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Abstract A mechanical model for predicting the response of a GFRP tubular truss member 
glued to terminal (nodal) devices is presented. The given model captures shear deformation 
and simulates adhesion between the composite tube and the nodal devices via an appropriate 
cohesive interface. A comparison between theoretical and experimental results highlights a 
very good theory-experiment matching in terms of failure load and global displacements. 
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1. INTRODUCTION 

Thick-walled tubular composite profiles with annular cross-section represent the optimal 
solution for 3-D large space frame trusses. 

Within this context, glass fibre-reinforced polymers (GFRPs) are usually considered, due 
to the best match between expected costs and benefits, in combination with adhesive bonding 
solutions [1-4] between the composite member and standard co-axial nodal devices, generally 
made of stainless stell parts (Fig. 1). 

 
Figure 1: Example of nodal device (spherical hinge). 

Although internal stresses essentially accord to the axial regime, shear stresses originated 
by the interfacial interactions over the adhesive bonding zones can be present within the com-
posite tube. As a consequence, the local behaviour of the composite profile is affected by 
shear stresses and, of course, the failure criterion should account for this aspect. 

Considering the usually low values of shear moduli for GFRP, there is a great interest in 
investigating the complex interplay between I/II interfacial failure modes [5-7] and local shear 
deformations [8-10] which occur within the thickness of the composite member. 

In this view, a mechanical model based on an appropriate kinematics has been proposed in 
combination with a mixed mode cohesive failure criterion. The aim is to predict both the 
structural response at the service conditions and the ultimate strength of the joint, thus allow-
ing a refined structural analysis of the whole structure accounting for the local shear strains 
too. 

In Figure 2 the equilibrium problem under discussion is exemplified with respect to a sin-
gle composite tube bonded to apposite hinge nodal devices able to guarantee the internal con-
nections among many parts of a generic space frame truss. Orthonormal unit vectors 1i , 2i  

and k  are introduced, with k  aligned to the z-axis, as well as the point O as an origin. An 
axisymmetric normal stress distribution ( )zp r  is considered over the end cross-sections of the 

system, being  r  the radial coordinate, as indicated in the following. 

 
Figure 2: Equilibrium problem under consideration.  
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2. THE MECHANICAL MODEL 

The mechanical model proposed for studying the adhesive bonding of tubular profiles is 
based on appropriate kinematic hypotheses, briefly summarised in the Appendix. 

Three coaxial elements are considered: the GFRP annular pultruded profile and the nodal 
devices bonded at the ends of the tube. Symbols are as indicated in Figs. 3.a-b. 

Orthotropic stress-strain relationships with transverse isotropy are chosen to simulate the 
constitutive response of the composite (see Appendix), while isotropic equations are used for 
what concerns the constitutive behaviour of the stainless steel. 

 

Figure 3.a : Geometric configuration (longitudinal section). 

 

  

Figure 3.b : Geometric configuration (relevant cross-sections). 

Due to axisymmetric condition, the adhesive bonding is modelled by a 2-D continuous 
distribution of cohesive forces acting over the bonding interfaces along both the normal  (n , 
radial) and the tangential (k , axial) directions; these forces work to contrast the interfacial 
displacements between the composite tube and the nodal devices. The following additional 
symbols are introduced with this regard: rd  and rrt  denoting the interfacial normal 

displacement (i.e. discontinuous) and the interfacial normal traction (per unit surface) as well 
as kd  and rkt  indicating the analogous quantities with respect to the axial direction (Fig. 4). 
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Figure 4 : Interfacial cohesive forces  rrt  and rkt  (per unit surface). 

