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INFLUENTA UNOR PARAMETRII DE ASAMBLARE
ASUPRA COMPORTARII IMBINARILOR LA ELEMENTE PULTRUDATE
DIN COMPOZITE POLIMERICE ARMATE CU FIBRE
INFLUENCE OF ASSEMBLING PARAMETERS ON JOINTS BEHAVIOUR
OF PULTRUDED ELEMENTS MADE OF FIBRE REINFORCED POLYMER
COMPOSITES

NICOLAE TARANU®, SERGIU POPOAEI, GABRIEL OPRISAN, PAUL CIOBANU,
PETRU MIHAI, VLAD MUNTEANU

"Universitatea Tehnica “Gheorghe Asachi” din lagi, B-dul Mangeron 43, lasi, 700050, Romé&nia

In lucrare se prezinta rezultatele unui studiu
care cuprinde testari experimentale si modelari numerice
efectuate pentru a investiga influenta distantelor marginale
si a momentelor de strangere asupra comportarii imbinarilor
prin suprapunere simpla, cu suruburi metalice a unor
elemente compozite de tip placa, fabricate prin pultrudere,
din poliesteri armati cu fibre din sticla (PAFS).

Programul experimental s-a concretizat prin analiza
si testarea a optzeci de probe care corespund la patru
configuratii de asamblare, cu un numar variabil de suruburi,
avand distante marginale diferite si doua trepte ale
momentelor de strangere.

Pentru fiecare configuratie de asamblare testata
experimental, s-a conceput cate un model numeric bazat pe
folosirea elementelor finite, utilizdnd pachetul software
ANSYS, comparédndu-se rezultatele obtinute pe cele doua
cdi si constatand apropierea relativa a valorilor eforturilor

capabile.

The paper presents the results of a study inclu-
ding experimental tests and numerical modelling performed
to investigate the influence of the edge distance and of the
tightening torque on the behaviour of steel bolted lap joints
of composite plates made of glass fibre reinforced
polyesters (GFRP) manufactured by pultrusion.

The experimental program analysis and testing of
eighty samples corresponding to four assembly
configurations with a variable number of bolts, with
different marginal distances and two steps of tightening
torques.

Numerical models based on finite elements using
ANSYS software package were designed for each assembly
configuration tested experimentally, and the obtained
results on bearing capacities for the studied joints have

been compared.
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1. Introducere

Elementele de constructii din poliesteri armati
cu fibre din sticla (PAFS) sunt utilizate pe scara
larga in domeniul constructiilor datorita proprietatilor
mecanice si elastice foarte bune, combinate cu
greutatea proprie redusa si rezistenta ridicata la
coroziune [1]. Tn ingineria civild, produsele
compozite pe baza de PAFS sunt aplicate cu
succes la consolidarea elementelor structurale din
materiale de constructii traditionale, la structuri ale
unor constructii noi situate in medii agresive si ca
armatura interna pentru elemente din beton, lemn
sau zidarie [2-7].

in aplicatile structurale, imbinarile cu
suruburi sunt utilizate frecvent datoritd simplitatii si
costului redus al executiei, precum si a posibilitatii
de dezasamblare pentru realizarea inspectiei si
reparatiilor. Principala problema asociata
imbinarilor mecanice este concentrarea tensiunilor
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1. Introduction

Glass fibre reinforced polyesters (GFRP)
construction elements are widely utilized in civil
engineering due to their exceptional mechanical
and elastic properties combined with low weight
and high corrosion resistance [1]. In civil
engineering, the GFRP products are successfully
applied to strengthen structural elements made of
traditional  building materials, for new civil
engineering structures located in aggressive
environments or for the internal reinforcement of
concrete, wood or masonry [2-7].

Bolted connections are frequently utilized in
structural applications because of simplicity, low
costs of execution, and easy of disassembling, for
inspection and repair. The main issue associated
with bolted joints is the stress concentration around
the holes and the initiation of the failure modes [8].
In most cases, the joint region is the critical part of
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in jurul gaurilor si initierea modurilor de cedare [8].
in cele mai multe cazuri zona imbin&rii este
regiunea critica a structurii si trebuie proiectata si
detaliatd cu atentie pentru a evita vulnerabilizarea
excesiva a acestei regiuni [9].

Studiile recente realizate de catre diferiti
cercetatori au evidentiat o crestere semnificativa a
capacitatii portante a imbinarilor prin aplicarea
momentelor de stradngere [10-11]. Predictia
eforturilor capabile prin modelari numerice
utilizand metoda elementelor finite poate fi
realizata prin introducerea in analiza a unui criteriu
de cedare adecvat [12-14]. Precizia rezultatelor
obtinute prin modelare numerica este influentata
de tipurile elementelor finite utilizate la
discretizarea componentelor, de conditile de
contur si de aplicare a incarcarilor adoptate in
analiza, precum si de modelarea corespunzatoare
a suprafetelor de contact dintre componentele care
se asambleaza.

