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XAC PINH PAC TINH VAT LIEU PFRP
BANG PHUONG PHAP UON BA PIEM

MATERIAL CHARACTERIZATION OF PFRP
BY THREE-POINT BENDING METHOD

Nguyén Tién Thay
Trwong Pai hoc Giao thong vdn tai Thanh phé Ho Chi Minh
thuy.nguyen@ut.edu.vn
Tom tdt: Puwoc san xudt bang phwong phdp “diic kéo”, vat liéu polyme gia cwong sei Pultruded
Fiber Reinforced Polymer (PFRP) c0 tiét dién tuong tr két cdu thép, véi tinh chat va iing xit virot trgi
nhu trong lirong nhe, cuong dé cao, kha ndng khdng méi, chong an mon tot, do dé ngay cang duwoc sir
dung trong nhiéu cdng trinh xay dung qua nhiing thap ky gan ddy. Pé nghién ciru iing Xxir cua vat liéu
PFRP dudi cdc diéu kién tdi trong khac nhau, phuc vi cho viéc hoan thién tiéu chuan thiét ké, cac hang
s6 dan hoi 1a dir liéu co ban va rat quan trong. Nghién ciru ndy trinh bay phuiong phdp xdc dinh modun
uon va modun cat bang phwong phép uén ba diém dira theo BS EN 13706-2. Két qud cho thdy phirong
phap nay dat két qua on dinh va thugc viing cac gia tri pho bién khi so sanh véi cac két qua thi nghiém
khéc. Tac gid dé xuat sir dung phwong phdp nay song song véi cac thi nghiém vat liéu khac nham xéc
dinh gia tri modun dan héi cé dg tin cdy cao cua vt liéu PFRP.
Tir khoa: Modun dan hoi; Modun cat; BS EN; Hé s6 modun toan phan.
Ma phén logi: 11.2
Abstract:Manufactured by a continuous composite process known as “pultrusion”, the pultruded
fiber reinforced polymer (PFRP) have the similar shapes as of steel with advanced properties and
behaviours such as: lightweight, high strength, high fatigue resistance, corrosion resistance, etc. The
application of PFRP shapes and system in construction is growing in the last couple of decades. To
deeply understand the behaviour of PFRP under different loading condition to support a design code
for this material, it is crucial to obtain knowledge of its material properties. This research presents a
simple method to approximate the elastic moduli using three point bending. It is found that this approach
provides a relatively reliable result that lie within the popular range of the value comparing to those
obtained from previous studies. The author suggests this method to be adopted alongside with other
material test methods to have a better and reliable approximation of the moduli of PFRP material.

Keywords: Elastics modulus; Shear modulus; BS EN; Full-section properties.
Classification code: 11.2

1. Giai thiéu

Viéc su dung vat liéu polyme gia cuong soi
Pultruded Fiber Reinforced Polymers (PFRP)
vao linh vuc két ciu xay dung doi hoi sy hiéu
biét vé cac hang sb dan hdi (modun udn, modun
cét, hé s6 no ngang...). Pugc ché tao bang quy
trinh san xuat composite lién tuc, vat liéu PFRP
duoc tao thanh tir cac 16p soi thay tinh (hoac soi
cac bon) don hudng chay doc theo chiéu dai cau
kién va céc 16p tham soi véi cac chum soi vudng
goc, xép xen k& trong khuén duc sin (thuong 1a
cac khudn tiét dién két ciu phé bién nhu chit I,