An exponential cohesive interface model has been derived from that one proposed in [11-
12] in order to include possible coupling between normal and tangential discontinuous dis-
placements. The following potential has been considered: 

 ( ) ( )/
U 1 1 e ch h

c

h
F h

h
−  

= Φ − +  
   

 (1) 

In eqn. (1) the symbol h  indicates the norm of the vector h : 

 
I IIλ     λ   r kd d= +h n k  (2) 

with Iλ  and IIλ  accounting for the coupling between the normal and tangential interfacial 

displacements. The corresponding interaction, p , is assumed as follows: 

 
I II

1 1
  p

λ λ
rr rkt t

h
= + = h

p n k  (3) 

where: 

 ( )c1 /
c

c

e h hdF h
p p

dh h
−= =  (4) 

The quantities ch  and cp  are parameters of the interface model, while UΦ  represents the 

fracture energy per unit surface. It results: 

 ( ) ( )2 2

I IIλ  λ  r kh d d= +  
2 2

I IIλ λ

rkrr tt
p

   
= +   

   
 U c ce  p hΦ =  (5.a-c) 

The cohesive model simulates the softening effect for ch h> . Moreover, from a rigorous 

point of view, the full degradation is only asymptotic (for h → ∞ ). 
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3. NUMERICAL ANALYSES 

The mechanical model presented in the previous Section 2 has been approximated via a 
finite element technique in order to provide many numerical results of major relevance 
concerning the behaviour of a tubular composite profile bonded at the ends to apposite nodal 
devices. 

The equilibrium problem indicated in Fig. 2 has been approached numerically by means of 
a finite element approximation. The mesh proposed is composed of 2 node finite elements 
characterized by 24 degrees of freedom, including  12 d.o.f. per each node. 

According to the discussion summarized in the Appendix, let , ( )i jw z  be the axial 

displacement field of the j-part at ir r= (with j=1 indicating the nodal device while j=2 

denoting the GFRP tube). The approximation of ,i jw  is obtained by cubic interpolating 

polynomials as follows: 
 

 ( ) ( ) ( ) ( ) ( )(1) (1) (2) (2)
, 10 , 11 , 20 , 21 ,h h h hi j i j i j i j i jw w w w wζ ζ ζ ζ ζ′ ′= + + +  (6) 

where: 
 

 ( )3
10

1
h 2 3

4
ζ ζ= − +  ( )2 3e

11h 1
8

l ζ ζ ζ= − − +  (7.a-b) 

 ( )3
20

1
h 2 3

4
ζ ζ= + −  ( )2 3e

21h 1
8

l ζ ζ ζ= − − + +  (7.c-d) 

 
being el  the length of the finite element; (1)

,i jw   and (2)
,i jw  the nodal values of the kinematic un-

known under consideration while (1)
,i jw′  and (2)

,i jw′  the nodal values of the derivative of ,i jw   

with respect to the axial coordinate z. 
Using standard notations, the following generalized displacements vector(e)w , with 

dimensions 6×1, is introduced as a function of the nodal unknowns(e)U  over the generic finite 

element: 

 ( ) ( )(e) 1,1 2,1 3,1 1,2 2,2 3,2 (e), , , , ,
T

w w w w w w = = w NU  (8) 

 
In eqn. (8) the symbol N denotes the following four-block matrix, with dimensions 6×24: 

 [ ]10 11 20 21, , ,=N N N N N  (9) 

where: 

 ( )pq pq pq pq pq pq pqdiag h ,h ,h ,h ,h ,h=N        (p=1, 2 and q=0, 1) (10) 

Furthermore, (e)U  is a numeric vector, with dimensions  24×1, which collects the values of 

the kinematic unknowns attained at both the nodes of the finite element: 

 
(e) (e,1) (e,2),

TT T =  U U U  (11) 
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with (e,n)U  denoting the kinematic unknowns at the n node (n=1, 2): 

 ( ) ( )( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )
(e,n) 1,1 2,1 3,1 1,2 2,2 3,2 1,1 2,1 3,1 1,2 2,2 3,2, , , , , , , , , , ,

T
n n n n n n n n n n n nw w w w w w w w w w w w ′ ′ ′ ′ ′ ′=  U  

(12) 

 
In Figure 5 the whole list of the nodal unknowns is identified.  
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Figure 5 : Finite element. 

