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Experimental study on the pre-tightened tooth connection of carbon fiber

reinforced polymer

GAO Yifeng' , ZHANG Dongdong™ , ZHAO Qilin®, LI Fei®
(1. College of Field Engineering, Army Engineering University of PLA, Nanjing 210007, China; 2. College of Mechanical
and Power Engineering, Nanjing University of Technology, Nanjing 211816, China; 3. College of Civil Engineering,
Chonggqing Jiaotong University, Chongqing 400074, China)

Abstract: To investigate the failure modes and load-bearing performance of pre-tightened tooth connections of
carbon fiber reinforced polymer (CFRP) in the bridge engineering, a total of 68 tensile specimens were carried out
with transverse pre-tightened force (23 MPa, 34.6 MPa, 53 MPa, 64.5 MPa), tooth depth (0.5 mm, 1 mm, 2 mm),
tooth length (8 mm, 16 mm, 24 mm) and tooth number (one tooth, three teeth and six teeth) as variable parameters.
According to the test results of load displacement curve, strain and failure mode, the effects of various parameters
on the mechanical properties of the joint were analyzed. The results show that there are four failure modes for CFRP
pre-tightened tooth joints: Shear failure, crushing failure, longitudinal splitting failure and fiber breaking failure.
There are two characteristics of the load-displacement curves of the joint: The load drops suddenly after reaching
the extreme value and the load decreases slowly after reaching the extreme value. The former joints are subjected to
shear failure or fiber breaking failure, while the latter joint is subjected to crushing failure or splitting failure. The

load distribution ratio of pre-tightened multi-tooth joints is uneven, the load distribution ratio of the joint with
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crushing failure is more uniform than that of joint with shear failure. Whether the joint is crushing or shear failure,

the load distribution ratio of the first tooth is the largest. The more the number of joint teeth, the smaller the maxi-

mum load distribution ratio of the joint. When the pre-tightened force, tooth depth and tooth length are less than 53

MPa, 2 mm and 16 mm respectively, the joint strength increases with the increase of pre-tightened force, tooth

depth and tooth length. When the pre-tightened force and tooth length exceed a certain value of 53 MPa and 16mm

respectively, the joint connection strength changes little. In the range of 6 teeth, the joint strength increases with the

increase of the number of teeth.

Keywords: bridge engineering; pre-tightened tooth connection; experiment; load-bearing performance; car-

bon fiber reinforced polymer
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Table1 Mechanical parameters of carbon fiber reinforced polymer (CFRP) plate

E,/GPa E;,/GPa E./GPa G.»/GPa Vab Xi/MPa X./MPa Y;/MPa Y./MPa S .,/ MPa
108.9 8.8 8.8 3 0.33 1480 613.4 65 205 54

Notes: a—Fiber direction, whereas b and c are perpendicular to a. For example, G,,—Shear modulus in the plane a-b; S ,,—Shear strength
in the plane a-b; X; and X.—Tensile and compressive strengths, respectively, along the fiber direction; ¥; and Y.—Tensile and compressive

strengths perpendicular to the fiber direction; E,, E,, E.—Elastic modulus in a, b and ¢ directions, respectively; v,,—Poisson's ratio in the

plane a-b.
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Table2 Mechanical parameters of Q345 plate

. Young's Yield . , .
Material modulus/GPa strength/MPa Poisson’s ratio
Q345 210 345 0.3
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Table 3 Grouping of CFRP pre-tightened tooth specimens

. : Tooth Tooth Pre-tightened  Torque of single Number of
Material type ~ Group Serial number depth/mm length/mm forceﬁ\/IPa bolt(}(N-m) specimens
6T-16-2-23 23 10
A 6T-16-2-34.6 16 34.6 15 6
6T-16-2-53 53 23
6T-16-2-64.5 64.5 28
1T-8-0.5-53 11.1 1
B 3T-8-0.5-53 0.5 13.5 3
6T-8-0.5-53 14.6 6
1T-8-1-53 11.1 1
C 3T-8-1-53 1 8 53 13.5 3
6T-8-1-53 14.6 6
1T-8-2-53 11.1 1
D 3T-8-2-53 2 13.5 3
6T-8-2-53 14.6 6
1T-16-0.5-53 16 1
E 3T-16-0.5-53 0.5 20.9 3
6T-16-0.5-53 23 6
CERP 1T-16-1-53 16 1
F 3T-16-1-53 1 20.9 3
6T-16-1-53 23 6
16 53
1T-16-2-53 16 1
2T-16-2-53 19.3 2
G 3T-16-2-53 2 20.9 3
4T-16-2-53 21.9 4
5T-16-2-53 22.5 5
6T-16-2-53 23 6
1T-24-0.5-53 20.9 1
H 3T-24-0.5-53 0.5 28.3 3
6T-24-0.5-53 31.4 6
1T-24-1-53 20.9 1
I 3T-24-1-53 1 24 53 28.3 3
6T-24-1-53 314 6
1T-24-2-53 20.9 1
] 3T-24-2-53 2 28.3 3
6T-24-2-53 31.4 6

