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à Íàöèîíàëüíàÿ ëàáîðàòîðèÿ ïðî÷íîñòè è êîëåáàíèé ìåõàíè÷åñêèõ êîíñòðóêöèé,
ôàêóëüòåò àâèàöèîííî-êîñìè÷åñêîé òåõíèêè, Óíèâåðñèòåò Ñèàíü Öçÿîòóí, Ñèàíü,
Êèòàé
á Ôàêóëüòåò àýðîíàâòèêè, Ñåâåðî-çàïàäíûé ïîëèòåõíè÷åñêèé óíèâåðñèòåò, Ñèàíü, Êèòàé

Ýêñïåðèìåíòàëüíî îöåíåíî âëèÿíèå ñèëû çàæèìà, òðåíèÿ è ðàçìåðà øàéáû íà ñòàòè÷åñêèå

õàðàêòåðèñòèêè ñëîèñòûõ êîìïîçèòîâ ñî ñêâîçíûìè è áîëòîâûìè îòâåðñòèÿìè. Ïðîâåäåíî

ñðàâíåíèå ñòàòè÷åñêîãî ïðåäåëà ïðî÷íîñòè ïðè ðàñòÿæåíèè è õàðàêòåðà ðàçðóøåíèÿ ñëîèñ-

òûõ êîìïîçèòîâ ñî ñêâîçíûì è áîëòîâûì îòâåðñòèÿìè. Ðåçóëüòàòû ýêñïåðèìåíòàëüíûõ

èññëåäîâàíèé ïîêàçàëè, ÷òî íà ñòàòè÷åñêèé ïðåäåë ïðî÷íîñòè ïðè ðàñòÿæåíèè ñëîèñòûõ

êîìïîçèòîâ âëèÿåò èçíà÷àëüíîå ïîâðåæäåíèå íåçàâèñèìî îò íàëè÷èÿ ñêâîçíîãî èëè áîëòîâîãî

îòâåðñòèÿ. Ñðàâíèòåëüíûé àíàëèç ðåçóëüòàòîâ èññëåäîâàíèé îáðàçöîâ ñî ñêâîçíûì è áîëòî-

âûì îòâåðñòèÿìè ïîäòâåðäèë òîò ôàêò, ÷òî âèä îòâåðñòèÿ (ñêâîçíîå èëè áîëòîâîå)

íåçíà÷èòåëüíî âëèÿåò íà óñòàëîñòíóþ ïðî÷íîñòü ïðè ðàñòÿæåíèè èññëåäóåìûõ ñëîèñòûõ

êîìïîçèòîâ. Óñòàíîâëåíî, ÷òî òàêèå ôàêòîðû, êàê ðàçìåð øàéáû, ñèëà çàæèìà áîëòà è

ñèëà òðåíèÿ, ñóùåñòâåííî âëèÿþò íà ïðåäåë ïðî÷íîñòè ïðè ðàñòÿæåíèè ñëîèñòûõ êîìïî-

çèòîâ ñî ñêâîçíûì èëè áîëòîâûì îòâåðñòèåì. Èñïîëüçîâàíèå óòîëùåííûõ øàéá ìåæäó

ñëîèñòûì ìàòåðèàëîì è áîëòîì-çàêëåïêîé çíà÷èòåëüíî óâåëè÷èâàåò ñòàòè÷åñêóþ ïðî÷-

íîñòü è äîëãîâå÷íîñòü ñëîèñòûõ êîìïîçèòîâ ñ áîëòîâûìè îòâåðñòèÿìè.

Êëþ÷åâûå ñëîâà: ïðåäåë ïðî÷íîñòè ïðè ðàñòÿæåíèè, áîëòîâîå îòâåðñòèå, ñèëà çàæè-
ìà, óñòàëîñòü.

Introduction. It is well-known that composite laminates are sensitive to stress
concentration. The most common method of assembling composite structures is by the use
of mechanical fasteners, which leads to the development of stress concentration at the hole
edges. The defect-induced stress concentration causea a substantial reduction in the
strength of composite laminates. Therefore, prediction of strength reduction due to these
locally high stress levels is of great practical interest.

