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In this work, performance and strength of pultrudgdss-fiber reinforced
polymer (GFRP) columns subject to short term cotrmenompression are studied. To
accomplish this task, an extensive review of exgstbackground theory is conducted,
including global and local buckling theories forthmtropic material, perfect column
failure modes and theories behind ‘real’ columneasédr. Gaps in the knowledge and
understanding of the behavior of these membersidamtified and, to fill them in,
rational and comprehensive methods resulting irprand effective design guidelines
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1. Introduction

1.1. Overview

Composite materials are those constituted by twanore physically and/or
chemically distinct materials combined in ordelathieve particular desirable material
or mechanical characteristics. In the case of tvabenial composites most often one
component is ‘reinforcement’, e.g. fibers or pdesc which is embedded in the other
component called the ‘matrix’, e.g. polymer, metalceramic. Glass-fiber reinforced
polymer (GFRP), the subject of this work, is a cosife material combining glass

fibers in a polymeric matrix.

Developed in the 1940’s for military applicationsrithg World War Il, GFRP
has several advantages over traditional constmuataterials, including its light weight
and superior corrosion resistance, leading respgtito ease of fabrication,
transportation and installation, and reduced lifele maintenance costs. Other
advantages are the material’s high strength-tofweigtio, low thermal conductivity,
electromagnetic transparency, low environmentalaichpand the ability to tailor the

geometry and therefore properties of the resulBR&RP components.

Nevertheless, the higher manufacturing cost wasa fong time, an obstacle to
making these materials competitive in anything oti@n niche markets such as the
marine, aerospace and sport equipment industrtés.stenario has gradually changed
with the invention of the pultrusion process in 19Bultrusion is a highly automated
continuous manufacturing process that consistaithihg resin-impregnated reinforcing
material such as roving, mat or cloth, through aée steel die, where the resin is cured
at elevated temperatures (Figure 1.1). Large spabeluction of pultruded GFRP
sections has contributed to reduce manufacturingtscomaking these products
competitive and attractive to the construction stdy The process permits virtually
limitless versatility in fiber arrangement (refetréo as ‘fiber architecture’) within a
section and section geometry. Nonetheless, typicadimmercialized cross sections
intended for structural applications are similarstandard hot-rolled steel sections, as

shown in Figure 1.2.



Figure 1.2 Typical pultruded GFRP crc-sectionfSTRONGWELL, 2014e.

The worldwide use of pultruded GFRP in primary -bearing structure
systems has increased sitthe 1990’s, with significant applicatiofgr cooling towers,
pedestrian bridges and bridge de (BAKISet al, 2002 JACOB, 200). So far, the use
of GFRP & the primary structural system buildings is very limitedwith only a few
reported casege.g.. KELLER, 2001. Since the modulus of elastic of GFRP is
realtively low —approximatelyl/6 to 1/12 that of steel — its use fension/compressic
membes is preferred rather than for flexure, where th#edtion limit statewill often
govern structural behavior and lead to inefficiase of the material. For this reas
pultruded GFRPhas been mostly used in trussed sys. Some examples

applications are shown Figure 1.Z



(b) pedestrian bridge at Blue Ridge
Parkway, US (ET TECHTONICS, 2014)

(c) deck for Grasshopper B'ridg,ZéIand, Denm@BERLINE, 2014)
Figure 1.3 — Some applications of pultruded GFRP.

To encourage the use of GFRP and allow engineesaftdy design structures
made of this material, significant efforts are umasey worldwide to develop codes and
standards for the design of GFRP structural memb&hgse include theASCE
Structural Plastics Design ManualGRAY, 1984), theEurocomp Design Code
Handbook (CLARKE, 1996), theltalian Guide for the Design and Construction of
Structures made of FRP Pultruded Elemg@slR, 2008) and the forthcomirgSCE
Standard for Load and Resistance Factor Design @RFf Pultruded Fiber
Reinforced Polymer (FRP) Structur@sSCE FCAPS).

1.2. Motivation of Present Study

Pultruded GFRP has a compressive strength sinolamitd structural steel,
typically ranging from 200 to 500 MPa. On the othand, the longitudinal modulus of
elasticity is low, ranging from 17 to 35 GPa (thedulus of steel is 200 GPa). The
combination of the very low modulus-to-strengthasitwith the use of slender sections
resisting compression leads to important stabibtyckling) limit states that may reduce
the load-carrying capacity of members subject tmmession or flexure. This issue is



aggravated by the considerably lower-still transgesind shear moduli, resulting from

the mostly unidirectional reinforcement of GFRP.

In the last 20 years, various authors have addiefise performance and
strength of pultruded GFRP members subject to gkort concentric compression and
a significant number of works addressing globalkting, local buckling, buckling
interaction and compressive strength of GFRP cotunan be found. However, there
remains a number of important gaps in the knowledgd understanding of the
behavior of these members. These are identifiedsanded as the motivation for this

work, as explained in the following paragraphs.

First of all, most of the previous works have fedi®n so-called ‘WF-sections’
(doubly-symmetric wide flange I-shaped sectionsegelhy with a flange width equal to
their section depth). Little attention has beenadest to other section shapes despite
their potential advantages as compression memAeguare tube, for instance, has i) a
weak-axis radius of gyration much greater thanraparable I-shaped section, leading
to improved global buckling strength for a giveriuzon length; ii) both flanges and
webs are supported along both their edges alongctihemn length, resulting in
enhanced local buckling critical load; iii) the embal void can be used for utilities or
passive fire suppression systems (CORREiAl, 2010); and iv) improved aesthetics
over open shapes. Despite the advantages, onlywawerks investigating the
compressive performance of square tube columngaiy focusing on long column
behavior, are available. Therefore, one motivatibthis work arises from the necessity
of extending this investigation to square tube casgion members having different
lengths and width-to-wall thickness ratios, resgtin a range of combinations of

global and sectional slenderness.

Since GFRP is an orthotropic material, closed-faquations to determine
critical loads are very complicated and must accooete a range of material
properties and section geometries. To simplify segunations, existing design standards
and manuals assume simply-supported edge condinaall intersections. This
assumption leads to very conservative results. mRc@roposed equations (ASCE
FCAPS) augment the admittedly conservative capacdiculated assuming such
simply-supported conditions with an empirically isled ‘fudge factor’; although this
factor is believed to be too simplistic and is lohea limited data. On the other hand,

4



some expressions have been developed which dermatngjood agreement with
numerical and experimental results; although thsselly require enormous calculation
effort and must typically be applied on a case-agecbasis rather than generalized in a
design methodology. There is little consensus amesgarchers as to the best design
approach for local buckling of GFRP sections, wHedds to the second motivation for
this work: the search of an appropriate design @gagr that must be both simple and

accurate.

Specifically considering the compressive strengthG&-RP columns, some
explicit equations can be found in literature. Hore these are typically empirical or
have coefficients empirically determined primarflpm observations of tested WF-
sections. The lack of a rational and compreherspg@oach valid for different sections

and ranges of material properties constituteskind totivation for this work.
1.3. Objectives

The main objective of the thesis is to investigageperformance and strength of
pultruded GFRP members subject to short term cdncesompression in an ambient
laboratory environment and present simple and ®fecdesign guidelines. To
accomplish this task, an extensive review of exgstbackground theory is conducted,
including global and local buckling theories forthmtropic material, perfect column
failure modes and theories behind ‘real’ columnasedr. To fill in the gaps, such as
the lack of simple and accurate expressions fallbackling of GFRP typical sections
and of a comprehensive equation for compressiwength that accounts for different
material properties and combinations of sectionad @lobal slenderness, rational
methods are developed and presented. The Finite B&thod (FSM) was used to

evaluate the proposed expressions for local bugklin

To augment available data on the performance aedgh of GFRP columns
and to assess the proposed methods, two large iggpeal programs addressing
columns under concentric compression were carrigd  square tubes made of
polyester matrix having different lengths and wittthwall-thickness ratios; and ii) I-
sections stub columns made of vinyl ester or poérematrices having different flange-
width-to-section-depth and depth-to-thickness mti®he programs included cross-

section geometry measurements, material charaatienz experimental determination

5



of critical loads, imperfections and compressiveergjths and observations on the

failure modes and post-buckling behavior.

All tests were conducted at the Watkins-Haggartu@tral Engineering
Laboratory (WHSEL) at the University of Pittsburgtitftsburgh, Pennsylvania, United
States, during the years of 2012 to 2013.

A secondary objective of this work consists of stgating the existing
methods to experimentally determine the materiaperties of pultruded GFRP,
focusing on the most commonly used ASTM StandaBilsce most pultruded GFRP
sections are comprised of narrow and very thireglahere is a dimensional obstacle to
the applicability and utility of such standards.isTtwork describes the material
characterization of pultruded GFRP sections, ptasgistandard and non-standard test
methods and making initial design recommendatiansedtimate elastic properties

through the use of simple closed-form expressions.
1.4. Organization of the Thesis

The following organization was adopted in this thes

a. In Chapter 2, the characteristics and typical pridge of pultruded GFRP
sections are presented. Current standardized aechative approaches to
experimentally determine elastic properties areculesd and, finally,
closed-form equations are proposed as guidandaifa design.

b. In Chapter 3, the behavior of a ‘perfect’ columradkdressed. Failure modes
by crushing, global buckling and local buckling fmthotropic materials are
described and expressions are presented. Closedefuations to determine
the local buckling critical stress of typical pulied GFRP sections — angles,
I-shaped, channels and rectangular tubes — condpageorthotropic thin
walls subject to concentric compression are dewspmpresented and
compared to FSM results.

c. In Chapter 4, the compressive strength of a ‘realumn is addressed. The
factors affecting the behavior are described, bealmmn and imperfect
plate theories are presented and a design equsfporaoposed.

d. In Chapter 5, an experimental program investigatiregbehavior of square

tubes having different lengths and width-to-walkkmess ratios is
6



described. Cross-section geometry, material prigsertcritical loads,
compressive strengths and failure modes are repartd discussion focuses
on observed post-buckling behavior and interachietween crushing, local
and global buckling. Column and wall imperfecti@me also estimated.

In Chapter 6, an experimental program investigatimeglocal buckling of I-
sections is described. Stubs made of vinyl ester polyester matrices
having different flange-width-to-section-depth oatiwere tested and cross-
section geometry, material properties and crificatls are reported.

In Chapter 7, the conclusions are presented andestigns for future

researches are made.



2. Pultruded Glass Fiber Reinforced
Polymer (GFRP)

2.1. Overview

Pultrusion permits virtually limitless versatility section geometry and fiber
content and architecture. However, typically inustural engineering applications,
angles, I-sections, channels and tubes made ohtisalc polyester and E-glass (E
indicates low electrical conductivity glass) reirdement are used. Other resins such as
vinyl ester, fire retardant polyester and epoxy d¢@n used to improve chemical
resistance, fire retardancy and mechanical prasgrtrespectively; S-glass (high
strength glass) reinforcement can be adopted tcarmeh strength and stiffness.
However, these alternate raw materials are moreresipe and may increase the cost of
the pultruded product. Physical and mechanical gntags of the typical constituents are

presented in Table 2.1.

Table 2.1 — Mechanical properties of typical cdnstits (CREATIVE, 2004).

Physical / Mechanical Resins Fibers
Properties Polyester | Vinyl ester| Epoxy E-glass S-glass
Density (g/cm) 1.1 1.1 1.1 2.6 2.5
Tensile strength (MPa) 77 81 76 3400 458%
Flexural strength (MPa 123 138 115 - -
Elongation to break (% 4.5 5.0 6.3 4.8 5.4
Tensile modulus (GPa 3.0 3.7 3.2 72 87

According to BAKISet al. (2002), the volumetric fiber reinforcement content
(fiber volume ratio, oW;) of a GFRP pultruded section usually ranges frodd @ 0.50
and is comprised of alternate roving and continustrand mat (CSM) layers. In
practice, it has been observed that the fiber veluatio may range from 0.30 to 0.60
and the roving volume corresponds to 50 to 70%eftotal fiber volume. Furthermore,
the number of roving layers typically ranges fromedo four in commonly pultruded

shapes. Resin-rich surface veils made of polyesté-glass (high resistance to alkali)

8



are also used on outer surfaces to improve comagsistance. To provide protection
against sunlight, ultraviolet (UV) inhibitor are pigally used. Additionally, it is
important to mention that different parts of a srgection, such as the flanges and web
of an I-sections, may have different fiber contendl fiber architectures (McCARTHY
and BANK, 2010). The typical layers of a pultrudgettion (pultrusion diagram) are
presented in Figure 2.1.

Figure 2.1 — Typical layers of a pultruded secGREATIVE, 2004).

Commercially-available non-solid sections are aldé with different ranges of
wall widths ) and wall-width-to-thickness ratiosb:f) (BEDFORD, 2010,
CREATIVE, 2004, STRONGWELL, 2014b). I-sections, fostance, may have flange
widths ranging from 38 to 305 mm and thickness ragngt.8 to 19.1 mm. Other
sections such as tubes may have wall thicknesshiasas 3.2 mm. In most of
commercially available sections, the thickness ebsvand flanges in the same section

are equal.

Mechanical properties also vary as the formulatiadopted by each
manufacturer is different. Typical mechanical pmbies reported by three different US
manufacturers are given in Table 2.2. It is impart® recall that GFRP is a brittle
material, having an essentially linear elastic sstirgtrain behavior in the longitudinal
direction. For the transverse direction and sheam;linear behavior is expected. GFRP
also undergoes important long-term deformation ursiestained load (BANK and
MOSALLAM, 1992, CHOI and YUAN, 2003). This phenonmnis not addressed in
this work. To determine the mechanical properttesy different approaches can be
used: measuring them experimentally or predicthrent theoretically (JONES, 1999).

In the following sections, these two approachespaesented in detail. The theoretical
9



determination of the compressive strength, impaortan the column problem, is

presented with more detail in Chapter 3.

Table 2.2 — Typical reported mechanical propeieSFRP pultruded sections.

Mechanical Properties BEDFORD | CREATIVE |STRONGWELL
(2010) (2004) (2014a)
= Tensile strength (MPa) Fii 207 228 207
£ | Compressive strength (MPa) F . 207 228 207
E Flexural strength (MPa) | F.; 207 228 207
g: Tensile modulus (GPa) E s 17.2 17.2 17.2
9 Compressive modulus (GPa) E, . 17.2 20.7 17.2
Flexural modulus (GPa) | E; 12.4 11.0 11.0
o Tensile strength (MPa) Fri 48.0 51.7 48.3
g Compressive strength (MP3) Fr 103 114 103
2 Flexural strength (MPa) | Fys 68.9 75.8 68.9
S Tensile modulus (GPa) = 5.50 5.52 5.52
= | Compressive modulus (GPa) Et 6.90 6.90 5.52
Flexural modulus (GPa) | Er; 5.50 5.52 5.52
Shear strength (MPa) F, 31.0 31.0 31.0
Shear modulus (GPa) Gt 3.10 2.90 2.93
Major Poisson’s ratio LT - 0.35 0.33

Minor Poisson’s ratio L - 0.15 -

*Fiber contents for all manufacturers range fro® 1. 0.6, in volume.

2.2. Experimental Determination of Elastic Properties

2.2.1. Review of ASTM Standard Tests

As mentioned previously, one of the ways to deteerthe material properties
of a GFRP pultruded material is experimentally. fact, experimental material
characterization is required for a correlation te Hrawn between theory and
experiment, whereas the theoretical determinatiopraperties is adequate for design.
Usually, standard tests promulgated by the Amergaciety for Testing and Materials
(ASTM) are adopted by researchers, although in soases these tests cannot be
applied either due to dimensional limitations cf tequired test specimens as compared
to the pultruded sections or the lack of requirpgamatus for testing. In such cases,
properties are often estimated based on ‘experiemca theoretical approach. This
section focuses on the description of the ASTM ddaals often used to characterize
pultruded GFRP members, exploring their applicgbdnd limitations. Throughout the
section, prismatic coupon designations refer toktess x width x total length, in units
of mm. For most tests, the coupon thickness cooredp to the pultruded plate/wall

thicknesst. Experimental results reported were obtained fspecimens extracted from
10



sections having different geometries, fiber architee and formulation (E-

glass/polyester and E-glass/vinyl ester).
2.2.1.1. Tensile Moduli (E: and E ) and Poisson’s Ratiosr and )

Tensile modulus of elasticity is usually determirsegtording to ASTM D638
(2010) or ASTM D3039 (2008). Figure 2.2 illustratbe specimens recommended by
both ASTM D638 and D3039. The latter is more typemr@mong researchers because it
the sample preparation is simpler, allowing the afatraight-sided untabbed rather
than ‘dog-boned’ or tabbed specimens (ADAMSGal, 2003). Typical coupon width
ranges from 12.7 to 25.4 mm and length from 308306 mm. Typically, a width of
25.4 mm is preferred to avoid variability due tonamiform fiber distribution. A
longitudinal strain gage or uniaxial extensometeuused to determine the strains in
order to calculate modulus of elasticity and a svamse strain gage can be used if
Poisson’s ratio is desired. The modulus of elagtican be obtained as the slope of the
axial tensile stress () versus strain () graph and the Poisson’s ratio can be obtained as
the slope of the transverseg)(versus axial strainy) graph.

[ I == I ———— 1 =

(a) ‘Dog-boned’ specimen required by (b) Straight-sided tabbed specimen (tabs
ASTM D638 are optional) used for ASTM D3039

Figure 2.2 — ASTM Standard coupons for tensilesteSDAMS et al, 2003).

Researchers reporting ASTM D3039 longitudinal tengests include SONTI
and BARBERO (1996), ZUREICK and SCOTT (1997), KANZD02) and GOSLING
and SARIBIYIK (2003). Tests were conducted on 3212.7 mm thick coupons
extracted from polyester and vinyl ester-based GRRR widths ranging from 15 to
50.8 mm and lengths from 203 to 457 mm. Longituldieasile moduli ranging from
17.4 to 28.3 GPa were reported in addition to ayeeraajor Poisson’s ratios of 0.28.
Transverse tensile tests based on ASTM recommemndadire rarely performed due to
the specimen dimensions required often being gréaa® those that may be cut from a

pultruded section.
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2.2.1.2. Compressive Moduli (& and &)

Compressive modulus of elasticity is usually detead according to end
loading (ASTM D695, 2010) or shear-loading (ASTM428, 2008) test methods. Both
methods require short gage lengths to prevent mgkWhich are usually calculated
beforehand in order to ensure that critical loads rauch greater than squash loads
(ZUREICK and SCOTT, 1997). The use of strain gagedoth faces is also an option
to account for flexural-induced strains. TypicaByraight-sided coupons having a width
of 25.4 mm are adopted. Another method, combinmjand shear loading, is provided
by ASTM D6641 (2009), the advantage of which is shared load transfer, reducing
the risk of end crushing and slippage. The modafuslasticity can be obtained as the
slope of the axial compressive stressg) (versus strain () graph. Test apparatus
recommended by ASTM D695, D3410 and D6641 are pteden Figure 2.3, where

the complexity of these apparatuses can be seen.

Alignment Fods and
Linear Bearings

Upper [SESA ™S . Untabbed Specimen
Block T Linear _ Clamping ]
e, B ‘ L | Bearings SCIE'-TE.: J 1»
Tabbed \ e
| ) |~~~  Bpecimen | By ?'* | |
4 1] Wedge e 3 Clamping AW A
A [ aios VRS st O LA
o o, M ssgnmens  RUALL ™S
| : /) ™~z Rods ] ) N LR 1A |
_ : j A (L
| Lower(~E4 A S\
. Block N : .+, |

bet
ff_h
Fecess for Extensometer

(a) ASTM D695 end (b) ASTM D3410 shear  (c) ASTM D6641 hybrid
loading loading loading

Figure 2.3 — ASTM Standard compressive tests (ADA&I, 2003).

Compressive tests on longitudinal coupons wereopadd by ZUREICK and
SCOTT (1997), ZUREICK and STEFFEN (2000) and KANZB@?2). 6.4 to 12.7 thick
coupons with widths ranging from 25.4 to 38.1 mnd gage lengths from 41 to 88.9
mm were tested. Longitudinal compressive modulgiag from 16.8 to 30.7 GPa were
observed. Transverse compression tests based oM A83Fommendations are rarely
performed.

12



2.2.1.3. Flexural Moduli (g sand E)

Flexural modulus of elasticity can be determinedoading to ASTM D790 (2010) or
D6272 (2010); three and four-point flexure tesespectively. Typically, a 16:1 span-
to-thickness ratio is recommended to mitigate tileiénce of shear. Strain gages can be
applied at the mid-span to determine the bendingns or, in a simpler form, the
modulus of elasticity can be calculated based otrspan deflection § and applied
load P). The methods recommended by ASTM D790 and D62@é2illustrated in

Figure 2.4. For a three-point flexure test in thregitudinal direction:

PL

E = 2.1
L,f 4df)t3 ( )

wherelL is the test span arfdandt are the coupon width and thickness, respectively.
Thus, the modulus can be obtained as the slopkeofjitaphP versus 4b(t/L). For a
four-point test, this relationship becomes:

_ 230
T 54t

(2.2)

Three-point flexural tests on longitudinal coupamsre performed by KANG
(2002) on 6.4x25.4x127 coupons over a 101.6 mm sp@hin the present study in
support of the testing reported in Chapter 5 arah 8.2x40x254 and 6.4x45-57x254
coupons over a 203 mm span. Longitudinal flexuradali ranging from 11.5 to 25

GPa were reported.

= =

19
(a) ASTM D790 three-point flexure test (b) ASTM D6272 four-point flexure test
(ADMET, 2014) (INSTRON, 2014a)

Figure 2.4 — ASTM Standard flexural tests.
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2.2.1.4. Shear Modulus (G)

The in-plane shear modulus of a composite mateaal be determined by
various methods including i) losipescu (ASTM D532912); ii) £45° tensile (ASTM
D3518, 2013); and iii) two and three-rail (ASTM 38 2007) tests. Usually, the
losipescu method is adopted by researchers bedsrsew coupons can be used,
specimen preparation is simple and the resultaerarate; however a special fixture is
required (Fig. 2.5a). In this method, a +45° r@ssttain gage is used at the notch and
the shear modulus is obtained as the slope ofrdqghgpf average shear stress across the
notched section (load divided by areg)\ersus the shear straig),(calculated as the
sum of the absolute values of the £45° strain gagdings. The +45° tensile test is a
good alternative when the losipescu fixture isagilable although it requires a larger
specimen length (typically 230 mm) to mitigate usideble deformation due to end
constraints. In this test, a 0°/90° biaxial rosstt@in gage or a pair of longitudinal and
transverse strain gages are applied and the shedwlns is obtained as one half the
slope of the graph of the axial stress in the timagoarallel to the applied force 2 =

L7) versus and the difference between measured lahgdl and transverse straing £
y) as shown in Fig. 2.5b. Finally, the two and thraiémethods require special fixtures
as well as specimens with larger dimensions anduswlly not applied to pultruded
sections. According to a decision analysis-basealuation of nine in-plane shear
methods (LEE and MUNRO, 1986), losipescu and z4&isite were ranked as
preferrable methods {Iplaces with the same score) while two and thréeasts were

ranked in 4 and &" places.