A more accurate discussion deals with the approximation of the non-linear interfacial in-
teractions. With reference to the generic finite element, the interfacial displacements along 
both the n-axis and the z-axis, rd  and kd , can be expressed as a function of the nodal un-

knowns (e)U . If Mode II only is present ( 0rd = ), then II λ   kd=h k . Under this assumption, 

the interfacial behaviour is represented by a unique cohesive relationship between rkt  and kd . 

It results: 

 
(e)kd = DNU  (13) 

 
with D  the following numeric vector, with dimensions 1×6: 

 [ ]0,0, 1,0,1,0= −D  (14) 

Moreover, the interfacial interaction along the z-axis,rkt , is: 

 
rk kt dκ=  (15) 

where the symbol κ denotes the secant slope of the cohesive law: 
 

 II(1 / )
II e k cd hc

c

p

h
λκ λ −=  (16) 

 
A standard iterative procedure can thereby be adopted for searching the numerical solution. 

The convergence of the numerical solution to the continuous solution is discussed in [13]. 
 
As a case study, a numerical simulation has been carried out in order to underline the pow-

er of the proposed model. The FE analysis deals with a configuration made of two stainless 
steel terminal devices bonded at the ends of a GFRP tube. The following geometric assump-
tions are considered. 
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inner radius of nodal device ( 2,1r = 59.5 mm) 

outer radius of nodal device ( 3,1r = 63.5 mm) 

thickness of nodal device wall ( 1t = 3,1 2,1r r− = 4.0 mm) 

inner radius of GFRP tube ( 2,2r = 66.0 mm) 

outer radius of GFRP tube ( 3,2r = 80.0 mm) 

thickness of GFRP tube wall ( 2t = 3,2 2,2r r− = 14.0 mm) 

length of the nodal device 
(coaxial part) 

( 1L =120.0 mm) 

length of the GFRP tube ( 2L = 500.0 mm) 

length of the bonding zones ( bL = 100.0 mm) 

thickness of the glue layer ( at = 2,2 3,1r r− = 2.5 mm) 

Table 1: Geometric properties. 

 

transverse normal modulus ( TE =3700 N/mm2) 

longitudinal normal modulus ( LE =37000 N/mm2) 

shear modulus (n -  k plane)  ( TLG =1850 N/mm2) 

Poisson coefficients ( 0TT TL LTν ν ν= = = ) 

Table 2: GFRP constitutive properties. 

 

normal modulus ( E =196000 N/mm2) 
shear modulus  (G =98000 N/mm2) 
Poisson coefficient ( 0ν = ) 

Table 3: Stainless steel constitutive properties. 

 

fracture energy 
(per unit surface)  

( 2
U 3.65 10−Φ = × Nmm/mm2) 

characteristic value of h  ( ch = 0.001 mm) 

Mode I / Mode II interaction ( I IIλ =λ =1) 

Table 4: Parameters of the cohesive potential. 

 

The loading condition considered is a resultant traction force equal to T=106000 N applied 
at the right end of the model, while the left end of the model is constrained to be fixed. From a 
mathematical point of view, the traction force has been simulated by means of two 
concentrated forces T/2 applied in a dual manner with respect to the following degrees of 
freedom, both relative to the steel device: 2,1w  and 3,1w . As discussed in [13], this is not 

rigorous in an absolute manner, but it can be acceptable for technical purposes when dealing 
with a moderately thick tubular wall. On the opposite end, the following degrees of freedom 
have been constrained to be equal to zero : 1,1w , 2,1w  and 3,1w . 
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The load intensity has been chosen in consideration that a preliminary experimental test 
has been recently performed, indicating the failure point of the bonded system exactly for 
T=106000 N, for a global elongation equal to 0.225 mm. Thereby, a numerical comparison in 
terms of interfacial energy absorption and global stiffness seems to be appropriate, in addition 
to a brief comment on the shear deformability of the composite tube.  