chit C, chit nhat,...). Céc kién tric soi nay duoc
dua vao hé thong gia nhiét, & d6 keo nhiét rin
duge d6 vao dé hinh thanh nén cac tiét dién nhu
hinh 1. Phuong phép san xuét dac biét nay tao
nén vat liéu PFRP co6 dic trung co 1y kh&c nhau
theo cac phuong khac nhau, do d6 phuong phap
xac dinh cac hang sé dan hoi ciing khac so voi
c4c vat liéu phd bién hién nay. V& co ban, PFRP
c6 thé duoc xem 12 vat liéu truc hudng, véi cac
tinh chat vat liéu trén cac hudng vudng goc s&
khac nhau, trong d6 tinh chit theo phuong doc
truc 1a quan trong nhat.
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Hinh 1. Céc tiét dién PFRP phd bién.
Céc hang s6 dan hoi, cu thé ¢ day 1a modun
udn (E) va modun cit (G), thé hién do cung dic
trung cua vat liéu, cung véi do cung hinh hoc
(momen quan tinh 1, momen quan tinh xozn J)
tao nén do cung tong thé cua cau kién. Céc hang
s6 dan hoi nay co thé la cua toan tiét dien (full-
section properties), hoac 1a cac hang sé cua vat
liéu (xac dinh qua thi nghiém kéo hoac nén
mau). Trong nhiéu truong hop hoic ddi véi mot
s loai vt liéu ddng tinh dang hudng, cac hang
s6 ¢ gi tri trong ddi gan nhau. Vi vat ligu truc
hudng nhu g6 hay PFRP, nhitng hang s6 ¢6 thé
khac biét twong dbi lon. Bai bao trinh bay thi
nghiém xac dinh hang s toan tiét dién bang
phuong phap uén ba diém va so sanh véi két qua
cta cac nghién ctiru khéc nham tim kiém nhiing
phuong phép xéc dinh tinh chét vat liéu pht hop
cho PFRP str dung trong thiét ké.
2. Phwong phap udn ba diém
Modun dan héi cia vat liéu composite nhu
PFRP ¢6 thé dugc xac dinh theo phuong phép A,
phu luc G, tiéu chuan BS EN 13706-2 [1].
Phuong phap nay st dung két qua do veng trong
thi nghiém udn ba diém (tai gitra nhip) trén mot
s6 chiéu dai nhip khéc nhau. Khi lec P tac dung
tai gitra nhip dam gian don co6 chiéu dai L,
cong thace tinh d6 vong tai gitta nhip w theo ly
thuyét cua Timoshenko duoc trinh bay nhu
sau:
wo P, PL
48El, 4GA,

1)

Trong do, ly 1a momen quén tinh quanh
truc y (truc chinh), A, = S Ala dién tich phan

b (ng sut cat, xac dinh dua trén hé sb ung
suit cat £ theo Iy thuyét dam Timoshenko.

Véi dam | hoac dam C chiu udn qua truc
chinh, &ng suét cit phan bd cha yéu trén ban
bung dam. Dién tich phan b4 wng suat cat co
thé dugc don gian xem la phan dién tich ban
bung. Cé&c nghién cuau cua Bank [2] va
Omidvar [3] dua ra phuong phap tinh chinh
x4c phan dién tich nay. Tuy nhién, tac gia
nhan thay két qua tinh toan c6 sai khéc rat nho
S0 V&i cach tinh don gian va hoan toan cé thé
bo qua (chang han véi dién tich dam I, khac
biét < 1.5%). Trong nghién ctru nay, tac gia su
dung phuong phap xap xi don gian.

Ttr cdng thie (1), chia hai vé cho PL hoic
PL3, ta co:

w_ 1 124 1
PL 48El, 4GA,
w_ 1.1 1 .
PL® 4GA L° 48El,

Cong thirc (2) va (3) déu c6 dang cua
phuong trinh tuyén tinh bac mot. C6 thé thay
rang hé s6 goc trong cong thic (2) chinh l1a
giao tuyén trong cong thuc (3) va nguoc lai.
Do d6, mdi do thi thé hién méi quan hé gitra
w/PL val?hoicw/PL3va 1/12 déu co thé
dung dé xac dinh EI va GA..

Phuong phép xic dinh modun dan hoi
theo BS EN 13706-2 [1] yéu cau céac két qua
thi nghiém udn ba diém trén nam chiéu dai
nhip dam bao gom chiéu dai téi han Lc- chiéu
dai nhip bién dang do cit chiém 12% tong bién
dang caa dam. Tir cdng thic (1), bién dang do
cit 1a PL/(4G.r A)), bién dang do uén 1
PL3/(48E_1,). Khi bién dang do cit chiém
12%, nghia la:

PL.
12 4G A, 12E.l,
100 PLE  L2GirA
48E. 1y

Le =/100E_I, / (GLrA) =10yke / x5 (4)

()
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Trong d6 ¢ la do cung khang udn (
ke=El, ) VA s la d6 cung khang cat
ks =GLTA .

