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Abstract

This paper presents an experimental study on the evaluation of bridging law for a z-pin. The relationship between the z-pin bridg-

ing force and its displacement was measured by z-pin pullout tests. The tests were carried out using three types of samples with:

single small pin; 3·3 small-pins (three columns· three rows) and 3·3 big-pins. For 3·3 small-pins samples, a typical pullout curve

with initial bonding, debonding and frictional sliding was obtained. A high peak value of the debonding force was reached before

z-pin debonding started. After debonding was initiated, the pullout force dropped rapidly to a lower value, the pins were then pulled

out steadily against friction. However, for samples with 3·3 big-pins, it was difficult to discern the peak debonding force. The major

results of this study are expected to provide a better physical understanding of the mechanics and mechanisms of z-pin bridging,

aside from an efficient and accurate methodology to measure the crack-bridging law.

� 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Through-thickness reinforcements are now widely

considered as successful methods to enhance interlami-

nar toughness of laminated composites against delami-

nation fracture. Since Jain and Mai [1,2] developed the

first micro-mechanics models for interlaminar mode I

and mode II fractures in 1994, many research papers

have been published to study the efficiency of through-

thickness reinforcement and its bridging mechanisms
[3–7]. Fig. 1 shows a double-cantilever-beam (DCB)

specimen with z-pin reinforcement [8] showing mode I

delamination. During delamination growth, a reinforc-

ing z-pin provides a closure force against the opening

crack. Simultaneously, the z-pin experiences elastic de-

formation, interface debonding from the laminates
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and, finally, frictional pullout. In the whole process,

the functional relationship between the delamination
crack-opening displacement and the closure force from

a single pin is called the bridging law. The results ob-

tained in all previous work show that the efficiency of

through-thickness reinforcement is strongly dependent

on the corresponding bridging law. However, a z-pin

pullout is a complicated process, which is affected by

many variables, for example, material properties, geom-

etry, and interfacial parameters between the pin and the
laminates. To simulate the bridging effect due to the

z-pins on composite delamination, certain assumptions

for the bridging law are used in all the previous numer-

ical and theoretical studies. In Jain and Mai�s models

[1,2], the interface between stitches (or z-pins) and lam-

inates was assumed fully frictional. The bridging force

due to stitching was calculated by assuming a constant

frictional shear stress between the stitch and the lami-
nates. Later, Cox [3] presented a model of mode II
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Fig. 2. Illustration of experimental configuration for 3·3 z-pins

pullout tests.

Fig. 1. Composite delamination with z-pins pullout [8].
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delamination with a through-thickness fibre tow. Here,

the bridging tow was assumed to deform in shear as a

rigid-perfectly plastic material. The axial sliding of the
tow relative to the laminates was frictional in nature

and represented by uniform shear traction. In his nu-

merical example, both the shear and closure tractions

of the tow were given by assumed values based on obser-

vations from experiments. More recently, Liu and Mai

[4] presented a theoretical model of mode I delamination

of DCB with z-pinning. The bridging stress of the z-pin

was calculated by a single-fibre pullout model [5], which
included the whole process of z-pin pullout: elastic de-

formation before z-pin debonding, elastic deformation

and frictional sliding during debond growth and, finally,

frictional sliding. Computer simulations were given for

mode I delamination fracture with z-pin reinforcement.

Effects of areal density, diameter, Young�s modulus of

z-pin and, especially, interfacial friction between the

z-pin and laminates were studied in depth. Another
study conducted by Liu et al. [6] was focused on the ef-

fect of the bridging law on z-pinned mode I delamina-

tion. Here, the bridging law was simplified to either a

bi-linear or tri-linear function. These functions were de-

termined by three parameters: maximum debonding

force, maximum frictional force and displacement corre-

sponding to debonding force. Parametric studies have

been presented in order to identify the dominant factors
in z-pin reinforcement. Yan et al. [7] further studied the

effect of z-pinning on delamination toughness of com-

posite laminates by using the finite element method

(FEM). Different to the analytic studies, which were

based on elementary beam theory, shear deformation,

material orthotropy and geometric non-linearity were

considered in the FEM model. The z-pin bridging law

was described by a bi-linear function, which included
elastic deformation and frictional sliding during z-pin

pullout. The z-pin pulling-out process was simulated

by the deformation of a set of non-linear springs.