A considerable scope of research data exists concerning the effect of holes on the
strength of composite laminates [1–6]. An excellent summary of mechanics of mechanically
fastened joints in polymer-matrix composite structures is given in works [7, 8]. Camanho
and Matthews [7] gave a comprehensive review of mechanically fastened joints in
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fiber-reinforced plastics. Thoppul et al. [8] presented a thorough review of the literature
including test standards, failure modes and prediction, effects of environmental conditions,
time-dependent relaxation of joints, and nondestructive evaluation techniques. The
mechanical behavior of a filled-hole composite laminates is different and more complicated
than that of the open-hole ones. In order to numerically study the stress and failure
developments of laminates containing a filled hole, several simplified models were
proposed [9, 10]. For example, Dano et al. [10] developed a progressive damage model to
study the effects of failure criteria and damage model on the mechanical behavior of
filled-hole composite laminates, which was implemented in the ABAQUS commercial
software. While the stress and failure modes of composite laminates containing holes has
been studied and reported extensively, there are few works concerning the comparative
study of the effect of washer size on static and fatigue strength values of composite
laminates containing holes [11–13]. There are additional effects to be considered, such as
the effect of washer size, the related clamping force and friction on the strength of
filled-hole composite laminates.

Since assembled composite structures are most frequently used in aircraft and
aerospace components, and filled-hole tension may be a critical design consideration for
composite materials, it is vital to understand the mechanical behavior of open- and
filled-hole composites subjected to static tensile or cyclic tensile-tensile loading conditions.
As a contribution to this need, the objective of the present paper is to experimentally study
the tensile static and fatigue strength values of composite laminates containing open and
filled holes.

Problem Statement. Consider a composite laminate specimen made from fiber-
reinforced unidirectional plies, containing a central circular hole with diameter D, as shown
in Fig. 1, where the specimen length, width, and thickness are designated as L, W , and t ,
respectively. Four basic ply orientation directions (0, 90, �45, and � �45 ) are selected and
indicated in Fig. 1. Open- and filled-hole tension tests of balanced symmetric laminates
(with respect to the middle surface) are performed to determine the notched laminate tensile
strength. In case of an open-hole tension test, no constraint is imposed on the hole. In
contrast, for the filled-hole test, in order to distribute the clamp-up load, a bolt is placed
into the laminate hole with two thick washers inserted between the laminate and the bolt
head/tail. An in-plane tensile load P is applied to the composite laminate which leads to
the laminate deformation in a net-tension mode in its own plane. Failure occurs when the
laminate cannot sustain any additional load.

Experimental. In this section, uniaxial tensile experiments of balanced symmetric
laminates are performed to examine the tensile strength of composite laminates with a
central circular hole of 6.35 mm diameter. The issues of practical interest, such as the
washer thickness efffect of the tensile strength, are addressed. The specimen preparation
and material properties are described below.
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Fig. 1. Geometry of a composite laminate specimen containing a circular filled hole.



Specimen Preparation and Testing. The laminate plate contained sixteen plies of
identical orthotropic material with the stacking sequence [ / / / /� � � � �45 0 45 90 � � � � �45 0 45 0/ / / ]s .
The number in the stacking sequence indicates the in-plane rotation angle of each ply
relative to the reference 0� ply (coinciding with the fiber direction). The nominal plate
thickness h equals to 2 mm. The ply thickness is nominally 0.125 mm. The specimens
contain 6.35 mm diameter holes and are 38 mm wide and 250 mm long. A 3 mm thick
washer is inserted between the composite laminates and the raised head bolt. Alternatively,
nut washers of 2 and 3 mm thickness were used. A uniform clamping pressure is transferred
to the composite through these washers. The in-plane geometry of these washers is
20 20� mm. The total washer surfaces are flattened, in order to ensure the maximum
contact of the washer surface to composite plates.

