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ABSTRACT: In this study, a failure analysis of two-serial-
bolted glass-fiber-reinforced epoxy composite plates was
performed. To determine the influences of the joint geo-
metry and stacking sequences on the bearing strength and
failure mode, parametric studies were carried out experi-
mentally. Three different geometrical parameters—the ratio
of the edge distance to the hole diameter (E/D), the ratio of
the plate width to the hole diameter (W/D), and the ratio of
the distance between two holes to the hole diameter (K/
D)—were considered. For this reason, the E/D, W/D, and
K/D ratios were designed to range from 1 to 5, from 2 to 5,
and from 3 to 5, respectively. Furthermore, the tests were

performed with various preload moments (2, 3, 4, and
5 Nm) and without any preload moments (0 Nm). Because
of the observed effect of the material parameters on the fail-
ure behavior, composite laminated plates were stacked in
two different stacking sequences: [0�/0�/30�/30�]s and [0�/
0�/45�/45�]s. The experimental results indicated that the
failure response of the two-serial-bolted joints were strictly
affected by the material parameters, geometrical parame-
ters, and values of the applied preload moments. VVC 2009
Wiley Periodicals, Inc. J Appl Polym Sci 113: 502–515, 2009
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INTRODUCTION

Fiber-reinforced composite materials have been
widely used in aircraft and space structures because
of their high specific modulus and high specific
strength. Because the use of composites has become
popular in recent years, the construction of compos-
ite joints has become a very important research area
as the structural efficiency of a composite structure
is determined by its joints, not by its basic struc-
tures.1 Bolts, pins, and rivets have been used widely
in these applications for transferring load between
the structural components.2 Among the different
techniques for joining structural parts, mechanical
fastening through a pin or bolt is a general choice
because of the low cost, simplicity, and ease of dis-
assembly for repar.3 On the other hand, for struc-
tural components that must be removed or easily
replaced, mechanical fasteners play an important
role.4 Nevertheless, bolted joints require holes to be
drilled in the structure, and large stress concentra-
tions tend to develop around the holes and can
severely reduce the overall strength of the structure.5

Unlike many metallic structural parts, for which the
strength of the joints is mainly governed by the
shear and tensile strengths of the pins or bolts, com-

posite joints present specific failure modes because
of their heterogeneity and anisotropy.6

Madenci et al.7 developed an analytical methodol-
ogy, based on the boundary collocation technique, to
determine the contact stresses and stress intensity
factors required for strength and life prediction of
bolted joints with many fasteners. It provides an
analytical capability for determining the contact
stresses in mechanically fastened composite lami-
nates while capturing the effects of the finite geome-
try, presence of edge cracks, interactions among
fasteners, material anisotropy, fastener flexibility,
fastener-hole clearance, friction between the pin and
the laminate, and bypass loading. McCarthy et al.8

investigated the effects of bolt-hole clearance on the
load distribution and failure mechanisms of multi-
bolt, double-lap composite joints using three-dimen-
sional finite element analysis coupled with a
progressive damage model. Contact between each
bolt and hole was included in the analysis. The
results were compared with an experimental study
in which joints were instrumented to obtain the load
distribution and loaded to ultimate failure. An
experimental study was performed to assess the
effects of clamp-up on the net tension failure of
laminated composite plates with bolt-filled holes.9

The tensile strength and failure response of speci-
mens with an open hole and a bolt-filled hole were
evaluated. Experimental results showed that the bolt
clamping force could significantly reduce the notch
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tensile strength of composite laminates, which were
prone to fiber–matrix splitting and delamination.
Higher clamping pressure resulted in higher reduc-
tions of the notch strength. Tong10 experimentally
investigated the effect of nonuniform bolt-to-washer
radial clearance on the bearing failure of bolted
joints under different clamping forces with various
lateral constraints. The experimental results were
also used to validate an existing model. Two extreme
diametral fit positions, with a positive or negative
bolt-hole-to-washer clearance, were also examined.
Lin and Lin11 investigated stresses around a pin-
loaded hole in symmetrically stacked composite lam-
inates of finite size using a two-dimensional direct
boundary element method. Effects of friction and
clearance between the pin and hole edge on the
stresses were obtained because geometric compati-
bility and force constraint between the pin and the
plate were enforced.