From the above discussions, it is clear that there has

been much effort by researchers to try to model and

quantify the effects of z-pinning on delamination

growth. However, the accuracies of their results and

conclusions are very much dependent on the bridging
law assumed based on the pullout mechanics of a single

fibre, stitch or pin with varying degree of sophistication

or complexity. Certainly, the most reliable bridging law

is that determined by accurate pullout experiments. So

far, there are no reported experimental details of the

measured bridging law to justify the analytic models
used in previous studies. This is seen as a major defi-

ciency of current research on z-pinning and this paper

aims to address this issue.

An experimental study on z-pin bridging was per-

formed to determine directly the relationship between

the bridging force and pullout displacement by the

z-pin pullout test, which is shown in Fig. 2. Results were

obtained for pullout of 3·3 small-pins, 3·3 big-pins
and a single small-pin. We expect to obtain an in-depth

physical understanding of the z-pin bridging mechanics

and mechanisms. The experimental bridging law ob-

tained can be used for future theoretical and numerical

studies on through-thickness reinforcement due to

z-pinning.
2. Experimental work and results

The test set-up for pullout of a 3·3 z-pins sample is

shown in Fig. 2. The z-pins were made of carbon fibre

(T300) reinforced BMI resin and were vertically inserted

into the central areas of two carbon fibre reinforced ep-

oxy prepregs (IMS/924) by an ultrasonic insertion ma-

chine before curing [8]. The prepreg was 40 mm long
and 20 mm wide. A thermal insulated film with a thick-

ness of 10 lm was inserted between the upper and lower

laminates to avoid any adhesive bonding between them.

Two T-shaped tabs (20 mm long and 15 mm wide) were

glued by Araldite� Epoxy Resin Super Strength to the

top and bottom surfaces of the laminates and were firmly

secured in an Instron 5567 testing machine at a cross-

head speed of 1 mm/min. Load–displacement curves
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were recorded until the pins were completely pulled out.

It should be noted that in the tests, the displacements

recorded by the machine also included the deformations

of the two T-shaped tabs, which were attached to the

sample. A separate tensile test on the tabs was done to

measure their load–displacement curve. The measured
displacement of the z-pinned sample was modified by

taking away the deformation of the tabs from the total

displacement. In all the load–displacement curves

shown in this paper, deformations of the tabs have been

excluded.

2.1. Results of 3·3 small-pins pullout tests

Fig. 3 shows the load–displacement curves of 3·3
small-pins pullout tests in which the laminates were

joined by three columns· three rows of pins of 0.28

mm in diameter. The pin-to-pin distance (centre-to-cen-

tre) was 3.51 mm. The sample thickness was 3 mm,

which was identical to the length of the pin. Three sam-

ples were tested. It is shown in Fig. 3 that there are three

stages in the whole pullout process. In the first stage,
with the applied displacement increasing, the pullout

force increases rapidly until it reaches a peak value,

Pmax. Then, in the second stage, the load drops very rap-

idly with a very small increase of displacement. In the

third stage, the load is reduced to zero with further pull-

out. This phenomenon demonstrates the effects of initial

bonding and interfacial friction between z-pins and lam-

inates on the pullout process. At the beginning of the
test, when the load was less than the critical value, Pmax,

the interfaces between pins and laminates were fully

bonded. The pullout forces from the pins were caused

by their elastic deformation. With increasing load, inter-

facial debonding occurred and propagated rapidly.

Hence, in the second stage, the pullout force dropped

sharply. After the interface was fully debonded, the

z-pins were pulled out from the laminates. The pullout
force in the third stage was entirely caused by interfacial

friction. In some cases, however, the friction can cause a

minor increase of the load after the interface is fully deb-
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Fig. 3. Load–displacement curves of 3·3 small-pins pullout with

crosshead speed, v0=1 mm/min.
onded. These results have confirmed our previous as-

sumptions on the z-pin bridging law [6].