The FE simulation has been carried out by means of a mesh composed of 540 finite 
elements with a constant length el =1.0 mm. The convergence finally achieved corresponds to 

a residual vector with a norm equal to 59.82 10−× . 
The following Figure 6.a-d show the effects of the shear strains as a function of r  within 

the system at fixed values of the axial coordinate z. As it can be seen, these effects become 
relevant over the bonding zones (I IIIz z z≤ ≤  with I 150 mmz = and III 250 mmz = ). 

 

Figure 6.a : Axial displacement versus radial coordinate at 0 mmz =  

 

Figure 6.b : Axial displacement versus radial coordinate at I 150 mmz z= =  

 

( ) [ ]
I

, mm
z z

w r z
=

( ) [ ]
0
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z

w r z
=
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[ ]mmr
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Figure 6.c : Axial displacement versus radial coordinate at II 200 mmz z= =  

 

Figure 6.d : Axial displacement versus radial coordinate at III 250 mmz z= =  

In Figure 7,  the interfacial cohesive force rkt  (per unit surface) has been plotted over the 

bonding length. Due to the symmetric behaviour of both the bonding zones, only the interface 
at the right end has been considered ( *0 bz L≤ ≤  with *

Iz z z= − , I 150 mmz = and 

100 mmbL = ). The numerical analysis indicates that under the applied resultant traction force 

T=106000 N, the full degradation of the interface is substantially achieved at the axial 
coordinate I 150 mmz = ( * 0 mmz = ), as observed for the experimental test. 
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z z
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z z
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Figure 7: Interfacial cohesive forces rkt  (per unit length) versus * Iz z z= − . 

Finally, the numerical prediction of the global elongation of the system is equal to 0.209 
mm, substantially the same that the experimental value (0.225 mm). 

The previous example has been presented for the pure scope of highlighting the main 
features of the proposed model. Further developments will concern more sophisticated 
approach to the interface behaviour, on line with what is proposed in [14-16], as well as the 
optimization strategy with regard to the design of complex spatial bridge following recent 
trends as discussed in [17-19].  

4. CONCLUDING REMARKS 

In this paper the authors have presented a mechanical model for the 1-D study of a compo-
site tubular profile loaded in traction/compression and bonded to coaxial terminal devices able 
to guarantee the connection of the member within a general structure. This problem is highly 
relevant in practice, considering the context of large space frame trusses, where the advantage 
in using GFRP members with annular cross-section is universally acknowledged. 

The proposed formulation is based on a cohesive approach for the modeling of the inter-
face as well as on appropriate assumptions for the kinematics of the composite member, 
which accounts for possible shear strains within the thickness of the tubular wall. This aspect 
assumes a relevant role in the structural analysis of the member from both a point of view 
concerning the accurate prediction of the global displacements and with reference to the local 
behavior of the tube. Over the bonding length, in fact, shear strains appear on the lateral sur-
face of the tube as an effect of the interface cohesive interactions between the tube and the 
nodal device. As a consequence, the interface behavior is affected from shear deformability of 
the tubular profile as well as the failure load of the system. 

 

 

2N/mmrkt   

[ ]* mmz

interface failure
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5. APPENDIX – KINEMATICS OF ORTHOTROPIC COMPOSITE TUBES 

5.1. Global reference frame  

According to the global reference frame shown in Fig. 8, the position of a generic point P 
is given by: 

 
1 2cos sinr r zϑ ϑ= + +x i i k  (A.1) 

where r ,ϑ  and z  are assumed as spatial variables. Due to axisymmetric geometry, the 
displacement field depends on r  and z only. Moreover, the displacement field components 
are: ru  (radial), 0uϑ =  (circumferential, null), w  (axial). 

 

Figure 8 : Global reference frame. 

5.2. Axial displacements 

The axial displacement field is proposed in the following form: 

 
i i( , ) ( ) ( )w r z w z f r=   ( i 1,  2,  3= ) (A.2) 

where i ( )w z  denotes the axial displacement field at a defined radial coordinate ir , while 

i ( )f r  is a polynomial truncated at the second order terms.  

