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DKcnepumenmanbHo oyeHeHo GUAHUe CUTLL 3aXHCUMA, MPeHUus U pasmepa waidvl Ha cmamuyecKue
Xapakmepucmuku CloUCmulx KOMRO3UMO8 CO CKEO3HbIMU U DOmosbiMu omeepcmuamu. IIposedeno
CPasHeHe Cmamuyecko2o npedeid NPOYHOCmU NpU PACMANCEHUU U XAPAKMePa pa3pyuleHus Clouc-
MbIX KOMNO3UMOE CO CKBOHBIM U 0OIMOSbIM omeepcmuamu. Pesyrbmamvr dKcnepumenmanbHbix
UCCIe008aHUL NOKA3AIU, YMO HA CMAMUYECKUll npeoei NpOYHOCMU NPU PACHANCEHUU CIOUCIBIX
KOMNO3UMOG GIUAEI USHAUAILHOE NOBPENCOeHUe He3ABUCUMO OM HANUYUSA CKEO3HO20 U DOIMO6020
omeepcmus. CpasHUmMenbHwlll AHAIU3 Pe3VIbmMamos UCCi1e008anull 00pasyo8 co CK8O3HbIM U 60IMo-
6bIM  OMGEPCMUAMU NOOMEEPOU Mmom Gaxm, umo 6ud omeepcmusi (CK6o3Hoe unu 60amogoe)
He3HAUUMEeNbHO IUsAem HA YCMAIOCIHYIO NPOYHOCMb NPU PACMANCEHUU UCCAEOYEeMbIX CLOUCIbIX
KOMNO3Umos. YCmanosneHo, umo maxue akmopovl, Kak pasmep waiibvl, cuida 3adxcuma 60ama u
Cuna mpenus, CyweCmeeHHo GIUAIOM HA npedeil NPOYHOCHU NPU PACMANCEHUU CIOUCIBIX KOMNO-
3UMOB CO CKBO3HbIM UL OOIMOBLIM omeepcmuem. HCnonv3oeanue ymoaiuweHHvIX waid mexncoy
CIOUCBIM  MAMEPUATOM U OONMOM-3AKIENKOU 3HAYUMENLHO YBeIuuusaenm Cmamu4eckylo npoy-
HOCMb U 00N208€YHOCMb CIOUCMBIX KOMHO3UMOE ¢ HGONMOBLIMU OMEEPCMUAMU.

Kniouegvle cnoga: mipenien MpoYHOCTH TIPH PACTSKEHUH, OOITOBOE OTBEPCTHE, CHJIA 3aKHU-
Ma, yCTaJloCTb.

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 ¢,
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.
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Fig. 1. Geometry of a composite laminate specimen containing a circular filled hole.

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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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° .
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 / 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
20x20 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.

Table 1
Static Strength of Filled-Hole Composite Laminates
Specimen Failure load Gross tensile strength Net tensile strength
P, N 0. MPa 04y, 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 5323 639.2

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 Cj, = 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 10° 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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Table 2
Comparison of Strength Values for Defect-Free and Filled-Hole Laminates

Specimen Static strength Threshold value
for 10° cycles (R =0.1)

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

No hole Failure stress, MPa 866 845 485 446
Failure strain ue 12284 11980 6884 6324
Filled | Gross | Failure stress, MPa 526 474 445 433
hole | seCtion | pi1ire strain e 7468 6722 6316 6144
Net | Failure stress, MPa 632 569 534 520

section . .
Failure strain ue 8969 8074 7574 7376

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.

revd eStaiic Strength of Filled-Hole Composite Laminates with Nut Washers Only
Specimen Failure load Gross tensile strength
P, N oy, MPa
1 34.0 447.8
2 327 430.7
3 325 427.6
Mean value 33.1 4354

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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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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Pe3ome

ExcrieprMeHTaNbHO JIOCHIPKEHO BIUIMB CHIIM 3aTHCKY, TEPTA 1 po3Mipy Iaiin Ha cTaTH4Hi
XapaKTEePUCTUKHU IIAPyBATHX KOMIIO3UTIB i3 HACKPI3HMMHU 1 OonTOBMMH OTBOpamu. [Ipo-
BEJICHO IMOPIBHSHHS CTATHYHOI TPAHUIII MIITHOCTI MPH PO3TA3i i XapakTepa pyHHYBaHHS
LIapyBaTuX KOMIIO3UTIB 13 HACKPI3HMMH 1 OOJNTOBMMH OTBOpaMH. Pe3ynbTaTté excrepu-
MEHTAJIBHUX JOCTiKEHb IMOKA3ald, IO Ha CTaTHYHY TPAHMII0 MIITHOCTI TPH PO3TS3i
[IapyBaTUX KOMIIO3HTIB BIUIMBA€ MOYATKOBE MOIIKO/DKEHHS HE3AJICKHO BiJl HAsBHOCTI
HACKpPI3HOTO 4u 00sTOBOro oTBOpY. [lOpiBHSIBHUIT aHaNi3 pe3ysbTaTiB JIOCHTIPKEHb 3pa3-
KiB 13 HACKpI3HWMH 1 OONTOBHMH OTBOpPAMH TIATBEPOUB TOW (akT, IO BHI OTBOPY
(Hackpi3He 4M OOJITOBE) HE3HAYHO BIUIMBAE HA MIIHICTH BiJl YTOMIJIEHOCTI IIPH pO3TS3i
JOCIIKYBAaHUX IIAPYBAaTHX KOMIIO3UTIB. YCTAHOBJCHO, IO TaKi YHHHUKH, SIK PO3MIp
aifom, criia 3aTUCKy OoJITa i CHila TepTs, CYTTEBO BIUIMBAIOTH HAa TPAHMINIO MIITHOCTI TPH
pO3TA3i MIapyBaTHX KOMIIO3UTIB i3 HACKPI3HUM YW OOJITOBUM OTBOpPOM. BukopucranHs
CTOBIICHUX INaiil0 MiXK MIapyBaTHM MaTepiajJoM i OOJITOM-3aKICIKOI 3HAYHO 301TBIIye
CTaTHMYHY MILHICTB 1 JOBTOBIYHICTb IIAPYBATHX KOMIIO3UTIB i3 OOJITOBHMH OTBOPAMH.
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