The losipescu method was adopted by BANK (1990)N¥Cand BARBERO
(1996), ZUREICK and SCOTT (1997), ZUREICK and STERF(2000) and KANG
(2002). 6.4 to 12.7 mm thick longitudinal couporaing widths ranging from 19 to
38.1 mm and lengths from 76.2 to 203 mm were te§tech which shear moduli

ranging from 2.4 to 5.7 GPa were obtained.
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Foture Guide
Fod
al Fixture Attached U
T to Guide Rod by

Wedge Ky & Iv Linear Ball Bearing
Adpusting Screw | __ﬁ____"-:* ‘

BT Specimen [F——]
o g P =

Specimen 1 [ —_ Adjustable r — o —— ;'
Alignment P e Wedge .
[_ - ! Fixture Base

(a) ASTM D5379 losipescu test: scheme (ADAMBal, 2003) and picture
(INSTRON, 2014b)

P._| I — J

X

0-90 Strain Gage™ +7°
Fosette 1

(b) ASTM D3518 +45° tensile test (ADAM& al, 2003)

Figure 2.5 — ASTM Standard shear tests.
2.2.2. Non-Standard Tests
2.2.2.1. Transverse Tensile Modulust{fand Minor Poisson’s Ratio {,)

Due to the small transverse dimensions of typicdtrpded sections, ASTM
standard coupons cannot be used in several sigat®ONTI and BARBERO (1996),
GOSLING and SARIBIYIK (2003) and tests conductedsipport of this study (see
Chapter 6) tested non-standard transverse couptihskort lengths — 9.5x25.4x88.9,
3.1x10x50 and 6.4x12.7x88.9, respectively — andiiobtl transverse tensile moduli
ranging from 9.6 to 12.2 GPa. The average minosgeoi's ratio reported is 0.17.
GOSLING and SARIBIYIK (2003) also conducted a nuivedrinvestigation using the
finite element method to validate their results distussed how geometric and material
parameters such as the ratio of orthotropy, codpogth, gage length, thickness and
clamping length may affect the results. The nonddaad coupon recommended by
GOSLING and SARIBIYIK (2003) is shown in Figure 2.6

15



2.2.2.2. Longitudinal (& c) and Transverse (&) Compressive Moduli

Since ASTM standards require special apparatusalvedys available, some
non-standard tests are also found in the literatUf@RREIA et al. (2011) performed
compressive tests on 9.8x12.7x39 longitudinal cosgay end-loading without using an
anti-buckling apparatus (Fig. 2.6b). Similar testye used in support of Chapter 6 of
this work using 6.4x12.7x50.8 longitudinal couponResulting longitundinal
compressive modulus of elasticity ranged from 26.28.4 GPa. The same test was
performed by CORREIAet al. (2011) in the transverse direction and an average
modulus of 7.4 GPa was obtained. Longitudinal casgive modulus was also
obtained in the present work (Chapter 5) using-dalitions tests on 25.4x3.2 and
102x6.4 mm square tubes (Fig. 2.6b) resulting iduhiaanging from 22.1 to 31.1 GPa.
To mitigate end effects, TEIXEIRA (2007) conducfatl-section tests on square tubes
with different types of reinforcement — e.g. alumimend plates, resin rings and glued
GFRP plates — and obtained moduli ranging from Z&% to 32.7 GPa. Full section
tests intrinsically consider material imperfectioisroughout the cross section,

including any residual stresses and non-uniforrerfthstribution.
2.2.2.3. Transverse Flexural Moduli (&)

Since many standard procedures cannot be appli¢deitransverse direction
due to dimensional limitations, non-standardizesistare adopted. For the square tubes
reported in Chapter 5 of this work, channel-shapmabons were fabricated by cutting
off one of the tube walls. An eccentric static lveak applied to the top flange while the
bottom flange was clamped to a flat surface (Fi®dR This results in a constant
moment in the channel web (similar to a so-callehéga’ strain gage). Strain gages
were applied to both faces of the web to measwefléxural strains. The transverse
flexural moduli obtained ranged from 10.5 to 13.BasSimilar set-ups can be adopted

for other cross-sections.
2.2.2.4. Shear modulus (@)

+45° tensile tests were carried out in supporhefgtudy reported in Chapter 6
on non-standard 6.4x12.7x119 coupons having gaggthHe of 81 mm (Fig. 2.6e).
Although the gage length is relatively short, thdluence of end-clamping was

evaluated based on an approach proposed by ADAMSI. (2003) and it was
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concluded that the effect was marginal for the eaoigmaterial properties studied. Two
strain gages (longitudinal and transverse) werdiegp@t the specimen faces and the
shear modulus obtained ranged from 4.1 to 4.7 GPa.

Two other non-standard tests are also common: Tiemd® beam (BANK,
1989, ROBERTS and AL-UBAIDI, 2002) and torsion (SONind BARBERO, 1996,
TURVEY, 1998) tests. The Timoshenko beam does egtire any special apparatus
and is easy to perform, although the shear modaohtained is often lower than
expected (MOTTRAM, 2004a). Indeed, this is the ciseTimoshenko beam tests
performed in support of Chapter 5 of the presentkw®he torsion test, on the other
hand, has proven to be a very good method, althauigst rig able to apply torsional
loading is required. SONTI and BARBERO (1996) andRVEY (1998) adopted
9.5x25.4x178 and 9.5x50.8x200-400 specimens, r&sphc and obtained shear
moduli ranging from 2.8 to 4.5 GPa.

Strain gage rosette

Aluminum Aluminum | E
tab tab =)

| |
| e | —d
10 mm ‘L 30 mm J 10 mm
< Ca b

50 mm

a) non-standard tensile coupon (GOSLING and SARIR|2003)

b) end- Ioadlng compression with no c) full-section compression
buckling apparatus (CORREI&t al, 2011)

transverse
'J T strain

e

gage on
_ reverse
i{@i fiber orientatior
hydraulic ] longitudinal
tensinnﬁ R strain
' gripst ] * gage
d) transverse flexure e) +45° tension

Figure 2.6 — Non-standard methods.
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2.2.3. Summary

A summary of the mean experimental results obtaingdrarious authors in

addition to the tests conducted in support of ttesgnt study is presented in Table 2.3.

The fiber volume ratio\{f) and number of roving layerdg,) are also shown. When

these data were not available, they were estimbssgd on observation of similar

pultruded sections. It is important to mention thatne of the results presented refer to

works where the methods adopted to determine theeriak properties were not
described in detail (e.g., HAJ-Algt al, 2001, TURVEY and ZHANG, 2006).

Table 2.3 — Experimental material properties reggbm literature and from present study.

(6

_. | SONTIand | ZUREICK | & | _ — | =8| TURVEY |3
¢ | & | BARBERO | andSCOTT | & |2 | & | &S |andZHANG |5 _
£ | 3 (1996) (1997) S |29 8 |oZ| (o008 |<I
S | > 28| & |25 S
Q 4 L <& (O] 0 > o
e Z ) = o= Z no|l o x ™~
o < > a a x < < o= > a o
fia) = o LEL o E T Y o EE = ) O
E, ; - 20.2 18.1 19.4| 27.0 - 18.2 238 27|13 20.22.2 | 32.8
E . - - - 19.1| 28.1 19.3] 23.9 - 211822.4 | 26.4
E - - - - - - - | 218] - - -~ | 26.d
= - | 11.4| 109] - - - | 101 -] 101 - - -
Er. - - - - - - 127 - - - - 7.4
Eqq - - - - - - - - - - - -
Gt 2.6 3.6 4.2 4.3 4.7 3.3 4.5 2.7 - 317 3.8
T - | 028 029] - - - | 028 0.29 - -
" - | 019 018] - - - - - | o018 - - -
FLe - - - 320 357 - - 379 388 26| 294 31
Vs 0.30 | 0.30 | 0.3G | 0.30 | 0.45| 0.38 | 0.34| 0.35| 0.45 0.300.30 | 0.55
Nroy - - - - - - 3 - - - 3
Present Study Notes

” Chapter 5 Chapter 6 @ Estimated values, based on simil
Q sections with reported data.
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2.3. Theoretical Prediction of Elastic Properties

2.3.1. Review of Existing Methods

As mentioned previously, pultruded sections areprised of different layers, each
with its own constituents and properties. Thereftre problem can be divided into two
different levels: lamina, representing each layed laminate, representing the set of

laminae bonded together.

To determine the elastic properties of a compdaitena taking in consideration the
proportion of each constituent material, the proces of micromechanics must be
adopted, i.e., interaction between fibers and matehavior must be studied. To do so,
some assumptions are made (JONES, 1999): i) thedaminitially stress-free, linearly
elastic and macroscopically homogeneous and odpiatr ii) the fibers are
homogeneous, linearly elastic, isotropic, regulapaced and perfectly aligned and
bonded; and iii) the matrix is homogeneous, linealastic, isotropic and void-free.

According to JONES (1999), approaches to deterrtiieeelastic properties of a
lamina can be divided in two classes: mechanieeaitrials and elasticity. The former,
also called the rule-of-mixtures, is based on semplssumptions of load and
deformation-sharing between constituents, treahegconstituents as springs connected
in series or parallel, and leads to simple expoessiThis approach is not accurate for
determining transverse and shear moduli (JONES9)19he elasticity approach, on
the other hand, is based on the variational engriggiples of classical elasticity theory
and generally leads either to upper and lower bsumdto complex problems that
require advanced or numerical analyzes in ordeohain the solutions; this is not

practical for an engineering design environment.

Based on the Hill’s ‘self-consistent’ elasticity thed (HILL, 1965) where the
composite is modeled as a single fiber encased ayliader of matrix, with both
embedded in an unbounded homogeneous medium nylighable from the
composite, HALPIN (1969) derived a generalized folarafter rearranging and making
simplifications to results obtained by HERMANS (¥96A review of the method is
presented by HALPIN and KARDOS (1976). The resgltiexpression, called the
Halpin-Tsai equation, is in good agreement withezipental data (TSAI, 1964) and

has been recommended by therocomp HandbookCLARKE, 1996) to determine the
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elastic properties of unidirectionally reinforcedngposites. To determine a certain

elastic property, generalized @sthe equation is presented in the following form:

— Qm[Qf +XQm +XVf (Qf - Qm)]
[Qf +XQm - Vf (Qf - Qm)]

Q (2.3)

whereQn andQ; are the matrix and fiber properties relate@taespectivelyV; is the
fiber volume ratio; and is the property coefficient associated with theparty

represented b§) given in Table 2.4.

Table 2.4 — Coefficients for Halpin-Tsai equati@LARKE, 1996).

Elastic Property, Q
E Et Gt
L T | (V<0.65) | (Vi 0.65) | (V;<0.65) | (V; 0.65)
2.0 2.0 + 40/ 1.0 1.0 + 404"

Another approach based on the theory of elastitycalled the periodic
microstructure method. This is based on the Fowaeies technique and assumes the
homogenization eigenstrain to be piecewise constBdtCIANO and BARBERO,
1994). The method was compared to Halpin-Tsai egqudDAVALOS et al, 1996)
and similar properties were obtained with diffeeof less than 10%, except for major
Poisson’s ratio, where periodic microstructure tedresults about 30% greater for

unidirectional layers.

Halpin-Tsai equation can be successfully used terdegne the properties of a
roving layer, but it cannot be applied to the CS3Melr, where the fibers are randomly
oriented and distributed. By assuming isotropicavetr for such lamina, NIELSEN
and CHEN (1968) proposed an integration over abspme fiber orientations. An
approximate solution for this integration was preed by HULL (1981) and relates the

random lamina properties to those of an unidireetily reinforced lamina, as follows:

B = B+l @4)
Gcsm :%Ei +%E; (25)
Nesm = 2EGcsm -1 (26)

csm
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in whichE_" andE; are the longitudinal and transverse moduli assgrtfiat all fibers

are oriented in the longitudinal direction, botlhcodated according Equation 2.3.

Hull's equations were experimentally investigated NAUGHTON et al.
(1985), who performed tests on chopped strand m@twaoven roving composites. In
general, excellent agreement was achieved, exaaptthie fact that experimental
transverse modulus was 18% lower than the longialdmodulus, showing that the
material is not truly isotropic. However, the forlael proposed by HULL (1981) seem

quite reasonable for design applications.

To determine the average properties of the comgmositlaminate analysis
through classical lamination theory must be caroatl (JONES, 1999), for which the
laminate is assumed to be thin and no debondingdaet layers occurs. The predicted
properties obtained from this methodology, alonghvthe laminae properties, were
compared to experimental properties of pultrudetens and excellent agreement was
achieved (DAVALOSet al, 1996, SONTI and BARBERO, 1996). Laminate behavior
Is schematically represented in Figure 2.7, whiecan be seen that the laminae behave
as parallel springs. For orthotropic compositesgitudinal and transverse extensional

moduli, shear modulus and major Poisson’s ratiobsarespectively determined as:

1 N
E=EL =¥ ELit (2.7)
i=1
1 N
Eri = Ere :I E:.t, (2.8)
i=1
1 N
G == Gyt (2.9)
tia
1 N
ny :I Nt (2.10)
i=1

in which i is an index representing each Mflamina having thicknes and elastic

propertiesE, ;, Erj, Gt and L1;; andtis the laminate thickness.

The minor Poisson’s ratio can be obtained from fibllowing relationship
(JONES, 1999):

21



T (2.11)

To obtain the flexural properties, classical lanioratheory must be used along
with the transformed section method. Assuming thatfibers are located in the middle

of each lamina, the laminate longitudinal and tvanse flexural moduli can be given

as:
— 12 N ( 3 3 ti3 2
ELf -3 Em+Efoi - Emei _+ELitiZi (2-12)
’ t° i ’ T 12 ’
— 12 N ( 3 3 ti3 2
E; —t—3 E.+EVii - BV, E+ E;tiz (2.13)

i=1

whereV;; is the fiber volume ratio of laminaandz is the distance from the center of

laminai to the neutral axis of the laminate as shown gufa 2.7.

£
7 fvvvvvx,f\
N A“:‘ Layerz' T A \
NA. F Z / / I~ M
i NARSAAY

Figure 2.7 — Schematic behavior of a laminate sultgein-plane and flexural loads.
2.3.2. Approximate Formulae for Elastic Properties

As can be seen from Equations 2.7 to 2.13, thickaesl fiber content of each
lamina must be known. DAVALOSt al. (1996) suggested that the specification
(surface veil, CSM or roving) and thickness of e&iina must be provided by the
material producer. However, these data are usuadlypromptly available and the
method itself requires several calculation stegsclvare not practical to use in design.
An additional issue with accuracy is apparent wlere considers that during
pultrusion,in situ fiber architecture varies from the theoreticaligesIn particular,
rovings are often seen to ‘drift’ through the tmeks of the laminate affecting both

dimensiong andz
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In this section, approximate closed-form expressitor elastic properties of
pultruded GFRP are developed by the author andepted. These expressions are
based on regression of average experimental dailale in literature and are easily
applied to the preliminary design of pultruded GFs®etions. The source data, given in
Table 2.3, includes properties of different puleddshapes, fiber contents and sections

made of both polyester and vinyl ester resins.

In Figure 2.8, experimental longitudinal, transeeasid shear moduli are plotted
against the fiber content. Straight lines obtaifrech regression are also shown. While
longitudinal and shear moduli increase with fiberluwne, as expected, transverse
modulus falls marginally. This is believed to refl@ reduced proportion of randomly
oriented fiber material at greater longitudinakfilcontents. The regression expressions

are:
E,, =E, =87+392V, (GPa) (2.14)
E,.=E; =118- 37V, (GPa) (2.15)
G, =32+12v, (GPa) (2.16)

In Figure 2.9, the ratio of flexural-to-extensiofahgitudinal modulus is plotted
against the number of roving layers in the laminAie expected, the ratio is very low
when only one roving layer is present since therBlare likely close to the neutral axis
and therefore have little contribution to the fleedyproperties. The ratio increases with
the number of rovings and is asymptotic to 1.0lesukl also be expected. Although

only a few points are available, a representati@ession is suggested:

E., =(111- 066/N,)E,, (2.17)

None of the works considered determined experintigntaoth transverse
extensional and flexural moduli but a theoreticalalgsis based on the method
described by DAVALOS:t al. (1996) shows that both are approximately equalchvh

leads to:

Er¢ = Er, (2.18)
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Only a few works dedicated effort to determine ekpentally Poisson’s ratios
and a regression analysis cannot be carried oetavarage major and minor Poisson’s
ratio obtained experimentally were 0.28 and 0.&3pectively, and it is quite reasonable
to adopt these numbers for design purposes.
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Figure 2.8 — Experimental elastic moduli vs. fibentent (source data in Table 2.3).
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Figure 2.9 — Experimental ratio of longitudinaldiegal-to-extensional moduli vs.

number of roving layers (source data in Table 2.3).
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3. GFRP Perfect Columns and Plates

3.1. Overview

Perfect or ideal columns (PC) are defined as ihjterfectly straight members
subject to a concentric compression force (TIMOSHKHENand GERE, 1961). Such
ideal members are useful to study the instabilftcampression members associated
with the bifurcation of equilibrium, i.e., to deteine the condition (load) for which the
member loses the ability to resist increasing loedshe original configuration and
begins to exhibit large deflections that changartbeginal shape (buckling). The
compression load for which bifurcation occurs ilechthe ‘critical load’ although this
does not coincide with the failure load of a reaperfect column (ZIEMIAN, 2010) as
will be described in detail in Chapter 4. Similarperfect or ideal plates (PP) can be
adopted for the study of plates subject to comprasshese are initially perfectly flat

and subject to concentric in-plane compression.load

In the case of a perfect column with a cross-seatmmprised of perfect plates
(PC-PP), bifurcations associated with the overalumn lateral deflection (global
buckling) and the out-of-plane deflection of thdiindual plates (local buckling) can be
mathematically described. These modes of behavenaturally uncoupled although,
in the presence of imperfections, may interact esuase significant reduction of load-
carrying capacity (BATISTA, 2004). However, thisgpiomenon does not occur for PC-
PP and, in this chapter, each buckling mode isemd@d separately, assuming perfectly
elastic material. A third failure mode occurs ifetltolumn material compressive
strength is exceeded (crushing) prior to globallaral buckling. Each behavior,
crushing, global and local buckling are discussedrelation to pultruded GFRP

members in the following sections.
3.2. Crushing

The term ‘crushing’ generally refers to all collapwodes that may occur at the
constituent material level. When a long fiber cosifmis loaded in compression, the

most important associated failure modes are (FLEI®RY):
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3.2.1. Elastic Microbuckling

Initially investigated by ROSEN (1965), this fadumode is associated with the
fiber buckling, where each fiber behaves as a cesg@d member within continuous
lateral restraint provided by the matrix. This diaed mode can be subdivided in two

classes:

a. Transverse (or extensional) mode: adjacent fiberslln opposite directions
and the matrix is subject to transverse stresshawn in Figure 3.1a;

b. Shear mode: adjacent fibers bend in the same ineend the matrix is
subjected to shear, as shown in Figure 3.1b. Falirentional composites
with fiber content greater than 0.30, the shear enodually governs the
strength (FLECK, 1997). The critical compressivest associated with this

mode is given as:

2

2
FlLa :G+% E @G (3.1)

d
/
in which G is the unidirectional composite shear modukiss unidirectional
composite longitudinal modulud;is the fiber diameter; and,is the buckling

wave length.

The lowest value for the strength is obtained assgirthat the wave length is
much larger than the fiber diameter, which resutshe second term of the equation
being very small and the strength being approxityagual to the shear modulus of the
material. Since the Eq. 3.1 was obtained from bdtion analysis, it does not account
for fiber waviness, which may reduce the capaciBxperimental investigation
conducted by JELF and FLECK (1992) showed that Restheory is accurate for

linear elastic matrix material.
3.2.2. Plastic Microbuckling

Assuming a rigid-perfectly plastic material, fibexsth an initial misalignment
but no kink band, ARGON (1972) derived a simple regpion for the critical
compressive stress, depending on the shear yisth sty) and fiber misalignment
angle ). Argon’s work was extended by BUDIANSKY (1983)ha considered an

elastic-perfectly plastic matrix and obtained ailimexpression as follows:
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G
= 3.2
1+7f/g, (32)

L.c2

In Equation 3.2, FLECK (1997) recommends- 2° and y = 1%. The failure
mode is illustrated in Figure 3.1b. Experimentaldemce from several sources has
shown that this mode often governs the compressivength for polymer matrix
composites (FLECK, 1997).

3.2.3. Fiber Crushing

This failure mode, illustrated in Figure 3.1c, occwhen the matrix stiffness
and strength is sufficient to prevent microbucklany the fibers fail when the uniaxial
strain equals their intrinsic crushing strain. $esdbnducted by PIGGOT and HARRIS
(1980) showed that, for glass fiber, the fiber bing stress i& 3= 1.7 GPa.

Fibers

Extension Mode Shear Mode

(a) Elastic microbuckling (JONES, 1999) (b) Plasticrobuckling (JELF and
FLECK, 1992)

<L Single

/ Fiber

e

(c) Fiber crushing (JELF and FLECK, 1992)

Figure 3.1 — Compressive failure modes of compasdéerials.
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3.2.4. Closed-Form Methods

A closed-form equation for crushing stress wasvaeriby BARBERO (1998)
which assumed a statistical distribution of fibeisatignment within the cross section
and a continuum damage model where the loads dahyefibers that failed are
redistributed until a certain limit. The real fulocts for the problem were approximated
by polynomial functions and the following equatiwas proposed:

b

F.=G S+1 (3.3)
' a
in which is a dimensionless parameter that depends on gineperties and fiber
misalignment. For glass-polyester composites witarfcontent of 0.40, this number is
found to be =5.15; anda = 0.21 and = -0.69 are constants obtained from data fitting.

Later, an average value of= 5.83 was obtained by BARBERE al. (1999a),
after determining experimentally the shear propsrof pultruded rods having various
formulations and measuring their distribution dfefi misalignment using an optical
technique described by YURGARTIS (1987). The ro@sentested under compression
and the maximum and average differences observiseebe predicted (Equation 3.3)
and experimental results were 46% and 27%, resedgtiwith Equation 3.3 providing
conservative estimations for all situations. In #ane work, the authors showed that
the compressive strength of a typical CSM laminanisch lower than those usually
obtained for unidirectional composites (rovings)damherefore, suggested that the
strength of CSM layers in a pultruded section sthdaé neglected and roving layers
assumed to carry all the load. Finally, compress$ests were performed on full I-
sections and square tubes; results were compardtetgproposed method, with a

maximum difference of about 20% observed.

Although the strength of an unidirectional comp®sian be readily calculated
from the expressions presented previously, thei@plity to pultruded GFRP sections
requires that specification of the material usedréwing layers and their thickness are
known. However, such data are often not readilyilabie and are rarely presented in
data sheets, tables and manuals provided by mdortdes Thus, an expression,
suitable for initial design, obtained from regressiof available experimental mean

results obtained by various authors (includingstgsrformed in support of Chapters 5
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and 6 of the present work) is proposed. The expmrially obtained compressive
strengths are shown in Table 2.3 and are plottathagthe fiber volume ratio in Figure
3.2. The proposed expression is:

F . =191+352v, (MPa) (3.4)
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Figure 3.2 — Experimental compressive strength$ilves: content.
3.3. Global Buckling

Global buckling of column members is a generic tersed by engineers and
usually includes buckling modes where the half-wharggth is of the same order of
magnitude as the length of the compression memizefa which the section remains
undistorted. This includes the following bucklingodes: flexural, torsional and
flexural-torsional. In the available literature, joraeffort has been directed toward
global buckling of doubly symmetric sections, whéhne flexural mode governs the
behavior. To date, few works have been dedicatedhvestigate the compressive
buckling behavior of monosymmetric or asymmetrigssrsections (HEWSON, 1978,
ZUREICK AND STEFFEN, 2000). In the following seat®, expressions for these
buckling modes are presented.

