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ABSTRACT: This paper presents an experimental stoiythe web crippling behaviour of
GFRP square hollow sections (SHS) subjected toertrated transverse bearing load. Four
pultruded GFRP SHS were adopted with various webds&rness ratios. Each section was
tested under end-two-flange (ETF) and interior-flange (ITF) loading conditions. Another
two loading conditions were also considered whested specimens sit on the flat ground with
end (G-ETF) or interior (G-ITF) concentrated loagiapplied through a rigid bearing plate.
Different failure modes were observed including vileinge junction failure, web shear/bending
failure and web crushing failure. An interestingotatage failure process was noticed for all
specimens from the corresponding load-displacementes. “Elastic limit” load and ultimate
failure load were thus defined. The effects of wkinderness ratio and four loading conditions
on the web crippling behaviour were discussed. $higly overall provides a basis for further
work into the growing field of FRP composites imstruction.

1 INTRODUCTION

Pultruded glass fiber reinforced polymer (GFRP) posites have gained wide applications in
civil infrastructure (Keller 2003), due to the adtages of lightweight, ease of installation, low
maintenance, and resistance to harsh environmentalitions (Hollaway 1993 and 2009).

Tubular GFRP sections perform well in the pultrudéection according to the manufacturing
process. However, web crippling failure becomescali when transverse concentrated loading
is applied, i.e. support reaction force, or tramsgdearing load from other structural members.

Extensive experimental research has been condoctedleb crippling strength of tubular
metallic sections (Packer 1984, Zhao and Hanco®21%hou and Young 2007 and 2008).
Four loading conditions have been adopted accordirexisting design rules (NAS 2001 and
AS/NZS 4673 2001), namely end-one-flange (EOFgriat-one-flange (IOF), end-two-flange
(ETF) and interior-two-flange (ITF). The loading ntbtions are classified based on the
concentrated load acting on one flange only or lflatiges as well as the location of the applied
load (Zhou and Young 2008). Zhao and Hancock (1,988)ing and Hancock (2003) conducted
a series of tests on cold-formed steel sectiongstdd to concentrated bearing load, where the
specimens were seated on a fixed solid steel Hase p this way, the support condition of the
floor joist members seated on solid foundations glasely represented.

To date there has been limited research conduateg@utiruded tubular GFRP profiles
subjected to web crippling under concentrated logdWeb buckling strength of multi-cellular
FRP bridge deck module was experimentally investjaby Prachasaree and GangaRao
(2009). FRP bridge deck of 76.2x73.7 cm were putdtat solid foundation. Truck loading
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was simulated by applying compression over the ftapge of FRP bridge deck modules,
through a thick plate with a dimension of 25.4x50r8. It was found that crack initiated at
web-flange junction and propagated along the lowlgital direction of the web. In terms of

web-buckling strength, single web specimens peréorivetter than specimens with multi-webs.
This was attributed to the bending stress at thé-fleege junction introduced by the

compression load. Borowicz and Bank (2010) inveséd the behaviour of pultruded GFRP
beams subjected to concentrated loads in the pliathe web. 20 pultruded GFRP | beams with
nominal depths from 152.4 to 304.8 mm were testdtree-point bending with a span-to-depth
ratio of 4. Concentrated loading was applied to tiye flange directly: 12 beams without

bearing plates and 8 beams with bearing plateshablstability failure was avoided through

lateral supports. All specimens failed with a wdikgeshear failure at the upper web-flange
junction. The experimental results showed thatittrduction of bearing plates increased the
ultimate capacity of the beams by at least 35%. éi@w, only IOF loading was anglicised in

previous studies and more loading conditions nedxbtinvestigated.

This paper presents experimental program on tulpuliruded GFRP profiles subjected to
web crippling under concentrated loading. Four GER&are hollow sections (SHS) of various
sectional dimensions are selected to study thetedfaveb slenderness ratio. Both ETF and ITF
loading conditions are adopted, with concentrateddihg applied simultaneously and
symmetrically on top and bottom flanges of GFRPtisas. Specimens are also put on solid
foundation with applied end or interior concentdai@ading to simulate the support condition of
the floor joist members. Transverse bearing loas agplied through a rigid bearing plate of 50
mm width. Failure modes were recorded by a videnera. A two-stage failure process was
observed from load-displacement curves. Then aastiel limit” load and an ultimate failure
load were defined accordingly. The results can eseas experimental data base for future
development of web crippling design rules for puded GFRP sections.