3. Thi nghiém va phan tich két qua

Cac thi nghiém vé 6n dinh xoin ngang
theo [4] 1a thi nghiém uén ba diém véi tai
trong tac dung tai gitra nhip, phu hop véi yéu
cau ctia phuong phap nay. Mac du, thi nghiém
két thiic do sy mét 6n dinh xoan ngang, nhung
trong cac budc gia tai dau tién dam van ¢ trang
thai 6n dinh va chi chiu uén trong mat phang,

60 50

N\ ( '
</ &

Vi vay, 0 thé sir dung sé liéu cua nhimng budc
gia tai do.

Cac nhip dam xét c6 chiéu dai 1818,
2438, 2844, 3454 va 4064 mm véi cac tiét
dién dim khac nhau. Kich thuéc danh dinh
cua cac tiét dién cung cap boi cong ty
Fiberline Composites A/S, dugc thé hién trén
hinh 2 véi mét tiét dién chir | va ba tiét dién
chir C duoc dat tén C1, C2, C3. Trong sb tay
thiét ké cua Fiberline [5] va théng tin cua nha
san xuét tai http://www.fiberline.com, bén tiét
dién ndy c6 hing sb dan hoi (st dung trong
thiét ké) 12 E = 23 Gpa va G = 3 Gpa.

50 30

e e
5 &
- ] 8 8
— — D — — —
Tiét dién 1 Tiét dién C1 Tiét dién C2 Tiét dign C3
(120%60x6 mm) (120x50x6 mm) (100x50x6 mm)  (100x30x6 mm)
Hinh 2. Kich thudc tiét dién 1 va C.
Bang 1. Kich thudc tiét dién | va C.
Tén Kich thuéc (mm) ly (mm?) A, (mm?) Lc (mm)
D 2 @) 4) (5)
| 120 x 60 x 6 2.97 x 108 684 1830
c1 120 x 50 x 6 2.58 x 106 684 1700
c2 100 x 50 x 6 1.66 x 10° 564 1500
c3 100 x 30 x 6 1.14 x 108 564 1250

Bang 1 cung cap sb liéu vé dic trung hinh
hoc va céc chiéu dai nhip téi han Lc cua cac
tiét dién xét. Co thé thay rang, chiéu dai nhip
su dung trong nghién cau nay khéng hoan
toan thoa man yéu cau cia BS EN 13706-2 (vi
du, phai c6 cac nhip ngin va dai hon L¢). Tuy
nhién, BS EN 13706-2 khéng dé cap dén su

anh huong cua chiéu dai nhip téi do tin cay
cua két qua. Trong pham vi nghién ctu nay,
tam chap nhan gia thiét anh huong caa chiéu
dai nhip téi do tin cay cua két qua I1a khong
cao. Bang 2 tong hop cac gia tri w/PL lay tir
két qua thi nghiém 6n dinh xo4n ngang [6] khi
dam van & trang thai udn trong mit phang voi
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g6c xoay tai giitra dam 1 rit nho (¢ < 0.5°).
Cot (1) trong bang 1a tén cac tiét dién, cot (2)
- (6) l1a gia tri w/PL véi cac chiéu dai nhip tir
ngan nhat L = 1828 mm dén dai nhat L = 4064
mm. T s6 liéu tai bang 2, ¢6 thé vé bén do thi
méi quan hé gita w/PL véi L? | thé hién trén
hinh 3 d6i v&i dam | va C1, hinh 4 d6i véi dam
C2 va C3. Céc sb lieu thi nghiém duoc thé
hién bang cac diém hinh tron dic trén dd thi
(nam s6 liéu). Puong thang trén dd thi dugc

xéc dinh bang phurong phap hoi quy tuyén tinh.

Bang 2. Dir liéu w/PL tur thi nghiém.

