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ABSTRACT

This paper is to explore the potentials of tub@&RP profiles as construction members to form
planar and space grid structures. In such strugturee structural members are interconnected
together at a space node transferring loads axmalhere tubular GFRP profiles exhibit their best

material strength. An innovative joint configuratiavas developed to connect tubular GFRP
members for planar and space grid structures. TOmeept was to incorporate a tubular steel
connector into the GFRP member through adhesivelibgrat one end and the other end of the
steel connector was flattened therefore can béyeaminected with other structural members using
mechanical bolts. With the help of the novel joauinfiguration, such GFRP components were
assembled into space grid units which were theedestatically. During the experiments, the load-

displacement responses were recorded. For thesfitgttural unit, failure occurred at the low chord

joints in a ductile manner, because of the prereagaparation of the steel joint connector. Thetjoin

connector was therefore adhesively bonded intomeee in the second structural unit, and this
modification demonstrated a significant improvemafibad-carrying capacity.

KEYWORDS
Planar and Space Grid Structure, Glass-Fibre ReiafoPolymer, Pultrusion, Joint, Static Testing

INTRODUCTION

The building construction industry has been doneiddty materials such as steel, concrete, timber,
and masonry in the last few decades. However, ¢beridration of these construction materials due
to corrosion, heavy self-weight and high mainteeammosts has promoted the use of new
construction materials. FRP composites appear ginghand has been used increasingly in recent
years (Keller, 2003), because of their advantageasaterial properties such as light weight, high
strength, corrosion resistance, free formabilityd dow thermal conductivity. Cost can be further
reduced by the advanced manufacturing procesaupidtr or if glass fibres are used (i.e. glass fibre
reinforced polymer, GFRP).

The pultrusion process provides GFRP compositels swhilar sectional shapes to steel members.
They are usually produced with regular and accugatemetries, and are therefore appropriate for
structural pre-fabrication or assembly and rapiesiva installation (Bank, 2006). Pultruded GFRP
profiles exhibit their best strength in the direatiof the pultrusion i.e. the axial direction alahe
length. Because of their nature, pultruded GFRPfilpso appear to be appropriate for the
construction of planar and space grid structurégrevthe structural members are interconnected at
a space node and transfer loads axially (HuybremdsTsai, 1996; Chilton, 2000). In addition, the
disassembly and reinstallation of such structurey miso become much easier, particularly for
those with pultruded GFRP profiles because of tinghit self-weight (Bai and Keller, 2008).

Connection techniques remain a challenge for thmstcoction of such structures using pultruded
GFRP profiles. A number of specifically-designethis have been developed for planar or space



grid structures assembled with steel or aluminiuitsutar members such as the Mero system and
the Oktalok system (Lan, 1999). However, such jeiygtems cannot be directly used for GFRP
profiles. Relevant work exploring space grid stmues using FRP composite materials has been
reported by Hollaway (1984), where the joint systamployed an aluminium tube crimped on to a

GFRP pultruded tube so that it could be threadetl sonewed into an existing aluminium node

joint.

This paper presents an innovative connection cordigon for tubular GFRP profiles and the
development of planar and space grid structureegusuch a connection configuration. The
conceptual design of joining the GFRP tubular mem® introduced first, including the potential
applications of planar and space grid structurpac8 grid units were then assembled with the help
of the proposed joint connector and examined urstatic loading. The load-displacement
responses were measured to evaluate the load+fugecgpacity and the failure mode was recorded
to understand the failure mechanism.

CONCEPTUAL DESIGN

Component design

Although welding and bolting techniques are widelyed for steel tubular members to form
structures, the former method is not applicabléutlar GFRP profiles. Bolting connection was
originally attempted to joint GFRP members (HarttBiml987), and it was found that shear failure
became a typical failure mode, where the bolts vpered out from the composites, as shown in
Fig. 1. This is because GFRP materials are orthmtrwith a low shear strength in comparison to
that of steel, which makes shear failure moreaaitiAdhesive bonding is a promising approach to
join GFRP profiles with other materials (Kelleradt, 2004). The resulting excellent bond strength
has already been demonstrated in a number of FRRgthened concrete and steel structures.

where a bolt

was pulled

out
Figure 1. Typical failure mode of bolted Figure 2. Conceptual design of the proposed
connection in a GFRP profile joint configuration

The concept therefore is to incorporate a tubuteelsconnector with the GFRP member. The
connection between the steel connector and the G&Ré¢hieved by adhesive bonding to avoid any
bolting on GFRP profiles, while the steel conneatan be easily joined with other structural
members using bolts, enabling the assembly of tetre. Such a steel connector can simply be a
tube. As shown in Fig. 2, the GFRP profile can theesively bonded with the interior surface of the
steel tube if the latter has a large inner diamgtee Fig. 2) or with the exterior surface in thse

of a smaller inner diameter (see Section 3). Fighows the other end of the steel tube flatteoed f
the convenient application of mechanical bolts.