Meola et al.12 experimentally investigated an inno-
vative glare fiber-reinforced metal laminate with the
aim of characterizing its strength and behavior in
the case of mechanical joints. Several specimens
were fabricated through the variation of the width
and hole-to-edge distance and tested in a pin-bear-
ing fashion without lateral restraints; this was the
most critical testing procedure for the simulation of
mechanical joints. Specimens, after bearing stress,
were analyzed in both nondestructive and destruc-
tive ways. Okutan13 performed a numerical and
experimental study to observe the failure behavior
of mechanically fastened fiber-reinforced laminated
composite joints. Tests were carried out on single

pinned joints in [0/90/0]s and [90/0/90]s laminated
composites. Furthermore, a method was presented
for predicting the failure strength and failure mode
of mechanically fastened fiber-reinforced composite
laminates by Chang et al.14 A computer code was
developed that could be used to calculate the maxi-
mum load and mode of failure of joints involving
laminates with different ply orientations, different
material properties, and different geometries. Para-
metric studies were also performed to evaluate the
effects of the joint geometry and ply orientation on
the failure strength and on the failure mode. Pakdil
et al.15 investigated the effect of preload moments
on the failure response of glass–epoxy-laminated
composite single-bolted joints with bolt/hole clear-
ance. To evaluate the effects of the bolted-joint
geometry and stacking sequence of laminated plates
on the bearing strength and failure mode, parametric
analysis was performed experimentally. Addition-
ally, Sayman et al.16 conducted a failure analysis to
determine the bearing strengths of mechanically fas-
tened joints with single bolts in glass–epoxy-lami-
nated composite plates.
In this study, an experimental failure analysis was

carried out to determine the failure behavior of two-
serial-bolted glass-fiber-reinforced epoxy composite
plates. The analysis was performed experimentally.
Tests were applied both with various preload
moments and without preload moments. In addition,
the effects of the stacking sequences and a variety of
geometrical parameters of the composite specimens
on the failure response and bearing strengths were
considered.

EXPERIMENTAL

In this study, laminated composite rectangular speci-
mens (length L, width W, and thickness t), produced
from glass-fiber-reinforced epoxy unidirectional plies
with two circular holes filled with two rigid steel
bolts, were used. The dimensions of the composite
specimens are illustrated in Figure 1. Hole diameter
D was fixed at a constant value of 5 mm. The outer
hole was located along the centerline of the plate at
distance E from one end of the plate. Moreover, the
inner hole was positioned at distance K from
the center point of the outer hole. Consequently,
the ratios of the edge distance to the hole diameter

Figure 1 Dimensions of a laminated composite plate with
two serial bolts.

TABLE I
Stacking Sequences and Selected Parameters of the Tested Composite Specimens

Stacking sequence t (mm) D (mm) E/D W/D K/D
Total number
of laminas

[0�/0�/30�/30�]s 1.6 5 1, 2, 3, 4, 5 2, 3, 4, 5 3, 4, 5 8
[0�/0�/45�/45�]s 1.6 5 1, 2, 3, 4, 5 2, 3, 4, 5 3, 4, 5 8

TWO-SERIAL-BOLTED COMPOSITE PLATES 503

Journal of Applied Polymer Science DOI 10.1002/app



(E/D) were selected to be 1, 2, 3, 4, and 5. The ratios
of the specimen width to the hole diameter (W/D)
were chosen to be 2, 3, 4, and 5. Furthermore, the
ratios of the distance between two serial holes to the
hole diameter (K/D) were chosen to be 3, 4, and 5.
Hence, the form of each specimen was a rectangular
strip of laminate of constant thickness t (1.6 mm)
and width W, and the total length (L þ K þ E) of
each specimen was 135 mm, with the 0� ply fiber
axis parallel to the length. Composite laminated
plates were stacked in two different stacking sequen-
ces—[0�/0�/30�/30�]s and [0�/0�/45�/45�]s—sym-
metrically. The stacking sequences and selected
parameters of the tested composite specimens are
summarized in Table I. A uniform tensile load (P)
was applied to each specimen, and the rigid bolts,
supported outside the plate, resisted this load. The
applied tensile load was also parallel to the lami-
nate, and it was symmetric with respect to the cen-
terline. Therefore, the applied load could not create
bending moments about the x, y, and z axes.