Notes: Serial number nT-L-H-P, where n—Number of teeth; L—Tooth length; H—Tooth depth; P—Preloading force.

248 269
L23,.20,,20,,21,,21 19,5
. o 6.0 6 0 69 oo o9 o 9 o o
Top view 7 % i pe e e o I I E %
Co T = S & N+ S o o o o o o o [ 22
n=6, [=16, H=2 Composite plate  Steel plate Packing block
7= = 1
P2 . U
Front view o glz —p

Damaged end (Observation end) Non-damaged end (Non-observation side) Unit: mm

(a) Dimensions

(b) Construction

P—External load
1 6 CFRP #%3k 6T-16-2-53

Fig.1 CFRP specimen 6T-16-2-53 with six-teeth
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Fig.2 Schematic diagram ofload transfer of CFRP pre-tightened tooth connection
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Fig. 6 Failure modes of CFRP pre-tightened tooth connection



o — I A

Bl 2T 24 35 AR 2 R 905 0 9 O

- 6071 -

2.5
20 = - -
g Shear failure
g L5 y=1/16x
‘§ {a-\\“(e
W0
§ 1.0 . ‘O(C‘“Sw
Q0
a o y=1/24x
0.5 A A
Crushing failure
0 4 8 12 16 20 24 28
Tooth length/mm
{7 CFRP E-&MRIBUE 1k i ek A 5k IR
Ak 2 [ 6 2

Fig.7 Relationship between the tooth depth/tooth length ratio and

failure mode of CFRP pre-tightened tooth connection
=

LRERINSR N R I 2
S - RS AL
2.3 CFRP E M BBENEERELANDEMAE

Z I LA B ORI 1k B 1 42k R HH B
RIS Py 42 3k ) 4 18 A R8T — &

M F A RS, B — 2P

Pl B fr 8k o oA 1 AR T 5K ) R 3 A A e 4843 T
AL, ASCHEER T AR R BEIR Y 3 15 4%k 3T-16-
0.5-53, KAEBTVIBIRE 3 1443k 3T-16-2-53 X &
A BT B IR 1) 6 15 3% 3k 6T-16-2-53 il 6T-16-2-64.5
REFEXS G, SRR R BORT R T AR Ak
X i 28 43 T R 1 5

3 AR N ) A BC R AN 1] 9 s, 3k ik
87 N S 2 R S T (LR CTE= A L B 7 £
R (1) TCie M AR, #5145 19 2 2 fic
FEERIE AN S0 5 (2) e PRASE X5 Ml 8 £ 0 A AL
XF vk, RBHIR R N J7 4 B L BT Uk IR
BN 3 or BL S 5] 5 (3) AN 3k T AR R Bt i IR ik
EOTUIREIRN , 1k W IR I 5 — 3 15 R e R A
fir B bt s (4) R 2, 23k 0 B K far 43 I b
N (5) M E B it 53 MPa i, iR AR
AT 22 SR e I B 55— T A3 14 fiar 2804 T LS el S I
2.4 CFRP E &M B E hiEEZELBRBREEN