29



3.3.1. Flexural Buckling

Considering a column of length and radius of gyration with respect to the

weak axisr subject to a compressive force, the classical temju#or critical buckling

stress (Euler stresdJe, is given as (ZIEMIAN, 2010):

2

° (K,L/r)

in which E is the cross-sectional flexural modulus of eld@sti@andK. is the ‘effective

length factor’ dependent on end conditions, presknt Table 3.2.

Table 3.2 — Buckling coefficients for colummé&,

TR

L X 2 = F ) EZ |T_r|

f:f I'a / | / Hf
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ocnod b 7[r .\«Q; = 'x«i?

! } t i ! }

o | e | D gnon | poree [0
Ke 0.5 0.7 1.0 1.0 2.0 2.0

Equation 3.5 has been recommended by standard=ste¢ardne global buckling
critical stress of pultruded GFRP columns (GRAY849CLARKE, 1996, CNR, 2008).
Experiments with slender columns have shown thatdkpression leads to reasonable
approximation of the critical stress (BARBERO anm@MBLIN, 1993, ZUREICK and
SCOTT, 1997). However, since GFRP has a very loywlane shear modulus, an
expression reported by TIMOSHENKO and GERE (196Hkictv accounts for the effect
of shear is recommended (ZUREICK and SCOTT, 199XNE and MOTTRAM,

2002), as follows:

1
“0F T 1+nF /G (3.6)
whereng is the shear form factor, shown in Table &3; is the in-plane shear modulus;

andF. is the Euler critical stress, given by Eq. 3.5.
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Table 3.3 — Shear form factors for typical crosstisas,n..

I-section (strong axis)

I-section (weak axis)

Squartubes

Ns Al A

1.2A/A

2.0

" Ais the cross-section area; aiyds the flange area.

Whereas Equation 3.6 was derived by assuming tbar $brce as a function of
the cross-section shape, a more accurate equativ@ined by considering the
deformation of an element cut out from the colurkiy.(3.3a) was also derived by
TIMOSHENKO and GERE (1961):

- JI+4nF. G, -1

w0 T o IG,

(3.7)

This expression will be adopted in this work forretation with experimental
critical loads obtained from Southwell plots forwade range of column lengths
(Chapters 5 and 6).

N . 1.00
x =longitudinal axs
x "= shear force
N T N=nomal axis considering
only the bending moment 0.75 \ Lq.3, 7
I'=normal axis considering ~——
bending and shear 0’ 5
&=slope due to bending \%’0_50 736
moment 5
7= additional slope due to L
F+dV  shearforce
0.25
n de
N — o
v & 0.00
0.00 0.25 0.50 0.75 1.00
NFJGyr

(a) Deformation of an element cut outb) Comparison between Equations 3.6 and
from a column; 3.7.

Figure 3.3 — Shear effect on columns (adapted fFTtMOSHENKO and GERE, 1961).

A comparison of Equations 3.6 and 3.7 is preseimtdéigure 3.3b. As can be
seen, the difference between the equations ingeagith Euler stress and as shear
modulus decreases. In other words, the greateEtti& r and the shorter the/r, the
greater the difference between the two equatiorsspdinted out by TIMOSHENKO
and GERE (1961), Equation 3.6 leads to conservativgcal stresses, whereas
Equation 3.7 is more accurate. A comparison betwhenresults predicted by these

equations and experiments is presented in Chapter 5
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3.3.2. Torsional and Flexural-Torsional Buckling

Torsional buckling is likely to occur for thin-wall open cross-sections with
low torsional rigidity and with shear center comtiog with the centroid, e.g. a
cruciform section. The torsional buckling criticstress is given as (TIMOSHENKO
and GERE, 1961):

Y1+ G (3.8)

where C,, is the torsional warping constant of cross sectibris the Saint-Venant
torsion constant of cross sectiog;is the polar radius of gyration of cross sectiathw
respect to the shear center; att; is the effective length for twistind; = 0.5 when

ends are restrained against warping énd 1.0 when ends are free to warp.

Flexural-torsional buckling is a naturally coupledde likely to occur for thin-
walled open cross-sections with low torsional rikyidvhere shear center does not
coincide with the centroid, e.g. angles and channbisregarding transverse shear
effects, the flexural-torsional buckling criticairesss for a monosymmetric section is
given as (TIMOSHENKO and GERE,1961):

I:e,x + I:crg,T 1- \/l- 4Fe,chrg,T [1' (XO/rO)Z]

FucFoae 7

crg,T

E =_ %X 9
TR 2L (%0 /15)7]

in which: Fe xis the Euler buckling (Eg. 3.5) in the directiogrpendicular to the axis of
symmetry;Feq 1 is the torsional buckling (Eq. 3.8); amglis the distance between the
shear center and the centroid.

3.4. Local Buckling

Plate bending and buckling equations are usuakggnted as functions of the
following stiffness parameters based on elastiq@riies; these are adopted in the

present work:

o = E .t
e 111' nLTnTL)
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E t°

D,=—F"—— 3.11
” 12(1' nLTnTL) ( )
Dy, =n+:D,, (3.12)

G, t°
Dgs = 5T2 (3.13)

wheret is the plate thicknes€, ; and Er; are the longitudinal and transverse plate
flexural moduli, respectivelyG,r is shear modulus; 7 is the major in-plane Poisson’s

ratio; and t. = 1Er#/E_¢ is the minor in-plane Poisson’s ratio.
3.4.1. Literature Review

To analytically determine the local buckling loadl @lumns subjected to
concentric compression, three different approachag be used: i) full section buckling
analysis with appropriate continuity conditions @ate intersections; ii) buckling
analysis of individual plates rotationally resteghby adjacent plates; and iii) buckling
analysis of individual plates without interactioatveen plate elements. The following

paragraphs describe works related to each of tygs®aches.

One of the first attempts to determine the loaatkting critical load of full-
section plate assemblies was based on the prisciple moment distribution
(LUNDQUIST et al, 1943), but the complexity of the plate stiffnegpressions was an
obstacle to obtaining explicit solutions. Buckliogefficients for steel sections for a
range of geometries were obtained by KRGdtlal. (1943) and can be also found in the
Japanese Handbook of Structural StabilfgRCJ, 1971). However, in general, little
attention has been devoted to this kind of analgsid there is no known literature
focusing on full-section analysis to obtain closedn equations for sections having

orthotropic material properties (such as GFRP).

On the other hand, accurate predictions of buckingdes of thin-walled
sections and their associated critical loads hasenbobtained (AMOUSHAHI and
MOJTABA, 2009, SILVESTRE and CAMOTIM, 2003) using@oaches based on the
Finite Strip Method (FSM) (LI and SCHAFER, 2010) Generalized Beam Theory
(GBT) (BEBIANO et al, 2008). A very interesting approach was adopteBAYISTA
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(2010), who proposed a set of closed-form equationstypical cold-formed steel
sections from regression analysis of FSM and GBllte. Such equations allow direct
and accurate computation of the effect of localkting and have been incorporated for
practical structural design (ABNT 14762, 2010). Ninilar work for orthotropic

materials is known.

An alternative approach to full-section bucklingabsis was introduced by
BLEICH (1952), who proposed considering platesrabBvidual elements rotationally
restrained by their adjacent plates. For uniaxiaiympressed infinitely long plates
made of isotropic linear elastic material, the egumafor local buckling critical stress is

presented in the following form:

p’E t°
F. :m t_) [p+2\/a] (3.14)

whereE is the modulus of elasticityjs the Poisson’s ratidg is the plate width;is the
plate thickness; anglandqg account for restraint conditions along the longe=d@hese
latter parameters are functions of the coefficanglastic restraint and can be obtained
from a transcendental equation resulting from tRace stability condition. Bleich

referred to the final term in brackets as the bingktoefficient k.

Recently, this approach was adopted by other asitioodevelop comprehensive
closed-form equations for the local buckling oftgets made of orthotropic material.
Early attempts to solve the problems of rotatignedistrained long plates were made by
BANK and YIN (1996) and QIACet al. (2001), but these involved numerical analysis
and explicit expressions were not achieved. Trst et of closed-form equations for
this problem was obtained by KOLLAR (2002, 2003heTiorm of these equations is
similar to Eq. 3.14, but includes terms relatedrbotropic properties, as can be seen in
Table 3.4. KOLLAR (2003) compared the resulting aens with numerical and
experimental results available in literature andhabeded that, for I-sections, the
equations overestimate the web buckling by up ¥and underestimate the flange
buckling by no more than 5.5%, which is quite rewdie for a design approach. The
accuracy and sensitivity of Kollar's equations wereestigated by MCCARTHY and
BANK (2010), who concluded that they correlate &ettith experimental results than
equations derived based on simply-supported flamgie{junctions. QIAO and SHAN
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(2005) also developed explicit expressions for GEBR&ions and compared the results
with those obtained from Finite Element Method (FEMalyzes, concluding that their
equations overestimate the critical load by up t@%! Although the equations
presented by KOLLAR (2003) and QIAO and SHAN (20@%¢ very accurate, they
require independent calculations for each plath@fcross section (e.g. web and flanges
of an I-section) and the calculation of sectionedjie parameters such as the elastic
restraint coefficient, substantially increase ckllttan effort. Kollar's equations were
included in an appendix of the Italian standard RZIX008) to specifically address the

local buckling of I-sections.

Table 3.4 — Critical stresses for uniaxially congsed orthotropic long plates with
various edge conditions (KOLLAR, 2003).

Edge conditions Critical StressF ¢
= = |
+

mm < | PDu o aea13e |22 4 (24 0.62)(2)M

b t Dll Dll

kor GI,
2
PD,; 3Dy 12D‘°‘6 for 1.17" (D14/D2)*% 1

bt z'D,

Addddad ,02
T < \GN.I T < 2t11 7 4122 11 22 +12 Or
t

1.17° (D11/D22) 1

Py \/% K[L53AVI-  +6{1- A)1- n)]+7—(1' )

SlageaaalE E—
2
k P 5)11 %[15_]/71/1_ n +6(K - /7)(1- /7)] forK> 1
bt \ D,
where:

k is the spring constant ai@l; is the torsional stiffness of restraining stiffene
= D12/(2Dg6*D12);
K = (2De6+D12)/(D11D22)°",
' = Dzzb/(Gh);
= 1/[1+1MD4J(kb)] for plates rotationally restrained by springs;
= 1/[1+0.61' "9 for plates rotationally restrained by stiffeners;
= 1/[1+(7.22-3.55)D./(kb)]*°.

The simplest approach often used to estimate tted tmuckling critical load of
orthotropic sections is obtained by assuming sirsplyported conditions at the plate
intersections junction; this approach has been tedopy most available standards
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(GRAY, 1984, CLARKE, 1996). Solutions for long patwith both longitudinal edges
simply-supported (SS) and one edge free and ther dimply-supported (FS) were
obtained by LEKHNITSKII(1968) and are given, redpedy, as:

2

For ss :%[2\/ D,;D,, + 2(D12 + 2D66)] (3.15)
12D

F = 66 3.16

cr ,FS bzt ( )

or, in terms of the elastic properties:

ZE 2
Fcr ,ss:p—L’f £ 2 E +2’7|_TE+4i(1' nLTnTL) (3-17)
lil' nLTnTL) b V EL EL EL

t p2E ? 48G
Fo rs =46, — = - —

t
120-7 7. ) b - 3.18
b 121-n.n,) b p*E (1 77 ) (3.18)

As can be seen, Equations 3.17 and 3.18 can beenviit a form similar to

Equation 3.14, with the final terms in bracketsresgnting the buckling coefficients,

In the following sections, the development of cbb$ésrm equations for local
buckling computation of typical GFRP pultruded stgptaking into consideration full

section buckling, is addressed.
3.4.2. Assumptions

To develop equations for the local buckling critidead of typical GFRP

sections, the following assumptions are made:

a. classic plate theory hypotheses apply, which inelodt-of-plane deflections
much greater than the plate thickness and neghidgiehsverse shear effects;

b. plate intersections are free to rotate, but notraoslate, i.e., the junction
lines remain straight in the buckled configuration;

c. the member is considered to be infinitely long,, ilaultiple half-wave
critical lengths can be accommodated within theiewl and the influence of

end conditions is negligible. This assumption letmlsan expression that
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reflects a lower bound critical stress, independainthe actual column
length, which is a typical and appropriate desigpdthesis;

d. deflected-shapes are approximated by double-sidaks@nd polynomial-
sinusoidal functions addressing the end conditeoms the compatibility of
rotation between constituent plates. The assumeklldnl shapes for typical

GFRP sections are presented in Figure 3.4.
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Figure 3.4 — Sections studied, local axis definiitmd buckling modes assumed (in

each view, only in-plane wall modes are shown).

e. thicknesst, and material properties are assumed to be unitbroughout
the cross-section. This assumption is usually vébid GFRP pultruded
sections, although it is acknowledged that in s@ames cross-sections are
intentionally manufactured to be non-homogeneousGARTHY and
BANK, 2010). For instance, SONTI and BARBERO (199éported ratios
of flange-to-web longitudinal and shear moduli of lassection of 1.12 and
0.84, respectively. Nevertheless, for design purpothe lesser or average
properties can be adopted and limitations on tlfierdnces of constituent
plates properties can be established for the adjit of the equations.

Similar equations for specified non-homogeneousises can be obtained
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using the method described although the homogeasgtiymption is made in

this study in order to obtain a simple expression.
3.4.3Formulation by Energy Method

The Rayleigh Quotient energy method (BAZANT and CHIN, 1991) is used
to determine local buckling critical loads. In tmeethod, the strain energy in bending,
U, and the work produced by compressive loddare calculated for an assumed
approximate deflected shape&, and the critical load per unit of widthN,;, can be
obtained from the condition of neutral equilibrifh = T). Given the expressions far
and T for orthotropic plates (LEISSA, 1985), the critidaad for a plate assembly
subject to unidirectional compression in the x-clin is given as:

2 2 2

" TPw, T°w Tw T°w 7w
D, — *D,, — + i —— —— +4D, — dxdy
- s 11, ﬂx]z 22, ﬂ-in 12, ﬂ)QZ ﬂin 66, ﬂXlﬂyl
N, = ; (3.19)
vy dxdy
i1 g X

in whichi is an index referring to each wtonstituent platesSis the plate surface area;
x andy are the local longitudinal and transverse in-plares, respectively, as defined
in Figure 3.4 for typical cross section shapes; Bagd D, Di» and Dgg are plate

stiffness parameters defined in Egs. 3.10 to 3.13.

Equation 3.19 can also be written in terms of thste properties, as follows:

2 2

Tw LB, fw . E, TwTw
n E,_‘iti3 ﬂxiz E.; ﬂyiz o E. ﬂxiz ﬂyi2 dxdy
4(1' nLT,inTL,i) E l, ‘|T>q‘|Ty
N, = L (3.20)
w dxdy
i=l g ﬂ)g

The closer the selected deflected-shape functipnoapnates reality, the more
accurate the result. However, this may lead to demgxpressions and it is the
engineer’s role to select a function that leadsdih a simple and accurate result. In this

work, double-sinusoidal and polynomial-sinusoidahdtions, both addressing the end
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conditions and the compatibility of rotation betweglate elements were adopted. In

general, for each constituent plate, the functiake the form:

w(x,y) = f(y)sir{ox/ ) (3.21)

in which f(y) is chosen to be either a polynomial or a sinusdidnction; and is the

half-wave buckling length (Fig. 3.4).
3.4.4 Approximate Deflection Functions

The functiond(y) were selected based on observation of the gawgimickling
modes of each cross section studied as shown wrd=ig.4. The following sections
present the functions adopted for webs and flargfesach section, identified with
subscriptsv andf, respectively. For consistency of discussion,sibetion orientation is
considered (see Figure 3.4) such that the fatlm, 1.0 for angles and rectangular
tubes.

3.4.4.1. Angles

Angles are comprised of two plates each having eohge free and the other
rotationally restrained. In this case, for a fiotts small rotation applied at the plate
intersection, each plate is assumed to rotateyfrgith respect to the intersection, which
itself remains straight as shown in the sectiorwvia Figure 3.4a. Therefore, the

assumed functions are:
f(y)="f(y)=ay (3.22)

3.4.4.2. I-shapes and Channels

I-shapes and channel sections are comprised ofveheand two flanges, the
former rotationally restrained along both longinali edges and the latter rotationally
restrained at the plate intersection with the waly.0Applying fictitious small and
opposite rotations at the plate intersections, the flanges are assumeotate freely
with respect to the intersection, which remainaigtrt (Figures 3.4b and 3.4c). The web
bends symmetrically. Assuming that the bending stegm be described by a sinusoidal

shape, the functions adopted for web and flangspectively, are:
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f.(y) = (ab,/p)sinlpy/b, ) (3.23)
fe(y)=ay (3.24)

3.4.4.3. Rectangular Tubes

Rectangular tubes are comprised of four platese-ftanges and two webs —
each rotationally restrained along both longitutiedges. Once again, considering
fictitious small rotations applied at all plate interfaces, the plates begmdnsetrically
in cross sectional (Figure 3.4d). Assuming thatlteeding shape can be described by a

sinusoidal shape, the deflected shape functionaétss and flanges, respectively, are:
f.(y) =(ab, /p)sinlpy/b,) (3.25)
f. (y) = (ab; /p)sinloy/b; ) (3.26)

However, the case of a rectangular box is notraplsi as the previous cases. In
reality, the flange stiffness is much higher thiaat of a plate with one of the edges free.
This results in restraint of the web and changesatiticipated curvature. This effect is
more pronounced for lower valuestgt,,. Forbi/b,, = 0, the deflected shape of the web
approximates that of a single plate with both Itundjnal edges clamped. Fbyb,, =1
(square tube), the deflected shape of the web appates that of a plate with simply-
supported edges. Therefore, alternative functigyisneed to be selected. These are
found by considering the tube section as a systebas with joints free to rotate, but
held rigidly in space. Unit distributed loads applked to the bars, as shown in Figure
3.5 and the deflected shape functions determinéaollagvs:

y .y M+h_y .y
=2 1- 2 Y Y 3.27
w(Y) b, h, A+1 b, b, ( )
1° 1
hn y .y
Y .Y

fy==>1-Lp T4 1. Y (3.28)

f b b /]7‘+1 b b

where =b/by.
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K Nodes = Plate Intersections

Unit load
b w

Figure 3.5 — Cross section of rectangular tubadreas a system of bars subject to unit
distributed loads.

3.4.5L ocal Buckling Critical Stress

Using the approximate deflected shapes describebeirprevious section and
assuming uniform plate thickness and material pt@s it is possible to obtain the
strain energy in bending), and the work produced by compressive |ogdfor each
cross section. Then, from Eqg. 3.20, the criticaldiger unit of widthN., for each
cross section can be obtained. The critical stfegs,is obtained by dividing.; by the

plate thickness and can be generally expressed as:

2

_ pZEL,f t
I:CI‘ - A -\
12(1' nLTnTL) b

W

(3.29)

in whichk is the shape-specific buckling coefficient. Thiuation has the same form as
BLEICH's (1952). Expressions fdrare presented in the following sections.

3.4.5.1. Angles

For angles:

2
= Do, 121+5) Dy (3.30)
p-{L+h”) Dy

Or, in terms of the elastic properties:

41



b, ° . 121+h) G
k= —w 4 1- i _
ﬁ—)pzh o) ) S (3.31)

In Figure 3.6, the buckling coefficiektgiven by Eqg. 3.30 (for the case of=
1.0) is plotted against the ratifh,, for an isotropic case and for an orthotropic ctadi
with E_ /Er = 2.0 andE_/G.t = 6.5 (relatively typical of pultruded GFRP). &rcbe
seen that each curve asymptotically trends to ataahas /b, increases. In fact, if the
half-have length is much greater than the web widith the first term of equation 3.31
becomes negligible. In this case, the critical tiagkcoefficient, k., that leads to the

minimum critical stress is:

Su (3.32)
EL,f
3.00
LT 0.32
=1.0
250 1
5
'S 2.00 1
g
8 1.50 -
(@]
£
~ 1.00 -
(@]
2 Isotropic
© 0550 | .
0.00 | OrthotropicEy /= 2.0;IE:f/-G'LT' S
0.00 1.00 2.00 3.00 4.00 5.00
b,
Figure 3.6 - Buckling coefficienk, vs. /by, for angles.
3.4.5.2. I-shapes
For I-sections:
2 2
k - & + DZZ(L/bW) + [2D12 + 4D66(1+ 4/7)] (333)

D,,{1+p%° 13)

Or, in terms of the elastic properties:
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ET,f

( /QN)Z + 2nLT ET'f +4(1+4h)(1' nLTnTL)i
E E

2
EL,f L,f L,f

L+ p?n®13)

(3.34)

In Figure 3.7, the buckling coefficiektgiven by Eqg. 3.34 (for the case of=
1.0) is plotted against the ratifi,, for an isotropic case and for an orthotropic ctadi
with E_ /Ers = 2.0 andE_#/G.t = 6.5. As can be seen, there is a critical halfeva
length, (, that leads to the minimum value kgfk.,. Minimizing Eq. 3.34 with respect
to , ¢ is obtained as:

_p, o (L+p2° 13) (3.35)

5.00
] \ 7=0.32

4.50 \ 10
< 4.00 1
c
D 3.50 -
¥ 3.00 1 :
(D) e ‘50&1‘09‘0
8 2501 N b

\ ( cr bW! kcr)
22.00- ) S. o
¥ 150 | ~F=F=7 SN eee_g ===~ -==
> l:, H ( /bW kc OfthOtr()pl
M 1.00 - o cr/Bw s Kery E /E =2.0
~_|V L T,f—_6 5
0.50 1 by E /Gur="
0.00 . : : :
0.00 0.50 1.00 1.50 2.00 2.50
/b,
Figure 3.7 - Buckling coefficienk, vs. /b, for I-sections.
Substituting =  in Eq. 3.34 and manipulating, the critical bucglin

coefficient, ks, is obtained as follows:

2nLT i + 4(1+ 4/7)(1' M7y )Gi
ET,f EL,f L,f (336)

2
k. =
“ +p?n? 3\ EL ' [L+p2h®13)
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3.4.5.3. Channels

The expression obtained flifor channel sections is similar to that obtained f
I-shaped sections (Eq. 3.34), with the only diffexe being that the denominator of the

second term is 1+4 %3, instead of 1+ ¥/3:

E E G
2 ET’f ( /bﬂw)z + 20, ETf +4(1+4h)(1' nLTnTL)?H

L,f L,f L,f

(20717 13)

(3.37)

In Figure 3.8, the buckling coefficiektgiven by Eq. 3.37 (for the case of=
1.0) is plotted against the ratith,, for an isotropic case and for an orthotropic ctadi
with E_ /Ers = 2.0 andE_/G.t = 6.5. As observed for I-sections, there is aicait
buckling coefficientk., associated with a critical half-wave length, Minimizing k
with respect to in Eq. 3.37:

1/4

E
L =b, =1 (+ap?p® 3" (3.38)
L,f
and,
E
E 21+ ETYf + 4(1+ 4’/7)(1' nLTnTL) SLT
k : 2 T,f + L,f L, N L,f (3 39)
“ 1+ 4p?n® 13| B L+ 4% 13)
5.00
] LT— 0.32

4.50 - 10
X 4.00 -
c
D 3.50 1
Q
&= 3.00
[}
8 2.50 -
22.00 -
§ 1.50 - (ofbyi key  ISOtrOpic
M 1.00 - ©

0.50 - .".’L.;l Orthotrop|cELf/ETf 2. OEL-f/G-LT-G-S ( EXN-k; T

0.00 T

0.00 0.50 1 00 1 50 2 00 2.50 3.00
/b,

Figure 3.8 - Buckling coefficienk, vs. /b, for channels.
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3.4.5.4. Rectangular Tubes

For tubes, two cases were consideredk ipbtained by adopting(y) as
sinusoidal deflected shapes (Egs. 3.25 and 3.2@);iig adoptingf(y) as polynomial
deflected shapes (Egs. 3.27 and 3.28). For theclise, the buckling coefficient is:

2

b D,,( /b,)? +H[2D,, + 4D
K= —w 4 22 12 66 .
or:
2 B ( /bw)2 +h 20, S +4(1' nLTnTL)GLT
K = b, L f E E
= w 4 (3.41)

073 - h? +h)

Figure 3.9 shows a plot of the buckling coefficigrsigainst /by, for the case of

= 1.0 and, once again, a minimum valuekK@an be observed. It is interesting to note

that, for the isotropic condition, the critical ggh occurs when/b, = 1.0 and the

buckling coefficient is equal to 4.0, the well-knowoefficient for simply-supported
plates (ZIEMIAN, 2010). Minimizing Eq. 3.41 withgpect to :

1/4

y —— (- 2 +n)" (3.42)

7.00

6.00 -

5.00 -

4.00

3.00

Buckling coefficientk

2.00{ "7

=

1.00

0.00 - . . . .
0.00 0.50 1.00 1.50 2.00 2.50 3.00

b,

Figure 3.9 - Buckling coefficienk, vs. /by, for rectangular tubes (Equation 3.41).
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Substituting = ¢ in Eq. 3.41, the critical buckling coefficier, is obtained
as:

E
h 2/"LTL’f'l'Ll(l' nLTnTL)GLT
K = 2 E: + = E (3.43)
cr /‘h3 _ /72 +h) EL,f (/73 _ /72 +/7) .