2.2. Results of 3·3 big-pins pullout tests

Fig. 4 shows the results of 3·3 big-pins pullout tests
in which the pin diameter was 0.50 mm. The pin-to-pin

distance was 3.13 mm. The crosshead speed was set at 1

mm/min. Three samples were tested. Compared to the

results of small-pins tests, it was observed that the max-

imum debonding force of the big-pin pullout was only

slightly larger than the small-pin even though the big-

pin diameter was about 1.8 times larger. Further, it

was noted that the load-drops during debonding were
not as large as those seen in the small-pin tests. Except

one curve, which shows an evident load-drop, the other

two curves display much smaller load-drops indicating

only a small difference between the maximum debonding

load and the maximum frictional sliding load.

Comparisons of the axial stresses between small-pin

and big-pin pullout tests are given in Fig. 5, where rpin,d
and rpin,f are the maximum axial stress of a single pin
before debonding (caused by elastic deformation) and

after complete interface debonding (caused by friction),

respectively. From Figs. 3 and 4, these stresses were ap-

proximately calculated by

rpin ¼
4P
9pd2

: ð1Þ
Fig. 4. Load–displacement curves of 3·3 big-pins pullout with

crosshead speed v0=1 mm/min.

Fig. 5. Maximum tensile stresses of a small pin and a big pin before

interface debonding and during frictional pullout.



Fig. 7. SEM photos of (a) small pin and (b) big pin after pullout.

2454 S.-C. Dai et al. / Composites Science and Technology 64 (2004) 2451–2457
In Eq. (1), d is pin diameter and P is average load of

three samples. However, the value of rpin,f of the big-

pin sample was measured from one curve only as the

load drop does not appear in the other two curves. It

can be seen that both of these axial stresses, rpin,d and

rpin,f, of a big pin are always smaller than those of a
small pin during elastic deformation and frictional pull-

out, respectively. During pullout of a z-pin, the load is

applied to the pin end and transferred to the laminates

via the interface. The equilibrium of a pin fragment

(Fig. 6) requires that

saðzÞ ¼ � d
4

drpinðzÞ
dz

; ð2Þ

where sa is interfacial shear stress, which increases with

applied load. Interface failure starts when sa exceeds its
shear strength ss. That is, the criterion for interface deb-

onding is

sa P ss: ð3Þ
To understand the difference of interfacial behaviour

between big-pin and small-pin tests, both sides of Eq. (3)

should be considered. To examine the interfacial bond-

ing condition, and hence ss, scanning electron micro-

graphs of the fibre surfaces of both big and small pins

were taken and shown in Fig. 7. It is obvious that, after

pullout, the surfaces of both big and small pins are quite

similar. Large quantities of the resin are sheared out
from the pin during debonding. This suggests that initial

chemical bonding exists between both big and small pins

with the resin of the laminates. These results therefore

imply that the shear strength ss should be close for both

pins.

To evaluate the shear stress at the big-pin interface,

here, our previous work on fibre pullout [5] was applied

as an approximate solution. The results of the relation-
ship between the maximum axial stress at the loaded

pin-end and maximum shear stress along the pin-lami-

nate interface were calculated and shown in Fig. 8. In

these calculations, in the pinned area, the densities of
z

)()( zdz pinpin

)(zpinσ

dz

τ(z)

z

)()( zdz pinpin σσ +

)(zpin

dz

(z)

Fig. 6. Illustration of equilibrium between axial stress and interfacial

shear stress of a pin fragment.
z-pins were 0.5% for samples with small-pins and 2%

with big-pins. Young�s modulus of z-pin was taken as

170 GPa [4]. For the laminates, the moduli were calcu-

lated to be 10 and 13 GPa for small-pin and big-pin

samples, respectively [8,9]. The corresponding radial

thermal expansion coefficients of z-pin and laminates

were �0.3·10�6 and 22·10�6/�C [9–11]. It is obvious

that, when the axial stress increases, the shear stress of
big pin increases more rapidly than that of small pin.

Thus, under the same applied axial stress, the interfacial

shear stress in a big-pin is much higher than a small-pin.