With the help of this component design, it may bewenient to form planar grid or truss structures.
Fig. 3a shows a simple truss composed of fiteembses. All the members were made from
pultruded GFRP bars with two diameters (15.5 mmtlie member in white and 25 mm for the



members in yellow). These GFRP bars were cut mtadesigned lengths and then bonded with the
steel tube connectors (with an outer diameter @ 2Im and a wall thickness of 2 mm) at two ends
as shown in Fig. 3b. Holes were drilled at thetéia¢d end of each steel connector and then M10
bolts were used to join all those members togdtireugh the pre-drilled holes and finally form the
truss in Fig. 3a. It is understandable that thastiembly or further extension of such a truss neay b
an easy task.

T ) B
Figure 3. Planar truss assebly using the proposed compdesign: (a) a truss assembled by
fifteen members and (b) preparation of componetitesively bonded with steel tube connectors

Joint connector design

However, assembly of space grid structures may ¢e= mhallenging than planar ones because of
the corresponding joint configuration, where eahtjat a space node has to link to eight struttura
members (four chord components and four diagon&isin different directions in space.
Experiences from structural construction using Istabular members with flattened ends can
provide valuable suggestions. As shown in Fig. dpace grid structure is formed by such tubular
steel components with flattened ends and connexctimthe steel column are also achieved in this
way. As the examples shown in Fig. 4 indicate, ahestubular GFRP profiles with such a joint
configuration are ready, they can be easily assaunbto planar or space grid structures using polts
and the convenient disassembly of such structsrakso possible.

™

Figure 4. Steel tubular members with flattened ends condaantepace grid structures (left) and
connected to a steel column (right)

Taking advantage of the connector details for tabsleel members in existing space grid structures
(see Fig. 4 for an example), it would not be diffido develop such structures using the proposed
GFRP components shown in Fig. 2. However, a nemt fmnnector is proposed in this paper with a
straightforward configuration shown in Fig. 5, wéiéhe connector is composed of eight plates (or
“legs”) and each leg is dedicated to one structumainber. Holes can be drilled through the



thickness of the plate for bolt connection to tberesponding structural member. In addition, such
a joint configuration allows free-form surface catwres of the resulting space grid structures by
selecting appropriate lengths of structural comptseand adjusting the angles between the
structural components and the joint plane, withemyt modification of the joint connector.

Figure 5. Proposed joint connector for space grid structy@edswith rectangular plates and (b) with
triangular plates

EXPERIMENTS INVESTIGATION ON SPACE GRID UNITS

Materials

GFRP tubes (supplied by Exel Australia) were adbpi® demonstrate the proposed design

concepts. The sectional outer diameter was 38 nartrenwall thickness was 3.2 mm. The lengths

of all diagonal and horizontal GFRP tubes weredbtito be 650 mm. Since the steel tube was to
be inserted into the GFRP tube, the required aliteneter of the steel tube was smaller than the
inner diameter of the GFRP tube. A 26.9x2.6 nfouter diameter x wall thickness) section of steel

tube was selected with a total length of 125 mrthasonnector. The thickness of steel tube cannot
be too thick, or it would be difficult to achievlet optimal flattened end. Table 1 shows the

geometries and mechanical properties of the tulmalanponents.

Table 1. Component geometries and material properties
Component Geometry (mm) Modulus (GPa) Strength (MPa)

GFRP tube 38x3.2 17.2 207
Steel tube  26.9x2.6 210 350
Steel plate  100x50x2 210 350

(b)

Figure 6. A steel tube flattened end (a) bonded Figure 7. Proposed joints used to assembly a
into a GFRP tube and (b) bolted in a partal joint pace grid unit: (a) unit 1 joint; (b) unit 2 joint

Araldite 420A/B epoxy was used to bond the GFRR taibd steel tube together (see Fig. 6a). The
shear strength of the epoxy is 25 MPa and the shedulus is 2000 MPa. The bonding length in

this application was determined as 50 mm consigdhe total length of 125 mm for the steel tube

connector (the remaining length was to provideisieffit space to produce the flattened end).



As stated in Section 2, the joint connector was mpased of eight plates (see Fig. 5a). Although
such a shape could be made as one integratedipidte same way as the manufacture of steel | or
L shapes, the idea in this study was to assemild pieces of 45° steel plate together to form an
eight-leg-connector. As summarized in Table 1, @xB0 mnf steel plate with 2 mm thickness was
bent at 45°, resulting in 50x50 Mt each side. Fig. 6b shows two adjacent 45° stads bolted
with the flattened end of a steel tube connectobetween. M8 bolts were chosen to bolt the
individual components.

