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Load-bearing mechanism and full-process response characterization of a GFRP square

tube bonded-bolted sleeve connection

LI Ruoyu , ZHANG Hengming , LIU Chenglin , HAO Xulong, LI Da, LI Feng’
(College of Field Engineering, Army Engineering University of PLA, Nanjing 210007, China)

Abstract: The connection region of fiber reinforced polymer (FRP) components is a potential weak link in struc-
tures. Accurately reflecting the full-process behavior of the joint in structural scale calculations is a challenging
aspect in the design of FRP composite structures. In this study, assembled glass fiber reinforced polymer (GFRP)
lattice columns subject to compression loads were used as the structural background, and the focus was on the
research of bonded-bolted sleeve connections for pultruded GFRP square tubes. Four hybrid joint specimens and
two pure bolted joint specimens were designed and prepared. Axial compression static load tests were conducted,
and a solid finite element (FE) model considering the failure behavior of the adhesive layer was established. The
results indicate that the connection form exhibits a secondary load-carrying characteristic, and the overall mechani-
cal behavior is derived from the superposition of the adhesive shear and bolt shear load transmitting mechanisms;
Regarding specimens in this paper, the secondary peak load reaches 92% of the first, and the bearing failure load is
on average increased by 49% compared to pure bolted connection specimens. For the bonded-bolted sleeve connec-
tion, a simplified modeling approach is proposed. Based on the continuous damage model and the plastic potential

theory, a macroscopic constitutive model in terms of force and displacement is established. This model distills con-
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stitutive parameters with clear physical meanings, enabling an accurate consideration of the full-process behavior

of the joint in structural-scale calculations at a relatively low computational cost. The phenomenological nature of

the macroscopic constitutive model leads to a relatively accurate description of the mechanical behavior of the

joint, and the computational cost is small, making it suitable for structural scale calculation analysis of assembled

GFRP latticed columns subject to compression loads.

Keywords: pultruded GFRP square-tube profile; bonded-bolted sleeve connection; load transmitting mechan-

ism; macroscopic constitutive model; finite element model; lattice column
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Table 1 Material properties

Component Modulus/GPa Strength (Yield strength)/MPa Poisson's ratio
Longitudinal 29.7 429-456
pultruded GERP Transverse 7.55 64.91 0.3
In-plane shear* 3.0 27
Transverse shear* 3.0 33.54
Steel sleeve 210.0 345.0 0.3
M8 through-bolts* 235.0 1043 0.42
Sikadur-330CN Tensile 35 4.2 0.28
Shear 1.37 26.6
Note: * data taken from Qiu et al®®.,
1.3 RGRE Fro TS ASE B T AT 38042 I 2 150 328 4 28 250
oWk BBSC fEHIE TOLF M1 HERE, 5 RAEH, W 2s BRKIEAIETEIRRE. R

FZOCHR 191 vk, B E T 3(a) AR A
Sl 4R R A5 . B 3(a) P, ALK 360 mm
f) GFRP J7 & & F i UF m i & il I L) A2 7= 1Y
WE-1000A % 75 68 08 AL I, ik 1ot ok 435 D3k
) BBSC, a4 T v FH W) 20 U K 2 SR B 45
Y5 GFRP 88 1Y) Ui & 1 58 %6 &, DLORUE &2 Hs i)
GFRP & T o AN 23 & A6 v #0655 R OR o el Tl 3
1N 2 T VA o i IR W 4 I 1 8% 7
PL 0.5 mm/min (3R _Fisfr, Rkt s)
TR 4 ff 4% o R 56 ol o 2 S A3t (LvDT) I =
BBSC 7% 2 ¥ = %y 14 3 40 % 11 Al o) 2 %8, IR O
PI{EAE S BBSC 4 3k 19 %l m) 4 1 22 0 o &1 3(b)
T 1 O AR A5 A R R AR E A TR AR AL,
¥ GFRP J7 8 3R 181 X 43 o A W2 A% 1T 0 JC MR A 1
l 3(a) o, 7F IE LA AR AL 0 TG IR AR T, U
rhr 2 {3 ‘8 45 B 30 mm 7E GFRP 3% [ 47 ‘& 20 [ 17 7%

A, A AR T O B A R AR T i 5 Nem HH
PRAUEIR S0 o A R A AN AA Bl

2 XEBHRTEE

TEA FR oG i 243 B #7F ABAQUS/Explicit ¥ 45%
TS, T BBSC = 4E ARG BROCA A, 4n &l 4(a)
Jim . % BRI R 2 8 T 00, O $2 s B AL R
AR, S /4R, PR ks R
MR HR BRI ERN R ES S S, A
B TR AR B T 33 2448 W DL AR 5 A . BB
2% 1 GFRP 8 34 5% H] = 4 5L AR 5§50 C3D8R #,
Ji J22 % ] COH3D8 P 5 T .