Adopting the polynomial approximations fé{ly) given by Eqgs. 3.27 and 3.28,

the buckling coefficient assumes a form similar to Eq. 3.41, adfhothe terms

involving are significantly more complex:

E
b 2 A ET’f ( /bw)2 + B[2D12 + 4D66]

k= % + L.t 5 (3.44)
11

in which parameter8 andB depend on the box geometry as follows:

1 504h° +30241° +50407° + 30241 + 504 3.45

A== % 9 8 _ 7 6 _ 5 4_ 3 2 (3.45)
pthe +10h° +214° - 12" +63h° - 42h° +63h" - 127° + 21h° +10h +1

1 12n° +96h" +210n° +84h° + 420" +84h° +210h° +96h +12 (3.46)

TP A +106° +210° - 1207 +63° - A20° + 63 - 127° + 2102 +10h +1

Following the same procedure adopted to obtain Egs. 3.42.48dtBe critical

length and buckling coefficient are obtained as:

E
_=p, o L (3.47)
E., A
E E G
k, =2VA /E” +B 21, E” +4(1- nLTnTL)EA (3.48)
L,f L,f L,f

3.4.6 Results and Comparison with Finite Strip Method

Figures 3.11 to 3.14 present plots of the critical bucklingffaents, ke,
described in the previous sections, versus the flange-to-web widtis fafb,) for
angles (Eq. 3.32), I-shapes (Eq. 3.36), channels (Eqg. 3.39eatahgular-tubes (Egs.

3.43 and 3.48) sections, respectively. The isotropic condia@omnsidered in addition
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to three different cases of orthotropy:E)/Er¢= 1.0 andE_ /Gt = 3.5; ii) E_ {E7¢ =
1.5 andE,_ /G, 1 = 5.0; and ii))E_#/Er; = 2.0 andE_/G.t = 6.5, representing a range of
pultruded GFRP properties. The curves are compared to those obtsiingdhe finite
strip method, implemented using CUFSM 4.04 (LI and SCHAFER0). By default,
deflected shapes similar to those represented by Equation 3.21 aren (SE&SM,
with third-order polynomial functions adopted f¢y). Preliminary analysis showed that
discretizing each constituent plate into two strips was adequatbtton accurate
results, i.e., results converged to those obtained with more refmdigurations. Thus,
angles, I-sections, channels and tubes were modeled with 46 Hhd 8 strips,
respectively. Figure 3.10 presents the interface of the program théh8-strip
discretization adopted for a rectangular tube section. AdditiorthBycritical buckling
coefficients for the simply-supported condition at plate intersectiecsmmended by
current standards and guidelines (GRAY, 1984, CLARKE, 1996) the third
orthotropic casel, /Ers= 2.0 ande_/G.t = 6.5, are also plotted. These were obtained
according to Equations 3.17 and 3.18. The following sectwnside discussion of

each section studied.

CUFSM v4.04 - Finite Strip Pre-Processor -- General Tnput EEl =
[F——— (——|———— —————————— I | | [
Material Properties [z ‘ giibon | B +—, e
| i
mat# | Ex | By v | v | Gy ‘ Appied Load |
100 10000.00 20000.00 0.16 0.32 3077.00
‘ Update Plot |
-| | Potoptions:
V| node #
= =
Nodes ‘7 ] element #
node# | x | z | xdof | zdof | ydof | qdof | stress ralat
1 50.0000 0.0000 1 111 1.000 - N
225.00000.0000 111 11.000 | stress mag.
30.00000.000001111.000
40,0000 50.0000 111 11.000 stress dist.
50.0000 100.0000 0 0 1 1 1.000 N —H &
€25.0000 1000000 1111 1.000 | eoordinates.
7500000 100.0000 1 01 1 1.000
50,0000 50.0000 1111 1.000 1] constraints.
[ springs
7] origin
! CIZ Template
Elements ‘7‘ (o s |
elemé# | nodei | nodej | thickness | mat# ‘ T, |
112 6.400000 100 ‘
2236400000 100 | Delete Elem. | - %
33 45.400000 100 e a I
4.4 56.400000 100 ‘ Trans. lode |
5568 6.400000 100
igggjg:ggg lgg Springs (e General Constraints MasterSkve || 2 |
6.
o & 0iohsdd node# | DOF(x=1,2=2,y=3,theta=4) | kspring| kfiag nodede | DOFe | coeff. | node#k | DOFk
0 - 0

Figure 3.10 — Interface of program CUFSM 4.04 and discretizatiootedidor a

rectangular tube section.
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3.4.6.1. Angles

As can be seen on Figure 3.11, excellent agreement is achieved b#teeen
proposed expression for angles (Eq. 3.32) and the finite strip dyetgardless of the
ratio bi/b,. For the range of typically commercially-available pultruded angle&3(0
<bi/b,< 1.0; see Table 2.2), the maximum difference observed was 1% mpastant
to note that, foty/b,, = 0, the critical buckling coefficient approximates the case of a
plate with one edge simply-supported and the other free, ke.= (12/ %)(1-

.7 TL)GL/ELs. For the isotropic condition with= =1 = 0.30 andG.t =
EL#/[2(1+ )], ker = 0.426, which is approximately equal to the exact coefficient fesed
steel k = 0.425) (ZIEMIAN, 2010). The basic assumption of a syrglpported
condition at the plate intersection (Eqg. 3.18) is shown todmg sonservative, with a
difference of up to 25% from the proposed approximate solution arse thbtained
using the FSM.

0.60

5 —E(q. 3.32
X Eq.3.18 — L= o 32
CIC.) 0.50 _';;SM/
= 0.40 — fsotrgpes
§ | / ho”oplcj
o) |
5020 b T e > f.rf’..’fi?
m - {lj Orthotropic 3
] ’ .
S 0.10 - P Typical angles -
G 0.00 ..
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00

= bi/b,,

Figure 3.11 — Critical buckling coefficierky, vs. = by/b,, for angle sections.
3.4.6.2. |-Shapes

Good agreement is achieved between the proposed expression dpes<Eq.
3.36) and the finite strip method, as can be seen in Figi@ Bor the range of
typically commercially-available pultruded I-shapes (0.48bg< 1.05; see Table 2.2),
Eq. 3.36 leads to results up to 6% higher than those ebtdnom the finite strip
method. The critical buckling coefficient approximates that of a platte both edges
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simply-supported foby/b,, = 0. For the isotropic condition witl/b,, = 0, Eq. 3.36 leads
to ke = 4.0, the well-known coefficient for long simply-supported pldi@&MIAN,

2010). The basic assumption of simply-supported conditioptatd intersections (Eqs.
3.17 and 3.18) leads to results up to 49% lower tharetbbtained using the FSM for

the range of typical section geometries.

—E(g.3.36
------ Egs. 3.17/3.18

Critical Buckling coefficient k.,

‘__,_:) ~ P Typical I-sections R
! ’ < rd
0.00 ; . . . .
0.00 0.20 0.40 0.60 0.80 1.00 1.20
= bi/b,

Figure 3.12 — Critical buckling coefficieri;, vs. = bi/by, for I-sections.

3.4.6.3. Channels

Similar to I-sections,good agreement is achieved for channels, ag caei in
Figure 3.13. For the range of typically commercially-available pudluchannels (0.15
<bi/b,< 0.53; see Table 2.2), the critical buckling coefficients obtained tg. 3.39
are up to 10% higher than those obtained using the finife reethod. This difference
tends to increase for higher valuest®gb,. Once more, it is noted that the critical
buckling coefficient approximates that of a plate with both edgaply-supported for
bi/by = 0, withke = 4.0 for the isotropic condition. The assumption of singuigported
conditions at plate intersections (Eqs. 3.17 and 3.18) leacstits as low as 55% of

those obtained using the FSM for the range of typical sectionejdem
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—Eq.3.39
---FSM
------ Eqgs.3.17/3.18

1 =032 .
© 0.00 — 5 : : = . : :
000 010 020 030 040 050 060 070 0.80 0.90 1.00
= b/b,

Figure 3.13 — Critical buckling coefficieri;, vs. = bi/b,, for channel sections.
3.4.6.4. Rectangular Tubes

As shown in Figure 3.14, excellent agreement was achieved using the
polynomial-sinusoidal function as an approximate deflected shape3@R), but poor
agreement was achieved using the double-sinusoidal function @8). Bor the range
of typically commercially-available pultruded rectangular tube5Ghy/b,< 1.0; see
Table 2.2), the critical buckling coefficients obtained using 43 are up to 20%
higher than those obtained from the finite strip method, whited obtained from Eq.
3.48 are only 3% higher. Nonetheless, for square tulfsg € 1), both equations and
FSM calculations converge to the same solutions. Once agairritival buckling
coefficient approximates that of a plate with both edges simplyestgd forbi/b,, = 1,
with k = 4.0 for the isotropic condition. Using Equation 3.48 Iigb,, = O and an
isotropic material, the approximations represent the condition @fta with both edges
clamped and; = 6.98, which is the approximately equal to the exact coefficised
for steel k = 6.97) (ZIEMIAN, 2010). The assumption of simply-sugpd conditions
at plate intersections (Egs. 3.17 and 3.18) leads to resutts 3% lower than those

obtained using the FSM for the range of typical section geometries.
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< . _Orthotropic 3
Typical rectangular tube sections

>
Cdd

Critical Buckling coefficient k.,

=
o
o
]
‘.? ST ———— 1
G |
N

000 010 020 030 040 050 060 070 080 090 1.00
= bi/by,

Figure 3.14 — Critical buckling coefficier,, vs. = by/b,, for rectangular tube

sections.

Equations 3.45 and 3.46, while accurate, are cumbersome. To atlpvabtical
engineering use, these expressions can be simplified to accourfooihe range of
typically available box sections. Paramet&rand B can be approximated by simpler
functions of obtained from regression over the range of interest, as follows:

A=34- 24hfor 0.25 1.0 (3.49)

B= 081+132h- 113*for 0.25 1.0 (3.50)

Substituting Eqgs. 3.49 and 3.50 into Eq. 3.44, thecatitlocal buckling

coefficient for rectangular tubes with 0.25 1.0 becomes:
- ET 2 ET GLT
k, =2y34- 2.4k | = +(0.81+1.327- 1.13?) o, - AL g )2 (3.50)
L L L
Using Equation 3.51 results in critical buckling coefficients te only 3%
greater than the comparable FSM solutions for the range of tgaictbns.

3.4.6.5. Summary

A summary of the resulting equations, their range of applicabiiteerms of

bi/b, and the observed relative differences of the various valudg, dfom those
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obtained using finite strip method (FSM) is presented in &&bb. The observed
differences between the proposed equations and those promulgateckimt standards
and guidelines are also shown. This summary assumes thatthutteess,t, and

isotropy,E+/E,, are the same for all plates comprising the cross section.

Table 3.5 — Summary of results.

Greatest relative difference from
FSM solution in range of

Section Ker Applicable bi/b,2 applicability
Proposed | £o¢ 3 15 and 3.1
EqQs.

Angles Eqg. 3.30 0.33 <=bi/b, < 1.0 1% 25%
I-shapes Eg. 3.36 0.45 <by/b, < 1.05 6% 49%
Channels Eq. 3.39 | 0.15 <hy/b, < 0.53 10% 55%

Rectanaular Eq. 3.43 20%
Ul E G "3.48 (or| 0.25 < =by/by, < 1.0 32%

Boxes 3%

Eq. 3.51)

& Applicableby/b,, refers to the geometry of typical commercially-available sections.
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4. Real GFRP Columns and Plates

4.1. Overview

Real columns (RC) are those affected by geometric imperfections andamate
imperfections. In such cases, the applied compressive force producesl-eeder
bending moments that result in increased lateral deflections and teerefiuced
critical capacities compared to those described for ‘perfect’ columnseiprévious
chapter. To analyze this problem and obtain the non-linear load-latefigiction
response, beam-column theory (TIMOSHENKO and GERE, 1961)ochhe tised. A
similar behavior is observed for real plates (RP).

For a solid cross-section column with initial out-of-straightreess linear elastic
behavior, the section is subjected to combined compression-flettasses resulting
from the action of compressive force and second order bending morfahise is
expected when the compressive stress reaches the material strengtbolidiitine has a
thin-walled section comprised of perfect plates (RC-PP condition)rdailccurs when
the compressive stress in a certain plate equals its local buckilicgl stress. Finally,
real columns comprised of real plates (RC-RP) have their compressive cafiecityd
by second-order effects on both the column and constituent platéss case failure
occurs when the compressive stress at the most compressed face of naptattai

equals the material strength.

As mentioned in Chapter 3, RC-RP constitutes a coupled bgcgtoblem and
may lead to significant reduction of load-carrying capacity (BATISPA04). The
degree of interaction between these buckling modes is dependetiteomitial
imperfections, both of the entire column and the constituent plates, can be
accurately obtained from a non-linear analysis considering initiakrf@gtions and

post-buckling behavior.

In this chapter, an approximate method to determine a lower boumgressive

strength equation for the RC-RP problem based on available secomdkmdees for
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columns and plates is proposed. Plate and column slendernssful-parameters for

the subsequent discussion — are respectively defined as:

/= =5 (4.1)

/ — Fpp — \/mln{ FL,C’ Fcr }
V Fcrg Fcrg

in which F_. is the material crushing strength, defined in sectionRxg;is the global

(4.2)

buckling critical stress, defined in section 3R3; is the local buckling critical stress,
defined in section 3.4; arfébp is the perfect plate compressive strength, defined as the

lesser of_ ¢ andF; .

Columns can be classified based on their plate and column slendeefiess!

by Equations 4.1 and 4.2, respectively, as presented at TableRdriges of

slendernesses are presented as guidance and will be used in subdespussion.

Table 4.1 also indicates the expected failure modes for each slersdesn@snation.

Table 4.1. — Classification of columns and plates and expectecefailodes.

c Short Intermediate Long
b (¢ 0.7) (0.7 << 1.3) (¢ 1.3)
Compact Interaction between
( 0.7) Crushing crushing and global Global buckling
P buckling
Intermediate | Interaction between| Interaction between
crushing and local crushing, local and Global buckling
(0.7<p<1.3) buckling global bucklings
Slender Interaction between
( 1.3) Local buckling local and global Global buckling
P bucklings

4.2. Factors Affecting Actual Behavior

The behavior of real columns is affected by geometric imperfectiods an

material particularities. The most important factors are described in Hosvifg

subsections:
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4.2.1 Geometric Imperfections

Geometric imperfections are related to manufacture and assembly toletances.

columns, two types of geometric imperfections are usually considered

a. Initial out-of-straightness or ‘crookedness’ (Figure 4.1a) ugumpends on
the manufacturing process (and may also result from poor storage@sacti
and is related to member length. For pin-ended columns, ipisatly
assumed that the initial crookedness takes the shape of a hailfesi@avith
amplitude o at midheight (Figure 4.1a). An applied compression load,
therefore induces second order bending moments along the lengtk of th
column. Estimated values are given by manufacturers as a fractioe of th

column length, typically o<L/500.

L
o < Li500

(a) out-of-straightness in columns (b) out-of-flatness in plates

Figure 4.1 — Some geometric imperfections in columns and platesctrébat

manufacture.

b. Initial eccentricity can be associated with several factors such as the
deviation of the vertical axis of the column due to dimensionabasdmbly
tolerances (bolt holes, imperfect contact, etc.). Unlike initial crocd®sin
which is largely dependent on column length, initial eccentrisitynore a
function of section size. As occurs in the case of out-of-straégist the
column experiences a second order moment associated with the eccentricity,

o, Of the applied load.
Geometric imperfections of plates can also be divided in two groups:

c. Intrinsic imperfection of plates comprising the cross section affleet

constitutive relationships assumed for these plates (GODOY,).199&
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most important parameter is the variation of plate thicknessdigi, this is
addressed by considering an average thickness and manufacturer tolerances.
The misalignment of fiber layers is another example of an imtrins
imperfection (see Section 2.3), in this case leading to variatiorheof t
flexural modulus of elasticity.

d. Geometric imperfection of plates (Figure 4.1b) is analogous toneohut-
of-straightness; the most important factor being plate out-ofeftat
Measuring the initial deflected surface is difficult and impracticaldfsign
purposes. Typically, a double sine wave surface with the saape s the
buckling mode is assumed. The out-of-flatness amplitudsually provided
by the manufacturer as a fraction of the plate width, typicafy/125.

4.2.2 Material Behavior and Imperfections
The most important material behavior and imperfections are:

a. Material stress-strain behavior of GFRP differs from that of steel ¢@um
(from which most of our understanding of real columns come). Signilycan
a plastic hinge will not form when the compressed GFRP coluefieats
laterally and no redistribution of internal stress occurs;

b. Highly orthotropic behavior of pultruded GFRP makes the materalker
in the transverse direction affecting even ‘elastic’ redistribution ofriate
stress. Additionally, tensile, compressive and flexural strengthg be
different in the longitudinal direction and, therefore, the mechanisins
collapse are not always the same. For I-sections, for example, tealimg fai
at the flange-to-web junction is often a governing failure mode (TERV
and ZHANG, 2006);

c. Residual stresses result from the pultrusion process which es/elevated
temperature curing and subsequent cooling of the profile. Two types
residual stress may be present:

i. Micro-mechanical stress results from the mismatch of thermal properties
between fiber and matrix: the matrix experiences residual tensile stresses
while fibers are subjected to residual compression. The internal forces
resulting from this effect balance each other. This effect results mo-mic
defects, although it is assumed that the effects of these are captuhed b
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experimentally determined material strength. A complete review of this
subject is provided by PARLEVLIE®t al. (2007);

ii.  Macro-mechanical stress results from the effects of uneven cooling of
the cross section. This effect depends on section shape, tlscknes
temperature and thermal and elastic properties. No research was found
in the literature regarding this effect in pultruded FRP sectionaanAs
attempt to obtain an order of magnitude for this effect, one can compare
it with the hot-rolling process for carbon steel. In the pultnugirocess,
the curing temperature is about 200°C, which is about 20 %6 tB@
temperature involved in hot-rolling steel. Additionally, thedulos of
elasticity of GFRP is about 10% that of steel, and the coefficient o
thermal expansion is nearly the same. Assuming that residual stresses
are proportional to temperature and modulus of elasticity, it can be
estimated that residual stresses due to uneven cooling in a GFRP
pultruded profile will be about 2 to 3% of those exhibitedcarbon
steel. Thus it is expected that macro-mechanical residual thermal
stresses have little impact on real column performance. In the absence
of stress redistribution (brittle material), this effect is intringycal
captured if the material compressive strength is obtained from a full-

section compressive test.
4.2.3Post-Buckling Behavior of Plates

In general, for isotropic materials, after the plate buckling loadeached,
moderate to large in-plane transverse deflections accompany toémane buckling
deflections. Membrane stretching of the middle surface of the plate aan@sphe
transverse deflections and the plate can continue to carry additonatHdaaemaining
stable. For composite plates, however, the post-buckling reservegtstren less
pronounced than for metallic plates (LEISSA, 1985). Post-bugxkiflGFRP I-sections
was observed by TOMBLIN and BARBERO (1994) and TURVEY andARG
(2006), who tested stub columns and obtained ultimate streggghter than the local
buckling critical stresses. However, the TOMBLIN and BARBERO9@)9point out
that “...in most cases, permanent damage of the section occurred &raahtracks,

delamination, etc., as was evident when the column was exlbal theoretical review
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of post-buckling behavior of orthotropic plates is presented by @CGnd COFFIN
(2000).

4.2.4 Other Parameters

Other parameters affecting GFRP real column behavior and strengtheirictid
presence of holes and notches, moisture absorption and temperatat®rvafihese

parameters may be controlled through design and will not bassied further here.
4.3. Strength Curve

4.3.1Literature Review

The first attempt to develop a compressive strength curve for GFRsl
was made by BARBERO and TOMBLIN(1994), who observed thataihee loads of
I-shaped intermediate columns were as much as 25% lower tharmtitedocritical
loads, demonstrating that coupled buckling significantly affeafsacity. The authors
proposed an empirical equation for the ultimate strength of the oplegnbased on
ZAHN's (1992) universal equation for wood design and determinedagipropriate
interaction constantc = 0.84, to fit this equation to experimental results. This
coefficient was later revised to= 0.65 by BARBERO and DE VIVO (1999) in order to
include additional experimental data. BARBERO (2000) suggessedof the finite
element method to investigate imperfection sensitivity of interatedolumns and to
obtain a refined interaction constant. The equation, which is edidyt the Italian code
(CNR, 2008) withc = 0.65, is given as:

F
F

u

- 4.3
2c 2c c/? (4-3)

c

_1+1//02_\/ 1+1//7 5 1

cr

Alternative compressive strength equations were proposed by PEENal.
(2006) and SEAGATITH and SRIBOONLUE(1999). The former’s prapegs based
on DUTHEIL’'s (1961) expression with adjusted coefficients toekiperimental data
available in the literature and obtained from their own tests ag rcular and

rectangular tubes:
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1.0 (4.4)

in which =0.5[1 +0.12(*>-0.25) + J and =1.2.

Importantly, both Equations 4.3 and 4.4 assumedsieplates; i.e.F¢ <<F,.
SEANGATITH and SRIBOONLUE (1999) proposed adoptthg Euler equation for
long columns and a linear relationship experiméntatjusted for intermediate and

short columns:

2

_ PE,

"L r)?