Span | 1828 | 2438 | 2844 | 3454 | 4064
(mm)
w/PL (1/N) x10

1) 2) 3) @ | ) | 6
| 0801 | 1.33 | 1.80 | 2.60 | 3.60
ClL | 0937 | 160 | 199 | 3.02 | 421
c2 1.25 242 | 340|476 | 635
c3 2.21 340 | 460 | 7.10

Gia tri binh phuong hé sb twong quan R?
~ 1 cua cac do thi trén hinh 3 va 4, cho thay sy
phU hop rat cao (gan nhu tuyét ddi) giira s6
liéu thi nghiém va dudng xu huéng tuyén tinh.
Tir phan tich hdi quy tuyén tinh, két qua xac
dinh modun dan héi cia tiét dién | va C dya

6

x 10
3 -
R?=0.9999
_Z )
~
Ay
3
1 -
0 . . .
0 5 10 15
I? (mm?) % 10°
(@

trén gié tri cua hé sé goc va giao tuyén & bdn
db thi trong hinh 3 va 4, thé hién tai bang 3.
C6 thé thdy rang, gi4 tri modun dan hdi E dao
d6ng 31.9 - 33.0 Gpa cho ca bon tiét dién xét
Ia kha on dinh véi chénh léch khéng cao.
Trong khi gié tri modun cit G dao dong tir 3.5
GPa dén 4.8 GPa voi bién do khac biét twong
dbi 1on. Pidu nay chi ra giao tuyén trong do
thi “rat nhay” véi su thay ddi caa hé sé goc.
Mot thay d6i nho & hé s6 goc sé& tao ra khac
biét 16n & giao tuyén [7].

So sénh véi gia tri danh dinh cung cap boi
nha san xuat trong so tay thiét ké [5] 12 E = 23
GPava G = 3GPa, két qua thi nghiém cao hon
tuong doi nhiéu (39 - 44% dbi véi E va 17 -
60% ddi v6i G). Luu ¥ rang, gié tri danh dinh
cung cap boi nha san xuat thuong nhoé hon
thuc té dé dam bao viéc su dung trong tinh
toan thiét ké cho két qua an toan hon, dic biét
khi PFRP 14 vat liéu c6 tinh bién thién vé tinh
chit co 1y tuong d6i Ién. Trén thuc té, modun
dan hoi & cac ban canh khac nhau (vi du véi
dam 1) 1a khéc nhau c6 thé toi 10-20% [6]. Bé
so sanh chinh xéac hon, tac gia da tong hop cac
két qua gia tri modun dan hoi va modun cat tir
nhiéu nghién ctu va s tay thiét ké cua cac nha
san xuat trong bang 4.

x10°°

I’ (mm2)
(b)
Hinh 3. B6 thi mdi quan hé gitra w/PL va L2 cia (a) dam I; (b) ddm C1.

x 10°
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X 10-6 x 10
8 L
6 L
R2=0.9956 6f RZ=0.9931
'_A 4 —‘f\
z § .
< i
2 L
2 L
0 : : ' 0 : : :
0 5 10 15 0 3 9 12
12 (mm?) <10° L? (mm®) x 10°
(a)
Hinh 4. B thi mdi quan hé gitra w/PL va L2 ciia (a) dam C2; (b) dam C3.
Bang 3. Modun dan hdi cua tiét dién 1 va C.
Tiét dién E (GPa) | G (GPa
Gradient (1/N.mm2) Intercept (1/N) (GPa)
y LT
1) (2) 3) 4) ®)
' 2.13x10°8 7.60x10°8 33.0 4.8
C1 2.48x103 8.04x10°8 32.6 4.5
c2 3.84x1078 1.18x1077 32.5 3.8
C3 5.74x1073 1.26x107 319 35
Bang 4. Téng hop modun udn va modun cit tir cc nghién cau trén thé gioi
Tac gia Nha san xudt  |Tiétdién | E (GPa) |PP thinghiém | G (Gpa) PP
thi nghiém
@ (2) 3) 4) ©) (6) (7
Fiberline Fiberline, Denmark [Nhiéu loai 23-28 - 3.0 -
Creative Creative Nhiéu loai | 17.2-20.7 Kéo mau 2.9 Ubn 3 diém
Pultrusions Pultrusions Inc.,
USA.
Strongwell | Strongwell, USA. |Nhiéu loai | 17.2-17.9 Kéo mau 2.9 Ubn 3 diém
Bank Creative | - - 2.4-2.8 losipescu
Pultrusions
Inc.,USA.
Mottram [8] | Morrison Molded | 22.3-22.8 Ubn 3 diém 1.2-1.3 Ubn 3 diém
Fiber Glass
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Tac gia Nha sian xudt  |Tiétdi¢n | E (GPa) |PP thinghiém | G (Gpa) PP
thi nghiém
1) ) ®) (4) ©) (6) )
Brooks and | Morrison Molded | 19.8-22.4 Uén 3 diém 1.4 Uén 3 diém
Turvey [9] Fiber Glass
Sonti and Creative I 20.2 (flange) Kéo mau 3.3-3.8 losipescu and
Barbero [10] | Pultrusions Inc., 18.1 (flange) (flange) Torsion
USA 3.9-4.5 (web)
Zureick and | Strongwell, USA. I 16.8-21.9 Kéo mau 4.1-4.8 losipescu
Scott[11] Hop | 26.8-30.7 3.9-5.7
Steffen [12] | Strongwell, USA. | chit L 19.7-23.7 Nén mau 3.5-45 Modified
(losipescu)
V-notched
beam
Turvey [13] | Strongwell, USA. |T4m GRP | 17.3-17.9 Kéo miu 3.0-3.6 Torsion
Roberts and | Exel Composites, I 18.9-32.3 Ubn 3 diém 4.4-4.9 Torsion
Al-Ubaidi [7] UK
Lane [14] Creative I 26 (B céanh) M®é hinh vi 3.2 (web) M&é hinh vi
Pultrusions, USA. 19 (B bung) co hoc 3.7 (flange) co hoc
(micromechanic (micromecha
al modelling) nical
modelling)
Afifi [15] Creative I 22.8(web) Kéo miu 3.4 (web) losipescu
Pultrusions , USA.
BarrosdaS. | CSE Composites, I 32.9 Ubn 3 diém 2.7 ubn 3 diém
Santos Neto Brazil 356 K&o miu - -
and Lebre La (D3039)
Rovere [16]
Correiaetal (Topglass firm, Italy I 32.8 Kéo mau 3.6 Three points
[17] bending