Both open- and filled-hole tensile loading tests were performed until the full failure
occured. The head travel and load on the specimen were recorded during the test. The test
machine wedge grips had the same width as the specimen, as shown in Fig. 1. The tensile
strength is presented in terms of the gross-area strength.

Experimental Results. To determine the failure load of structure details static tensile
tests were carried out firstly, which could be used as the basic reference data for
determination of the maximum load under the cyclic loading conditions. The net stress and
strain distributions were obtained based on the strain measurements of the quasistatic test.

Table 1 shows the experimental results on static strength of filled hole laminates,
where the gross and net cross-sectional areas are equal to Wh and ( ) ,W D h� respectively.
A typical fracture morphology of specimens with a filled hole is characterized by the
nonuniform fracture patterns due to the existence of � �45 plies in the composite laminates.

Comparison of statistical strength values of open- and filled-hole laminates is given in
Table 2, where the mean values are calculated from 5 valid experimental data with the
coefficient of variation CV � 0 03. . The corresponding strain values are calculated by using
the linear elastic theory with the tensile modulus of 70.5 GPa.

It is obvious that the existence of a filled hole would strongly reduce the static
strength of the laminates. In contrast, the threshold value for the filled hole laminate is not
much different from that of laminates without holes.

In case of a relatively high ratio of the maximum cycle load and the static failure load,
the laminates can endure more than 106 tension-tension cycles before fracture. Therefore,

the effect of damage, such as filled hole, on the fatigue life of studied laminates is not
significant. However, the static strength is strongly dependent on the damage situation. In
this case, the fatigue strength can be assumed to be a certain share of the static strength,
such as 80%, and no additional fatigue tests are performed.

High durability for a high ratio of the maximum cycle load and the static failure load
will lead to some difficulties in the determination of load levels since much larger fatigue
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T a b l e 1
Static Strength of Filled-Hole Composite Laminates

Specimen Failure load
Pb , N

Gross tensile strength
�b1 , MPa

Net tensile strength
�b2 , MPa

1 38.1 501.7 602.5

2 40.8 537.1 645.0

3 41.0 539.6 647.9

4 39.6 521.9 626.8

5 40.4 532.3 639.2



life scatter will be induced by the given static strength scatter. The clamping pressure of the
hi-lock bolt will also exert effects on the fatigue life of filled-hole laminates, which implies
a higher scatter of the fatigue life data.

Based on the experiments, it is found that the inserted washers have the most
significant effect on the tensile strength of filled-hole laminates. These effects can be
subdivided into the following four categories.

1. The static tensile strength is sensitive to the thickness of washers. The experimental
data show that, in presence of washers on both side of laminates, the mean values of failure
load and the gross cross-sectional static tensile strength are 40 kN and 526.5 MPa,
respectively. In comparison, in presence of nut washers only, the failure load and tensile
strength are reduced remarkably, as shown in Table 3.

2. The experimental results show that after about ten thousands of cycles delaminations
will appear at the interface of 45�/90� or 90�90/� �45 plies, which originate from the
specimen edges and propagate towards the specimen center until approaching the washers.
Since half of the width is pressurized by the washers, delaminations would be delayed and
the fatigue life would be significantly increased.

3. Due to the relatively high clamping pressure, friction between the washers and the
composite laminates is increased, which aggravates the temperature rise. In the experiments,
the maximum temperature was controlled to be less than 40�C, for which purpose the test
frequency was reduced.

4. Higher values of the clamping pressure and friction leads to obvious abrasion of the
composite laminates, manifested by the appearance of a bright wear surface with debris
consisting of small amounts of carbon powders.
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T a b l e 2
Comparison of Strength Values for Defect-Free and Filled-Hole Laminates

Specimen Static strength Threshold value
for 106 cycles (R � 01. )

Mean value B-basis value Mean value B-basis value

No hole Failure stress, MPa 866 845 485 446

Failure strain 	
 12284 11980 6884 6324

Filled

hole

Gross
section

Failure stress, MPa 526 474 445 433

Failure strain 	
 7468 6722 6316 6144

Net
section

Failure stress, MPa 632 569 534 520

Failure strain 	
 8969 8074 7574 7376
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T a b l e 3
Static Strength of Filled-Hole Composite Laminates with Nut Washers Only