L
r

£ 225- g (MPa) (4.5)

whereE, ¢ is the compressive modulus of elasticity in thegitudinal directionL is the

column length; and is the radius of gyration.

As can be seen in Equations 4.3 to 4.5, currerngth curve equations
proposed in the literature adopt empirical coediits to fit experimental results. These

expressions do not explicitly consider the influené plate slenderness.
4.3.2 Plate Strength

It is known that a compressed perfect plate (PP) fa@ either by crushing of
material or by local buckling. For a real plate jRifiperfections need to be considered
as they may significantly reduce the ultimate legagacity. In an attempt to obtain an
analytical approach for determining the plate gtencurve, the case of a uniaxial
compressed plate with all edges simply-supportedorssidered (Figure 4.2) and the

following assumptions are made:

a. classic plate theory hypotheses apply, which inelodt-of-plane deflections
much greater than the thickness and negligiblestrarse shear effects;

b. stretching in the middle plane is neglected angosi-buckling strength is
experienced;

c. the material behavior is assumed to be lineariejast

d. mechanical properties and thickness are assuméed tmiform throughout
the plate;
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e. residual stresses are negligible;
f. the initially deflected surfacewo, is described by a double sinusoidal

function:
w, = B, sin(max/ L)sin(oy / b) (4.6)

where, as shown in Figure 4.R,and b are the plate length and width,
respectivelym is the number of half-waves in the longitudinakdtion );
o IS the out-of-flathess amplitude; andndy are the in-plane axes.

1$
L==b
o\ LT
"-__l T {"; |—_-'-
] s
= = _-=_‘:_,- T m‘“‘“-m.__q__ ,a-ﬂ“ll'_:'. =
AT oo A
Xx
for
gl

Figure 4.2 — Uniaxial compressed simply-supporiatep

For long platesl(>>b), m L/ ¢, where ( is the critical half-wave length.

Therefore, the out-of-flatness can be rewritten as:
w, = D, sin(ox/ , )sin(oy/b) (4.7)

g. Failure criterion is governed by maximum stresssuksing that the plate
strength under combined axial-bending in the lardital directionF ¢, is
described by a linear interaction between pure cesgive and flexural

strengths:

Foo =Fof- ——=s (4.8)
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Where F_; and F . are the pure flexural and compressive strengths,
respectively; andy = N/t is the compressive stress induced by the applied
compressive load per unit of width acting in #hdirection,Ny;

For this problem, the governing differential eqaatin terms of the additional
out-of-plane deflectiomw is (adapted from BLOOM and COFFIN, 2000):
1w Tw _

2(D, +2D +D
( 12 Gﬁ)ﬂxzﬂyz 22

4 2
ﬂT\iVJr N, (w+w,) (4.9)

D -N =
H AR 'S

whereD11, D12, D22 andDgg are the plate stiffness parameters defined by ttomsa3.10
to 3.13.

From classical plate theory (CPT) (TIMOSHENKO anBRE, 1961), it can be
demonstrated that the additional out-of-plane dé&flew, is proportional to the
initially deflected surface:

s

W=W, — ¢ 4.10
e (4.10)

cr X,C

The bending moment per unit of width in the londital direction My, is given

as:
M, =- Dllgz);h D, 1;1;\' :wo";—z2 D, bT;+ D, ﬁ (4.11)
For a plate with all edges simply-supported:
. =b(D,,/ D, J"* (4.12)
and,
F, = g—zzt(z,/ D,,D,, +2D,, + 4D66) (4.13)

In which case, Equation 4.11 can be rewritten as:
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D..yD,,/D,, +D S
M =Wt 11 11/ Y22 12 X,C (4.14)
2 D11D22 + 2D12 + 4D66 1- Sxe / Fcr

The maximum bending moment occursxat /2 andy = b/2, wherewp = ¢
and the maximum compressive stress due to combixietiand bending moment in the

section, x ¢, IS given as:

+
sxpf :sxp + 6M ;(,max :sxp +6 & E Dll Dll/ D22 D12 sx,c (415)
t t 2,/D,D,, +2D,+4D, 1-s,/F,

Considering that compressive stregsis increased to a limit By . until failure
occurs in the longitudinal directiony(cs = Fi ¢) and substituting Equation 4.8 into 4.15:
FLf -F Do b D11 D11/ D22 + D12 F

FL,f - ’—LpFu,L = Fu,L +6 — — = (416)
Fie b t 2/D,D, +2D,+4D, 1-F, /F,

Manipulating Equation 4.16:

=1+ —"— (4.17)

in which:

a.,B =6

(4.18)

p,L

D 9 Fie D114/ D1y / Dy, + Dy
t F

—0
b 2\/ D,;Dy, +2D;, + 4D,

Equation 4.17 can be rearranged and written asadrgtic equation in terms of

non-dimensional parameters:
12¢2 - (1+a,, +/%)c,, +1=0 (4.19)

where ,is the relative plate slenderness defined by Eqoatil and p = Fy/Fic is

the normalized plate strength in the longitudinatction.

Equation 4.19 can be solved in terms of the nomedliplate strength,,

resulting in:
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:1+ap’L +/2 - \/(1+ap’L +/2)2- 4/

p p
Cor 217 (4.20)

Although Equation 4.20 has been developed for aeplander uniaxial
compression with all edges simply-supported, it t@zes same form as the typical
column strength curves developed for steel, sucth@se defined by Perry-Robertson
(ZIEMIAN, 2010) and DUTHEIL (1961), with the impedtion factor in the
longitudinal direction ,, defined as a function of geometry, initial impetfen, plate
stiffness and strength parameters (Eqg. 4.18). Huerdooundary conditions, different
expressions forp are obtained, although these always depend osatine parameters.
For =0, the problem simplifies to the perfect plavadition, with = 1.0 for ,

1.0 and p, =1/ ,* for ,> 1.0.

Similar investigation can be done for a failurghe transverse direction. In this
case, the failure is associated with a state of pansverse bending, resulting from the
second order effects caused by the compressive lsndg similar procedures, it can be
shown that:

1

Cor = (4.21)

2
avp,T+/p

where 1= Fy/F_cis the normalized plate strength in the transvensection and , r
is the transverse direction plate imperfectiondagthich assumes a form similar to Eq.

4.18, but as a function of the transverse flexstta@ngth Fr s

Yo Fi. D124/Dy1y/ Dyy + Dy (4.22)
bt Frii 2DyD,, +2D,, + 4D

It can be noted from Equations 4.18 and 4.22 thatfactors ,, and ,t are
functions ofb/t, which is related to the plate slenderngssTherefore, these equations
can be manipulated and rewritten in terms of thastal properties and plate slenderness,

as follows:

L :6& F e ) (EL,f\/ E (/B +n B )2 ./
8 b I:L,f FL,C(2\/ EL,fET,f +2nLTET,f +4GLT(1' nLTnTL)) ’
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2

D, F Q7LTETf ELf/ETf+ETf)
a . =6-2_°L¢ f ' ’ ' ’ v/ (4.24)
a b I:T,f FL,c(Z\/ EL,fET,f +2nLTET,f +4G,; (1' nLTnTL)) "

Failure can occur in longitudinal or transverseedions and the ultimate
compressive stress is the lesserRf. and F, 1. Figure 4.3 shows a plot of the
normalized plate strength for both directions @dtagainst the plate slenderness for
typical pultruded GFRP material properties andedé@ht degrees of plate imperfections.
From Figure 4.3, it can be seen that the adoptiomanufacturer's out-of-flatness
amplitude (o = b/125) leads to a reduction of capacity up to 40%ngared to the
perfect plate condition. It can also be noted fldtire in transverse direction is not
critical. Actually, longitudinal and transverse eajiies are relatively close for slender
plates and, in this case, failure may be initiatedither mode or a combination of both.
Combination modes were reported by TURVEY and ZHARBO6) and observed in
the present study (Chapter 6) for I-sections wigmder flanges, where longitudinal and

transverse cracks were observed.

1.20
(Eq. 4.20)
= /b= 0 (perfect plate pL
5 1.00 oo (BOTECLPA) ——— or(Eq.421)
o
O 0.80 -
Q
<
Q. 0.60 1|E (=20 GPa
3 Er=10 GPa
N 0.40 {|GLr=4 GPa
i =0.28
E LT .
= FLc= 240 MPa
> 020 1\F JF ;=065
FL,C/FT,f: 1.60
0.00 . . : . :
0.00 0.50 1.00 1.50 2.00 2.50 3.00

Plate Slenderness ,,

Figure 4.3 — Normalized plate strength vs. plat@dérness.

The plate capacity reduction factgy, representing the residual capacity with
respect to the ideal condition, shown in Figure pletted against the plate slenderness
for the same representative case as shown in Fig8recan be defined as the ratio of

RP-to-PP normalized strengths:
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ro=—bt (4.25)

where  is the PP normalized strength; that jg:= 1.0 for , 1.0 and yo = 1/ " for

> 1.0.

1.20
/b= 0 (perfect plate
S 1.00 - 0 (p plate)
©
©
L 0.80 -
[
o
S 0.60 (g, =20 GPa
3 Er¢=10 GPa
X 040 |GLr=4 GPa
% LT= 028
2 FLc= 240 MPa
- 0.20 |k JF, = 0.65
FL,C/FT,f: 1.60
0.00 . . . . .
0.00 0.50 1.00 1.50 2.00 2.50 3.00

Plate Slenderness b

Figure 4.4 — Plate reduction factor (Eq. 4.25)plate slenderness.

4.3.3.Column Strength

As mentioned previously, a PC-PP may fail either doyshing (very short
columns), local buckling (short columns) or globackling (long columns). For a RC-
RP, column and plate imperfections must be consdieAccurately predicting the
actual behavior of such members is not an easyaadkcan be done only by carrying
out a sophisticated non-linear analysis. Nonetkelean attempt to obtain an
approximate strength curve for flexural buckling af pin-supported column is

developed here. For this case, the following assiomg are made:

a. beam column theory hypotheses apply, which inclueigligible transverse
shear effects;

b. the column bending stiffness remains constant taatire;

c. the initial deflected shape (out-of-straightness), is described by a

sinusoidal function:
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v, = a,sin(ox/ L) (4.26)

where x is the longitudinal axis of a column of lengthand o is the
amplitude of the initial out-of-straightness.

d. Failure occurs when the compressive stress attaicgriate comprising the
cross-section reaches its ultimate compressivesstfg, = pFLc = pFep,

in whichFpp is the PP strength, given as the lesséi.@fandF.; .

The solution for the final ordinates of the latedaflection curvev(x) of a pin-
supported beam-column under these conditions iskmelvn and can be approximated
as (TIMOSHENKO and GERE, 1961):

V)=t g+ Se g X (4.27)
1-s./F, p F L

crg

where . = P/A is the compressive stress induced by the appledpcessive loadP
acting in the longitudinal directiord is the cross-sectional area of the coluesns the
eccentricity of the compression load, assumed eafulabth ends; anBlq is the global
buckling critical stress. For the flexural bucklingse considered, Eqg. 3.6 is suggested,

although the formulation in this section does raisider shear effects.

From Equation 4.27, the maximum deflection at theé-height & = L/2), is:

Vinax = 0 (4.28)
1- Sc/Fcrg P I:crg
The maximum corresponding bending moment at thehwight is:
A
> 1445 Se 4 g (4.29)

max S — eD
1- Sc/Fcrg P I:crg F
In Equation 4.29, the term in parenthesis that fiexle, ranges from 1.0 to

approximately 4/, as . varies from O td~cq. Conservatively, setting this term equal to
4/ results in:

66



s_A 4
max — < _eo +dO (430)
1-s./F, p

Resulting in the maximum compressive stress atuder diber of the column:

S

—_ C

A 4
s =s_+ — —e,+q, 4.31
c,max c ms peO 0 ( )

whereSis the elastic section modulus.

Compressive stress is increased to a limit df, when failure occurs € max=
prp):

u

r Fo,=F +
PLPP T U Fu/Fcrgj

Equation 4.32 can be rearranged and written asadrgtic equation in terms of

F A 4
— —e +(, 4.32
S 0 ( )

non-dimensional parameters:
12¢2- (L+a, +1%r )c, +1=0 (4.33)

in which . is the relative column slenderness defined by Bopa.2; .= F/Fppis the
normalized column strength in the longitudinal diren; and . is the imperfection
factor given as:

4 A
a.= —e,+d, — 4.34
peo s (4.34)

c

Equation 4.33 can be solved in terms of the nomedlicolumn strengthe,

resulting in:

1+a +/%r - Jl+va, +/1%r f - 412
c, = P \/(2/2 P p) P (4.35)
p

The equation developed has, once again, the sameds the typical column
strength curves, but with an imperfection factgrbased on geometric imperfections
and cross sectional properties (Eq. 4.34). Thetiaatal parameter,,, accounts for

plate slenderness,. Although the expression has been developed foolamn with
67



negligible shear deformation and with a section posed by perfect compact plates, it
provides a reasonable representation of real behawvhich can be far from that of a
perfect column. It is important to note that, jastfor plates, Equation 4.35 simplifies to
the PC-PP condition wher = 0 and , = 1.

The column capacity reduction factqg representing the residual capacity with
respect to the ideal condition (PC-PP), can benddfias the ratio of (RC-RP)-to-(PC-

PP) normalized strengths:

;=S (4.36)

where « is the PC-PP normalized strength; that js= 1.0 for . 1.0 and ¢ = 1/
for > 1.0.

Figure 4.5 shows examples of representative colsimemgth curves taking into
account the interaction between plate and columimavier. Figure 4.6 shows the
reduction factors plotted against the relative ooluslenderness. It can be seen that
maximum reduction of capacity is occurs fgr= 1. Additionally, it can be noted that,
for a relative slenderness = 0, the normalized strength is less than 1.0ecghg the
initial eccentricity and its resulting first ordeending moment. Since GFRP is a brittle
material, no redistribution of stresses can berassuand the capacity may be reduced

even for very short members.
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Figure 4.5 — Column strength curves (Eq. 4.35piative column slenderness.
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Figure 4.6 — Column reduction factors (Eq. 4.36)rekative column slenderness.

A contour plot of ¢ as a function of. and , is presented in Figure 4.7. As can

be seen, the maximum reduction of capacity is eeskfor columns having.
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Figure 4.7 — Contour plot of the column reductiantbér (Eg. 4.36) as a function of

and p.
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4.3.4.Summary

In this chapter, a compressive strength equatiah explicit coefficients for
plate and column imperfection was presented (E§5)4.Different from existing
methods (BARBERO and TOMBLIN, 1994, PUENEEal, 2006, SEANGATITH and
SRIBOONLUE, 1999), the proposed expression accodats plate and column
slendernessesy, and .. In Eq. 4.35, , is implicitly considered in the plate reduction
factor ,, defined in Eq. 4.25.
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5. Experimental Program 1: Compressive
Strength of GFRP Square Tubes

5.1. Literature Review

The majority of previous studies on the compressivength of GFRP columns
have addressed I-sections comprised of slendegédlghates, from which the following
conclusions have been obtained: (i) short colummpressive strength is governed by
local buckling (YOON, 1993, TOMBLIN and BARBERO, 98 TURVEY and
ZHANG, 2006); (ii) long columns fail by global buakg (BARBERO and TOMBLIN,
1993, ZUREICK and SCOTT, 1997); and (iii) intermegtéi columns fail by interaction
between local and global buckling (BARBERO and TOMS, 1994, BARBEROet
al., 1999b, LANE and MOTTRAM, 2002). Important invegttions on the strength of
square tubes, where the walls are either compauoitemmediate, were conducted by
ZUREICK and SCOTT (1997), SEANGATITH and SRIBOONLU@E999) and
HASHEM and YUAN (2001). These authors concluded ttzort columns may fail
either by crushing or local buckling while long ewins fail by global buckling.
Although crushing vs. global buckling interactiomswobserved by SEANGATITH and
SRIBOONLUE (1999) for intermediate columns, couptertkling was not reported by
any of these authors. Additionally, none of the kgopreviously cited establish a
relationship between wall slenderness and failuedes, which seems to be very
important to the comprehension of the overall calubehavior. The definitions of
short, intermediate and long columns and slendégrmediate and compact plates are

those defined previously in Table 4.1.
5.2. Experimental Program

In this chapter, an experimental campaign addrgsia compressive strength
of square tubes is described. In this work, sqtave columns having different lengths
and sections, resulting in a range of combinatioinglobal and sectional slenderness,

were tested. Five square tube section geometries eansidered: 25.4x3.2, 50.8x3.2,
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76.2x6.4, 88.9x6.4 and 102x6.4, in which the sectlesignation refers to the nominal
outside square dimension and wall thickness insuaft mm. All pultruded GFRP

sections were made with a non-fire retardant poéye®sin and were provided by the
same manufacturer.The experimental program wasedaaut in four stages: cross-
section geometry measurement, material charactiemzastub tests and column

concentric compression tests, as described inollening sections.
5.3. Cross-Section Geometry Measurement

Since the section dimensions given by the manufactare nominal, the real
values must be obtained. The external dimensiodsaals thicknesses of each section
were measured with a digital caliper and catalog&kderage dimensions (+ one
standard deviation) of the tubes of each size essgpted in Table 5.1. As can be seen,
no significant variation was observed for the sectwidths although some marked
variation was observed for wall thicknesses. Thestnsignificant variation between
measured and nominal thickness was observed fob@x3.2 (measured thickness
was 90% of nominal) and the highest coefficientvafiation was observed for the
25.4x3.2 sections (9.1%). It is important to ndtattsignificant thickness variations
were observed within individual cross sections. igtance, a single 25.4x3.2 section
presented wall thicknesses ranging from 3.70 mra.7d mm. In this work, apparent
imperfections along length were considered (sectto®) and, therefore, out-of-

straightness along length was not measured.

Table 5.1 — Actual and average dimensions of squides tested.

measured calculated
Section Width (mm) Thickness Area (mm?) Moment oI Inertia
(mm) (mm’)

25.4x3.2 255+0.2 3.19+0.29 285 24,123
50.8x3.2 50.7+0.2 2.88+0.10 551 210,835
76.2x6.4 75.9+0.2 6.23 + 0.28 1736 1,415,909
88.9x6.4 88.8 £+ 0.3 6.20+0.19 2048 2,341,876
102x6.4 100.9+0.1 6.33+0.21 2395 3,587,989

5.4. Material Characterization

In order to obtain a good correlation between theamnd experiments, the
material properties were experimentally obtainedierdge values (showing one

standard deviation) are given in Table 5.2. Theskies were obtained using tests
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described in the following sections. The propentiese obtained from a limited number
of tests on samples having both 3.2 and 6.4 mm thalknesses. Fiber content was
estimated by weighing 50 mm long specimens of eadhtion and assuming fiber and
resin densities according to table 2.1. Since wiffe sections were found to have
different fiber contents (Table 5.2), the propexti®r the sections not tested were
extrapolated by multiplying the ratio of the expeental to predicted properties for the
sections tested (Table 4) by the predicted progeftr the desired section, determined
according to DAVALOSet al. (1996) for roving and CSM volumes being 70 and 30%

of the fiber content, respectively.

5.4.1. Longitudinal Modulus of ElasticityH, ) and Compressive Strength ()

Square tube specimens having lengths of 75 mm abdnim were extracted
from tubes with sections of 25.4x3.2 mm and 76.2x8m, respectively. The sample
lengths were arbitrarily chosen to have 2 to 3 $irttee tube width. Three specimens
were extracted from both tube sizes. To ensureotmifcontact with the test plattens, a
diamond blade saw was used to cut the samplestenérids were finished parallel
using a bench-sanding machine. The full-tube cospeare instrumented with four
strain gages (one per face) and tested in concex@mpression, as shown in Figure 5.1.
The tests were conducted under displacement coatttlloading rate of 0.15 mm/min
until failure. All data were recorded automatically

| i

| - g

_ TN T {
T i A

= / ’V"\]\Uﬂ =

Figure 5.1 — Compression test of 125 mm long 764£2xr@m specimen to determine

longitudinal modulus of elasticity and materiakesigth.
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The measured values of compressive strerigth, are given in Table 5.2. A
large coefficient of variation was observed for 2&4x3.2 tubes (19.2%). This is
expected since ultimate compressive behavior iem@ggEnt on many manufacturing
factors such as the presence of small defects,itguafl fiber wet-out and fiber
alignment, as well as testing factors such as empumiform contact. The 76.2x6.4
section presented a lower coefficient of variat{@2%), indicating that small defects
are less critical to the performance of the laggation. Brittle failure was observed for
all tubes tested. The measured values of longitldoompressive modulus,
obtained as the slope of the compressive streasrsiurves, are also given in Table 5.2.
The average ultimate compressive strain,, was 0.010. Stress-strain curves are

presented in Figure 5.2.

Table 5.2— Material properties (+ one standardaten) obtained from tests and

adopted for sections not tested.

25.4x3.2 50.8x3.2 76.2x6.4 88.9x6.4 102x6.4
Vi 0.36 0.39 0.49 0.47 0.44
E.. (MPa) |22,100 + 500 23,700 31,100 + 1200 29,900 28,200
E.: (MPa) 10,800 11,500 + 308 25,000 + 3000 | 24,000 22,700
Ers (MPa) 9900 10,500 + 600| 13,500 + 1400 12,800 12,000
Gir (MPa) 2100 2200 + 106 | 2700 + 100 2600 2400
F..(MPa) | 220+ 40" 240 330 + 30 320 300

(1) Obtained from tests; all other values werenesttied from extrapolation, as described previously.

400

350 1 » Sample 2 E_ . c = 22,151 MP
+ Sample 3 E . ¢ = 22,736 MP.

+ Sample 1 E_ . c = 21,506 MPa)
25.4x3.:

T 300 - )

= Sample 4 E, . ¢ = 30,915 MP3)
50.8x6.4

)

Pa)

2 550 | * Sample 5 E, ¢ ¢ = 32,647 MP
4 Sample 6 E|_ . ¢ = 29,737 MP.

SS
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150

Axial Str
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50 1
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0.000 0.002 0.006 0.008 0.010 0.012 0.014
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0.004

Figure 5.2 — Stress-strain curves for full sectompression tests.
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5.4.2. In-Plane Shear Modulu$(y)

This property was determined according to the nuetescribed by BANK
(1989) and is based on Timoshenko beam theorya Faree-point bending test (Figure

5.3), the response may be determined as:

2

4AAw _ 1 L LS
PL 12E G.;

(5.1)

where w is the mid-span deflectiddjs the point load at the middle of the sphrs the
tested spanA is the cross-sectional areg;is the shear form factor; amds the radius

of gyration.

Loading bar ¢ 25 mm

Aluminum bar
glued to beam \

Area 4 =

Material settlement w,

' Total displacemen
Distance measured

with a caliper before
and after loading Dial gage

L

(a) Schematic representation of the test.

(b) View of the test.
Figure 5.3 — Timoshenko beam test adopted for ahétation of in-plane shear

modulus.
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Tests were performed on two samples of each ofxB®8and 76.2x6.4 tubes
over spans having values (@f/r)?> varying from 100 to 500. The deflections were
measured with a dial gage (0.025 mm precisionpplied loads of 2670 N and 5340 N,
respectively, for the 3.2 and 6.4 mm thick tubdsede values were selected in order to
avoid localized crushing. Additionally, since thieear stress-strain relationship is not
linear (ZUREICK and SCOTT, 1997), large shear sganust be avoided in order to
ensure that the shear modulus obtained experinhemegresents the initial (elastic)
value. To obtain the real Timoshenko beam deflactibe mid-span deflection used in
the calculation was the net deflection, accountiog material settlement over the
supports. Support deflection was measured wittgdadlicaliper, taking a distance of 3
times the wall thickness above the support aserter as shown in Figure 5.3. For each
specimen, (Aw/PL) was plotted against(r)? a straight line fit was made and the shear
modulus obtained from the inverse of the intersectoefficient (BANK, 1989). The
measured values of shear modulu§.t, are given in Table 5.2 whereas
(4AWPL)vs.(L/r)? curves are presented in Figure 5.4.