Acest studiu face parte dintr-un amplu
program de cercetare cu privire la comportarea
elementelor si imbinarilor specifice produselor
compozite pultrudate, aflat in desfasurare in cadrul
Facultatii de Constructii si Instalatii din lasi [15-16].
Lucrarea are ca obiectiv principal evaluarea
influentei pe care o exercitd distanta marginala si
momentul de strAngere asupra eforturilor capabile
ale Tmbinarilor cu suruburi metalice, prin
suprapunerea simpla a elementelor plate din PAFS
obtinute prin pultrudere. Studiul cuprinde incercari
experimentale si  modelari numerice pentru
determinarea eforturilor capabile in cazul cedarii la
strivire.

2. Programul experimental
2.1. Pregatirea si testarea probelor

Programul experimental cuprinde testarea a
doua serii de imbinari cu suruburi realizate prin
suprapunere simpla. Fiecare serie include
configuratii diferite  de imbinare, identificate
conform tabelului 1. Diferentierea se realizeaza
dupa numarul suruburilor din imbinare, pozitia
acestora in raport cu directia fortei aplicate si dupa
momentul de strangere aplicat cu ajutorul cheii
dinamometrice.

the structure and it must be carefully designed and
detailed to avoid excessive vulnerability of the
region [9].

Recent studies conducted by various
researchers have shown a significant increase in
the bearing capacity of joints by applying the
tightening torques [10-11]. The prediction of the
joint capacity by using finite element numerical
modelling may be performed by introducing for
analysis of an appropriate failure criterion [12-14].
The accuracy of the results obtained by numerical
modelling is influenced by the type of finite
element used to mesh the components, the
boundary conditions and the solutions adopted for
the application of loads in the analysis as well as
the appropriate modelling of the contact surfaces
of the parts to be assembled.

This study is part of an extensive research
program regarding the behaviour of pultruded
products and their connections, in progress at the
Faculty of Civil Engineering and Building Services,
lasi [15-16].

The paper's main objective is to assess the
influence exercised by the marginal distance and
torque on resistances of the single lap bolted
connections between pultruded GFRP plates. The
study includes experimental testing and numerical
modelling in order to determine the bearing
capacity of some bolted connections.

2. Experimental program

2.1. Specimens preparation and testing

The experimental program consists of
testing of two series of single lap bolted
connections. Each series includes various joint
configurations identified in Table 1. The joints are
differentiated with respect to the number of bolts,
the marginal distances, and the relative position to
the direction of the applied force and by the
tightening torque applied.

The dimensions of the composite joint test
specimens to evaluate the structural response of
the connections have been selected according to
ASTM D5961-13 [17] and ASTM D6873-08 [18].
The geometric characteristics of the tested
samples are illustrated in Figure 1, in which the

Tabelul 1
Tipuri de probe analizate / Types of analysed specimens
Tipul de strangere/Tightening type | Strangere Cu cheie dinamometrica si moment
manuala/ de strangere 10 Nm/
Manual With wrench and torque moment
Numar suruburi/ Number of bolts tightening equal to 10 Nm
1 surub/ 1 bolt A1, A2, A3 A11
2'§uru'bur| paralele cu directia fortei/ 2 bolts parallel to the force A4, AB, AG A4l
direction
2 suruburi pe un rand perpendicular pe directia fortei / 2 bolts in
S ’ ; B1, B2, B3 B11
one row normal to the force direction
4 suruburi pe doua randuri / 4 bolts on two rows B4, B5, B6 B41
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Dimensiunile epruvetelor compozite care se
imbina au fost adoptate Tn concordanta cu normele
ASTM D5961-13 [17] si ASTM D6873-08 [18], in
scopul  evaluarii  raspunsului  structural al
elementelor testate. In figura 1 sunt prezentate
caracteristicile geometrice ale probelor incercate in
cadrul programului experimental, in care lungimea
de fixare in bacuri a epruvetelor este I; = 100 mm;
pentru distanta marginala notatd cu e, au fost
considerate valorile e=3d, e=4d si e=5d in care d
este diametrul gaurii.

Elementele compozite au fost fabricate prin
pultrudere din poliesteri armati cu fibre de sticla,
avand principalele  caracteristici  mecanice
prezentate in tabelul 2 [19]. Aceste valori au fost
confirmate experimental de catre autori [20] prin
incercari standard de laborator [21]. Alcatuirea
placilor pultrudate cu un sistem de armare
combinat, in care straturile exterioare de armatura
sunt realizate din tesatura fina din fibre de sticla,
(fig.1), favorizeaza preluarea locala a tensiunilor.
Epruvetele au fost taiate la dimensiunile necesare
utilizdnd o masinad universala de taiat cu disc
diamantat, (fig. 2a), iar pentru minimizarea
degradarii peretilor gaurilor din fasiile compozite au
fost testate patru tipuri de burghie, cele mai bune
rezultate obtindndu-se cu burghiul pentru lemn
utilizat cu o vitezd mica de rotatie (1000 rot/min),
(fig. 2b). Excesul de material rezultat dupa gaurire
a fost indepartat cu hartie abraziva fina. Pentru
asamblarea epruvetelor au fost utilizate suruburi
din otel M10, grupa 8.8, SR EN ISO 4014:2011
[22], piulite metalice si saibe cu diametrul de
25mm. Aplicarea momentelor de strangere
controlate s-a realizat cu o cheie dinamometrica cu
indicator, (fig. 2c).
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fixing length in the machine grips is Iy = 700 mm,
and the marginal distances e, have been selected
as: e=3d, e=4d and e=5d where d is the hole
diameter.