Structural units

Space grid assembly becomes very easy thanks koasjaint configuration. Two structural units
were assembled in this way as shown in Fig. 7.Umir 1, the flattened end of a steel tube was
placed between the two adjacent 45° steel plagesKg). 6b and an example of a full joint is shown
in Fig. 7a). For unit 2, structural epoxy was apglto bond the two adjacent 45° steel plates, and
the flattened end of the steel tube connector w#ed from the outer side of one adjacent 45° steel
plate, as shown in Fig. 7b.
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Figure 8.Experimental setup Figure 9. Load-displacement curves

Setup and measurements

As shown in Fig. 8, the structural unit was supgwrvertically at the four bottom joints by the
strong floor and no lateral constraints were predidBecause the height of joint connector (50 mm)
is larger than that of the GFRP tube diameter (38),nthe lower chord members were not in
contact with the strong floor. The load in compi@ssvas applied by a load cell through the top
joint (see Fig. 8) and transferred to the stroogrflonly through four supporting connectors at the
lower chord. During testing, the applied load wasorded and the vertical deflection was measured
by a displacement transducer at the top joint cotone The horizontal displacement was also
measured manually using a digital displacement m@tutoyo Digimatic indicator with an
accuracy of 0.01 mm) at one of the bottom connects shown in Fig. 8.

Each structural unit was tested twice. In the fitst, the load was increased only to a small load
level of 2.5 kN to ensure that all components wiaagened and the axial loading was applied
through the centre of the top joint. Then in theosel run, the loading was applied at a deflection
rate of 1. mm per minute until the structure coligpsr the structure deformed significantly.

Experimental results and discussion



Space grid unit 1The development of vertical deflection at the joipt with the applied load is
plotted in Fig. 9 for space grid unit 1. A linealationship before 7 kN demonstrates that the
structure was undergoing an elastic deformatiorbs8guently, the slope of the load-deflection
curve started to change to a smaller value, arnllisnway deflection increased much faster with the
applied load. It was therefore speculated thatsteel component started to deform plastically. By
visual inspection of the tested specimen, it wasdbthat the 45° steel plates at the lower chord
joints exhibited excessive deformations (see Fyfak one example; all of the four lower chord
joints were similar). This was because the appled transferred from the diagonal members to
the lower chord chords and made the former in cesgion and the latter in tension, which easily
introduced a local bending to the two adjacentst&eél plates (see the local deformation in Fig. 10)
The thickness of the joint steel plate was onlyra and not adequate to resist this local bending,
causing the yielding of these steel componentsatt expected that this behaviour would be largely
avoided in space grid unit 2, where the two adjadén steel plates were bonded adhesively and
the steel tube flattened end was therefore noeddietween them.

Because of such excessive local deformations egtengg was stopped when the load reached 12 kN
for unit 1. During the entire experimental proceguro cracking sound was heard. This indicated
that the GFRP tubes were maintained well in axaahgression or tension (the corresponding axial
forces in the diagonal and lower chord members woatg 4.2 kN and 2.1 kN respectively). In
addition, the epoxy bonding between the steel ard~RP tubes was good and the designed bond
length was sufficient for the maximum load appliedhis scenario. The bolts had also no potential
failure at 12 kN load. Since the structural memlgdrs steel-GFRP-steel adhesively-bonded tube)
were still in good condition, they could be disasbid to connect new structures. The space grid
unit assembled mainly using brittle GFRP componaigs demonstrated a ductile behaviour (see
Fig. 9), apparently as a result of the materiakititycof steel.

Figure 10.Failure mode of space grid unit 1 Figure 11.Failure mode of space grid udit

Space grid unit 2Such a joint configuration was refined in the spaeid unit 2, in order to
improve its load-carrying capacity. No modificatsoof materials and geometries were made in unit
2, while the eight pieces of 45° steel plate wevaded together considering the failure of unit 1
occurred through the separation of the joint spégles due to local bending. As a result, the steel
tube flattened end was bolted from the outer sidbebonded steel plates (see Fig. 7b).

Fig. 9 shows the load-vertical deflection curvetha top joint for space grid unit 2, and a nearly
linear response was found from the beginning twihélmaximum load 34.3 kN was reached. At the
maximum load, the axial forces in the diagonal Exweer chord members were 21.1 KN and 6.1 kN
respectively, and the corresponding stresses w@@MPa in compression for diagonal members
and 30.2 MPa in tension for chord members. This thas followed by a sudden drop of load
because of the failure at one of the four bottomtgo As shown in Fig. 11, this failure mode was
the same as that in unit 1, where the two adjaaéhésively-bonded steel plates were separated. In
comparison to unit 1, however, the load at faiinrgation (i.e. 7 kN for unit 1 and 34.3 kN for iin



2) was improved significantly by about 4 times. ekfthe failure occurred, a certain load-carrying
capacity was still maintained at about 28 kN asasshan Fig. 9, which was accompanied by an
increase of local deformation at the failed joiséd Fig. 11). Again, such ductile behaviour was
caused by the plasticity of steel.