2 EXPERIMENTAL PROGRAM

2.1 Tubular pultruded GFRP SHS sections

In the present study, four tubular pultruded GFRRSSsections were chosen for the
experimental program. The nominal sectional dim@rsiare presented in Table 1. The section
ID is given by the initial “S” referring to the sare section. The manufacturer provided nominal
material properties are presented in Table 2.

Table 1. Tubular pultruded GFRP SHS sections

Section ID Total height Wall thickness Web slenderness ratio
' H (mm) t (mm) (H-2t)/t

S1 102 5.3 17.2

S2 102 10 8.2

S3 50 4 10.5

S4 50 6 6.3
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Table 2. Nominal material properties of GFRP s&gio
Measurement direction Properties Unit Values
Pultrudin Tension modulus GPa 23

9 Tension strength MPa 240
Transverse Tension modulus GPa 7

Tension strength MPa 50

Interlaminar Shear strength MPa 25

2.2 Experiment set-up and instrumentation

All tests were performed on a Baldwin Universatitgsmachine. Two loading conditions, end-
two-flange (ETF) and interior-two-flange (ITF), weeradopted for all the GFRP sections.
Furthermore, in order to represent the loading ttimmdof floor joist members, end bearing
load and interior bearing load were also applied'®8", “S3"and “S4” sections by putting

them on the fixed rigid steel base. The four logdionditions are illustrated in Figure 1. The
length of each section varies depending on thetaddpading condition, as listed in Table 3.
The length of each specimen is much longer thametheired length, i.e. 1.5 times of the total
height of the web as specified in NAS (2001) arel A5/NZS 4100 (1998) for cold-formed
steel structures.
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Figure 1. lllustration of loading conditions: (ajca(b) are applied to all sections; (c) and (d)applied
to “S2”, “S3" and “S4” sections
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The load was applied through a rigid bearing gisee of 50 mm width, din Figure 1. The
bearing plate was big enough to act across theflarige widths of all GFRP sections. The
flanges of the GFRP sections were neither fastémedbstrained) to the bearing plates, nor to
the solid steel base during the testing. The cossjve loading was applied in displacement
control at a loading speed of 0.5 mm/min for adl §pecimens.

Table 3. Selected specimen length and strain gspaeng

Section ID Specimen length (mm) Strain gauge spacing (mm)

' ETF and G-ETF ITFand G-ITF| ETFand G-ETF ITF andllG
S1 and S2 300 600 65 70
S3 and S4 200 400 40 45

Seven strain gauges, G1~G7 in Figure 1, were athom the web of each specimen for
identifying the specimen length affected by the cemirated loading. The spacing of strain
gauges G1~G3 is equal to the half depth of theesponding section (H/2), and the spacing of
strain gauges G4~G7 is listed in Table 3. A videonera was used for recording the
progressive failure of all the specimens. The erpamtal setup is shown in Figure 2.

Strain gauges ~ Baldwin universal

il testing machin
.

Figure 2. Experimental setup and instrumentations

3 EXPERIMENTAL RESULTS AND DISCUSSION

All the tested GFRP SHS specimens are listed inleTdb The label of each specimen is

comprised of three parts. The first part is the 8FRction ID as given in Table 1. The second
part is the loading condition, as illustrated iguie 1. In the following discussions of the paper,
the terms, i.e. ETF, ITF, G-ETF, G-ITF, will be ds® describe the four loading conditions.

The number, “-1” or “-2" refers to the repeat tests

3.1 Failure modes

Several failure modes were detected during thanggatocess of GFRP sections, as depicted in
Figure 3. For specimens under ETF (Figure 3a) ard(Figure 3b) conditions, the shear crack
initiated at the web-flange junction before the welere crushed in shear or bending depending
on the web slenderness ratio. Similar shear craitiation was observed at top web-flange
junctions of specimens sitting on the ground (G-EBFKs-ITF), as shown in Figure 3c and 3d.
The difference is the lower portion of the GFRPtiseckept intact. This is probably because
that the concentrated bearing force on the topgflacan be effectively spread to a larger
supporting area.
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Table 4. Elastic limit load and ultimate load fdirtasted specimens
Specimens Elastic limit load Ultimate load
Pe (kN) Pra> (KN)