The laminated composite plates used in the
experiments were produced at Izoreel Firm (Izmir,
Turkey). Two different laminate configurations were
selected so that the significance of the fiber orienta-
tion and interaction effects of mixed fiber orienta-
tions on the strength could be investigated.
Moreover, the selection of these lay-ups was used to
examine a variety of failure modes and bearing
strengths. All laminated plates were balanced about
the midplane both to prevent thermal distortion for
the period of production and to eliminate twisting
and bending under tension. All composite plates
were produced with E-glass fiber and an epoxy resin
with a press-mold technique. Additionally, for the
matrix material, epoxy CY225 and hardener HY225
were mixed in the mass ratio of 100 : 80. The epoxy
resin and hardener mix was applied to the glass
fibers. Then, the fibers were coated with this mix.
Next, plies were placed one upon another as
required by the stacking sequence. A hand roller
was used to compact plies and take away entrapped

air that could later lead to voids or layer separation.
During the manufacturing process, the mold and
lay-up were covered with a release material. Once
the matrix material and fibers were combined, it was
necessary to apply the proper temperature and pres-
sure for specific periods of time to manufacture the
fiber-reinforced laminated composite plate. There-
fore, resin-impregnated fibers were positioned in the
mold for curing. The press generated the pressure
and temperature required for curing. Then, the mold
was closed to give the nominal thickness. The glass
fiber/epoxy material was cured at 120�C under a
pressure of 9 MPa. After this, the temperature was
held constant for 4 h for the first phase. Next, the
temperature was decreased to 100�C and held con-
stant for 2 h for the second phase. After the second
phase, the laminates were cooled to room tempera-
ture. Finally, the laminated composite plate was
removed from the press and cut to the specimen
dimensions, as shown in Figure 1. The mechanical
properties of this composite material were measured
with an Instron 1114 test machine in the Mechanical
Testing and Investigating Laboratory of the Mech-
anical Engineering Department at Dokuz Eylül Uni-
versity. Certain experiments were carried out to
determine the mechanical properties, as described in
refs. 15–20. The measured mechanical properties are
presented in Table II.20 In addition, on the basis of
an in-plane assumption, the number of experiments
required to describe the material parameters were
reduced. Furthermore, during the determination of
the mechanical properties, defining the coordinate
system was very important. Therefore, a schematic
view of a unidirectional fiber-reinforced lamina with
global and material coordinate systems is illustrated
in Figure 2.21

The failure tests were carried out in tension mode
on the Instron 1114 test machine (with a 20-kN
capacity), which was equipped with a chart to
record the load–displacement curve of the specimen.
A double-lap, two-steel-bolt joint was considered the
experimental setup. The end of the specimen was

TABLE II
Mechanical Properties of the Glass

Fiber/Epoxy-Laminated Composite Material

Material properties Symbol Units Values

Fiber volume fraction Vf % 59
Longitudinal modulus E1 MPa 43500
Transverse modulus E2 MPa 16250
Shear modulus G12 MPa 6970
Poission’s ratio vf MPa 0.28
Longitudinal tension Xt MPa 940
Longitudinal compression Xc MPa 940
Transverse tension Yt MPa 109
Transverse compression Yc MPa 156
Shear strength S MPa 91

Figure 2 Definition of the global and material coordinate
systems for a lamina.21
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positioned in wedge grips. The steel bolts were
placed into the serial holes of the specimen. The
other end of the specimen passed through a spe-
cially produced fork fitting connected to the test
machine crosshead, as illustrated schematically in
Figure 3. The curves of the load versus the bolt dis-
placement for all composite configurations were
drawn with a computer connected to the test
machine. The tests were first carried out without
any preload moments (0 Nm). Then, tests were per-
formed for each designed specimen with a variety of
preload moments applied (2, 3, 4, and 5 Nm). The
main purpose of this was to determine the suitable
value of the preload moment for a safety design
with a two-serial-bolted composite joint. During the
experiments, most testing was discontinued after
two or three drops in the load were observed. The
failure load was taken to be the first drop in the
load and was related to the first appearance of
cracking around the holes. A number of test speci-
mens were tested to final failure. It was of interest to
know to what extent damage had spread before the
final failure load, and it was observed how failure
was affected by geometrical parameters, especially
the variation of the plate width and hole location.