72 5 AR I A B 1Y 2 A ORI R O U i K
B P FYIE | ERERE o MBI R
Eoh

=/
7

%gg | (a) A group (6T-16-2-0)
— 6T-16-2-23 23
160 |77 61162346 AV
z 140 - 6T162-53 /" 4 !
S 120 |- 6T16-2-6457 7 )
§ 100 + ; y4nmt s
e 80 f ; it
= 60 | /
40 + i/
20 + i
0 2 4 6 8 10 12 14 16
Displacement/mm
14
gg | (b) B group (nT-8-0.5-53) gg _(c)Cgroup (nT—S—l/—_53) 0 (d) D group (;1"1“_3_2_53),.!
70 | ——1T8-05-53 /i 70 |~ 18183 . 120 + 115253 S
(- - 3T8-0.5-53 , ~'~.__ [- - 308153 , \_.—= == 100 |- 318253 K
7 60 | —-—6T80553 R > 60 p—- 678153 ; . —---6T-8-2-53 7ol
< | / e L v ¥ 80t A
50 : 50 / = .
? ! § s g v i /
g 40 ¢ RN g 40 7 g 60 r s N
= 30 | 4T = 30 | v = S v
0| Y 20 /.’/ L/ 40 + /}.,/ : P
2 1 HK
10 | T4 20r  F i
0 2 4 6 8 1012 14 16 18 0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
Displacement/mm Displacement/mm Displacement/mm
}28 | (e) E group (nT-16-0.5-53) %%8 L (f) F group (nT-16-1-53) - %gg | (2) G group (nT-16-2-53)
— IT-16-05-53 . ~"7 7= 180 F—— 1T-16-1-53 P L en. :
140+ 51760553 / N 160 |- - 3T-16-1-53 P %28 ANEER i
z 120 F—-— 6T-16-0.5-53/ N Z 140 |~ 6T-16-1-53 . ; z :
= 100 F J/ 2 120 L e Fibre ; & 120
g 80 L VAR g 100 | / ‘broken | g 100 - 777 :
| 60 L - \_\\ S 80 //j - 1 | i
40 | b h 60 s ! i,
7 40 % i i
20 ¢ s 20 i i
0 2 4 6 8 10 12 14 16 18 0 2 4 6 8 10 12 14 0 2 4 6 8 10 12
Displacement/mm Displacement/mm Displacement/mm



EEMRER

£ 6072 -
180 200 — 200 —
160 | @ Hgroup (nT-24-0.5-53) 180 | ()1 group (nT-24-1-53) 180 | () I group (nT-24-2-53) P
M0 f—imass T TS S 0 f—umaas 7
120 - ¢roa0sss 7 Fibre | M —-— 6T-24-1-53 " Fibre | - - 3T-24-2-53 e i
Z 100 [0 broken. Z 120 | 7 broken, T 120 | 6T s i
= AR R < 100 t A i < 100 t S i
S 80 | /1 ~<i 3 7, \ ! 3 Sy
S e i S 80 r Js oo S 80 r G A i
60 //’»/ i 60 J’./’ Sed 60 Y !
40 F i 40 t T i 40 | 4 i
20 F 2 1, 20 v 7 : 20 /:’,/ !
0 2 4 6 8 10 12 14 16 18 0 2 4 6 8 1012 14 16 18 0 2 4 6 8 10 12 14
Displacement/mm Displacement/mm Displacement/mm
518 JIrAi CFRP S & b 5 ) ke el At P ) iy 20 (0285 1 2k
Fig.8 Load-displacement curves of all CFRP pre-tightened tooth connection specimens
0.9 0.8
(a) 3T-16-0.5-53 (b) 3T-16-2-53
08 0.7 —

Load distribution ratio

0.6

0.5

0.4

0.3

Load distribution ratio

0.2

0.1

0
_0. ] 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
o 1 2 3 4 5 6 7 8 10 11 12 0 1 3 4 5 6 7 8 9
Displacement/mm Displacement/mm
1.0 0.6
(c) 6T-16-2-53 (d) 6T-16-2-64.5
05 — -4
08 —_— = — g ’
o - = 2F -5 o 04 ¢
§ 06 r B A < §
= = 03 ¢
£ 04} £
2 2 02t
Z 02} Z
kS S 0.1
=] =]
< <
o 0 o
A A 0t
0.2 ¢ 0.1 '
—0.4 . . . . . . . . . . . —0.2 . . . . . . . . .
o 1 2 3 4 5 6 7 8 9 10 11 12 2 3 4 5 6 7 8 9 10 11
Displacement/mm Displacement/mm
[E19  CFRP SARPRH B Iy R HEHk BT 400 iC LR 12 R% A8 Ab id th 2k
Fig.9 Curves ofload distribution ratio of CFRP pre-tightened tooth connection changing with displacement
_ Du S N \
o= () W, LU e W B R TS D 8