The composite elements have been
manufactured by pultrusion from glass fibre
reinforced polyesters, and their principal
mechanical characteristics are presented in Table
2 [19]; these values have been experimentally
confirmed by the authors [20] using standardized
laboratory procedures [21]. The pultruded plates
are reinforced with combined fibre reinforcing
products in which the exterior reinforcing layers
are made of fine glass fibre fabrics, (Fig.1), that
resist the local stresses in directions different from
the longitudinal axis of pultrusion. The test
samples have been cut using a universal saw
machine with diamond disk, (Fig.2.a). Four types
of drills have been tested to select the most
appropriate drilling device in order to minimize the
deterioration of the hole wall. The best results
were achieved with the drill for wood rotated with
1000 rotations/minutes, Fig.2b. The excess
material resulted after drilling was removed with
fine sandpaper. The joint specimens were
assembled with steel bolts M10, class 8.8, SR EN
ISO 4014:2011 [22], with steel nuts and with
25mm washer diameter. The tightening torques
were applied with a torque wrench provided with a
load indicator, (Fig. 2c).

The tensile tests of specimens have been
performed with a 1000 kN universal testing
machine (UTM), the speed of tests having been
set at 2 mm/minute crosshead movement
according to ASTM D5961-13. The UTM details
and the positioning of the specimens in the UTM
grips are presented in Figure 3.
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Fig. 1 - Epruvetele pentru programul experimental/ Samples for the experimental program: a — geometria probelor / specimens
geometry (mm)/; b- detaliu armare compozit / composite reinforcement detail.
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Fig. 2 - Confectionarea epruvetelor / Specimens preparation: a) taierea probelor / samples cutting; b) selectia burghiului / drill
selection; c) aplicarea momentelor de strangere / applying the tightening torque

Tabelul 2

Proprietatile mecanice ale placilor din PAFS / Mechanical properties of the GFRP plates [19]

Caracteristica / Characteristic Platbande PAFS
GFRP plates

Modulul de elasticitate longitudinal / Longitudinal tensile modulus, (GPa) 23
Modulul de elasticitate transversal / Transverse tensile modulus, (GPa) 8.5
Modulul de elasticitate la forfecare / Shear modulus, (GPa) 3
Coeficientul lui Poisson / Poisson’s ratio 0.23
Rezistenta la tractiune in directie longitudinala / Longitudinal tensile
strength, f; 9o, (MPa) 240
Rezistenta la compresiune in directie longitudinala / Longitudinal
compressive strength, f; o, (MPa) 240
Rezistenta la tractiune in directie transversala / Transverse tensile strength, 50
fr90°, (MPa)
Rezistenta la forfecare in planul placii PAFS / Shear strength in the plane of
plate, f,, (MPa) 2

Fig. 3 - Instrumentarea si testarea epruvetelor / Specimens instrumentation and testing: a) masina universala de incercat / Universal
Testing Machine (UTM); b) pozitionarea probei in bacurile presei / specimen positioning in the UTM grips; c) instrumentarea
probelor cu marci tensometrice / specimens instrumentation with strain gauges.

Testarea la tractiune a probelor a fost
realizata cu o masina universala de incercat cu
sarcina maxima 1000 kN, avand viteza de
deplasare egala cu 2 mm/minut in conformitate cu
ASTM D5961-13. In figura 3 se prezinta
pozitionarea probei si detaliile de fixare in bacurile
masinii de Tncercat.

Fortele aplicate si deplasarile au fost
monitorizate pe toata durata incercarilor cu ajutorul
celulei de fortd si a traductorilor de deplasare din
sistemul de achizitie al masinii de incercat.

Pentru masurarea deformatiilor specifice

The applied forces and displacements
during the tests have been monitored using a load
cell and displacement transducers integrated in
UTM.

To monitor the strains in the composite
plates near the holes, strain gauges (Kyowa KFRP
5-120-C1-1) were glued using cyano — acrylate
base cement (CC-33A) and wired in half-bridge
under laboratory conditions obeying the codes and
manufacturer prescriptions [23]. The positions of
the strain gauges are shown in Figure 3c. The
recording of the experimental data was performed
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liniare din apropierea gaurilor, pe placile compozite using a data acquisition system type Adlink
au fost utilizate marci tensometrice cu indicativele Technology [24].
M1 si M2, de tip Kyowa KFRP 5-120-C1-1 cu
adeziv pe baza de cianacrilat CC-33A [23], figura 2.2. Experimental results
3c. Inregistrarea datelor experimentale s-a realizat The tensile tests of the assemblage have
utilizdnd un sistem de achizitie de date de tip been performed up to failure and the
Adlink Technology [24]. instrumentation of the specimens enabled the
monitoring the forces and displacements as well