Failure modes of bolted joints in laminated com-
posite plates under tensile loads generally can be
divided into four basic types: cleavage, net tension,
shear-out, and bearing.13–17 A schematic illustration
of these failure modes is shown in Figure 4. More-
over, combinations of these failure modes are possi-
ble in practical applications. The main disadvantage
of bolted joints is the formation of high stress con-
centration zones at the locations of the bolt holes,

which might lead to a premature failure of the joint
because of these failure modes or their
combinations.22

RESULTS AND DISCUSSION

After the failure tests, the full number of tested
specimens was equal to 900 for each stacking seq-
uence because every similar type of specimen was
tested three times for the determination of the aver-
age failure behavior and bearing strengths. Failure
modes of every tested specimen were determined to
investigate these three damaged specimens, and
their load–displacement curves were plotted during
the tests. The failure modes of whole tested [0�/0�/
30�/30�]s and [0�/0�/45�/45�]s specimens are listed
in Tables III and IV, respectively. According to these
tables, the four different failure modes are cleavage,
net tension, shear-out, and bearing. A schematic
illustration of these failure modes is shown in Figure
4, as mentioned previously. The failure modes in
inner and outer holes were similar for a number of
tested specimens, such as bearing/bearing when W/
D, E/D, and K/D were 5. Nonetheless, they were
observed to be different for each hole, such as bear-
ing/cleavage for M ¼ 0 or net tension/cleavage for
M ¼ 2, 3, 4, or 5 when W/D was 2, E/D was 1, and
K/D was 3. Moreover, combinations of these failure
modes were observed for inner and/or outer holes
of a quantity of tested specimens, such as bearing
cleavage/shear-out, bearing net tension/bearing,
and bearing cleavage/bearing cleavage, as shown in
Tables III and IV. Some previous studies pointed out
that combinations of failure modes are also possi-
ble.13–17 The net tension and/or cleavage failure
modes were observed when W/D was 2 for all E/D
and K/D ratios. When W/D was 3, 4, or 5, the net
tension and cleavage modes occurred after the bear-
ing failure mode as part of mixed modes. Further-
more, no failure modes were observed in the outer
hole when W/D was 2 because the net tension fail-
ure mode was created in the inner hole. It is known
that the failure mode is catastrophic. Therefore, the

Figure 3 Two-serial-bolted joint test fixture (for K/D ¼ 3).

Figure 4 Common failure modes in bolted composite
plates.
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TABLE III
Failure Modes of [0�/0�/30�/30�]s Specimens

W/D E/D K/D

Preload moments (inner/outer)