So, if their shear strengths are the same, Fig. 8 indicates

that the big pin will reach this critical strength value be-
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fore the small pin and hence experiences a lower inter-

face debond stress, consistent with the experimental

rpin,d results in Fig. 5.

After debonding, the interfacial shear stress of the pin

is mainly caused by frictional sliding of the pin and it

can be approximated by [5]

saðzÞ ¼ lq0; ð4Þ
where l is friction coefficient and q0 is thermal residual
stress at the interface and is compressive. Since both

q0 and l do not vary with axial position, z, the axial

stress at a pin with embedded but debonded length l

can be solved, that is

rpin;f ¼ � 4llq0

d
: ð5Þ

Clearly, the axial stress of the pin varies inversely with

pin diameter d. Therefore, as shown in Fig. 5, the axial

stress of a small pin, rpin,f, is about twice of that of a big

pin.

During all the pullout tests, no pin breakage was ob-

served. Instead, all pins were pulled out by interface fail-
ure from one single laminate. Even in the small-pin tests,

in which the tensile stress reached 574 MPa (Fig. 5), no

pin broke before the interface failed. Hence, it could be

concluded that the big pin was pulled out at a stress level

much lower than its tensile strength. In z-pin reinforced

laminates, high bridging stresses without pin breakage

will give maximum resistance to delamination growth.

Since the big pins are always pulled out at a low stress
level, for a given pin areal density, small pins provide

more efficient reinforcement to the laminates. This con-

clusion was also predicted by our previous theoretical

simulation [4] and proven experimentally by Cartie [8].

2.3. Results of single pin pullout tests

Fig. 9 shows the results of single pin pullout tests in
which the pin diameter was 0.28 mm. The crosshead

speed was 1 mm/min. Three samples were tested. In con-

trast to the 3·3 z-pin tests, the results of three samples
Fig. 10. (a) A single pin and (b) 3
were very different. Thus, the single pin pullout tests

were not as successful as the multi-pin tests. This could

be caused by the poor quality of the single pin samples

due to the difficulties encountered in the manufacturing

process. For example, the location and orientation of

the pin were very hard to control when the pin was in-
serted into the prepreg. In many samples, the pin was

not upright and was inserted with a random angle as

shown in Fig. 10(a). For comparison, in 3·3 z-pin tests,

most pins remain vertical to the laminates after being

pulled out, Fig. 10(b). One more serious difficulty with

the single-pin tests was the alignment of the pin with

the load-line. For these reasons, the single pin pullout

results in Fig. 9 are not used in the bridging law analysis.

2.4. Z-pin bridging law

A single z-pin bridging law can be evaluated from the

results of the above multi-pin pullout tests. As discussed

in our previous work [6], a z-pin bridging law is best

characterised by using a tri-linear law. Based on the ex-

perimental results shown in Figs. 3 and 4 in that the pre-
cipitous load-drop for debonding is more gradual than

that was given in [6], so that the bridging law evaluated

from this work (Fig. 11) is determined by four parame-

ters: maximum debonding force, Pd, maximum frictional

force, Pf, and the corresponding displacements to the
·3 pins after pullout tests.
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debonding force, d1 and to the maximum frictional force

d2. The functional relationship between the bridging

force and z-pin displacement is given by

P ¼

d
d1
P d; ð0 6 d 6 d1Þ;

d2�d
d2�d1

P d þ d�d1
d2�d1

P f ; ðd1 6 d 6 d2Þ;
P f þ d2�d

h�d2
P f ; ðd2 < d 6 hÞ:

8>><
>>:

ð6Þ

From 3·3 small-pins pullout (Fig. 3) tests, the average

maximum debonding load and the average maximum

friction load of three samples are 318 and 142 N, respec-
tively. So the corresponding Pd and Pf in a single pin can

be calculated as,Pd=35.3 N andPf=15.7 N. The average

displacements d1 and d2 were 0.037 and 0.170mm, respec-

tively. From the 3·3 big-pins pullout (Fig. 4) tests, the

four parameters are measured as: Pd=38.3 N, Pf=28.2

N, d1=0.130 mm and d2=0.231 mm. Since the load drop

of debonding only occurs in one big-pin sample, the data

of Pf and d2 of big-pin tests given above were measured
from one curve only. Other two parameters of big-pin

tests, Pd and d1 were evaluated by averaging the maxi-

mum loads and the corresponding displacements among

three samples. As we analysed in [6], if there is no debond-

ing load-drop, the bridging law will be simplified to a bi-

linear function determined by two parameters: maximum

load and the corresponding displacement. Hence, Eq. (6)

will be given by the first and third equations withPd(=Pf)
and d1(=d2).