2.2. Rezultate experimentale as the strains in the case of the A1 A11 samples.

Incercarile la tractiune ale imbinrilor au fost To avoid a sudden joint failure, a condition
realizate pana la cedare, instrumentarea probelor preferred by structural designers using composite
asigurdnd monitorizarea fortelor si deplasarilor pultruded products made of GFRP, the load
precum si a deformatiilor specifice liniare in cazul bearing capacity of the bolted connections was
probelor A1 si A11. Pentru a evita caracterul brusc considered equal to the force required to produce
al cedarii imbinarii, situatie preferata de proiectantii a strain equal to 0.4%, Figure 4. This value refers
structurilor din produse pultrudate din PAFS, s-a to the strain of joined pieces equipped with the
considerat efortul capabil pentru proba solicitata electrical strain gage and does not consider the
egal cu valoarea fortei care produce o deformatie movements of the joints due to the difference
specifica liniara in compozitul polimeric egala cu between the diameter of the hole and the diameter
0,4%, figura 4. Aceasta valoare se refera la of the bolt shank.
deformatia specifica din piesele imbinate stabilita The stress strain curves for the A1 and A11
cu traductorul electric rezistiv i nu tine seama de test specimens are illustrated in Figure 4. The
deplasarile din imbinare datoritd diferentei dintre influence of the torque moment on the stress and
diametrul gaurii si diametrul tijei. strain distributions for the samples with the
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A11,
in figura 4 sunt prezentate curbele tensiuni — tightening torque moment equal to 10 Nm can be
deformatii specifice pentru epruvetele A1 si A11. noticed.
Se poate observa influenta momentului de If the marginal distance (e) with respect to
strdngere asupra distributiei tensiunilor si al diameter (d) is taken into account, it can be
deformatiilor specifice pentru probele avand observed that the best results were obtained for
momentul de strangere egal cu 10 Nm. the samples with e = 4d for manual tightening of
Daca se ia 1in considerare distanta the bolted joints. When a 10 Nm controlled torque
marginala, (e) in raport cu diametrul (d) al gaurii was applied, the bearing strength has increased as
cele mai bune rezultate au fost obtinute pentru shown in Table 3 and Figure 5, where the force
epruvetele cu e = 4d pentru imbinarile cu strangere displacement curves are drawn.
manuald a suruburilor. In cazul Tmbinarilor cu In case of specimens of series A with no
moment de strdngere controlat, rezultatele au additional tightening torque, the bearing capacity
aratat o crestere a efortului capabil pentru probele increased with the number of bolts along the
cu moment de strangere egal cu 10 Nm. direction of applied force. The experimental results
In tabelul 3 sunt prezentate rezultatele showed an 83% increase of the bearing capacity
experimentale pentru probele din seria A, iar in of the joints with one row bolts (joint Type A4), with
figura 5 sunt ilustrate grafic curbele forta — respect to the sample type A1.
deplasare pentru grupele acestei serii. This influence is less significant for samples
In cazul epruvetelor din seria A, fara moment of type AB with respect to the A5 samples.

de strangere suplimentar, eforturile capabile au
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crescut cu numarul de suruburi dupd directia
efortului aplicat. Rezultatele experimentale au
relevat o crestere a eforturilor capabile din
imbinarile cu un sir de suruburi de pana la 83% la
imbinarile de tip A4 in raport cu Tmbinarile de tip
Al.

Influenta este mai putin resimtitd in cazul
probelor de tip A6 fata de probele de tip A5.

The values experimentally determined and
the force - displacement curves of the series B
samples are shown in Table 4 and Figure 6.
Taking into account the load capacity of the joint,
in the case of the specimens without the tightening
torque, the best results have been obtained for
samples with four bolts (B4), with 92% bearing

capacity higher than the joints with two bolts (B1).
Tabelul 3

Rezultate experimentale pentru epruvetele din seria A / Experimental results for the A series specimens

Epruvets/ M Efort capabil la Deplasare/
Specimen e strivire / Bearing Displacement
P (Nm) resistance (kN) (mm)
A1 3d - 15.43 4.19
A2 4d - 18.76 6.44
A3 5d - 19.28 6.35
Ad 3d - 28.29 5.49
A5 4d - 32.30 6.74
A6 5d - 32.71 7.00
A11 3d 10 19.10 3.92
Ad1 3d 10 37.16 6.20
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Rezultate experimentale pentru epruvetele din seria B / Experimental results for the B series specimens Tabelul 4
Epruvets d M Efo!'t capabil .Ia Deplasare
Specimen e strlylre | Bearing Displacement
(mm) (Nm) resistance (kN) (mm)
B1 3d 10 - 31.26 6.62
B2 4d 10 - 35.64 7.23
B3 5d 10 - 35.68 8.41
B4 3d 10 - 60.01 7.22
B5 4d 10 - 68.54 8.97
B6 5d 10 - 65.74 8.44
B11 3d 10 10 38.58 5.51
B41 3d 10 10 7417 7.54

Valorile determinate experimental si curbele
forta — deplasare pentru probele din seria B sunt
prezentate in tabelul 4 si in figura 6. Daca se ia in
considerare efortul capabil al imbinarii, Tn cazul
epruvetelor fara moment de strangere, cele mai
bune rezultate au fost obtinute pentru probele cu
patru suruburi (B4), avand efortul capabil cu 92%
mai mare decat in cazul Tmbinarilor cu doua
suruburi (B1).