0 Nm 2 Nm 3 Nm 4 Nm 5 Nm

2 1 3 B/C N/C N/C N/C N/C
4 B/C BN/C BN/— N/— N/—
5 B/C BN/C BN/C N/C N/C

2 3 B/B N/— BN/— N/— N/—
4 BN/B N/— BN/— N/— N/—
5 BN/B BN/— BN/— N/— N/—

3 3 BN/B BN/— BN/— N/— N/—
4 BN/B BN/— BN/— N/— N/—
5 BN/B BN/— BN/— BN/— BN/—

4 3 BN/B BN/— BN/— BN/— BN/—
4 BN/B BN/— BN/— BN/— BN/—
5 BN/B BN/B BN/— BN/— BN/—

5 3 BN/B BN/B BN/— BN/— BN/—
4 BN/B BN/B BN/B BN/— BN/—
5 BN/B BN/B BN/B BN/— BN/—

3 1 3 B/S BC/S B/S BC/S BC/S
4 B/S B/S B/S B/S BN/C
5 B/S B/S B/S B/S BN/S

2 3 B/B BN/B BN/B BN/B BN/—
4 B/B BN/B BN/B BN/B BN/—
5 B/B BN/B BN/B BN/B BN/—

3 3 B/B BN/B BN/B BN/B BN/—
4 B/B BN/B BN/B BN/B BN/—
5 B/B BN/B BN/B BN/B BN/B

4 3 B/B BN/B BN/B BN/B BN/B
4 B/B BN/B BN/B BN/B BN/B
5 B/B BN/B BN/B BN/B BN/B

5 3 B/B BN/B BN/B BN/B BN/B
4 B/B BN/B BN/B BN/B BN/B
5 B/B BN/B BN/B BN/B BN/B

4 1 3 B/S BC/S BC/S BC/S BC/S
4 B/S BC/S BC/S BC/S BC/S
5 B/S B/S B/S B/S B/S

2 3 B/B BC/BC BC/BC BC/BC BC/BC
4 B/B BC/BC BC/BC BC/BC BC/BC
5 B/B BC/BC BC/BC BC/BC BC/BC

3 3 B/B BC/BC BC/B BC/BC BC/BC
4 B/B BC/B BC/B BC/BC BN/B
5 B/B BN/B BN/B BN/BC BN/B

4 3 B/B BC/B BC/B BC/B BN/B
4 B/B BC/B BC/B BC/B BC/B
5 B/B B/B BC/B BC/B BC/B

5 3 B/B BC/B BC/B BC/B BC/B
4 B/B BC/B BC/B BC/B BC/B
5 B/B BN/B BC/B BC/B BC/B

5 1 3 B/S BC/S BC/S BC/S BC/S
4 B/S B/S B/S BC/S BC/S
5 B/S B/S B/S B/S B/S

2 3 B/B BC/BC BC/BC BC/BC BC/BC
4 B/B BC/BC BC/BC BC/BC BC/BC
5 B/B BC/BC BC/BC BC/BC BC/BC

3 3 B/B BC/BC BC/BC BC/BC BC/BC
4 B/B BC/BC BC/BC BC/BC BC/BC
5 B/B BC/BC BC/BC BC/BC BC/BC

4 3 B/B BC/B BC/B BC/B BC/BC
4 B/B B/B B/B B/B BC/BC
5 B/B B/B B/B B/B B/B

5 3 B/B B/B B/B B/B B/B
4 B/B B/B B/B B/B B/B
5 B/B B/B B/B B/B B/B

B ¼ bearing; BC ¼ bearing cleavage; BN ¼ bearing net tension; C ¼ cleavage; N ¼ net tension; S ¼ shear-out.
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TABLE IV
Failure Modes of [0�/0�/45�/45�]s Specimens

W/D E/D K/D

Preload moments (inner/outer)