Cot (1) — (3) thé hién tén tac gia (hoic sb
tay thiét k&), nha san xuét va loai tiét dién. Cot
(4) va (6) la c4c gia tri modun uén va modun
cit c6 duogc tir cac phuong phap thi nghiém
tuong tng & cot (5) va cot (7). Bang 4 cho thay
mot vlng gia tri twong ddi rong cua céc
modun dan hoi tir 16.8 Gpa dén 35.6 Gpa,
trong d6, Cac gid tri tir cac thi nghiém chi yéu
nam trong ving 20 - 30 Gpa. Di véi modun
cit, ving gié tri nay I tir 1.2 dén 5.7 Gpa Vi
da sb cac gia tri thuc nghiém 12 3 - 5 Gpa.

Su khac biét nay 1a do viéc phan bé kién
trdc soi cua mdi nha san xuat khéng giéng
nhau. Ngoai ra, PFRP la vat liéu di hudng
(thwong duoc coi la truc huong) nén céc
phuong phap thi nghiém khac nhau cho ra cac
két qua khong twong ddng. Tir bang 4, ciing
c6 thé thay céc gia tri modun trong thi nghiém
ctia tac gia nam trong viing cac gia tri pho bién
va phu hop.
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4. Két luan va kién nghi

Nghién ctu trinh bay phuong phap xac
dinh modun dan hdi E va modun cit G toan
tiét dién cua vat liéu PFRP theo tiéu chuan BS
EN 13706-2. Céc két luan dwoc rat ra nhu sau:

eDay la phuong phép thi nghiém don
gian, d& 4p dung vao thuc té, dic biét trong
diéu kién thiéu thiét bi thi nghiém. Chi théng
qua viéc st dung cac két qua do vong tai gitra
nhip dam gian don, vé co ban cd thé xac dinh
twrong d6i chinh xac modun uén va modun cit;

e Gia tri modun cét cua cac tiét dién khi
xac dinh qua thi nghiém uén ba diém c6 thé
khéc biét twong ddi Ién do do nhay cua giao
tuyén trén do thi 1a cao. Trong khi modun dan
hdi cho gi4 tri 6n dinh hon;

e C4c gi4 tri modun dan hoi va modun cit
tir cc nghién ciru cho thdy su khac biét 16n
véi viing gia tri cia modun uén pho bién trong
khoang 20 - 30 GPa va modun cit ¢ 3 - 5 GPa
Ia phu hop. Viéc stir dung cac gia tri can trén
va dudi 1a can thiét déi véi vat lieu PFRP;

e T4c gia dé xuat sir dung phuong phéap
nay song song vai céc thi nghiém vat liéu khac
dé co két qua xac dinh modun dan hoi va
modun cat mot cach chinh xéac va hop Iy nhat,
truge khi sir dung vao thiét ké.