3. Evaluarea analitica a efortului capabil la
strivire

Un prim mod de cedare, cel mai frecvent,
observat si in cadrul incercarii experimentale la
imbinarile cu suruburi este strivirea materialului
compozit cu matrice polimerica la contactul dintre
tija si peretele gaurii surubului. Strivirea
compozitului in lungul fibrelor este progresiva si se
accentueaza dupa depasirea rezistentei limitd a
materialului, la compresiune in lungul fibrelor, £; -
Parametrii care intervin Tn acest mod de cedare
sunt: rezistenta la strivire in directia fibrelor f; o,
diametrul tijei surubului ds, si grosimea epruvetei
forta exercitatd de tija surubului pe peretele gaurii
este egala cu efortul capabil al surubului, Fe,p:

F'cap = ]FC’OOdst (1)

in cadrul unui program experimental
organizat anterior de catre autori [15-16] a fost
determinatd rezistenta la strivire a materialului din
placa pultrudata; media valorilor obtinuta pe 10
probe a fost de 309 N/mm?. Efortul capabil se refera
la caracteristica de scurta durata, fiind egala cu
18,54 kN; aceasta valoare este foarte apropiata de
caracteristica experimentala similara pentru e=4d.

Tindnd seama de numarul redus de guruburi
din Tmbinare si de comportarea materialului din
piesele pultrudate care se imbina, efortul capabil
teoretic al imbinarii cu 2 si 4 suruburi se poate stabili
multiplicand efortul capabil al unui surub cu numarul
de suruburi de o parte a rostului de Tmbinare
[25-26].

La primul grup de suruburi a fost aplicat un
moment de strangere care sa asigure contactul ferm
dintre piesele compozite [27], pultrudate, care se
imbina, moment care nu mareste efortul capabil.

3. Analytical evaluation of the joint bearing
resistance

A first mode of failure, most frequently
observed in the experimental test is bolted joints
crushing of the composite material with the matrix
polymer upon contact of the bolt and the wall of
the bolt hole. The failure of the composite along
the fibres is gradual and the crushing is especially
noticed when the contact stress between the bolts
shank and the hole wall exceeds the longitudinal
compressive strength of the material along the
fiber, f; o=

The parameters involved in this mode of
failure are: resistance to bearing in the direction of
the fibres f;o, the bolt shank ds; and the test
specimen thickness t; the force exerted by the bolt
shank on the wall of the hole is equal to the
bearing load capacity of the bolt, F;,,:

Evap = f‘C,OO dst (1 )

The short term bearing resistance of the
composite from the pultruded plate was
determined in an experimental program performed
earlier by the authors [15-16]. The average value
of these characteristic on a ten samples test was
equal to 309 N/mm?® and the short term bearing
capacity of a single bolt calculated with formula (1)
was found equal to 18.54 kN; this value is very
close to the experimental value when the marginal
distance e = 4d.

The bolted connections analysed in this
paper include a small number of bolts joining the
pultruded material parts; therefore, the theoretical
load capacity of the joints with 2 and 4 bolts can be
determined by multiplying the load bearing
capacity of the single bolt by the number of
fasteners [25-26].

A small tightening torque was applied to
the first group of bolted connections in order to
provide a firm contact of composite pultruded parts
[27], but this factor does not influence the bearing
capacity of the fasteners.

A 10 Nm tightening torque was applied on
the second group of bolted joints, to assess the
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Pentru evaluarea influentei momentului de
strangere asupra capacitati de rezistentda a
imbindrii cu un surub s-a aplicat un moment de
strdngere egal cu 70 Nm cu ajutorul cheii
dinamometrice.  Introducerea  acestui  efort
suplimentar genereaza aparitia unei forte de
frecare la contactul dintre piesele imbinate, iar
valoarea acesteia se determina cu relatia:

F, = uF, @)

tor

in care:

u este coeficientul de frecare, care se ia in
intervalul 0,2 - 0,3 [28];

Ftor este forta normala de compresiune produsa de
momentul de strangere al surubului prin torsiune
determinata cu:

F =2 ®
kd
unde:
Mior este momentul de strangere al surubului;
k este un coeficient de strangere prin
torsiune cu valoarea 0,2 [29];
d este diametrul surubului.

Pentru aparitia cedarii la strivire este
necesara, in primul rand, depasirea fortei de
frecare.