0 Nm 2 Nm 3 Nm 4 Nm 5 Nm

2 1 3 B/C N/C N/C N/C N/C
4 B/C N/C N/C N/C N/C
5 B/C N/C N/C N/C N/C

2 3 BN/S N/— BN/— N/— N/—
4 B/BC N/— BN/— N/— N/—
5 BN/BC N/— BN/— N/— N/—

3 3 BN/BC N/— BN/— N/— N/—
4 B/B N/— BN/— N/— N/—
5 BN/B N/— BN/— N/— N/—

4 3 BN/B BN/B BN/— N/— N/—
4 BN/B BN/B BN/B N/— N/—
5 B/B BN/B BN/B N/— N/—

5 3 BN/B BN/B BN/B N/— N/—
4 BN/B BN/B BN/B N/— N/—
5 BN/B BN/B BN/B N/— N/—

3 1 3 B/C BC/S BC/S BC/S BC/S
4 B/C BC/S BC/S BC/S BC/S
5 B/S B/S BC/S B/S B/S

2 3 BC/S BC/BC BC/S BC/BC N/—
4 B/BC B/BC B/BC B/BC N/—
5 B/BC B/BC B/BC B/BC B/BC

3 3 BC/BC BN/B BC/C BN/B BN/B
4 B/B BN/B BN/— BN/B BN/B
5 B/B BN/B BN/— BN/B BN/B

4 3 B/B BN/B BN/B BN/B BN/B
4 B/B BN/B BN/B BN/B BN/B
5 B/B BN/B BN/B BN/B BN/B

5 3 B/B BN/B BN/B BN/B BN/B
4 B/B BN/B BN/B BN/B BN/B
5 B/B BN/B BN/B BN/B BN/B

4 1 3 BC/S BC/S BC/S BC/S BC/S
4 B/S BC/S BC/BC BC/S BC/S
5 B/S B/S B/S B/S B/S

2 3 BC/S BC/BC BC/BC BC/BC BC/BC
4 B/S BC/BC BC/BC BC/BC BC/BC
5 B/S BC/BC BC/BC BC/BC BC/BC

3 3 B/B BC/BC BC/BC BC/BC BC/BC
4 B/B BC/BC BC/BC BC/BC BC/BC
5 B/B B/BC BC/BC B/BC B/BC

4 3 B/B BC/BC BC/BC BC/B BC/B
4 B/B BC/B BC/B BC/B BC/B
5 B/B BC/B BC/B BC/B BC/B

5 3 B/B BC/B BC/B BC/B BC/B
4 B/B BC/B BC/B BC/B BC/B
5 B/B B/B B/B B/B B/B

5 1 3 BC/S BC/S BC/S BC/S BC/S
4 B/S BC/S BC/S BC/S BC/S
5 B/S B/S B/S B/S B/S

2 3 BC/S BC/BC BC/BC BC/BC BC/BC
4 B/S BC/BC BC/BC BC/BC BC/BC
5 B/S B/BC BC/BC BC/BC BC/BC

3 3 B/B BC/BC BC/BC BC/BC BC/BC
4 B/B BC/BC BC/BC BC/BC BC/BC
5 B/B B/BC B/BC B/BC B/BC

4 3 B/B BC/B BC/BC BC/B B/B
4 B/B B/B B/B B/B B/B
5 B/B B/B B/B B/B B/B

5 3 B/B BC/B B/B BC/B BC/B
4 B/B B/B B/B B/B B/B
5 B/B B/B B/B B/B B/B

B ¼ bearing; BC ¼ bearing cleavage; BN ¼ bearing net tension; C ¼ cleavage; N ¼ net tension; S ¼ shear-out.
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TABLE V
Bearing Strengths of [0/0/30/30] Specimens, MPA

W/D E/D K/D

Preload moments

0 Nm 2 Nm 3 Nm 4 Nm 5 Nm

2 1 3 129 220 241 203 246
4 153 235 246 241 235
5 158 264 243 245 265

2 3 208 228 260 243 242
4 218 260 259 285 245
5 228 258 249 267 232

3 3 214 282 278 276 234
4 225 254 261 237 234
5 210 284 263 250 244

4 3 172 255 251 265 264
4 212 258 228 240 257
5 165 272 252 239 234

5 3 187 256 287 269 250
4 233 267 275 235 203
5 196 248 259 257 245

3 1 3 185 280 309 323 300
4 134 357 377 335 350
5 161 293 302 290 335

2 3 256 373 427 404 413
4 260 342 421 395 379
5 286 351 347 428 381

3 3 295 444 471 424 391
4 331 448 474 440 385
5 319 461 415 421 401

4 3 309 461 461 463 383
4 327 441 496 440 410
5 338 398 466 432 426

5 3 220 402 482 449 433
4 256 434 430 442 439
5 346 492 490 437 431

4 1 3 135 202 253 245 319
4 163 296 309 324 331
5 167 284 306 330 359

2 3 206 369 386 335 413
4 229 416 411 386 395
5 206 242 484 346 313

3 3 265 443 484 450 487
4 284 463 470 452 497
5 303 521 497 498 479

4 3 302 443 488 521 485
4 268 513 539 512 508
5 325 462 526 498 511

5 3 303 468 512 473 475
4 301 480 486 503 499
5 338 530 554 511 535

5 1 3 164 253 293 292 323
4 146 273 335 345 288
5 165 299 371 312 339

2 3 220 400 439 387 395
4 201 435 410 412 445
5 181 374 449 321 381

3 3 266 478 505 454 515
4 287 509 522 522 574
5 273 510 509 543 510

4 3 275 525 548 484 520
4 285 505 550 571 535
5 316 519 552 476 583

5 3 269 484 555 513 554
4 296 478 590 554 491
5 329 479 554 536 550
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TABLE VI
Bearing Strengths of [0/0/45/45] Specimens, MPA