3500

© 3000 -

—

22500 -

<

‘& 2000 -

e

1500 -

-

(o

E/ 1000 - 25 4x3.: ¢ Sample 1 G, T = 2015 MPa

Z XS« | e Sample 2 G, T = 2210 MPa

< 500 - £0.8x6.4 {+ Sample 3 G, T = 2870 MPa
0 R ® Sample 4 G\;T = 2625 MPa

0 100 200 300 400 500 600 700

(L/r)?

Figure 5.4 — (Aw/PL) versus [/r)? curves obtained from Timoshenko beam tests.
5.4.3. Longitudinal Flexural Modulus of Elasticity( 5)

Three-point bending tests were performed on two 264 long longitudinal
strip samples extracted from each of the 50.8x8® #.2x6.4 sections. Strip widths
(b) of 40 mm and 57 mm were used for the 3.2 mm addn@m thick {) samples,
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respectively and a 203 mm test spanwas adopted for both cases. Free weights were
used and the mid-span deflections,were measured with a dial gage (0.025 mm
precision). The test set-up is presented in FigubeP was plotted against (8t%)/L>

and a straight line fit was made for each testestispen, as shown in Figure 5.6, the

longitudinal flexural modulus being its slope.

The measured values of longitudinal modulus ofteliég for plate bendingk, s,
are given in Table 5.2. A greater variationBp; is observed for the thicker samples
(11.9% for the 6.4 mm coupons versus 2.7% for tBen®n coupons). This is believed
to be associated with deviations in the positiothef inner and outer roving layers for
6.4 mm thick sections. Since the positions of thesengs play an important role in the
bending stiffness, a small misalignment can sulbisiinaffect the apparent stiffness. In
the thinner 3.2 mm sections, there is only onerl@ajeoving located at the middle of
the section and, therefore, a small misalignmenésdoot affect the stiffness as

significantly.

Figure 5.5 — Three-point bending test adopted &ermnination of longitudinal

flexural modulus.
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Load P(N)

5.4.4

¢ Sample 1 E_ ; f=11,830 MPa
25.4x3..
A Sample 2 E ¢f=11,195 MPa

0.002 0.003 0.004 0.005
4 bt/L3

0.000 0.001

a) 25.4 x 3.2

250 -

N
o
o

[
a1
o

100 -

50 -

® Sample3 E ; =28,015 MP3g
50.8x6.4 _
x Sample 4 E ;"= 22,052 MP3

0

0.000 0.002 0.004 0.006 0.008 0.010 0.012 0.014

4 bt3L3
b) 50.8 x 3.2
Figure 5.6 — P versus (8t%)/L® curves obtained from a strip three-point bending

tests.

. Transverse Flexural Modulus of Elasticigy()

The transverse flexural modulus of elasticity wasamed from a non-standard

transverse bending test. Tests were performed on1®2 mm long channel-shaped
samples extracted from each of 50.8x3.2 and 7642iéhe specimens. The channel

shape was made by cutting one wall off the tubee Bhttom flange was clamped
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rigidly to a flat surface and eccentric loa@&)(were applied at the top flange as shown
in Figure 5.7. Free weights were used and straiase wneasured in the constant
moment region which results in the vertical welngsstrain gages applied to both faces
of the web to measure the flexural strdth; was obtained as the slope of the straight
line fit of Pe/$ vs. (1— 2)/2 (Figure 5.8) where; and are the recorded strains on the
outer and inner faces of the web wall &ds the elastic section modulus of the web
wall section tested (i.e.: 16; where 102 mm is the length of the specimen)k Th
measured values of transverse modulus of elasfmitplate bendingkry, are given in
Table 5.2. The major Poisson’s ratiq;;, was assumed to be equal to 0.32 for all
sections.

GFRP

Steel plate

Flat surface

N e g

NS
22

Strain gages

(a) Schematic representation of the test.

(b) View of the test.

Figure 5.7 — Transverse plate bending test setauppa x 6.4 mm tube.
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Flexural Stress = P€S; (N)
(o))

¢ Sample 1 Er; = 11,084 MP4|
25.4x3..
A Sample 2 Ers =9916 MPa)

0.0000 0.0002 0.0004 0.0006 0.0008 0.0010 0.0012
Flexural Strain = (- ,)/2

a) 25.4 x 3.2

(e}
»

)]

Flexural Stress = P€S, (N)

¢ Sample 3 Er¢ = 14,904 MP4
25.4x3.:
A Sample 4 Er¢ = 12,185 MP4q

0.0000 0.0001 0.0002 0.0003 0.0004 0.0005
Flexural Strain = (- ,)/2

b) 50.8 x 3.2

Figure 5.8 Pe/$ versus (- 2)/2 (Flexural stress vs. strain) obtained from

transverse modulus tests.

5.5. Stub Column Tests

Stub column tests were performed in order to gaihirmation about local
buckling and post-buckling behavior of GFRP squaree columns, as well as to
estimate typical initial wall imperfections. Thr&4 mm long 50.8x3.2 tubes were
tested under concentric compression in a 600 kNwaap servo-hydraulic universal
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testing machine. The length was chosen to be fived the width in order to be
sufficiently long to minimize any influence of th®undary conditions. The ends of
each stub were machined parallel. Each stub wasumented with two electrical
resistance strain gages carefully positioned onrthiele and outside of the wall at the
center of one of the walls. Tweezers, wooden rodsarigid metallic ruler were used
to manipulate and glue the strain gage on the imadirand no sign of debonding was
observed. The position of the gages was chosen thaththey coincided with the
theoretical peak of the buckled shape. Tests wandwcted under displacement control
at a rate of 0.10 mm/min. Figure 5.9 shows a viemnfone of the tests in which local
buckling is clearly evident on both visible fac&ub column test results are described
in Sections 5.8 and 5.9.

Figure 5.9 —Stub column tests on 50.8 x 3.2 mm.tube
5.6. Column Compression Tests

The primary activity of the present study is a egmf column buckling tests.
Square tubes with the following nominal sectiongemested: 25.4x3.2 mm, 50.8x3.2
mm, 76.2x6.4 mm, 88.9x6.4 mm and 102x6.4 mm. In7dlltests were conducted, with
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column lengths determined in order to cover a rasfggenderness values intended to
result in long, intermediate and short columns (Bable 4.1). Table 5.3 presents the
distribution of tests according to the combinati@inplate and column slenderness.
Figure 5.10 presents a summary of recent experahevirks on GFRP tubes and I-
sections plotted according to the combination déiwm ( ¢; Eq. 4.2) and plate ¢ Eq.
4.1) slenderness. When material compressive stramgé not reported by the author, it
was assumed based on the manufacturer of the settie present study (solid circles
in Figure 5.10) will significantly augment the aladile data over all column lengths and
considers sections primarily having intermediatdgklenderness — an important region

with little available data.

Table 5.3 — Distribution of compression tests adicwy to combination of slenderness.

c Short Intermediate Long
) (¢ 0.7) (0.7< ¢<1.3) (¢ 1.3)
m t
Compac 0 12 7
(p 0.7)
Intermediate
11 18 12
(0.7< ,<1.3)
lender
Slende 5 v )
(p 1.3
25 T 1 T T |-shaped sections
TIT Iy + 1078 T ¢ ¢ Zureick and Scott (1997)
" IIITII] 0 Seangatith and Sriboonlue (1999)
e Q a Hashem and Yuan (2001)
¢ 2018 TTT o Seangatith (2004)
GCJ < ITTTTt T T T ® Present study
o 5 ITT 1T T 17 }I T, :[I]E[ III T T T
T G2 4 4 A1 T I I
Q 151° oo I.II ..0. :>.<> M °
(9p] I T |T. T b3 o o
() «®. o ® [ BN ] l_:. o | 3 o f
E 88 A ooogooloo Aomooo A% Do ke T
%1'O_g§_ o o éoc0 0@ o ®we o 0 o o o
= B
('_U 46 Oo| & eo®e oo e o oo [ ] L] [m] o
& 05 - gg h h o o
gE®
o Q
©  short interm.
00 columns columns long columns
0.0 0.5 1.0 1.5 2.0 2.5 3.0 35 4.0

Relative Column Slenderness,

Figure 5.10 — Summary of recent experimental wptktted according to plate and

columns slenderness (specimens are hollow tubepeas indicated).
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A diamond blade saw was used to cut the tubesetaplecified lengths and the
ends were machined parallel with a belt sandee@sired. The columns were tested in
concentric compression on a 900kN-capacity sendrdwlic controlled universal test
machine. Rollers were located at both columns anderder to reproduce a one-
dimensional pinned-pinned condition, i.e., an dffeclength coefficienKe close to 1.0.
The tests were conducted under displacement coatraddn axial loading rate of
approximately 750 /min (based on initial specimen length). The testse ended
when either crushing was observed or the laterfibcteon at midheight, , exceeded
L/50. In the latter case, the columns were unloadelde same rate and retested in their
other principal direction over a different lengilfi,no damage was observed. The
columns were instrumented with 3 draw-wire transdsigDWT) to measure lateral
deflections. DWTs were positioned at the sectiomeoand mid-wall, at midheight, in
order to capture the effects of both local and globuckling. A third DWT was
positioned arbitrarily for control in some caseg. éo obtain comparative Southwell
plots or capture local buckling in another regiéor 25.4x3.2 and 76.2x6.4 sections,
only one DWT was used at the mid-wall at midheidite wires were connected to the
column using a glued nut; thus no holes were drilldll data were recorded
automatically. Figure 5.11 shows the test layoutl &ngure 5.12 shows the roller

fixture.
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(a) Layout of compression test, as designed. (By\Gf test layout, as built.

(c) Position of DWTs.

Figure 5.11 — Column compression test.
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(a) Schematic representation. (b) View of extrematybuilt.

Figure 5.12— Roller detail.

The geometry of the rollers affects the column ingdind end conditions. Due
to the presence of the roller, when the columneasl! laterally, the line of action of the
compressive forc® shifts, which causes a small restoring eccengri@as shown in
Figure 5.13. This condition is similar to the comgsion of bars with rounded ends and
is accounted for by means of an appropriately ctetkeffective length coefficienks,
obtained from the following (TIMOSHENKO and GERE6IL):

P
2K

tanL :-L
2R

o (5.2)

e e

in whichL is the column length, including the end beariraggs; andR is radius of the
roller.
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Figure 5.13— Effect of rounded supports over colurehavior.

Table 5.4 presents the resulting effective lengtafficients,Ke, for increasing
values ofL/2R. As L/2R approaches K. tends to 0.5 (perfect fixed end conditions)
and, for large values of L/2K, tends to 1.0 (perfect pinned end conditions). Tihes
effective K-factor is reduced for shorter columnghe same test set-up. This effect is

accounted for in the test results presented irfidlh@ving sections.

Table 5.4 — Effective length coefficierifg based on the ratio/2R.

L/2R 0 1 2 4 6 8
Ke 0.50 0.561 0.639 0.769 0.838 0.877
L/2R 10 20 30 40 50 1000
Ke 0.901 0.950 0.967 0.975 0.980 0.99¢

5.7. Experimental Results

Table 5.5 provides the theoretical material comgvesstrengthsk, ., and the
theoretical local buckling critical stresség, , for each section tested. The five cross
sections represent compact, intermediate and slesedtons based on the classification
previously described. Since sections havbig < 13 were tested, transverse shear
effects may be important (BARBERO, 2011). In th&ése, the local buckling critical

stress was determined according to Kaial. (2009):
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pb_= +(G, +G,,)> 5.3

+(G, +Gy,)
in which b andt are the plate width and thickness, respectivily;D1; + 2(D12 + 2Dgg)

+ Dy, is the plate flexural stiffness assuming thattia-wave length is approximately
equal to the plate width3, z and Gz are the longitudinal and transverse out-of-plane
shear moduli, assumed to be equal to the in-plamears modulus,G.r. For
longitudinally reinforced orthotropic plates, thalfrwave length is a little longer than
the plate width, which results in a different exgzien forD. However, for the range of
material properties considered in this study, tlier@nce resulting from the previous

definition is less than 3%.

Table 5.5 — Classification of cross sections tested

. FLc (MPa) Fo (MPa) D Classification
Sections Table 5.2 Eq. 53 Eq. 4.1 :
25.4x3.2 220 547 0.64 Compact
50.8x3.2 240 118 1.43 Slender
76.2x6.4 330 365 0.95 Intermediate
88.9x6.4 320 253 1.12 Intermediate

101.6x6.4 300 191 1.26 Intermediate

Complete column test reports are presented in Agigeh Table 5.6 provides a
summary of the 74 tests conducted. Experimentatali(F.,) and ultimate stresseB,|
are presented, as well as the theoretical predictay a perfect columnFggr),
determined according to Eq. 3.7. For the theorepeadiction ofF¢qr, the effective
lengths were considered as the specimen length thlesend plates thicknesses,
multiplied by the effective length factdf, calculated to take into account the restoring
eccentricity caused by the roller geometry, as rilesd by Eq. 5.2. The Southwell
Method (SOUTHWELL, 1932), in which the critical ess is determined as the slope of
the versus / . curve (the so-called Southwell plot wherés the lateral deflection at
midheight and . is the applied compressive stress) was used trotite experimental
critical loads. Examples of Southwell plots arevided in the following sections. Low-
load non-linearities of Southwell plots (SPENCERdaWALKER, 1975) were
observed, especially for shorter columns. In suades, the initial points were rejected
and only the linear portion of the plot was consedefor straight line fitting. For short
columns, Southwell plots were also used to verdgal buckling, as proposed by
TOMBLIN and BARBERO (1994). Table 5.6 presents thidure modes observed for
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each test and references to subsequent photos rghothiese. The following

abbreviations are used to describe the failure siode

CE: crushing at column end,;

CM: crushing at column midheight;

GB-CE: global buckling followed by crushing at colo end;

GB-CM: global buckling followed by crushing at cala midheight;
GB-L/50: global buckling with large lateral defleat ( >L/50);

LB-CE: local buckling followed by crushing at colanend,;

LB-CM: local buckling followed by crushing at colummidheight;

CB-CE: coupled buckling followed by crushing atwoin end;

CB-CM: coupled buckling followed by crushing at ewin midheight.

When the tests were stopped based on midheighdatiefhs exceeding>L/50,

the true ultimate streds, was not achieved. This value may be greater tharfibhal

stress achieved; 50, but less than the critical streBs. These cases are indicated in

Table 5.6 (GB-L/50) and the value Bf/s is reported in these cases. This value is

necessarily a lower bound fB.

Table 5.6— Summary of compression tests.

N—r

| 7a)

Theoretical Experimental

L(mm) Ke Ferg.r (MPa) c Fo (MPa) | Fy (MPa) Failure Mode
1 Southwell
W | Eq.5.2| Eq.3.7 | Eq.4.2 olot - -

25.4x3.2 tubes

218 0.889 365 0.78 - 220 CE (Fig. 5.18K
225 0.889 347 0.80 345 203 GB-CE
228 0.889 339 0.81 354 216 GB-CM

251 a| 0.902 284 0.89 275 170 GB-CM (Fig. 5.1

251b| 0.902 284 0.89 304 197 GB-CE
270 0.908 248 0.95 240 189 GB-CM
277 0.908 238 0.97 257 196 GB-CE
278 0.908 236 0.97 240 181 GB-CM
290 0.914 218 1.01 233 176 GB-CM
298 0.914 208 1.04 224 179 GB-L/50
330 0.921 172 1.14 189 181 GB-L/50
350 0.927 153 1.21 145 136 GB-L/50
400 0.936 118 1.38 109 96 GB-L/50
441 0.943 98 1.51 90 84 GB-L/50
470 0.946 86 1.61 82 64 GB-L/50
489 0.949 80 1.68 74 61 GB-L/50
520 0.951 71 1.78 67 56 GB-L/50
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Theoretical

Experimental

L(mm) Ke Ferg.r (MPa) c Fo (MPa) | Fy (MPa) Failure Mode
® | Eq.52| Eq.3.7 | Eq.42 So‘;}g‘t"’e" : :
589 0.956 55 2.01 52 43 GB-L/50
679 0.962 42 2.32 46 40 GB-L/50 (Fig. 5.17b)
50.8x3.2 tubes
304 0.914 706 0.41 - 119 LB-CM
306 0.914 700 0.41 - 119 LB-CM
342 0.927 582 0.45 - 107 LB-CM (Fig. 5.20a)
344 0.927 577 0.45 - 109 LB-CM
380 0.933 492 0.49 - 109 LB-CM
596 0.956 228 0.72 - 109 LB-CM (Fig. 5.21)
597 0.956 228 0.72 - 106 LB-CM
818 0.970 127 0.96 131 92 CB-CM (Fig. 5.20b)
874 0.972 113 1.02 129 81 CB-CM
876 0.972 112 1.03 124 105 CB-CM
901 0.972 106 1.05 119 96 CB-CM
960 0.974 94 1.12 90 78 GB-L/50
1206 0.980 61 1.39 58 58 GB-L/50 (Fig. 5.20c)
1749 0.981 30 2.00 27 25 GB-L/50
76.2x6.4 tubes
390 0.839 1226 0.52 - 235 CE
548 0.877 710 0.68 - 259 CE
644 0.882 551 0.78 - 199 CE (Fig. 5.24a)
688 0.887 493 0.82 - 218 CE
768 0.892 409 0.90 382 259 GB-CE (Fig. 5.24b)
813 0.892 373 0.94 368 250 GB-CE (Fig. 5.23a)
914 0.889 309 1.04 275 185 GB-CE
994 0.902 261 1.13 293 239 GB-CE
1089 0.908 220 1.23 210 162 GB-L/50
1340 0.921 148 1.50 139 113 GB-L/50
1354 0.927 144 1.52 147 133 GB-L/50
1414 0.927 133 1.58 133 109 GB-L/50
1513 0.933 116 1.70 111 96 GB-L/50
1778 0.943 84 1.99 83 68 GB-L/50 (Fig. 5.23b)
88.9x6.4 tubes
405 0.839 1405 0.42 - 168 LB-CM
430 0.839 1298 0.44 - 208 LB-CM (Fig. 5.2]7a)
582 0.882 795 0.56 - 210 CB-CM
711 0.887 585 0.66 - 212 CB-CM
876 0.889 420 0.78 368 193 CB-CM
1011 0.902 325 0.88 197 177 LB-CM
1025 0.902 317 0.89 284 185 CB-CM
1117 0.908 271 0.97 273 181 CB-CM
CB-CM (Fig.
1225 0.914 229 1.05 208 166 5.27b/5.28)
1413 0.927 174 1.21] 163 156 GB-L/50
1544 0.933 146 1.32 137 140 GB-L/50
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Theoretical Experimental
L(mm) Ke Ferg.r (MPa) c Fo (MPa) | Fy (MPa) Failure Mode
® | Eq.52| Eq.3.7 | Eq.42 So;}g‘t"’e” : :
1876 | 0.946 100 1.59 93 90 GB-L/50
2070 | 0.951 82 1.76 76 79 GB-L/50 (Fig. 5.27¢)
2179 | 0.953 74 1.85 70 71 GB-L/50
101.6x6.4 tubes
378 0.839 1710 0.33 - 162 LB-CM
428 0.839 1459 0.36 - 175 LB-CM
582 0.882 903 0.46 - 164 LB-CM (Fig. 5.30a)
833 0.892 525 0.60 - 167 LB-CM
875 0.889 489 0.62 - 163 LB-CM
1236 | 0.914 267 0.85 - 161 LB-CM
CB-CM (Fig.
1394 | 0.927 212 0.95 181 150 5.300/5.31)
1544 | 0.933 175 1.04 140 140 CB-CM
1635 | 0.936 157 1.10 149 120 CB-CM
1802 | 0.943 130 1.21] 112 94 GB-L/50
1994 | 0.949 107 1.34 93 81 GB-L/50
2040 | 0.949 102 1.37 83 83 GB-L/50
2247 | 0.953 85 1.50 74 68 GB-L/50 (Fig. 5.30c)

" The column lengths include the steel bearing plai® mm is added for 25.4 and 50.8x3.2 tubes; 76

mm is added for the remaining tube sections.

A summary of all experimental results are presegteghhically in Figures 5.14
and 5.15, which show the relative critical and mite stresses (normalized by the
perfect plate strengtlrpp, i.e., the minimum ofF . and F,, given in Table 5.5),
respectively, plotted against column slendernggqgiven by Equation 4.2). The error
bars in Figure 5.15 represent the ‘distance’ betw&e,o andF., for the columns that
exhibited large lateral deflections (true failuteess lies between these values). Eq.
4.35, proposed in the present study, is also ploite Figure 5.15 for specific
parameters, along with other equations proposelderature. It can be seen that the
proposed Eq. 4.35 captures the experimental daii@ qgell, while the equations

proposed in the literature are unconservative iny1tases.
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Figure 5.14 — Experimental normalized critical st&s plotted against the
relative column slenderness
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Figure 5.15 — Experimental normalized ultimatesstes . plotted against the

relative column slenderness

A ‘map’ of failure modes and experimental reductitattors according to

column and plate slenderness is shown in Figuré.58ks expected, intermediate

columns with intermediate plates experienced theatgist reduction of capacity with

respect to the perfect condition, i.e., the lowestuction factor .. It can also be

concluded that local buckling was noticed for sertiwith , > 1.0 and global buckling
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with large displacements for, > 1.0. Short columns experienced either crushing o
local buckling and intermediate columns generalkhileited interaction between
individual failure modes. The following sectionsopide a discussion of the tests of

each section size.

2.0
A Crushing atend
=0.5100.6 | aGlobal buckling with crushing at end
§ : 8? :g 8273 ¢ Global buckling with crushing at midheight
%:; - 081009 | ©Global buckingwith >L/50
g =0.91t0 1.0 | ®Localbucklingwith crushing at midheight
1.5 - § = Coupled buckling with crushing at midheight
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Figure 5.16 — Map of failure modes and column réidadactors according to

column and plate slenderness.
5.7.1. 25.4x3.2 Tubes

25.4x3.2 mm columns with relative slenderness rap@iom .= 0.78 to 2.32
were tested. Column lateral deflection was obsefoedll, except the shortest column
( ¢ = 0.78), which failed by crushing at the colummdeolumns with . 1.04
exhibited large lateral deflections ¥ L/50) and columns with 0.8 . < 1.04 failed
by crushing either close to the mid height or a&irttends prior to exhibiting large

deflections. Figure 5.17 shows views from testsirtermediate and long 25.4x3.2
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columns and Figure 5.18 shows crushing failure raodbserved in intermediate
columns. Figure 5.19 shows the representativessttesus lateral deflection curves and
corresponding Southwell Plots for the two columimsven in Figure 5.17 having critical

stresses, determined as the slope of the Soutlplal, of 275 MPa and 46 MPa,
respectively.

(a) intermediate column = 0.89). (b) long column { = 2.32).
Figure 5.17 — Views from tests of 25.4x3.2 columns.