4. Modelare numerica

Pentru modelarea numerica au fost generate
saisprezece modele numerice utilizand pachetul
software pe baza de element finit ANSYS. in figura
7 se prezintd geometria epruvetelor si elementele
finite utilizate la discretizarea placilor compozite si
a suruburilor (SOLID185); sunt precizate de
asemenea contactele dintre suprafete (CONTA174
si TARGE170). Elementul finit SOLID185 este
utilizat in modelarea tridimensionala a structurilor si
este definit de opt noduri avand fiecare cate trei
grade de libertate [30].

Placile compozite au fost modelate ca
material ortotrop, utilizadnd caracteristicile mecanice
determinate pe cale experimentala de catre autori
[31-32]. Suruburile metalice sunt fabricate din otel,
avand modulul de elasticitate egal cu 200 GPa si
coeficientul lui Poisson egal cu 0,3.

Suruburile, piulitele si saibele au fost
considerate in simulari ca un singur solid. Efectul
momentului de strdngere a fost introdus ca
presiune pe saibe. Pentru contactul dintre saiba si
compozit s-a adoptat un coeficient de frecare 0,2
[29].

Efortul capabil din imbinare pentru fiecare
model numeric a fost determinat cu ajutorul
criteriilor de cedare pe baza deformatiilor specifice
maxime introduse in analiza pentru placile
compozite.

in figura 8 se prezintd raspunsul probelor
analizate prin modelare numerica corespunzator
imbinarilor testate experimental. Pe scala culorilor

influence of this factor on the bolt bearing capacity.
The introduction of this additional effort generates
a frictional force at the contact between the joined
parts, and its value is determined by the
relationship:

tor

F, = uF, 2)

in which:

U is the friction coefficient, equal to 0.2 — 0.3 [28];
Fris the normal compressive force generated by
the tightening torque, calculated with:

F, = Yo (3)

kd
where:
Mo, is the tightening torque applied on the bolt;
k is a tightening torsion coefficient equal to
0.2, [29];
d is the bolt diameter.

The friction force should be overcome
during joint loading, before the composite failure in
bearing.

4. Numerical modelling

For the numerical modelling sixteen finite
element models (FEM) have been generated using
the ANSYS software package. The geometry of
the bolted connection and finite elements used for
the meshing of the composite plates and steel
bolts (SOLID185) as well as the surface-to-surface
contacts (CONTA174 and TARGE170) are
presented in Figure 7. The SOLID185 element is
used for the 3D modelling of solid structures and is
defined by eight nodes having three degrees of
freedom at each node [30].

The composite plates have been modelled
as an orthotropic material having the mechanical
characteristics determined experimentally in a
previous work carried out by the authors [31-32]. A
linear elastic material model was assigned to the
steel bolts having the Poisson ratio equal to 0.3,
and a 200 GPa elasticity modulus.

The bolts, nuts and washers were considered
as a single solid in the simulations. The effect of the
tightening torque has been simulated as a pressure
on washers. A frictional contact was adopted
between bolts shank and composite plates having
the friction coefficient equal to 0.2 [29].

The load capacity for each numerical
modelling has been determined by failure criteria
based on the maximum strains introduced into the
analysis of composite plates.

Figure 8 illustrates the response of the
analysed samples by the appropriate numerical
modelling connections experimentally tested. The
values above one indicate the failure occurrence
based on the strain criterion with normalized
values, on the colour scale.
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valorile supraunitare indicd cedarea dupa criteriul 5. The analysis of results
deformatiilor specifice liniare cu valori normalizate.
The bearing failure of the bolted lap joints

5. Analiza rezultatelor obtinute for the composite pultruded elements, at the
R contact between the bolts shank and the wall of
In cazul elementelor compozite formate prin the hole, is progressive avoiding the sudden

pultrudere si asamblate cu suruburi, cedarea prin failures that might occur in these types of

strivire la contactul dintre tija surubului si peretele connections (net section tensile failure, shear out

gaurii este progresiva, evitand caracterul brusc al or cleavage).

altor tipuri de cedari posibile (cedarea la tractiune To ensure efficient and safe design of bolted

in sectiunea netd, forfecarea marginalda sau connections, the effective bearing stresses must

clivajul). Pentru a asigura o proiectare eficienta si be kept at low levels. The use of fasteners made of
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sigurd a imbinarii cu suruburi, eforturile unitare de
strivire efective trebuie pastrate la valori reduse.
Folosirea unor tije alcatuite din oteluri superioare
nu este recomandabild, mai ales n cazul
compozitelor pultrudate cu armarea principala
unidirectionala. Efortul capabil al Tmbinarilor cu
suruburi la elemente compozite este evident
influentat de arhitectura fibrelor de armare si de
succesiunea de stivuire a straturilor [28].

Din incercarile experimentale s-a constatat
ca cedarea prin strivire se produce in zona de
contact dintre tija si peretele gaurii. Introducerea
momentului de strangere si utilizarea unui diametru
al saibei de circa 2,5d [19], contribuie |la cresterea
efortului capabil al imbinarii.

Cedarea prin strivire a probelor testate este
ilustrata n figura 9; imaginile sunt similare
precizarilor din ASTM D5961-13 [17]. S-a constatat
ca pentru a obtine cedarea prin strivire a Tmbinarii
este necesara impunerea unei distante marginale
minime e = 4d, astfel incat sa fie prevenita
forfecarea marginala a piesei compozite.