W/D E/D K/D

Preload moments

0 Nm 2 Nm 3 Nm 4 Nm 5 Nm

2 1 3 159 234 262 232 217
4 125 237 233 237 202
5 147 229 243 206 220

2 3 205 259 246 250 205
4 194 254 250 264 186
5 178 253 245 254 233

3 3 170 250 238 239 224
4 174 222 240 258 226
5 214 252 225 234 235

4 3 204 246 253 262 205
4 199 246 257 243 236
5 186 235 230 193 240

5 3 187 257 231 250 260
4 203 249 262 246 215
5 193 233 210 240 246

3 1 3 149 246 296 307 242
4 138 328 325 305 337
5 149 278 326 272 285

2 3 196 402 402 407 375
4 178 419 431 413 340
5 230 414 424 364 417

3 3 266 395 425 387 390
4 200 437 378 392 405
5 276 372 373 375 372

4 3 187 411 421 429 397
4 222 417 406 430 376
5 217 407 457 413 408

5 3 231 391 459 427 332
4 236 391 470 386 342
5 244 426 428 413 413

4 1 3 158 254 346 289 273
4 153 342 344 327 346
5 150 316 341 346 296

2 3 202 365 429 428 444
4 187 411 445 456 451
5 179 411 416 400 413

3 3 217 441 540 473 429
4 213 472 453 478 536
5 263 476 503 478 494

4 3 202 427 443 455 465
4 246 454 541 491 476
5 269 416 501 456 471

5 3 203 512 521 478 485
4 247 477 520 485 489
5 199 512 518 481 444

5 1 3 141 247 273 270 287
4 145 326 367 313 321
5 172 290 349 283 302

2 3 199 367 375 438 372
4 223 345 425 432 456
5 203 373 412 407 414

3 3 202 457 529 504 440
4 207 494 595 424 541
5 262 446 539 499 498

4 3 223 466 518 494 435
4 233 433 533 543 515
5 213 475 523 527 465

5 3 201 473 553 503 494
4 226 560 557 480 496
5 228 497 549 496 560
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joint does not carry any load from this moment, and
any failure is not created in the outer hole. Briefly,
net tension and cleavage modes are catastrophic and
result from excessive tensile stresses, whereas the
bearing mode is local and progressive damage and
is related to compressive failure. Net tension, cleav-
age, and shear-out modes can be avoided by
increases in end distance E and width W of the
structural part for a given thickness; nonetheless,
bearing damage cannot be avoided by any modifica-
tion of the specimen geometry.11–13 In fact, the fail-
ure modes change from cleavage or net tension to
shear-out or bearing, depending on increasing W/D,

E/D, and K/D ratios in this study. Meanwhile, the
applied and/or increasing applied preload moments
affect the production of failure modes without a
doubt. For instance, when W/D was 2 for all E/D
and K/D ratios, the failure modes were observed in
the outer hole without preload moments (0 Nm), but
after the application of various preload moments (2,
3, 4, and 5 Nm), failure was generally not observed
in the outer hole. Additionally, when W/D was 4,
E/D was 5, and K/D was 3, the failure mode was
bearing/bearing without preload moments, although
the mode changed to bearing cleavage/bearing after
the preload moments were applied. On the other

Figure 5 Effect of the E/D ratio on the bearing strength with respect to the W/D ratio.
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hand, the applied preload moments caused cata-
strophic failure for a number of specimens with a
mixed failure mode. According to Tables III and IV,
the failure modes for [0�/0�/30�/30�]s and [0�/0�/
45�/45�]s generally differed from each other for simi-
lar geometries. The amount of bearing failure modes
was higher for [0�/0�/30�/30�]s specimens than for
[0�/0�/45�/45�]s specimens. This is very important
because the bearing failure mode is desirable in
comparison with other failure modes for a safety
design in real bolted-joint applications.

The average values of bearing strengths were cal-
culated with the maximum failure loads of three
similar specimens. The magnitudes of the bearing

strengths for the tested [0�/0�/30�/30�]s and [0�/0�/
45�/45�]s specimens are presented in Tables V and
VI, respectively. These tables indicate that the bear-
ing strengths increased with increasing W/D and E/
D ratios generally, but it cannot be said that this
result is valid for increasing K/D ratios. For
instance, when W/D and E/D were 2 and K/D was
3, the bearing strengths were equal to 208 and
205 MPa, whereas when W/D, E/D, and K/D were
5, the values were 329 and 2228 MPa without a pre-
load moment for the [0�/0�/30�/30�]s and [0�/0�/
45�/45�]s specimens, respectively (Tables V and VI).
In addition, bearing strengths without preload
moments were calculated to be lower than the

Figure 6 Effect of the E/D ratio on the bearing strength with respect to the K/D ratio.

TWO-SERIAL-BOLTED COMPOSITE PLATES 511

Journal of Applied Polymer Science DOI 10.1002/app



applied preload moments. For example, when W/D,
E/D, and K/D were 4, the bearing strength without
a preload moment was 268 MPa; nevertheless, it was
calculated to be 513 MPa under an applied preload
moment of 2 Nm for the [0�/0�/30�/30�]s specimen
(Table V). Similarly, it was determined to be 246
MPa without a preload moment and 454 MPa under
an applied preload moment of 2 Nm for the [0�/0�/
45�/45�]s specimens (Table VI). Applying the pre-
load moments clearly led to higher bearing strength
values because pressure was applied to the compos-
ite specimen by washers. Additionally, some tensile
load was carried by the washers. In other words, the

negative effects of the existence of bolt holes were
reduced by the washers. Consequently, the bearing
strengths under applied preload moments were
higher than those without any preload moments.
The effect of the E/D ratio on the bearing strength

is shown in Figures 5–7 for some tested specimens
([0�/0�/30�/30�]s and [0�/0�/45�/45�]s specimens)
with respect to W/D and K/D ratios and applied
preload moments. These figures show that the bear-
ing strengths generally increased with increasing E/
D ratios. Nevertheless, this increase was not linear
because various unwanted conditions could occur
through the production or preparation process of the

Figure 7 Effect of the E/D ratio on the bearing strength with respect to the applied preload moments.
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Figure 8 Effect of the ply orientation on the bearing strength with respect to the E/D ratio.