(a) crushing at mid-height{= 0.89) b) crushing at column end € 0.78)
Figure 5.18 —Failure modes observed for short atetrediate 25.4x3.2

columns.
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Figure 5.19— Representative stress vs. lateratéckedh and Southwell Plots for

25.4x3.2 columns.

5.7.2. 50.8x3.2 Tubes

50.8x3.2 columns with relative slenderness ran@jiogn . = 0.41 to 2.00 were
tested. Global buckling with large lateral defleas was observed for columns with
slenderness greater than= 1.12 (Figure 5.20c). Local buckling was cleaslyserved
for columns with slenderness less than= 0.72 (Figure 5.20a). Local buckling
initiation was quickly followed by development afiteof-plane deflections and a failure
mode governed by kinking at the column at mid hieihe combination of the kinking
and out-of-plane deflections resulted in eventugiture of the tube along the flange-
web junction as shown in Figure 5.21. Coupled hingkivas observed for columns with
slenderness ranging fromg = 0.93 to 1.05 (‘ripples’ associated with localckling of
the compression face of the specimen are cleaityeatin Figure 5.20b). Both local
and global buckling modes were clearly observedthadocal buckling led to rapid and

catastrophic failure.

Figure 5.22 shows representative load versus latk#lection curves and

corresponding Southwell plots for short, interméaliand long 50.8x3.2 columns. The
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Southwell plots for the intermediate columns cleahow a bilinear behavior — the
hallmark of coupled global-local buckling. The giblbehavior is affected by the loss of
stiffness resulting from the local buckling. Foethase (. = 0.96) shown in Figure
5.22d, the ‘initial’ critical buckling stress isdad to be 131 MPa. When local buckling
initiates, the slope of the / curve falls to anticipate a critical buckling stseof 77
MPa. This reduction is attributed to the loss ofmmber stiffness associated with local
buckling.

a) short (. = 0.45) b) intermediate { = 0.96) (c) long (=1.39)

Figure 5.20 — Views from tests of 50.8x3.2 colurfiosal buckling denoted with

arrows).

Figure 5.21 — Failure mode observed for short atetinediate 50.8x3.2 mm

columns (. = 0.72).
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Figure 5.22— Representative stress vs. latera¢ckgdh and Southwell Plots for

50.8x3.2 columns.

5.7.3. 76.2x6.4 Tubes

76.2x6.4 columns with relative slenderness ran@jiogn . = 0.52 to 1.99 were

tested. Column lateral deflection was observedcfumns with slenderness greater

than

deflections (>L/50). All columns having ¢

= 0.95. Columns with slenderness greater tham 1.23 exhibited large lateral

1.13 failed by crushing at their ends,

usually with significant delamination. Local bucidi was not observed. Figure 5.23

shows views from tests of intermediate and lon@x®4 columns and Figure 5.24

shows the failure modes observed. Figure 5.25 shbe/gepresentative load versus



lateral deflection curves and corresponding Soulihplets for intermediate and long

76.2x6.4 columns.

(a) intermediate column = 0.94). (b) long column { = 1.99).
Figure 5.23 — Views from tests on 76.2x6.4 columns.

(a) intermediate column = 0.78). (b) long column { = 0.90).
Figure 5.24 — Failure modes observed for shortiatedmediate 76.2x6.4

columns.
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Figure 5.25— Representative stress vs. lateratéckedh and Southwell Plots for

76.2x6.4 columns.
5.7.4. 88.9x6.4 Tubes

88.9x6.4 columns with relative slenderness ran@jiogn . = 0.42 to 1.85 were
tested. Column lateral deflection was observedcfdumns with slenderness greater
than . = 0.66. Large lateral deflections> L/50) were observed for, 1.21. Local
buckling in the shorter specimens was not easigeoled with the naked eye, however
the Southwell plots indicated the presence of lobatkling for columns with
slenderness less thag = 0.56. Kinking, followed by rupture along the rfge-web
junction was the predominant failure mode. Sinamllduckling was evident for the
shorter columns, coupled buckling was assumed dmens with slenderness ranging
from .= 0.66 to 1.05. Once again, local buckling wasatearly observed visually for
the columns and, in this case, the Southwell plicdsnot show significant bilinearity.
Nonetheless, the failure mode was governed by k@mkust as for the short columns.
Additionally, a notable difference in lateral defien along the centerline and edge of
the tube at mid-height was observed, as shownguar€i5.26. The graph of this figure

results from subtraction of mid-wall and tube edgslacements. Due to the nature of
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the test set-up, this is unlikely indicative of stvand is therefore interpreted as having

captured the relative deflection of a local buckle.

Figure 5.27 shows views from tests on short, inégtiste and long columns and
Figure 5.28 shows the typical failure mode obser¥gure 5.29 shows representative
stress versus lateral deflection curves and cooreipg Southwell plots for some

88.9x6.4 columns. A reversal of deflections is obsd in Figure 5.29a, for the wall

transverse deflections.
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Figure 5.26— Stress versus wall transverse defledtr a 88.9x6.4 column that
exhibited coupled buckling {= 0.78).

a) short (c = 0.44) b) intermediate { = 1.05) (c) long (= 1.76)
Figure 5.27 — Views from tests on 88.9x6.4 columns.
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88.9x6.4 columns.
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5.7.5. 102x6.4 Tubes

102x6.4 columns with relative slenderness rangmgf . = 0.33 to 1.50 were
tested. In general, the behavior and failure modk® very similar to the ones observed
for 88.9x6.4 columns. The only notable differenserégarding the local buckling,
which could be observed with the naked eye for sem@t specimens. These were
characterized by half-waves with very small amplé&wand length ranging from 1 to 2
times the tube width. Column lateral deflection walsserved for columns with
slenderness greater than= 0.63 and large lateral deflectionsL/50) were achieved
for . 1.21. The Southwell plots indicated the preserideaal buckling for columns

with slenderness less thay= 0.60.

Figure 5.30 shows views from tests on short, ingsliate and long columns.
Local buckling can barely be seen at Figure 5.88zure 5.31 shows the typical failure
mode observed. Figure 5.32 shows the representhiack versus lateral deflection

curves and corresponding Southwell plots for 102x®lumns.

a) short (. = 0.46) b) intermediate { = 0.95) c) long (= 1.50)

Figure 5.30 — Views from tests on 102x6.4 coluntosa] buckling denoted

with arrows).
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Figure 5.31 — Typical failure mode observed forrshaod intermediate 102x6.4

columns (. = 0.95).
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Figure 5.32— Representative stress vs lateral ctefleand Southwell Plots for

102x6.4 columns.
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5.8. Stub Column Test Results

Figures 5.33 and 5.34 present plots of the axiakstvs. local flexure-induced
strain and the corresponding Southwell plots (SOWHHLL, 1932), respectively. The
flexure-induced straing, was determined asaf g)/2, where 4 and g are the recorded
strains on both faces of the plate. Low-load noedrities of Southwell plots
(SPENCER and WALKER, 1975) were barely observeaalbuckling was visible for
all specimens, with number of observed half-waeeging from 4 to 5. In Figure 5.33,
a reversal of deflection can be observed for stBpwhich can be explained by the
proximity of the strain gage to a inflection poihbcal buckling critical stresses were

consistent with the theoretically determined valpessented in Table 5.5.

= 100 |
o
>3 80
Q 60 |
s + Stub #1 (Fcr = 124.9 MPa
& 20 ( )
= Stub #2 (Fcr = 125.2 MPa)
20
Stub #3 (Fcr = 126.3 MPa)

T T T AV T T
-4,000 -3,000 -2,000 -1,000 O 1,000 2,000 3,000 4,000 5,0000006
Flexure-induced strain (1 )

Figure 5.33 — Compressive stress vs. flexure-indst&in of stubs.
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Figure 5.34 — Southwell plots of stubs.
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In Figure 5.35, compressive stress is plotted agairial shortening. It can be
seen that buckling is followed by a plateau, whlndicative of little post buckling

reserve of strength.
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Figure 5.35 — Compressive stress vs. axial shorgeoi stubs.
5.9. Experimentally Determined Imperfection Factors

The real geometric imperfection can be determingdm®asurement using
several techniques currently available (SING&Ral, 2002, FEATHERSTONMNet al,
2008). However, this is time consuming and theltewave little practical application.
Measuring the imperfection of plates comprising BRE square tube is even more
difficult, since wall thickness varies throughobetcolumn and, therefore, there is no
correspondence between the outer surface measuseraed the initially deflected
surface. To address this problem, apparent initiglerfections defined by sinusoidal

functions proportional to the buckled shapes asem&d as described in Chapter 4.

5.9.1. Columns

The apparent imperfection of a column can be detexth by means of a
Southwell plot analysis (SOUTHWELL, 1932). By plat lateral displacement, vs.
lateral displacement / applied streds, for a pinned-pinned column with initial out-of-
straightness and eccentricity, it can be shown timatintercept of the straight line fit
corresponds to -/ + o) (TIMOSHENKO and GERE, 1961). The column
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imperfection factor . can then be obtained by multiplyingef4 + o) by A/S (Eq.
4.34). Table 5.7 summarizes maximum apparent impgoins and .-factors according
to each section considered. The largest factore wbtained for the 25.4x3.2 tubes.
This result partially reflects the unavoidable humneror inherent in positioning and
aligning the specimens being relatively similar &lr specimens, resulting in the load

eccentricity being the greatest for the smallestspen.

Table 5.7 — Maximum experimentally calculated caiumperfections and.-factors.

25.4x3.2 50.8x3.2 76.2x6.4 88.9x6.4 101.6x6|
c 0.89 1.12 1.99 0.97 1.34
(4eg/ + o) 3.30 3.15 7.33 3.86 5.40
A/IS 0.150 0.066 0.047 0.039 0.034
c 0.50 0.21 0.34 0.15 0.18
5.9.2. Plates

Imperfection of plates cannot be determined innailar fashion, because the
position of the buckled shape peak is unknacavipriori and therefore strain gages
cannot be located to capture the largest flexudegad strain. Thus, an approximate
solution is proposed, assuming that, for stub comirwith negligible overall lateral
deflection, the total axial shorteningi is equal to the sum of the shortening resulting
from axial force u, and from plate bendingu,. Using classical plate theory to
determine uy, it can be shown that:

sL w ?
+

1 Lb
Du=Du, +Dyy=—+— — dxd :
a b EL‘C 2)00 ﬂX y (53)

in whichL is the column length; ardis the tube width.

Choosing lengtt. as a multiple of the width_(= mb, mas integer) and adopting
w = o /(Fe— ) sin( x/b) sin( y/b), as previously defined in Section 4.3.2, Eq. a8
be written as:
s 2,02m
-s 8bs

Du_

g (5.4)

cr

By plotting U/ ¢ vs. [ /(Fer— )]? *mV(8b ) for a stub test, the apparent initial

imperfection can be obtained as the square rotiteo$lope of the straight line fit while
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the intercept with the u/ axis corresponds tb/E, .. Figure 5.36 presents this plot for
all three stubs tested, limited té~., < 0.95 in order to avoid capturing post-buckling
effects, which are not considered in the formutatiince u = 0 and [/(F¢ — )]*~ 0
for = 20 MPa, the absolute values ofand u shown in Figure 5.33b were used.
Neglecting the sub 20 MPa behavior and makingaagtt line fit, the greatest value of
o> obtained was 0.00079 for stub #1, correspondingarioapparent imperfection
amplitude of 0.028 mm. The, -factor can then be obtained from Eq. 4.18. For the
50.8x3.2 tubet = 2.88 mm and material properties presented ineral? and taking
FLJ/FL:=0.65, L =0.014.
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Figure 5.36 — u/ vs. [ /(Fer— )]2 *m/(8b ) for stub columns tested.
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6. Experimental Program 2: Local

Buckling of I-Sections

6.1. Literature Review

A review of the most relevant experimental campsitrat have addressed the
local buckling of pultruded GFRP sections was presg by MOTTRAM (2004Db).
Significantly, the columns adopted by most of tlited: works cannot be considered
stubs (YOON, 1993, MOTTRAM:t al, 2003, LANE and MOTTRAM, 2002), as they
are not short enough to mitigate the influence wérall lateral deflections (global
buckling). Throughout this chapter, I-section deaiipn refers to the nominal depth
flange widthby, and plate/flange thicknesg$d x b; x t) in units of mm.

The first known work performed on I-section studuoons (TOMBLIN and
BARBERO, 1994) investigated the local buckling beba of different sections
(102x102x6.4; 152x152x6.4; 152x152x9.5; 203x203x9.Gnder compression.
Specimen lengths ranged from 2 to 4 times the opredi half wave-lengths.
Acknowledging the fact that the buckling shapersvpusly unknown, the stubs were
instrumented with dial gages in different positionrder to capture the deflection at
different points. The authors remarked that defdectgrowth under constant load
following buckling might exist affecting the reped buckling loads. The experimental
critical loads, determined using the Southwell mdt{SOUTHWELL, 1932), were
compared to those theoretically determined and girman difference of 24.2% was
reported. Since the elastic properties were estichibm a micromechanical approach
rather than determined experimentally, the cori@iabetween tests and theory is not
conclusive. The critical loads for the shortestuomhs were up to 36% greater than
those of the longest.

TURVEY and ZHANG (2004, 2006) tested 102x102x6gk¢&tion stub columns
having lengths ranging from 200 to 800 mm (appratety 1 to 4 times the half wave
length). The columns were instrumented with stggiges and displacement transducers

and the critical loads were obtained from Southwkidts. The results were compared to
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those obtained using the Finite Element Method (fFEMsed on experimentally
determined material properties and assuming caoestit plates restrained against
rotation at their ends. A maximum difference of 108@s observed between
experimental results and FEM predictions. The aaitioad obtained for the shortest

column was 32% greater than that of the longest.

The differences between the critical loads for slaod long columns reported
by TOMBLIN and BARBERO (1994) and TURVEY and ZHAN@O004, 2006) are
remarkable and can be explained by the fact treptates comprising the sections are
not simply-supported at their ends because thedfraction of the force shifts as the
plate deflects laterally. This results in the boanydconditions falling between simply-
supported and clamped conditions and the bucklagesko be similarly undetermined,
as shown in Figure 6.1. This problem is similathie compression of bars with round
ends (TIMOSHENKO and GERE, 1961) described in immhatto Figure 5.13.
Additionally, columns with lengths that are notager multiples of their critical half-
wave lengths tend to have greater critical loadswéler, the longer the column, the

less important these effects are. In the preserk veosimilar effect is expected.

Figure 6.1 — Effect of end conditions on local Hirgk
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6.2. Experimental Program

Pultruded GFRP I-shaped stubs with different flangdth-to-section depth
ratios @y/d) were tested. Four sets of nine specimens weraa&t from 102x102x6.4
and 76x76x6.4 I-sections made with both polyed®&r)(and vinyl ester (VE) matrices,
for a total of 36 stubs. Flange widths of the arajiwide flange I-sections were cut
down in order to obtain flange-width-to-section-tlepatios b/d) of 1.0 (flange not
cut), 0.75 and 0.5. Dimensions of each stub werasored at various locations on each
specimen with a digital caliper and cataloged. Ager dimensions as well as the
calculated cross-sectional arefd, of each specimen are presented in Table 6.1. No
significant deviations were observed within a cresstion. All sections were provided
by the same manufacturer and flange and web plaes the same thickness and
similar fiber architecture. The experimental progravas carried out in two stages:
material characterization and stub compressiors,test described in the following

sections.
Table 6.1 — Average dimensions of the stubs tested.
L tf d tW bw A
SO | ) | O™ | ) | mm) | mm) | mm) | P | mmd)

VE1-1 400 100 6.34 101 6.31] 95.1 1.06 1830
VE1-2 400 76.4 6.31 101 6.27 95.1 0.8D 1520
VE1-3 266 48.5 6.33 101 6.25 95.0 0.5[1 1170
VE2-1 400 100 6.34 102 6.32 95.2 1.06 1830
VE2-2 400 69.2 6.35 102 6.3 95.2 0.78 1440
VE2-3 266 48.3 6.35 101 6.24 95.1 0.5[1 1170
VE3-1 400 100 6.34 101 6.31 95.1 1.06 1830
VE3-2 400 74.7 6.36 101 6.31 95.0 0.7p 1510
VES3-3 266 49.5 6.36 102 6.32 95.1 0.5p 1190
VEA4-1 305 74.8 6.33 76.3 6.4 70.( 1.0 1350
VEA4-2 305 53.4 6.34 76.4 6.41 70.1 0.76 1090
VEA4-3 152 35.4 6.35 76.3 6.43 70.0 0.5 859
VES5-1 305 74.8 6.32 76.3 6.43 70.0 1.0 1350
VE5-2 305 54.7 6.33 76.3 6.42 70.0 0.78 1100
VES5-3 152 33.7 6.33 76.2 6.42 69.9 0.48 835
VEG6-1 305 74.9 6.36 76.2 6.46 69.8 1.07 1360
VEG6-2 305 52.8 6.37 76.2 6.44 69.8 0.76 1080
VEG6-3 152 36 6.35 76.1 6.45 69.8 0.52 866
PE1-1 400 100 6.28 101 6.17 95.0 1.06 1810
PE1-2 400 74.1 6.26 101 6.23 95.0 0.78 1480
PE1-3 266 47.9 6.25 101 6.18 95.p 0.50 1150
PE2-1 400 100 6.26 101 6.2 95.0 1.06 1810
PE2-2 400 73.5 6.26 101 6.18 94.9 0.77 14770
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L ts d tw bw A
SWh |y | O™ ) | mm) | om) | mm) | PP m?)
PE2-3 266 49.5 6.25 102 6.2 95.8 0.52 1170
PE3-1 400 100 6.27 102 6.21 05.2 1.05 1810
PE3-2 400 73.4 6.27 102 6.21 95.p 0.717 14770
PE3-3 266 50.1 6.24 101 6.19 o5.p 0.53 11770
PE4-1 305 74.9 6.27 76.2 6.32 69.9 1.7 1340
PE4-2 305 54.8 6.26 76.2 6.33 69.9 0.78 1090
PE4-3 152 33.6 6.27 76.2 6.34 69.9 0.48 825
PE5-1 305 74.9 6.28 76.2 6.34 69.9 1.7 1340
PE5-2 305 53.4 6.30 76.2 6.34 69.9 0.76 1080
PE5-3 152 37.6 6.30 76.2 6.34 69.9 0.54 8717
PEG-1 305 74.9 6.29 76.2 6.36 69.9 1.07 1360
PEG-2 305 53.7 6.30 76.2 6.34 69.9 0.77 1080
PEG-3 152 34.6 6.30 76.2 6.34 69.9 0.49 839

6.3. Material Characterization

In order to obtain a good correlation between theord experiment, material
properties were obtained experimentally from a tiéthinumber of samples extracted
from the web or flange of VE and PE 102x102x6.4tieas as described in the
following paragraphs. All samples were tested titufa and no unloading test was
performed. Results (showing one standard deviatiarg given in Table 6.2.
Extrapolating from the experimentally determineduea and accounting for the
measured fiber volume ratios (Table 6.2), matepi@perties for each section were
estimated as described in Chapter 5.4 for use lirsuddsequent calculations. Fiber
content was estimated by weighing 50 mm long spewcsnof each section and
assuming fiber and resin densities according teetali. The major Poisson’s ratiqy,

was assumed to be equal to 0.32 for all sections.

110



Table 6.2 — Material properties (+ one standardaden) of stub test specimens.

Fiber Content, Vi(determined experimentally)

VE 102x6.4 VE 76x6.4 PE 102x6.4 PE 76x6.4
Flange 0.51 0.49 0.43 0.42
Web 0.56 0.55 0.49 0.47
Section 0.54 0.52 0.46 0.45
Experimentally Determined Mechanical Properties
F. (MPa) 429 + 72 277 + 30
E. (MPa) 25,600 + 4600 25,700 £ 2400
E (MPa) 21,900 + 1300 19,500 + 100
Er~Er (MPa) 12,200 = 800 9430 + 830
Gi.t (MPa) 4720 £ 120 4080 + 20
Calculated Mechanical Properties (Representative foSection)
F. (MPa) 453 438 294 289
EL(MPa) 27,100 26,100 27,300 26,800
E.(MPa) 23,100 22,300 20,700 20,300
Er~Er (MPa) 11,800 11,200 8760 8560
Gt (MPa) 4550 4290 3810 3630

6.3.1. Longitudinal compressiorE( . andF, ()

Longitudinal compressive modulus and stren@ih, and F;, were determined

from tests on sets of three 12.7 mm wide x 6.4 mrm $0.8 mm tall coupons extracted

from the flanges of both VE and PE sections. Thgoas were instrumented with one

electrical resistance strain gage and tested icerdnc compression at a rate of 0.10

mm/min until failure. The test set-up and axiaéss-strain curves are shown in Figures

6.2 and 6.3, respectively. The initial modulus ¢@mmous line in graph) was determined

from regression through axial stress values ranfyorg 0 to 20% of the failure stress.

Figure 6.2 — Compression test adopted for detetmmaf longitudinal

compressive modulus (specimen is 12.7 mm wideigithage).
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Figure 6.3 — Axial stress versus strain curvesinbthfrom longitudinal compression

tests.

6.3.2. Transverse tensioie ;)

Transverse tension moduluSy;, was determined from tensile tests on sets of

112

three untabbed 12.7 mm wide x 6.4 mth X 88.9 mm long transverse coupons
extracted from webs of both VE and PE sections.pBos were tested with a free
length of approximately 50.8 mm. The coupons wastrumented with one electrical
resistance strain gage and tested in tensionaeaf 0.10 mm/min until failure. Due to
the untabbed short grip lengths, failure at thesemds observed in some cases; this is

not a major concern since the aim of the test washtain the initial modulus of



elasticity. The test set-up and axial stress-stames are shown in Figures 6.4 and 6.5,
respectively. The initial modulus (continuous lie graph) was determined from
regression through axial stress values ranging dm20% of the failure stress.

Figure 6.4 — Tension test adopted for determinatifaimansverse tensile

modulus (6.4 mm is thickness; strain gage is latate12.7 mm breadth).
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Figure 6.5— Axial stress versus strain curves abthfrom transverse tension tests.

6.3.3. 45 degree off-axis tensiofs(r)

Shear modulusG, 1, was determined from 45 degree off-axis tens#ésten sets
of three untabbed 12.7 mm wide x 6.4 mthX 119 mm long transverse coupons
extracted from webs of both VE and PE sectionssé&lveere tested with a gage length
of approximately 81.3 mm. The coupons were instntew with two orthogonally-
oriented electrical resistance strain gages, onientad parallel () and one
perpendicular () to the axis of loading (thus oriented £4ith respect to the
pultrusion direction). Coupons were tested in @msat a rate of 0.10 mm/min until
failure. Failure at the ends due to the untabbextdrip lengths were observed, but
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once again, this is not a concern since only th@irshear modulus was of interest. The
test set-up and shear stress-strain curves arensimokigures 6.6 and 6.7, respectively.
The initial modulus (continuous line in graph) waetermined from regression through
shear stresses ranging from 0 to 20% of the faitress. The shear modulus was
obtained as follows (ROSEN, 1972):

(6.1)

in which 1 and |t are the shear stress and strain in the longitudimeaction (i.e.:
parallel to the pultrusion direction)y is the applied tensile stress; apdind y are the
measured strains in the directions parallel angeaticular to the applied tension
force, respectively. The influence of the coupod eanditions was evaluated according
to ADAMS et al. (2002) and it was concluded that, for the freggteradopted and

range of material properties studied, coupon efettf can be neglected.