Tai ligu tham khao
B. S. EN, (2002), Reinforced plastic composites-
Specification for pultruded profiles-Part 2:

Methods of test and general requirements, 13706-
2:2002, 529-547;

L. C. Bank, (1987), Shear coefficients for thin-
walled composite beams, Compos Struct., 8(1),
47-61, https://doi.org/10.1016/0263-8223(87)90
015-8;

B. Omidvar, (1998), Shear coefficient in
orthotropic thin-walled composite beams, Journal
of Composites for Construction, 2(1), 46-56,
https://doi.org/10.1061/(ASCE)1090-0268(1998)
2:1(46);

T. T. Nguyen, T. M. Chan, and J. T. Mottram,
(2014), Lateral-torsional buckling resistance by
testing for pultruded FRP beams under different
loading and displacement boundary conditions,

[1]

2]

[3]

[4]

(5]

(6]

[7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

Compos B Eng., 60:306-318, https://doi.org/
10.1016/J.COMPOSITESB.2013.12.025;

Anon, (2014), Fiberline
Middelfart, Denmark;

N. T. Thuy, (2014), Lateral-torsional buckling
resistance of pultruded fibre reinforced polymer
shapes, Ph.D dissertation, University of Warwick,
West Midlands, UK;

T. M. Roberts and H. Al-Ubaidi, (2002), Flexural
and torsional properties of pultruded fiber
reinforced plastic I-profiles, Journal of
Composites for Construction, 6(1), 28-34.
https://doi.org/10.1061/(ASCE)1090-0268(2002)
6:1(28);

J. T. Mottram, (1992), Lateral-torsional buckling
of a pultruded I-beam, Composites, 23(2), 81-92,
https://doi.org/10.1016/0010-4361(92)90108-7;

R. J. Brooks and G. J. Thrvey, (1995), Lateral
buckling of pultruded GRP I-section cantilevers,
Compos. Struct., 32(1-4), 203-215, https://doi.
0rg/10.1016/0263-8223(95)00018-6;

S. S. Sonti and E. J. Barbero, (1996), Material
characterization of pultruded laminates and
shapes, Journal of reinforced plastics and
composites, 15(7), 701-717;

A. Zureick and D. Scott, (1997), Short-term
behavior and design of fiber-reinforced polymeric
slender members under axial compression,
Journal of Composites for Construction, 1(4),
140-149.

R. E. Steffen, (1998) Behavior and design of
fiber-reinforced polymeric composite equal-leg
single angle struts, Ph.D dissertation, Civil
Engineering, Georgia Institute of Technology,
Georgia, USA,;

G. J. Turvey, “Torsion tests on pultruded GRP
sheet”. Compos. Sci. Technol., 58(8), 1343-1351,
https://doi.org/ 10.1016/S0266-3538(98)00003-7;

A. Lane, “An experimental investigation of
buckling mode interaction in PERP wide-flange
columns” University of Warwick, 2002.

A. A. M. Afifi, (2007), Buckling of stiffened
pultruded GRP plates and columns, Ph.D
dissertation, Lancaster University, Lancashire,
UK;

A. Barros da S. Santos Neto and H. Lebre La
Rovere, (2007), Flexural stiffness
characterization of fiber reinforced plastic (FRP)
pultruded beams. Compos. Struct., 81(2), 274—

Design  Manual,



161

TAP CHi KHOA HOC CONG NGHE GIAO THONG VAN TAI, SO 42-08/2021

282, https://doi.org/10.1016/j.compstruct.2006.
08.016;

[17] J. R. Correia, F. A. Branco, N. M. F. Silva, D.
Camotim, and N. Silvestre, (2011), First-order,
buckling and post-buckling behaviour of GFRP
pultruded beams. Part 1: Experimental study,

Comput.  Struct.  89(21-22), 2052-2064,
https://doi.org/10.1016/j.compstruc.2011.07.005.

Ngay nhan bai: 29/06/2021

Ngay chuyén phan bién: 02/07/2021
Ngay hoan thanh stra bai: 23/07/2021
Ngay chip nhan ding: 30/07/2021