Figure 9 Effect of the ply orientation on the bearing strength with respect to the K/D ratio.



specimens, such as porosity and microcracking of the
fibers and/or matrix. Meanwhile, when E/D was 1,
the bearing strength was obviously smaller than that
at other E/D ratios. On the other hand, the weakest
geometrical parameters were observed at E/D ¼ 1.
Moreover, the other weakest geometrical parameter
was seen at W/D ¼ 2, as shown in Figure 5. When
W/D was 2, the bearing strength was generally
smaller than at other W/D ratios. Additionally, the
bearing strength increased with increasing K/D ratio
(Fig. 6). For a two-serial-bolted joint, the weakest K/
D ratio was observed to be 3. The minimum ratio
had to be selected to be 3 because of the diameter of
the washers (15 mm). According to Figure 7, the
bearing strengths without preload moments were
clearly lower than those with applied preload
moments. It has been said that applied preload
moments are suitable with high bearing strengths.
This means that the load capacity of a two-serial-
bolted composite joint under applied moments is
higher than that without applied preload moments.

The effects of selected ply orientations on the bear-
ing strengths for some tested specimens related to
the E/D and K/D ratios and applied preload
moments are illustrated in Figures 8–10, respectively.
These figures also point out the bearing strengths

generally increased with increasing E/D and K/D
ratios and applied preload moments. Furthermore,
the bearing strengths of [0�/0�/30�/30�]s specimens
were frequently higher than those of [0�/0�/45�/
45�]s specimens. In other words, [0�/0�/30�/30�]s ori-
ented specimens were stronger than [0�/0�/45�/45�]s
oriented specimens on the basis of the calculated
bearing strengths. Meanwhile, Figure 10 shows that
the magnitude of the applied preload moment was
enough if it was chosen to be 3 Nm for both [0�/0�/
30�/30�]s and [0�/0�/45�/45�]s specimens. The bear-
ing strengths for an applied preload moment of
2 Nm and without a preload moment were smaller
than those with an applied preload moment of
3 Nm. However, the magnitudes of the bearing
strengths decreased when the applied preload
moments were 4 or 5 Nm. Therefore, it is understood
that the highest values of the preload moments (4 or
5 Nm) may have caused crushing and/or micro-
cracking in the glass fibers and/or epoxy matrix of
the composite plates.

CONCLUSIONS

An experimental failure analysis was performed to
determine the failure behavior of two-serial-bolted

Figure 10 Effect of the ply orientation on the bearing strength with respect to the applied preload moments.

514 SEN AND SAYMAN

Journal of Applied Polymer Science DOI 10.1002/app



composite laminates with various applied preload
moments and without preload moments. The geo-
metrical parameters defined E/D, W/D, and K/D
ratios and material parameters in terms of the orien-
tations of the laminated composite plates as [0�/0�/
30�/30�]s and [0�/0�/45�/45�]s were considered. One
of the parameters was changed, whereas the others
were held constant for the duration of the tests.
According to current experimental analysis results,
some important remarks can be made in a few
words. First, some geometrical parameters could not
be used, such as E/D ¼ 1 or 2, W/D ¼ 2, and K/D
¼ 3, because of the load-carrying capacity and the
occurrence of failure modes. The bearing strengths
for these ratios were generally lower than those for
other selected ratios. Second, the bearing strengths
of the specimens under various preload moments
were higher than those without preload moments. In
other words, increasing the preload moments was
very suitable for a safe two-serial-bolted joint config-
uration because of the provided bearing mode and
high values of the bearing strength, in that bearing
failure was more advantageous than cleavage, net
tension, or shear-out failure from a safe design.
Additionally, the magnitude of the preload moment
was appropriate when it was 3 Nm. Finally, [0�/0�/
30�/30�]s stacked plates were stronger than [0�/0�/
45�/45�]s stacked plates among the tested composite
plates.

The authors thank the personnel of Izoreel Firm (Izmir, Tur-
key) and Murat Eroglu in particular for their endless effort
during themanufacturing of the composite plates and prepa-
ration of the test specimens.
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