Kb dREEMERTE, W 17mm; t 2EZ5H

BHRE , B 13 mm,

3 CFRP EAMBIIR NG EHFELAED

= AESES
3.1 CFRPEEMBIHTE N

10 2 7R A ZH R4 Sk A BR 7R 287 BB 93T 5%
AL . SRR, FE TR /178 53 MPa i

U 1K B] 53 MPa Z i, AR FEA PRI ERE o

3.2 CFRP £ §H# B R
A 11(a)~11(c) 4+ 5 7% T ¥ K 8 mm. 16 mm

124 mm 144 S W BR R 287 Bl 1A TR A AE AL LA o

R, R 2B Sk R 2T B 1A TR 1 6 o i 38
e X T ARG R R A LG R 25

BERWIR AR (K 7) S8R # T . S8 TRAD
A BRI, 45k A 5 S e IR IR, it



o — W A BRET NG SR A IR A PRI ) I i B - 6073 -
4 CFRP EA#BIFR NG ERELHIRN S M ENFTEIEL
Table 4 Load distribution ratio of each tooth when CFRP pre-tightened tooth connection failure
Load distribution ratio
Serial number Tooth number Failure modes
1 2! 3’ 4° 5 6"
3T-16-0.5-53 3 Crushing 0.367 0.328 0.305 — — —
3T-16-2-53 3 Shear 0.426 0.232 0.342 — — —
6T-16-2-53 6 Shear 0.201 0.198 0.191 0.170 0.138 0.102
6T-16-2-64.5 6 Shear 0.198 0.120 0.196 0.172 0.171 0.143
%5 CFRP E#BTRNEREIRKEN
Table 5 Bearing capacities of CFRP pre-tightened tooth connection
. Bearing capacity Average value of Connection .
Group Serial number P/kN bearing capacity P,/kN strength o/MPa Failure mode
6T-16-2-23 112.48/130.53 121.51 549.82 Shear
A 6T-16-2-34.6 157.6/153.21 155.41 703.21 Shear
6T-16-2-53 171.6/180.54 176.07 796.70 Shear
6T-16-2-64.5 174/177.15 175.58 794.48 Shear
1T-8-0.5-53 18.1/19 18.55 83.94 Shear
B 3T-8-0.5-53 41.57/45.72 43.65 197.51 Shear
6T-8-0.5-53 78.72/103.31 91.02 411.86 Shear
1T-8-1-53 19.86/20 19.93 90.18 Shear
C 3T-8-1-53 53.47/55 54.24 245.43 Shear
6T-8-1-53 82.14/102.4 92.27 417.51 Shear
1T-8-2-53 26.49/24 25.25 114.25 Shear
D 3T-8-2-53 52.52/60.96 56.74 256.74 Shear
6T-8-2-53 131.55/130 130.78 591.76 Shear
1T-16-0.5-53 25.99/27.57 26.78 121.18 Crushing
E 3T-16-0.5-53 79.11/77.82 78.47 355.07 Crushing, spitting
6T-16-0.5-53 154.36/166.33 160.35 725.57 Crushing, spitting
1T-16-1-53 34.9/37.05 35.98 162.81 Shear
F 3T-16-1-53 98.8/106.18 102.5 463.80 Shear
6T-16-1-53 172/205.8 188.9 854.75 Shear, fiber broken
1T-16-2-53 43.3/43.95 43.63 197.42 Shear
2T-16-2-53 79.62/82.44 81.03 366.65 Shear
G 3T-16-2-53 99.3/114.08 106.69 482.76 Shear
4T-16-2-53 140/138.86 139.43 630.90 Shear
5T-16-2-53 157.85/170.66 164.26 743.26 Shear
6T-16-2-53 171.6/180.54 176.07 796.70 Shear
1T-24-0.5-53 38.15/39 38.58 174.57 Crushing, spitting
H 3T-24-0.5-53 97.85/98 97.93 443.12 Crushing, spitting
6T-24-0.5-53 158.65/173.3 165.98 751.04 Crushing, fiber broken
1T-24-1-53 41.65/42.9 42.28 191.31 Crushing
I 3T-24-1-53 127.98/125 126.49 572.35 Crushing
6T-24-1-53 186.58/192.06 189.32 856.65 Crushing, fiber broken
1T-24-2-53 42.53/44 43.27 195.79 Shear
] 3T-24-2-53 115.25/86 100.62 455.29 Shear
6T-24-2-53 191/205.16 198.08 896.29 Shear
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