BBSC J& —F &% &)@ . $iHt GFRP B 44 Fl 3
ARG 3 AR B R, R 00T g k- r
o ) 7 A AU ) 9 B 1 B T 3 b Ak i) A A A5 A
A 2L 4 ) AF B2 fl VI B2 4R 2 . BRI



B

GFRP Jy 8 IR A 1R 5 4 18 He 7R s i) B G 4 7 i 7 SR A1

- 5661 -
Upper base plate (Fixed) — ! I -  ——
. Ty . l T x
VA I VA

Tested
joint

LVDTs

GFRP end
strengthening

Load
sensor

L S B |

Axial compression

Lower base plate

(a) Experiment instrumentations

150

60

‘-

Axial strain gauges
on GFRP surfaces @30
I
-

- -
]
|| ||

77

Non-bolt side

777

Bolt side

(b) Distribution of strain gauges (Unit: mm)

LVDT—Linear variable displacement transducer
3 IR AR E

Fig.3 Experiment overall setups

Axial

_______________________

-
RN

____________________

Through
bolt

top view

Adhesive
layer

Steel sleeve

Fixed boundary
(a) Quarter FE model

compression

Softening
1 I Elastic | | | Debonding
I [
i R
Experiment

/ curves
2
S Damage evo-
@ lution law
s
g
g
=]
Z

Uy Uppini Uy g
Separation

(b) Bilinear traction-separation law for cohesive elements

Op1,max—Mode II shear strength; G;—Mode II fracture energy; K;;—Mode II stiffness; u;; c—Mode II separation at zero stress; uy; ;,;—Mode II separation
at damage initiation; uj; —Mode II separation at complete failure
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Fig. 4 Solid finite element (FE) model for the bonded-bolted sleeve connection
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Fig.5 Load-axial shortening curves for the bonded-bolted sleeve

connection (BBSC) and bolted sleeve connection (BSC) specimens



A BF . GFRP Iy M IR A B4 T 4 R S ) B G e R o

AL

- 5663 -

PE AT DUFE GFRP B2 42 LA B U85 51 W & A 555 R
3R (# 6(a2)). EHTZiE— 25 & B EE 5 bR
4 Shear failure {917 & & 15 255 WM A5, 1R
FL B 3 59 1 A v X A BT D 2L, Gn &l 6(a3)
Fis, 35 RB e KR Ty . Bl S 2805 S T R
AR A BE, GFRP & b 0 5 00 4% BF 1R 32 il
A N 1K 6(a4) T/ B GERP 3 B g a3, %3k

SERERAE T . AR5, KTE GFRP 4 i
IS 4 TR B UL 1 i 2R T A B GFRP A A L% 5 WL
%< GFRP & [ 87 1 &% 7, &l 6(b) 7=, wl WL
BBSC 1) i £z X 35, LA 4K 45 1 g ) 22 (] ) AL T Al
W E, KUK R T2 mab ¥y XF fR 1 .
1L F AR SO A T 7 5 T ] i T 2 A T R
X — A SO TS

2 BBSC # BSC i fFR I RICE
Table2 Summary of the experiment results of BBSC and BSC specimens

. 2 I I N Koexn/ Karem/
Specimen label A,/mm Niexp/KN Niexp /KN Nipem /KN Npexp/KN  Np oy /KN Nsexp /KN Ng oy /KN (kT\;ﬁlm") (kN-mm™)
BBSC1 132.6 825 94.4
BBSC2 4x48 105.9 107.5 116.1

X6 i 114.6 144.1 96.4 105.7 142.63 117.7
BBSC3 150mm  118.8 90.0 103.4
BBSC4 101.2 105.5 108.8
BSC1 — 511 —

0 — — 49.2 — 30.7 —
BSC2 — 473 —

Notes: Subscript exp and FEM denote experiment value and 3D FEM value, respectively; Variables with an overline Ny means average

value of N,; A,—Adhesive bond area; N;—Load at bond failure; Ng —Load at bearing failure; Ns—Load at shear failure; K, —Axial
compression stiffness of the joint.

Bond failure *Bearing failure

**Shear failure Block shear-out

(a) BBSC failure process

Failure at interfaces

*Bearing failure
(b) Bond interface failure
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Fig. 6 Failure processes of the bonded-bolted sleeve connection and bolted sleeve connection specimens

**End contact

(c) BSC failure process
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Fig.7 Strain responses of the bonded-bolted sleeve connection specimens at different load levels
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Fig.8 Strain responses of the bolted sleeve connection specimens at different load levels
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Fig.9 Schematic diagram for the load transmitting mechanism of bonded-bolted connections
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Fig. 12 Schematic diagram of the constitutional relationship curves of the two load transmitting mechanisms
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Table 3 Macroscopic constitutive parameters for the
simplified model of BBSC1

Adhesive shear dominated Bolt shear dominated

behavior behavior

Ny 132.60 kN Ny 44.77kN
Uy 0.89 mm Ny 82.50 kN
Ug 0.97 mm Uug 1.94 mm
Niesi 42.31 kN Ny 94.40 kN
— — Ug 3.59 mm

&4 BBSCI fa#k-frfs i 2 X B B HR
Table 4 Key position data of the BBSC1's load-
displacement curve

First loading stage Second loading stage

Niexp 132.60 kKN Niexp 44.77kN
Ul exp 1.45 mm UR exp 1.53 mm
KBBSC 149.1 kN/mm Npexp 82.50 kN
KBS 30.7 kN/mm Up exp 2.50 mm
- - Ns,exp 94.40 KN
— — Us exp 4.15mm

Notes: (ul,expv NI,exp)r (uB,expr NB,exp)r and (uS,expr NS,exp) COUBSPOnd
to the bond failure, bearing failure, and shear failure points in
Fig. 5, respectively; (Up exp Nrexp) COTresponds to the start point

of the second loading stage; Kf:g(%c and KEEXCP are the

compression stiffness of the BBSC and BSC joint, respectively.
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Fig. 13 Comparison of the load-displacement curves of BBSC1 obtained through the simplified modeling method and experiments
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Fig. 14 Comparison of the load-displacement curves obtained through
the simplified modeling method and experiments from the reference [30]

of the bonded-bolted lap joint
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