Since no other failures were observed in the GpRiflles and the adhesive bonding between the
GFRP and steel tubes and the bolting connectians 2wstill evidenced the joint connector as the
weakest link in this application. Further visuaspection identified a poor bonding quality for the
failed joint as shown in Fig. 11, where it was fduhat no adhesive remained on the separated 45°
steel plates. The poor bonding quality of the thjlgint was supported by the fact that only thig on
failed in such a way and the other three jointsnftbe lower chord were still in good condition. It
was therefore speculated that joint capacity mayefiganced if a better bonding quality can be
achieved. However, more significant improvemenjoait capacity is expected if such a connector
is made as an integrated piece, so that such aasiepaof two adjacent steel plates becomes very
difficult.

CONCLUSIONS

A novel joint configuration is proposed in this pago connect tubular GFRP profiles for planar
and space grid structures. The structural compowast designed to incorporate a steel tubular
connector into the tubular GFRP profile through esitie bonding at one end of the steel tubular
connector and the other end was flattened to erestslg connection with other structural members
using mechanical bolts. Such structural componeste used to assemble space grid units with the
help of the proposed connector, where eight 458l glates were used to form a joint linking eight
members within a space grid structure. Two spaik grits were examined under static loading
and the following conclusions can be drawn:

1) Tubular GFRP profiles incorporated with the me@d steel tube connector can be easily
assembled into planar or space grid structuresande dissembled in a similar way. Existing joint
designs for steel tubular profiles with flattenedie can be directly adopted for such GFRP profiles.

2) Taking advantage of the proposed steel tube extion bolting connections can be avoided
within the tubular GFRP profiles, and satisfactstyength can be achieved between the steel
connector and FRP profile using adhesive bonding.f&lure indication was found for a bond
length of 50 mm between the tubular steel and GpBR¥fles, when the axial stress within the
GFRP profiles increased to 60 MPa. Detailed re$eart the mechanical performance of such
adhesively bonded steel-GFRP tubular componemsgscted to be conducted in near future at the
Monash Structural Laboratory.

3) The assembled space grid units failed becauagpaémature failure of the joint connector. Such
a joint failure proceeded through a separatiomof adjacent 45° steel plates due to a local bending
effect. It was therefore demonstrated that thetjcmpacity can be considerably improved by
adhesively bonding two adjacent 45° steel platgetteer. However, further improvement of the
joint capacity is expected if the bonding qualighde improved or if such a joint connector can be
made as an integrated piece. Once a satisfactary gapacity is achieved, the proposed joint
configuration and space grid units can be usedeteldp planar and space grid structures for
potential structural construction.

ACKNOWLEDGEMENT



The author wishes to acknowledge Mr. Long Goh and K&vin Nievaart for their assistance in
conducting the experiments at the Monash Structusbratory. Financial support was received
from the Australian Research Council through Disetg\vEarly Career Researcher Award scheme
and Monash University. The GFRP materials were lseghpy Exel Composites, Australia.

REFERENCES

Alcock S. J. and Branston L. (2000). SENSPOL: Sen$or Monitoring Water Pollution from
Contaminated Land, Landfills and Sediment. httpaMwcranfield.ac.uk/biotech/senspol/ (accessed
22 July 2005)

Bai Y. and Keller T. (2008). Modal parameter idéo#ition for a GFRP pedestrian bridge.
Composite Structures, 82(1), 90-100.

Bank L.C. (2006)Composites for Construction: structural design WiRP materials, Chapter 14:
Pultruded axial membergohn Wiley & Sons, Inc, Hoboken, NJ, USA.

Chilton J. (2000)Space grid structuregArchitectural Press, Butterworth-Heinemann, OdfdyK.

Hart-Smith L.J. (1987). Design and empirical analysf bolted or riveted joints. Injoining of
Fibre-Reinforced Plasticedited by Matthews F.L., Elsevier, 1987.

Hollaway L.C. (1984). Fabrication and Analysis abre/Matrix Space Structure€Composite
Structures 2, 71-89.

Huybrechts S. and Tsai S.W. (1996). Analysis artthb®r of grid structureComposites Science
and Technology56, 1001-1015.

Keller T. (2003).Use of fiber reinforced polymers in bridge constioie. Structural engineering
documents 7, International Association for Bridgel éStructural Engineering (IABSE), Zurich,
Switzerland.

Keller T., de Castro J. and Schollmayer M. (20@%hesively bonded and translucent glass fiber
reinforced polymer sandwich girde’ SSCE Journal of Composites for Constructi8(b), 461-470.

Lan T.T. (1999). Chapter 13: Space Frame StructimeStructural Engineering Handbopkdited
by Chen W.F., Boca Raton: CRC Press LLC.



