08
21 Traditional 29.7 ± 6.6 1.18 ± 1.01
21 Alternative 29.5 ± 7.8 1.25 ± 0.98
21 Indirect 29.8 0.60

Epoxy Е-glass
Momentive Hemispherical 1 Traditional1 26.8 Indeterminate*

1 Traditional 2 62.1 60.2
1 Traditional3 84.9 49.6
1 Traditional4 93.1 39.9
1 Alternative 99.4 16.9
12 Traditional 2 57.3 ± 5.2 Indeterminate*

12 Traditional5 82.9 ± 9.7 41.3 ± 8.0
12 Alternative 92.3 ± 9.5 15.2 ± 2.2
12 Indirect 92.1 0.00

Carbon PPS Ellipsoidal 1 Traditional6 59.9 46.1
1 Alternative 6 147.6 7.9
26 Indirect6 89.5 40.9
1 Traditional7 49.7 41.4
1 Alternative7 135.5 6.3
29 Indirect7 96.5 34.3

**The calculated τ f  is greater than τd , which is physically impossible.
1First kink, Fd  = 0.1275 N
2Second kink, Fd  = 0.2949 N
3Third kink, Fd  = 0.4032 N
4Fourth kink, Fd  = 0.4423 N
5Calculated using Fmax  from the last kink (3rd or 4th)
6Displacement rate of 0.001 mm/s
7Displacement rate of 0.08 mm/s
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For further kinks, the calculated values of τ ft  were smaller than the corresponding τdt  and expectedly decreased 
with increase in the accepted values of Fd  and τdt . However, as can be seen in Table 3, these values remain very high, much 
greater than the value of τ fa  reliably determined using the “alternative” approach. Only for the last (4th) kink, τdt  is more 
or less close to τda , but, even in this case, the calculated τ ft  is more than twice greater than τ fa . For the whole set of 12 
specimens, even if we calculate interfacial strength parameters using the last kink, the value of τ ft  is greatly overestimated. 
We should also note that, for high values of Fd , a small variation in Fd  causes a correspondingly small variation in τdt , but 
it drastically changes the calculated value of τ fa , which points to great possible errors in the estimated interfacial frictional 
stress. Therefore, we consider the “alternative” approach as more reliable than the “traditional” method: at least, the values 
of τ fa  are accurate, and even errors in τ fa  cannot change the calculated value of τda  considerably.

For this system, the “indirect” method yields a quite plausible (and close to τda ) value of the local IFSS but, simi-
larly to the previous fiber–matrix pair (Subsect. 3.1), it cannot give a reasonable estimate of τ f .

3.3. Carbon fibers + PPS, microbond test, and ellipsoidal droplets 

For this system, several plots of Fmax  versus the embedded length are given in [62] for different pullout rates, one 
force–displacement curve for each pullout rate. In our paper, we will consider the results of microbond test with pullout rates 
of 0.001 and 0.08 mm/s. The individual force–displacement curves are shown in Fig. 3c. In these curves, the values of Fmax  
and Fb  can easily be found. The positions of kinks are not very distinct, but measurable. As can be seen in Table 3, the dif-
ference between the results obtained using the “traditional” and “alternative” approaches is similar to that observed for the 
E-glass/epoxy system. The interfacial frictional stress calculated using the traditional approach is obviously greatly overesti-
mated, and the values of τdt  are correspondingly underestimated. On the other hand, the values of local IFSS from the “alter-
native” approach seem to be somewhat high. We could not evaluate all individual force–displacement curves, because they 
were unavailable; however, we had full information to use the indirect method for these specimen sets (26 specimens for the 
pullout rate of 0.001 mm/s and 29 specimens for 0.08 mm/s). The results appeared to be intermediate between those of the 
“traditional” and “alternative” approaches. As in previous Subsection, it can be expected that plausible are at least the values 
of local IFSS determined using the indirect method.

3.4. Comparison of all systems and outlook

Comparing all three examples of the microbond and pullout tests considered in this paper, we can conclude that the 
most important factor affecting test is specimen geometry. For cylindrical specimens, there was not found any significant dif-
ference between the values of interfacial strength parameters determined using three different methods of data reduction. For 
two other specimen shapes, the traditional approach obviously underestimates τd  and overestimates τ f , while the alternative 
method yields rather accurate values of τ f  and plausible values of τd . In part, this can be explained by the oversimplification 
in approximating the real specimen shapes by equivalent cylinders. Zhandarov and Mäder [64] simulated the force–displace-
ment curves of pullout test with real-shape matrix droplets (including menisci) and found that, (1) for real-shaped specimens, 
the kink is rather smooth and its position cannot be found with full reliability, and (2) the kink force is smaller than the debond 
force in the equivalent cylinder, which results in a considerably underestimated value of the local IFSS if it is calculated using 
the equivalent cylinder approach. However, the alternative approach was not analyzed in their article. Moreover, they consid-
ered only model specimens with a priori known interfacial strength parameters τd  and τ f  and did not suggest any procedure 
for determining these parameters from experimental force–displacement curves. The results presented in this paper clearly 
show the need for such a procedure. At present, we have made only the first steps in this direction [65]. Other factors that 
possibly affect the calculated value of local IFSS may be the inhomogeneous quality of interfacial bond (the local IFSS varies 
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not only from one specimen to another, but also along the interface in a given specimen) and the complex behavior of inter-
facial friction, which is very difficult to model.

Conclusion

The pullout and microbond tests are excellent techniques for investigating the interfacial strength in fiber–matrix 
systems, provided that an adequate method of raw data treatment is used. A comparison of three different approaches to data 
reduction has shown that the “alternative” approach, which uses the values of Fmax  and Fb , yields more reliable results than 
the “traditional” one, based on the debond force Fd , which often can be determined only with a great error. The evaluation 
of experimental data can be further improved if the real specimen shape is considered instead of the “equivalent cylinder” 
approximation.
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