Rezultate aseméanatoare au fost obtinute si
publicate in lucrari anterioare [25, 26].

Modurile de cedare identificate in modelarea
numericd sunt in bund concordantd cu cele
obtinute pe cale experimentala.

high strength steel it is not advisable, especially for
pultruded composite elements with  main
unidirectional reinforcement. The load bearing
capacity of these bolted connections of composite
pultruded elements is obviously influenced by the
architecture of reinforcing fibres and stacking
sequence of the layers [28].

From the experimental tests it has been
found that crushing failure might occur at the
contact between the bolt shank and the wall of the
hole. The introducing the tightening torque and the
use of a 2.5 d washer diameter [19], improve the
load capacity of the joint.

The crushing failures of the test samples are
illustrated in Figure 9, the images are similar to the
ASTM D5961-13 specifications [17]. It was found
that to obtain the bearing failure of the joint, it is
necessary to impose a minimum marginal distance
e 2 4d, so as to prevent the shear out of the
composite part.

Similar results were obtained and
published in previous works [25, 26].

The failure modes identified by numerical
modelling are in good agreement with those
obtained experimentally.

Fig. 9 - Cedarea prin strivire a imbinarilor cu suruburi / Bearing failure of the bolted joints
a) Tmbinari din seria A cu un surub / A series joints with one bolt; b) imbinari din seria A cu doua suruburi / A series joints with two
bolts; c) imbinari din seria B cu doua suruburi / B series joints with two bolts; d) imbinari din seria B cu patru suruburi / B series
joints with four bolts;

Instrumentarea probelor A1 si A11 cu marci
tensometrice a asigurat validarea modelelor
numerice. In figura 10 este prezentatd valoarea
deformatiei specifice localizatd in zona marcilor
tensometrice pentru proba A1. Diferenta mica,
egala cu 3,17%, dintre valoarea experimentala a
deformatiei specifice liniare si valoarea aceleiasi
caracteristici determinata prin modelare numerica
este acceptabila si confirma validitatea rezultatelor.

in figura 11 si in tabelul 5 se prezinta
comparativ rezultatele experimentale si cele
obtinute prin modelare numerica.

Fig. 10 - Harta deformatiilor specifice pentru epruveta A1 /
Strains map for the A1 specimen.
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Tabelul 5
Comparatia rezultatelor / Results comparison
Epruveta Efort capabil Efort capabil modelare/ Epruveta Efort capabil Efort capabil
Specimen experimental/ Modelling Specimen experimental/ modelare/
Experimental bearing resistance Experimental Modelling
bearing resistance (kN) bearing resistance bearing resistance

(kN) (kN) (kN)
A1 15.43 15.06 B1 31.26 29.63
A2 18.76 18.23 B2 35.64 35.23
A3 19.28 18.14 B3 35.68 34.96
A4 28.29 27.35 B4 60.01 57.25
A5 32.30 31.06 B5 68.54 61.88
A6 32.21 30.36 B6 65.74 60.83
A11 19.10 18.50 B11 38.58 36.03
Ad1 37.16 35.87 B41 74.17 68.48

Din figura 11 se poate observa ca eforturile
capabile determinate prin modelare numerica sunt
in buna concordantd acceptabild cu cele obtinute
in cadrul programului experimental, nhregistrandu-
se o variatie a rezultatelor cuprinsa intre 1,16% si
10,76%.

Valorile obtinute pe cale experimentala
precum si cele rezultate din modelarea numerica
au aratat ca eforturile capabile si modurile de
cedare sunt afectate direct de distanta marginala si
de momentele de strAngere, acestea din urma
asigurand o crestere semnificativa.

Datoritéd duritatii relativ reduse a matricei

poliesterice momentele de strangere trebuie
limitate pentru a nu conduce la strivirea
compozitului.

Imprastierea rezultatelor experimentale se
explica prin natura compozitului din produsele
pultrudate, la care armatura longitudinala asigura
parametrii ridicati de rezistenta si rigiditate doar in
aceasta directie, pe celelalte directii fiind necesara
prevederea unei armari cu fibre pe directie
perpendiculara faté de cea a fortei aplicate sau mat
din fibre scurte orientate aleatoriu.

Daca se ia in considerare distanta marginala
in cazul imbinarilor fara momente de strangere,
cele mai bune rezultate au fost obtinute pentru

Instrumentation of the samples A1 and A11
with strain gages has provided recorded data for
the validation of the numerical models. The values
of the strains given by the gages installed on the
sample A1 are illustrated in Figure 10.

The small difference, equal to 3.17%,
between the experimental value and the same
characteristic determined by numerical modelling
is acceptable and confirms the validity of the
results.

In Figure 11 and Table 5 the comparative
results between experimental values and those
obtained by numerical modelling are presented.

It can be seen from Figure 11 that the
bearing resistances determine by numerical
modelling are in good agreement with those
determined  experimentally; the differences
between these sets of results are between 1.16%
and 10.76%.