The following assumptions are introduced: 

 
1 0r = ,  2 ir R= , 3 er R= . (A.3.a-c) 

being iR  and eR  the inner and the outer radius of the annular cross-section (Fig.9).  

2i1i

k

ϑ

x

r
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Figure 9 : Annular cross-section. 

The polynomials i ( )f r  can be specified as indicated below: 

 ( ) 2
1

1 1 1
 1

i e i e

f r r r
R R R R

   
= − + +   

   
, (A.4.a) 

 ( ) 2
2

1
 e

i i

R
f r r r

R t R t

   
= −   
   

, (A.4.b) 

 ( ) 2
3

1
 i

e e

R
f r r r

R t R t

   
= − +   

   
, (A.4.c) 

being e it R R= −  the thickness of the annular wall. It results: 

 
10

 lim 0
t

f
→

= , 20

1
 lim

2t
f

→
= , 30

1
 lim

2t
f

→
=  (A.5.a-c) 

5.3. Strain and stress components 

Due to the condition 0uϑ = , the infinitesimal strain tensor assumes the following form: 

 
1 13

2

31 3

0

 = 0 0

0

ε ε
ε

ε ε

 
 
 
  

ε  (A.6) 

where: 
 

1
r

r

u

r
ε ε ∂= =

∂
, 2

ru

rϑε ε= = , (A.7.a-b) 

2 ir R=

3 er R=
ϑ

t

1i

2i

r
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3 z

w

z
ε ε ∂= =

∂
, 13 31

1

2
r

rz

u w

z r
ε ε ε ∂ ∂ = = = + ∂ ∂ 

. (A.7.c-d) 

For orthotropic behaviour, it also results: 

 

11 12 13

21 22 23

31 32 33

44

0

0

0

0 0 0

r r

z z

rz rz

S S S

S S S

S S S

S

ϑ ϑ

ε σ
ε σ
ε σ
ε τ

     
     
     =
     
     
     

, 

11 12 13

21 22 23

31 32 33

44

0

0

0

0 0 0

r r

z z

rz rz

C C C

C C C

C C C

C

ϑ ϑ

σ ε
σ ε
σ ε
τ ε

     
     
     =
     
     
     

 (A.8.a-b) 

where: 

 
11

1

T

S
E

=  12
TT

T

S
E

ν= −  13
LT

L

S
E

ν= −  (A.9.a-c) 

 
21

TT

T

S
E

ν= −  22

1

T

S
E

=  23
LT

L

S
E

ν= −  (A.9.d-f) 

 
31

TL

T

S
E

ν= −  32
TL

T

S
E

ν= −  33

1

L

S
E

=  (A.9.g-i) 

 
44

1

2 TL

S
G

=    (A.9.j) 

 
11

1
,TL LT

T L

C
E E

ν ν−
=

∆
 12

TT LT TL

T L

C
E E

ν ν ν+
=

∆
 13

LT TT LT

T L

C
E E

ν ν ν+
=

∆
 (A.10.a-c) 

 
21

TT LT TL

T L

C
E E

ν ν ν+
=

∆
 22

1 TL LT

T L

C
E E

ν ν−
=

∆
 23

LT TT LT

T L

C
E E

ν ν ν+=
∆

 (A.10.d-f) 

 
31

LT TT LT

T L

C
E E

ν ν ν+
=

∆
 32

LT TT LT

T L

C
E E

ν ν ν+=
∆

 33

1 TT TT

T T

C
E E

ν ν−=
∆

 (A.10.g-i) 

 
44 2 TLC G=    (A.10.j) 

 

with LT TL

L TE E

ν ν= , 
1 2 2TT TT TL LT TT TL LT

T T LE E E

ν ν ν ν ν ν ν− − −∆ = , while 1−=C S . Moreover, the symbols 

“L” and “T” denote the axial and transverse directions. 