In the analyses of z-pinned DCB delamination

[1,4,6,7], the bridging law is always given for one-half

of the pin because of the symmetry of the DCB geome-

try. In Fig. 11, h is half-pin length and d1 is the maxi-

mum displacement of a half-pin before debonding. In

the tests, the displacement was measured for the full-

pin length. Therefore, d1 in Figs. 3 and 4 should be
halved corresponding to the maximum load, Pd. These

values are 0.0185 and 0.065 mm for the small-pin and

big-pin, respectively.

In an ideal z-pin pullout test, the applied load

should be equally supported by all bridging pins.
Hence, all pins should be pulled out equally from both

upper and lower laminates since the interfacial condi-

tions along all pins should be identical. Thus, the total

pullout distance should be the full-pin length equal to

3 mm. However, this perfect situation is very difficult

to achieve. Clearly, in Figs. 3 and 4, the maximum
pullout distance is always less than the pin length.

Post-test observations showed that all z-pins were al-

most always pulled out from one side. This confirms

possible differences of interfacial properties from pin

to pin even in one sample. When debonding started

in one side, the pin began to slide resulting in a load-

drop. The reduced external load would not be sufficient

to initiate debonding and pullout of the pin from the
other side. So, in all cases, the z-pins were pulled out

from one side. Supporting evidence is provided in Figs.

3 and 4, wherein the displacements at complete pullout

of the z-pins are about 1.5–2 mm, being approximately

one-half the thickness of the samples and z-pins. How-

ever, it is more accurate to measure the pullout lengths

of the pins after testing. Thus, 16 pins from eight sam-

ples were measured using a microscope (WILD Heerb-
rugg�) and the lengths varied from 1.3 to 1.7 mm,

which were close to the half-pin length of 1.5 mm.

Hence, it is verified that the z-pins were mainly pulled

out from one side of the samples.

In the z-pin bridging law, Eq. (6), h is the maximum

pullout distance, which is the half-length of the pin.

However, it is seen, in Figs. 3 and 4, that in some

cases, the pullout distance is larger than h. It may be
caused by inaccurate locations of the pins, which

should be inserted ideally in the central area of the test

samples. But this is not always achievable, especially

for the single-pin insertion process. The inaccuracy of

pin location will give rise to non-uniform load distri-

bution on the pins and eccentric loading may also

cause bending of the pins. Indeed in the tests, it was

observed that the two laminates were not always par-
allel to each other but with a tiny relative rotation be-

tween them as they were pulled apart. These problems

must be realised and rectified in the multi-pin pullout

test methodology if accurate bridging laws are to be

determined.
3. Conclusions

Z-pin pullout tests were carried out to study the z-pin

bridging mechanism and mechanics in mode I delamina-

tion. Load–displacement curves showing initial elastic

bonding, unstable debonding and frictional sliding were

obtained for 3·3 multi-pin and single-pin samples.

These results confirmed our assumptions of the z-pin

bridging law and computer simulation studies in our
previous work [4,6,7]. From the present pullout tests,

we can draw the following conclusions:
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1. With the same areal density, small pins provide more

efficient reinforcement than big pins.

2. Since single pin orientation is difficult to control dur-

ing insertion and load–displacement alignment al-

most impossible to obtain in single-pin pullout tests,

multi-pin tests are preferred as they will provide more
reliable and accurate results.

3. In big-pin pullout tests, the load-drop caused by

interfacial debonding is not as evident as in the

small-pin tests because there is only a small difference

between the initial debonding load and the initial fric-

tional sliding load.
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