S1-ETF-1 10.6 14.2
S1-ETF-2 15.1 15.4
S1-ITF-1 26.9 30.3
S1-ITF-2 26.6 29.9
S2-ETF-1 19.7 26.2
S2-ETF-2 26.1 26.8
S2-ITF-1 42.8 45.3
S2-ITF-2 40.1 48.5
S3-ETF-1 12.2 15.5
S3-ETF-2 12.9 13.9
S3-ITF-1 16.4 21.2
S3-ITF-2 15.8 19.4
S4-ETF-1 13.6 15.1
S4-ETF-2 22.7 255
S4-ETF-3 18.7 21.9
S4-ITF-1 20.4 32.0
S4-ITF-2 27.3 28.8
S2-G-ETF-1 20.8 324
S2-G-ETF-2 18.8 33.2
S2-G-ITF-1 48.6 52.3
S2-G-ITF-2 47.6 50.5
S3-G-ETF-1 11.0 14.4
S3-G-ETF-2 11.7 15.4
S3-G-ETF-3 11.4 16.4
S3-G-ITF-1 12.5 22.3
S3-G-ITF-2 15.8 23.4
S4-G-ETF-1 14.6 21.7
S4-G-ETF-2 16.4 21.0
S4-G-ETF-3 20.0 215
S4-G-ITF-1 29.5 31.8
S4-G-ITF-2 24.8 29.0

3.2 Strain distribution

Seven strain gauges were attached on the web bfssmtion to record the strain distribution
through loading process (Figure 4a). In this wa ‘teffective length” of GFRP section for
carrying the concentrated bearing load can be medstihe “effective length”, Lin Figure 4a,

is defined as the length beyond which the trangvetsain on the neutral axis of the web
becomes zero at the ultimate bearing loaghPFigure 4(b) presents “effective length” of four
GFRP sections (average value of repeated testsad@gted here). It can be seen that the
effective lengths of all GFRP sections are welhintthe selected specimen lengths as given in
Table 3 and sections S1 and S2 presented muchrl@fpetive length than the other two
because of they are taller in height and thus #aibg load can be sustained by longer web.
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(b) ITF

(c) G-ETF (d) G-ITF

Figure 3. Typical failure modes of GFRP sectiondarvarious loading conditions.
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Figure 4. (a) Typical strain distribution with l0882-ETF-2 ); (b) Effective lengths of all GFRP teas.

33 Load-displacement curves and web crippling strength

The load-displacement curves of all GFRP sectiomeuvarious loading conditions are plotted
in Figure 5. It can be seen that the load dropkeaend of the linear load-displacement branch,
before the ultimate load is reached. The “elagtiit’| load is defined as the first peak load
which occurred at the end of the linear brancthefload-displacement curve of corresponding
test. Secondly, comparing to (G-)ETF, (G-)ITF spams exhibit much higher “web crippling
capacity” (maximum load in the load-displacementves). This is straightforward because the
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interior bearing load can be transferred and susthby larger web areas in the longitudinal
direction. Finally, it seems specimens on the gdoobtain higher, although not considerable,
“web crippling capacities” than those placed on edfpearing plate. As mentioned before, the
solid ground tends to spread the bearing loadaoger supported area.
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Figure 5. Load displacement curves of all GFRPisestunder various loading conditions.

4 CONCLUSIONS

This paper presents an experimental study on theacmppling behaviour of pultruded GFRP
sections. Four tubular GFRP SHS sections weredastder four loading conditions of ETF,
ITF, G-ETF and G-ITF. Strain gauges were attachedhe web to illustrate the load transfer
mechanism. Progressive failure was recorded byovidenera and different failure modes were
observed. According to the experimental resulis féilowing conclusions can be made:

e Under transverse (end or interior) bearing load, thilure initiated at the web-flange
junction of GFRP section. With the bearing loadréased, web shear or bending failure
occurred. It was also found that the lower portidrilGFRP section kept intact when the

specimen sit on the ground.

* A two-stage failure process was found for all GFs¥etions. The first stage was linear
elastic which terminated at an “elastic limit” loathe second stage was featured by the
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load fluctuation with the displacement. “Web cripgl strength” was defined by the peak
point of load-displacement curve.

e It was indicated that, comparing to end bearingdlogpecimens exhibited higher web
crippling strengthen when interior bearing load \epplied. Also, when specimens sitting
on the ground, the web crippling strength can &lsdncreased comparing to specimens
sitting on bearing plate.

Theoretical analysis to predict web crippling sg#nof tubular GFRP sections is currently
conducted by the authors and such results are &éar designing tubular GFRP sections in
structural construction.
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