The values of the bearing resistances
obtained experimentally and the results of
numerical modelling have shown that the load
capacities and the failure modes are directly
affected by marginal distance and by the tightening
torques, the latter providing a significant increase.

Due to the relatively low hardness of the
polyester matrix the tightening torques must be
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imbinarile cu e = 4d. Daca se compara aceste
eforturi capabile cu rezultatele obtinute pe probele
cu e = 3d, se constatd o crestere cu 21% pentru
probele cu un surub (A2), respectiv 14% pentru
epruvetele cu doua si patru suruburi (A5, B2, B5).

Atunci cand in configuratia imbinarii A1 se
mai adauga un surub, se inregistreaza o crestere a
efortului capabil al imbinarii cu 83% (A4).

In cazul probelor din seria B, daca se
adauga doua suruburi Tn configuratia Tmbinarii B1
se obtine o crestere a eforturilor capabile cu 92%.

Prin aplicarea momentului de strangere egal
cu 10 Nm au rezultat cresteri ale eforturilor
capabile cu 23-24%.

6. Concluzii

Capacitatea portanta a structurilor realizate
din elemente pultrudate pe baza de poliesteri
armati cu fibre de sticla este influentatd in mod
decisiv de eforturile capabile ale imbinarilor.

La structurile alcatuite din platbande
pultrudate din PAFS se recomanda folosirea
imbinarilor cu suruburi intrucat acestea sunt
asamblate si demontate usor, necesitd un timp
redus de pregatire a pieselor, unelte simple pentru
decupare si gaurire, executia rapida, costuri
reduse, precum gi asigurarea posibilitatilor de
control al calitdtii si de reparare pe durata de
exploatare a investitiei.

In cadrul lucrdri s-au testat optzeci de
probe, corespunzatoare a patru configuratii de
imbinari cu suruburi, fara strangere initiala si cu un
moment de strangere, conceptia acestora fiind
orientata spre obtinerea unei cedari progresive prin
strivirea la contactul dintre tija si peretii gaurii din
platbanda compozita.

In cazul Tmbin&rii prin suprapunere, prin
aplicarea unui moment de stréangere se obtine
cresterea efortului capabil din Tmbinare, dar
valoarea acestui moment se limiteaza pentru a
evita deteriorarea locala a compozitului prin strivire
sub saiba.

Pentru obtinerea modului de cedare prin
strivire se impune un anumit raport intre distanta
marginala si diametrul gaurii, evitdndu-se cedarea
piesei la forfecare marginala.

Din studiul efectuat prin documentare si prin
incercdrile experimentale rezultd o valoarea
orientativa a acestui raport egala cu 4.

Prin impunerea unei distante
corespunzatoare marginale la capatul suprapunerii
se poate evita forfecarea in lungul fibrelor,
obtindndu-se, de asemenea cedarea prin strivire.
Valorile stabilite prin experiment si prin modelare
numerica se Tncadreaza in intervalul 1,16% si
10,76%, de aceea corespondenta dintre cele doua
seturi de valori se considera acceptabila.

limited so that the crushing of the composite
normal to the plates plane is avoided.

The scattering of the the experimental
results can be explained by the composite nature
of pultruded products, that ensures high strength
and stiffness in the longitudinal direction while in
all other directions it is necessary to provide a
reinforcing fibers in a direction perpendicular to the
applied force or to provide chopped strand mats
with randomly oriented short fibres.

Taking into account the marginal distance
without tightening torques, the best results were
obtained for joints with e = 4d. If the load
capacities obtained in the above mentioned
conditions are compared with the corresponding
results for samples with e = 3d, and increase of
21% fro the test specimens with one bolt (A2), and
an increase of 14% for the specimens with two and
four bolts (A5, B2, B5) has been noticed.

When to the joint configuration A1 is
added another bolt, an increase in the bearing
resistance of the joint capacity equal to 83% (A4)
is obtained.

In the B series of samples, when two bolts
are added in the B1 joint configuration, an increase
in the bearing resistance equal to 92% is obtained.

By applying the tightening torque equal to
10 Nm increases by 23-24% of the load capacities
have resulted.

6. Conclusions

The load carrying capacity of the structures
made of glass fibre reinforced polyester pultruded
elements is decisively influenced by the load
capacities of the joints.

The bolted connections are especially
recommended to the composite structures made of
GFRP pultruded shapes because of their
simplicity, low cost of execution, and easy of
disassembling, for inspection and repair. In
addition, all assembling operations require simple
tools for cutting and drilling, ensuring convenient
opportunities for quality control and repair on the
life span of construction.

Eighty samples corresponding to four
configurations  bolted joints  without initial
tightening, and with tightening torques have been
tested; their design was conceived to obtain a
progressive bearing failure at the contact between
the bolt shanks and the wall hole of the composite
plate.

In case of lap joints the application of the
tightening torque leads to an increase of the
connections load capacities, but the tightening
should be limited to avoid the local deterioration of
the composite by crushing under washer.

A specific ratio between the marginal
distance and the hole diameter should be imposed
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