5.4. Radial displacements 

By appropriate steps: 

 
i 0r r

i

u u
a bw f

r r

∂ ′+ + =
∂

 (A.11) 
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where the symbol (.)' denotes the partial derivative with respect to z and the symbols “a” and 
“b” denote the following quantities: 
 ( ) ( )1i i2 1i i1/ 1a S C S C= −  ( ) ( )1i i3 1i i1/ 1b S C S C= −  (A.13.a-b) 

In eqs. (A.13) the Einstein summation has been considered. 
It is worth noting that for thin or moderately thick wall annular cross-section, the assump-

tion 0rσ ≅  [ ],i er R R∀ ∈ can be accepted if both the inner and the outer lateral surface are 

free of forces. This allows to specialize the values of a and b: 

 
1
TT TL LT

TL LT

a
ν ν ν

ν ν
+=

−
 

1
LT TT LT

TL LT

b
ν ν ν

ν ν
+=

−
 (A.14.a-b) 

A solution of eqn. (A.11) is searched according to the following form:  
 

i i i i( , ) q ( ) ( ) ( )a
ru r z w z r w z g r− ′= +  

(A.15) 

where iq 1=  while i ( )g r  (i=1, 2 , 3) are still unspecified functions of r . 

Now eqn. (A.11) can be rewritten accounting for eqn. (A.15), thus giving: 

 i i
i i

( ) ( )
( ) ( ) 0

dg r g r
w z a bf r

dr r
 ′ + + =  

 (A.16) 

By integrating the first order ordinary differential equations i i
i

( ) ( )
( ) 0

dg r g r
a bf r

dr r
+ + =  

(i=1, 2, 3), the final expressions of i ( )g r  are obtained: 

 
i i i

1
( ) ( ) a

a
g r c b f r r dr

r
 = − ∫  (A.17) 

with ic  (i=1, 2, 3) to be determined by means of appropriate boundary conditions, as dis-

cussed in [13]. 

5.5. Explicit strain components 

From eqs. (A.7.a-d), considering eqn. (A.2) and eqn. (A.15), it is easy to obtain the explicit 
form of the local strains ( 0a ≠ ): 

( 1) i
i i i

( )
q ( ) ( )a

r

g r
w z r w z

r
ε − + ∂′= +

∂
, ( 1) i

i i i

( )
q ( ) ( )a g r

w z r w z
rϑε − + ′= + , (A.18.a-b) 

i i( ) ( )z w z f rε ′= , i
i i i i i

( )1
q ( ) ( ) ( ) ( )

2
a

rz

f r
w z r w z g r w z

r
ε − ∂ ′ ′′= + + ∂ 

 (A.18.c-d) 

If 0a = , then eqn. (A.15) becomes 
 

i i i i( , ) q ( ) ( ) ( )ru r z w z w z g r′= +  
(A.19) 

As a consequence, eqs. (A.18.a-d) are replaced by: 
  

i i( ) ( )r bw z f rε ′= −  i
i i i

( )1
q ( ) ( )

g r
w z w z

r rϑε ′= +  (A.20.a-b) 
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i i( ) ( )z w z f rε ′=  i

i i i i i

( )1
q ( ) ( ) ( ) ( )

2rz

f r
w z w z g r w z

r
ε ∂ ′ ′′= + + ∂ 

 (A.20.c-d) 

 
If 0a =  and 0b = , eqn. (A11) indicates that ru does not depend on the radial coordinate r . 

Considering the condition: 
 

0
 lim  0r

r
u

→
=  

(A.21) 

it results: 
 

0ru =  
(A.22) 

Finally: 
 

0rε =  0ϑε =  (A.23.a-b) 

 

i i( ) ( )z w z f rε ′=  i
i

( )1
( )

2rz

f r
w z

r
ε ∂ =  ∂ 

 (A.23.c-d) 

More in detail, eqn. (A.23.d) indicates that the shear strain rzε  is a linear function of r . 

This last simplification has been considered with reference to the numerical example present-
ed in Section 3. 
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