Specimen Failure load
Pb , N

Gross tensile strength
�b1 , MPa

1 34.0 447.8

2 32.7 430.7

3 32.5 427.6

Mean value 33.1 435.4



Conclusions. The tensile strength of composite laminates with open and filled holes is
investigated experimentally in this work. Based on the experimental results, the following
conclusions can be made:

1. The static tensile strength of composite laminates may be reduced remarkably by
pre-existing defects. However, in contrast, under the investigated loading conditions the
fatigue threshold value is comparable for both types of damaged laminates.

2. In case of filled-hole laminates, both static and fatigue tensile strength values of
studied laminates are sensitive to the presence and thickness values of the inserted washers.
The experimental results indicate that application of thick washers between the laminates
and the hi-lock bolt improves the static strength and fatigue life of filled-hole laminates.

3. Delaminations are mostly observed near the stress concentration zone of the hole
region, whereas their number decreases with increase in the applied load and with the
number of loading cycles.

4. Washer-induced clamping pressure and friction are two critical factors, which
control the tensile strength of composite laminates.
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Ð å ç þ ì å

Åêñïåðèìåíòàëüíî äîñë³äæåíî âïëèâ ñèëè çàòèñêó, òåðòÿ ³ ðîçì³ðó øàéáè íà ñòàòè÷í³
õàðàêòåðèñòèêè øàðóâàòèõ êîìïîçèò³â ³ç íàñêð³çíèìè ³ áîëòîâèìè îòâîðàìè. Ïðî-
âåäåíî ïîð³âíÿííÿ ñòàòè÷íî¿ ãðàíèö³ ì³öíîñò³ ïðè ðîçòÿç³ ³ õàðàêòåðà ðóéíóâàííÿ
øàðóâàòèõ êîìïîçèò³â ³ç íàñêð³çíèìè ³ áîëòîâèìè îòâîðàìè. Ðåçóëüòàòè åêñïåðè-
ìåíòàëüíèõ äîñë³äæåíü ïîêàçàëè, ùî íà ñòàòè÷íó ãðàíèöþ ì³öíîñò³ ïðè ðîçòÿç³
øàðóâàòèõ êîìïîçèò³â âïëèâàº ïî÷àòêîâå ïîøêîäæåííÿ íåçàëåæíî â³ä íàÿâíîñò³
íàñêð³çíîãî ÷è áîëòîâîãî îòâîðó. Ïîð³âíÿëüíèé àíàë³ç ðåçóëüòàò³â äîñë³äæåíü çðàç-
ê³â ³ç íàñêð³çíèìè ³ áîëòîâèìè îòâîðàìè ï³äòâåðäèâ òîé ôàêò, ùî âèä îòâîðó
(íàñêð³çíå ÷è áîëòîâå) íåçíà÷íî âïëèâàº íà ì³öí³ñòü â³ä óòîìëåíîñò³ ïðè ðîçòÿç³
äîñë³äæóâàíèõ øàðóâàòèõ êîìïîçèò³â. Óñòàíîâëåíî, ùî òàê³ ÷èííèêè, ÿê ðîçì³ð
øàéáè, ñèëà çàòèñêó áîëòà ³ ñèëà òåðòÿ, ñóòòºâî âïëèâàþòü íà ãðàíèöþ ì³öíîñò³ ïðè
ðîçòÿç³ øàðóâàòèõ êîìïîçèò³â ³ç íàñêð³çíèì ÷è áîëòîâèì îòâîðîì. Âèêîðèñòàííÿ
ñòîâùåíèõ øàéá ì³æ øàðóâàòèì ìàòåð³àëîì ³ áîëòîì-çàêëåïêîþ çíà÷íî çá³ëüøóº
ñòàòè÷íó ì³öí³ñòü ³ äîâãîâ³÷í³ñòü øàðóâàòèõ êîìïîçèò³â ³ç áîëòîâèìè îòâîðàìè.
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