Figure 6.6 — 45 degree tension test adopted faraation of in-plane shear

modulus (6.4 mm is thickness; strain gage is latate12.7 mm breadth).
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Figure 6.7— Shear stress versus strain curvesngatdiom 45 degree tension tests.

6.3.4. Longitudinal plate bendind= )

The longitudinal plate bending modulus,, was determined from three-point
bending tests of 44.5 wide x 6.4 mt) deep x 254 mm long longitudinally-oriented
coupons tested over a 203 mm simple spafkigure 6.8). Sets of three coupons were
extracted from flanges of both VE and PE sectidvigl-span deflections,, were
measured with a dial gage (0.025 mm precision) laads were obtained from the
universal testing machine. Load,were recorded every 1.27 mm of deflection End
was obtained as the slope of the straight lindfdiitP vs. 4 bt¥/L®, whereb is the
specimen width. Experimental results are showngure 6.9.
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Figure 6.8 — 3-point bending test adopted for datetion of longitudinal flexural modulus.
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Figure 6.9-P versus 4bt¥/L® curves obtained from three point bending tests.
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6.4. Stub Column Tests

Thirty six stub column tests were performed in ortdeobtain the local buckling
critical stresses of GFRP I-shaped sections. Sineesxact buckling shapes were not
known a priori (TOMBLIN and BARBERO, 1994), the stub lengthis, (Table 6.1)
were arbitrarily chosen in order to accommodater 23 dhalf-wave lengths, but not
necessarily integer multiples of the critical ldmg{Eqg. 3.35). Preliminary calculations
showed that the lengths adopted resulted in relaienderness (VANEVENHOVEBt
al., 2010) lower than 0.5 and therefore, negligibkeraction between local and global
buckling was expected.

Stubs withby/d = 1.0 and 0.75 were instrumented with two eleatrresistance
strain gages positioned on both faces of the fladge at a height coinciding with the
peak of the idealized buckled shape. For stubs iyith= 0.5, the strain gages were
located on the web, since the flanges are veryomariThe stubs were tested under
concentric compression in a 600 kN-capacity sendrdwlic universal testing machine
under displacement control at a rate of 0.10 mm/rRigure 6.9 shows views from

different test set-ups.

a)b/d=0.99; L=400 mm  b) b/d=0.73; L=400 mm  c) b/d=0.48; L=266 mm
(VE3-1) (PE3-2) (VE2-3)

Figure 6.9 - Representative stub tests with diffeset-ups.
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6.5. Stub Test Results

Figures 6.10 and 6.11 present plots of the stresfowal flexure-induced strain
for stub columns extracted from 102x102x6.4 and7B&%.4 sections, respectively. The
flexure-induced strain,, is determined as A— g)/2, where A and g are the recorded
strains on either face of the plate. The local bingkcritical stressesk, shown in
Table 6.3, were obtained experimentally as the eslopf Southwell Plots
(SOUTHWELL, 1932) of flexure-induced strain vs.Xilge-induced strain/stress, i.e.,
same procedure adopted for square tube stub colysewiion 5.8). Some of the
Southwell plots were compared to Lundquist plotsUNIDQUIST, 1938) -
recommended for plate buckling — and negligibldéedénces were observed. Buckling
coefficients,k, are also reported. These were obtained by digidive experimental
critical stresses by?E, #[12(1- .t 10)](t/bw)? in whicht is the average thickness. In
agreement with the graphs shown in Figures 6.106alitl more pronounced transverse
deflections were typically observed for stubs ested from 102x102x6.4 withy/d =
1.0 (see Fig. 6.9a). Deflections were much lessiquoced for stubs extracted from
76x76x6.4 withb/d = 0.5 (see Fig. 6.9c) in which the values of Idmatkling critical
stress and material compressive strength are clésading to failure before large
deflections developed. Strain reversal was notesbme cases (Figs 6.10 and 6.11) as a

result of the proximity of the strain gages to @iheiction point of the buckled shape.

Table 6.3- Summary of stub test results.

FCr FU FCr FU
Stub MPa) | K| (vpay | Stub wMPa) | K| (mPa)
VEI-1| 1.06 | 170 | 192| 171 PEIL 106 147 202 _ 161
VE1-2 | 080 | 219 | 249| 226] PEIR 078 200 2.4 201
VE1-3| 051 | 294 | 334| 301| PEIB 050 274 319 247
VE2-1| 1.06 | 166 | 1.87| 167| PE2M 106 147  2.01 153
VE2-2 | 0.73 | 243 | 2.74| 249 PE2D 077 210 289 214
VE2-3| 051 | 289 | 329| 291 PE2B 050 274 380 281
VE3-1| 1.06 | 172 | 1.94| 174| PE3L 106 140  2.04 155
VE3-2 | 079 | 234 | 262| 229] PE3R 077 194 267 198
VE3-3| 052 | 313 | 352| 312| PE3B 058 270 315 277
VE4-1| 107 | 286 | 180| 280 PE4L 107 236 113 221
VE42 | 076 | 358 | 225| 365 PE4AD 078 286  2.09 255
VE4-3| 051 | 475 | 294| 415| PE4B 048 408 297 319
VE5-1| 1.07 | 279 | 1.75| 278 PESM 107 227 165 217
VE52 | 0.78 | 410 | 256 396| PE5D 076 481 348 277
VE5-3| 048 | 385 | 239| 420] PE5B  05# 40P 291 348
VE6-1| 107 | 246 | 152| 248| PE6L 107 217 158 214
VE6-2 | 0.76 | 364 | 225| 345| PE6R 077 275 199 201
VE6-3| 052 | 393 | 242| 401| PE6B 049 445 322 335
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Figure 6.10 - Compressive stress vs. flexure-indwsteain of stubs extracted from VE

and PE 102x102x6.4 sections.
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Ultimate stresses were, in general, lower thanldbal buckling critical stress.
This is expected due to the presence of wall inguidns, as explained in Chapter 4.
More pronounced difference between both stressasolvaerved for sections with~
0.5, where the critical stress is nearer the mateampressive strength. In a few cases,
the ultimate stress was greater than the criticaks, which can be attributed to some
post-buckling reserve of strength. Ultimate failtmedes were typically characterized
by a combination of web transverse and junctiongioidinal cracks, followed by
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severe delamination, as shown in Figure 6.12. Eh&@milar to the mode observed by
TURVEY and ZHANG (2008).

Figure 6.12 — Typical failure mode observed foettgons stub columns.

In Figure 6.13, the experimentally determined bungkicoefficients,k (Table
6.3), are plotted against the ratlw/b,. The buckling coefficients obtained for the
simply-supported flange-to-web junction conditidbgé. 3.15 and 3.16) and from the
equation proposed in this work (Eq. 3.36), cala@datsing the average properties of PE
and VE, are also plotted in Figs. 6.13a and 6.¥8bpectively. As expected, the
experimental results are usually greater than tlopgsed expression, which can be
explained by the influence of length and boundanyditions (see discussion associated
with Figure 6.1) and by the increased restrairfiftn&ss due to the presence of fillets at
the flange-to-web junction. On average, the expemnital buckling coefficients were
19.7% greater thaR;, calculated from Eq. 3.36. Two exceptions were plexe for
columns havingby/b, ~ 0.5 (VE5-3 and VEG6-3, shown in Fig. 6.13a). Huss
explanations for these exceptions are: i) inacguraic Southwell plots due to the
occurrence of the instrumented section crushingrgo transverse deflection growth
stabilization (resulting from the inability to |ldeathe strain gage at the peak ofaan
priori unknown buckled shape); ii) reduction in the eétaptoperties due to the applied
stresses having the same order of magnitude agrtighing stress; or iii) critical

stresses may be affected by transverse shear waishbeen shown to be important
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whenb/t < 13 (BARBERO, 2011). In one case (PE5-2 shownign .13b), the critical
load was much greater than the lower bound (Ed)3wghich is explained by the lack
of a buckling plateau in this case (i.e., deflettgyowth stabilization did not occur and

resulting in an accurate Southwell plot not beiogieved.)
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Figure 6.13 — Experimental and theoretical bucktogfficientsk vs. bi/by,.

Due to difference in the material properties of &l VE specimens, buckling
coefficients up to 7% greater were expected fors€Etions. This expected difference is
very small (falling within one standard deviatiohresults) and was not be observable

in the present study.
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6.6. Validation of Approach to Capacity Prediction Propcsed in
Chapter 3

In order to validate the approach proposed inwosk, the ratios of predicted-
to-experimental critical stresseB¢{Fcrexy gathered from literature (TOMBLIN and
BARBERO, 1994, TURVEY and ZHANG, 2004) and from tpeesent study are
presented in Figure 6.14. Predicted capacitiesbased on the simplified Equations
3.17 and 3.18 which assume simply-supported junstioetween the web and flange
plates, and the approach proposed in the preserit widizing Eq. 3.29 withk= K,
defined by Eqg. 3.36. The proposed equations inglicaetter correlation with
experimental results having an average r&i@dFc e = 0.86 £ 0.11 (one standard
deviation), whereas the use of Eqs. 3.17 and 348sl to an average of 0.53 + 0.16.
Previous studies have only considered ‘wide flar(§f¢F) I-sections (i.e.: those having
b/d 1 as pultruded). Considering only such WF shapks, daverage ratios of
predicted-to-experimental critical stresses catewlaising Equations 3.17 and 3.18, fall
to Fer/Ferex= 0.48 £ 0.15, while the ratio based on Equatior2® &nd 3.36 remains
unchanged. Thus it is demonstrated that considesimy simply-supported junctions
between web and flange plates, while simple, resnlunderestimation of the buckling
capacity of pultruded I-section by approximatelyfagtor of two. Additionally, the
degree of underestimation increases as the flalegelernes$y/d increases, i.e., Egs.
3.17 and 3.18 are more conservative. These fakenttogether, have an implication
for the ‘calibration’ of building code material isgnce factors (so called factors).
Using Equations 3.15 and 3.16, reliability calibbas will result in relatively high
factors which a) misrepresent the material relighiand b) may be appropriate for only
WF shapes. Calibrations using Equations 3.29 ar®b 3will result in more

‘representative’ and uniformly applicablefactors.
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7. Conclusions

In this study, the performance and strength ofrpdéd GFRP members subject
to short term concentric compression in room tepee environments was addressed.
Extensive literature review was presented throughiwe work and gaps in the
knowledge were identified. In order to fill in tleegaps, experimental programs were
conducted and simple, novel and effective desigddlimes were developed. The next
paragraphs present conclusions, final considerataond recommendations for future

works for each chapter.

In Chapter 2, characteristics and particularitids poltruded GFRP were
presented, along with an extensive review of theegrental and theoretical
determination of elastic properties. It was showat turrent ASTM standard tests for
characterization of pultruded GFRP sections are abtays practical due to
requirements for special apparatus or required @oufpmensions being too large to be
accommodated by pultruded shapes. The latter iscesdly true for transverse material
properties which are often simply neglected inst fgogram. A brief review of non-
standard methods was presented and all, save petti@imoshenko Beam test, lead
to good estimates of material properties. The psafgomade in Chapter 2, such as the
transverse bending test developed in this work described in Chapter 5, should
encourage other authors to develop and report novghods, instead of estimating
properties based on ‘experience’; thus enrichingeermental investigations. The
effectiveness of such methods should be confirnyedptical techniques such as digital

image correlation and/or by numerical analyzes.

For theoretical determination of elastic propertidsee method presented by
DAVALOS et al. (1996) is able to account for the combination oidurectional and
randomly distributed fiber layers, but it requieta (such as material characterization
and layer thickness) for each layer to be knowohdiata is often not readily available.
In addition, this rigorous method does not resulaiclosed-form solution and must be
adjusted for each situation. Recognizing thesecdities, simple empirical closed-form

equations obtained from regression of experimentégllts were proposed. These
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equations are suitable for initial design and dinegtion of unknown properties in
existing pultrusions. Nonetheless, more tests mhest conducted, especially for
transverse properties. To establish good correlgtidiber volume ratios and the

number of roving layers must be reported.

In Chapter 3, the behavior of a perfect column addressed. The failure modes
of crushing, global buckling and local buckling wediscussed and design equations
were developed and presented. For theoretical rdatation of longitudinal
compressive strength, the method presented by BARBE al. (1999a) seems suitable
for pultruded GFRP members although it also reguitata for each layer to be known
and does not result in a closed-form solution. Agai closed-form equation obtained
from regression of experimental results was progpodde equation is suitable for
initial design, but more tests must be conducted niaterial supplied by different

manufacturers in order to obtain a reliable equevialid for typical sections.

For global buckling, equations for typical bucklimgodes were presented.
Emphasis was given to the flexural mode for whietplane shear may significantly
affect the critical stresses for short to internaéglicolumns. For local buckling, an
extensive review of existing methods was made aeddevelopment of equations to
determine the local buckling critical stress ofitgb pultruded GFRP sections (angles,
I-shapes, channels and rectangular tubes) wasnpeelsel'he expressions were derived
using the Rayleigh energy method assuming apprdrimieflected shapes that account
for both end conditions and continuity at plateersections and allow for different
section geometriesb{b, and b,/t) and orthotropic material propertiek, ¢/Er and
EL#/G.7). A summary of the resulting equations, their eod applicability in terms of
bi/by,, and the observed relative differences of the wariealues of the derived critical
buckling coefficient,k;;, from those obtained using finite strip method (FSWhs
presented in Table 3.6. The observed differencésdam the proposed equations and
those promulgated in current standards and gueehmere also shown.The following

conclusions were drawn from the local buckling gtud

a. the proposed critical buckling coefficienkg;, applied in Eq.3.29 represent a
more realistic and accurate representation of Idealkling behavior of
pultruded GFRP shapes than those presently adaptegdroposed in current
standards and guidelines;
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b. from the perspective of design, the conventiongbregch of assuming
simply supported conditions at all plate interfa@es: Eqs.3.15 and 3.16) is
shown to be very conservative in all cases althotigh degree of
conservativeness varies with the section shapel¢Tab). While safe for
design, this leads to inefficient material use gptil variation of reliability
assumed in design, and does not reflect the fundt@ankinematics of the
local buckling problem;

c. the approach adopted for determining value&.pfs very simple although
the results are highly dependent on the qualitythef assumed deflected
shape. With the exception of the double-sinusoidpproximation for
rectangular tubes (Egs. 3.25 and 3.26), all funstiadopted led to good
agreement within the range of typically availabloss sections, with
observed differences from FSM-calculated solutiohkess than 10% in all
cases (Table 3.6);

d. the poor agreement obtained for approximate funstifor box sections
derived using the double-sinusoidal functions (E3J85 and 3.26) is related
to the fact that the double-sinusoidal functionsnd represent the change
of curvature that characterizes the deflected sludpegider walls asu/by
decreases, resulting in more significant rotatiomskraint imposed by the
narrower walls;

e. The approach used to generate the proposed fusctiam be extended to
other shapes and sections with non-uniform thicknemd material
properties. This approach can also be applied &uate local buckling of
sections subject to flexure, as well as distortidneckling modes for cross-

section shapes other than those studied.

In Chapter 4, the behavior of a real column congarief imperfect thin-walled
plates was addressed. In addition to the well-knoalamn slenderness referred to in
GFRP column studies, a plate slenderness parameteanalogous to a similar
definition used for cold-formed steel sections, wdasduced (Eq. 4.1). A classification
of sections was proposed in which component plates compact (  0.70),
intermediate (0.70 <, < 1.30) or slender § 1.30). Finally, the factors affecting the
strength were described and a design equationofopressive strength of columns was

developed and presented. The equation is a funofiaolumn and wall slenderness,
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(Eq. 4.2) and , (Eq. 4.1), respectively, as well as column andl waperfections,
(Eq. 4.34) and . (Eq. 4.18), respectively. The approach presentecChapter 4
focused on sections comprised of simply supportedisw such as square tubes.
However, it can be extended for other shapes andasistrength equations (Eq. 4.35)
can be obtained, having different imperfection dest e.g. different column strength
curves could be proposed. Analysis of Equation 4B&wed that the reduction of
capacity is a function of both plate and colummd&rness, with the greatest reduction
of capacity occurring forc = , = 1.0; a column of intermediate slenderness cosegri

of intermediate plates.

In Chapter 5, experimental studies were carried@utvestigate the behavior of
square GFRP tube columns having varying globalsmation slenderness ratios subject
to concentric compressive load. Additionally simpiethods to determine the column
and plate apparent initial imperfections were pmése In order to obtain an accurate
correlation between theory and experiment, the sesegtion geometries were
measured, the most important material propertiag wbtained from specific tests, the
theoretical critical loads were obtained by expssthat include the effects of shear,
and the effective length factdke, was adjusted according to the geometry of the tes

fixtures used. The following conclusions are drawn:

a. it was shown that the proposed column curve (E@5).represents
adequately a lower bound for the compressive stiend GFRP tubes.
However, additional column and stub tests mustdreied out in order to
determine reliable and representative imperfectamtors that can be used
for design purposes;

b. short and intermediate columns exhibited a sigaificeduction of capacity
with respect to the perfect column analogue (FigbuE5). The greatest
reduction in capacity ¢ = 0.60) was observed for intermediate 76.2x6.4
tubes (p, = 0.94) of intermediate length¢(= 0.78 and . = 1.04). This
reduction is indicative of an interaction betweemsbing, local buckling and
global buckling, as the predicted loads correspoyndo each failure mode
are similar. Considerable reduction was also oleskrfor short columns
resulting from first order bending moments causgdnitial eccentricities
and the inability of the brittle GFRP material tffeetively redistribute

stress.
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c. Eq. 4.35 was plotted in Figure 5.15 for the case.af 0.34 (maximum for
76.2x6.4 tubes) and, = 0.92 (obtained from Eq. 4.25 fop = 0.94 and
experimentally determined,, = 0.015), along with experimental data and
strength equations proposed by other authors. ht lba seen that the
proposed equation captures the experimental daite qeell, while the
equations proposed in the literature are unconteevan many cases. The
proposed equation, developed for a strength asiterilid not capture data
for long columns particularly well. This is explanh by the fact that testing
of columns exhibiting large lateral deflections wstopped at a lateral
deflection of L/50 and therefore, the columns did not experierioar t
ultimate failure. Using the same assumptions argindlar approach, an
equation can be calibrated for this or any latdedlection criterion.

d. the majority of previous studies have focused oshdped columns
comprised of slender plates; these are not agariéind do not present the
greatest reductions in theoretical capacity. Thuss recommended that
additional tests be carried out focusing on tuba@dumn sections with both

column and plate slendernessesand ,, classified as intermediate.

Reported in Chapter 6, an experimental investigattd the compressive
behavior of I-shaped GFRP stub columns having mdiffecross sectiongy(d andbx/t)
and material propertie€E(/Er and E_/G.1) was carried out to validate the proposed
equation 3.36. Finally, sample calculations werespnted and compared with
numerical and experimental data extracted from labks literature. The following

conclusions are drawn from the study:

a. based on material characterization, extensional #exural moduli of
elasticity in the longitudinal direction may varfgatiosk, {/E, . of 0.85, for
vinyl ester (VE), and 0.76, for polyester (PE) GFRMruded sections were
observed. Since local buckling is a phenomenoneaeléo plate bending,
flexural moduli must be used.

b. Equation 3.36 was developed for an infinitely lopigte that is able to
accommodate the critical half-wave length. The @negxperimental study
as well as the results of others (TOMBLIN and BARBE, 1994, TURVEY
and ZHANG, 2004, 2006) reported greater criticald® for short columns,
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which is attributed to the influence of specimemgih and boundary
conditions.

c. Vinyl ester (VE) sections exhibited slightly highelastic properties than
polyester (PE), but no apparent differences wesended in the stub tests.

d. Concerning local buckling of I-shaped GFRP columtes,validate the
proposed Equation 3.36, more tests must be cormdtuctéical loads and
experimental material properties must be reporfesting longer columns
with continuous lateral restraint to prevent globatkling would minimize
the influence of end conditions resulting in reduoserstrength and closer

agreement with the proposed equation.

Overall, the conclusions of this study are diredlyplicable to approaches
promulgated by various international codes/starglaiml particular it is demonstrated
that considering only simply-supported junctionsneen web and flange plates (as is
commonly recommended), while simple, results inaradtimation of the buckling
capacity of pultruded I-section by approximatelffagtor of two. Additionally, this
degree of underestimation increases as the fldegdernessr/d increases. These facts,
taken together, have an implication for the ‘caltion’ of building code material
resistance factors (so calledfactors). Using the simply supported assumptidgs (
3.15 and 3.16), reliability calibrations will resuh relatively high factors which a)
misrepresent the material reliability; and b) magy dppropriate for only wide flange
shapes. Calibrations using the more rigorous aghrpaoposed in this work (Egs 3.29

and 3.36) will result in more ‘representative’ amdformly applicable factors.

Finally The following conference and journal papessre originated from this

study:

Cardoso, D., Batista, E. and Harries, K.A. (201®rojeto de Colunas em PRFV
Submetidas a Compressdo CentradXXVI Jornadas Sul Americanas de Engenharia
Estrutural Montevideo, November.

Cardoso, D., Harries, K.A. and Batista, E.M. (2014)ocal Buckling of Pultruded
GFRP |-Sections ColumnsProceedings of the™nternational Conference on FRP

Composites in Civil Engineering (CICE 201¥ancouver, August.
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Cardoso, D., Harries, K.A. and Batista, E.M. (2014pn The Determination of
Material Properties for Pultruded GFRP Sectiogceedings of the™nternational
Conference on FRP Composites in Civil Engineer@CE 2014) Vancouver, August.

Cardoso, D., Harries, K.A. and Batista, E.M. (irnviseon), “Compressive Local
Buckling of Pultruded GFRP I-Sections: Developmentd Numerical/Experimental

Evaluation of an Explicit EquationASCE Journal of Composites for Construction.

Cardoso, D., Harries, K.A. and Batista, E.M. (20X@Josed-Form Equations for Local
Buckling of Pultruded Thin-Walled SectionsThin-Walled StructuresVol. 79, June
2014,http://dx.doi.org/10.1016/].tws.2014.01.013

Cardoso, D., Harries, K.A. and Batista, E.M. (2Q0X@Qompressive Strength Equation
for GFRP Square Tube Column€pmposites Part B: Engineerinyol 59, pp 1-11.
http://dx.doi.org/10.1016/].compositesb.2013.10.057

Cardoso, D.T., Harries, K.A. and Batista, E. (20I'Behaviour of Pultruded GFRP
Tubes Subject to Concentric Compressidafpceedings of Advanced Composites in
Construction (ACIC 2013Belfast, September 2013.
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9. Appendix A — Column Tests Reports
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Date: May/2012 Visual observations:
Section: 25.4x3.2 mm No local buckling observed
Specimen length: 168 mm No global buckling observed
For=-- Stop criteria: crushing at column end
F, =220 MPa
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Date: June/2012

Section: 25.4x3.2 mm
Specimen length: 175 mm
Fer = 345 MPa

Fu =203 MPa

Visual observations:
No local buckling observed
Global buckling observed

Stop criteria: crushing at column end
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Date: June/2012

Section: 25.4x3.2 mm
Specimen length: 178 mm
Fer = 354 MPa

Fu =216 MPa

Visual observations:
No local buckling observed
Global buckling observed

Stop criteria: crushing at column midheig
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Date: June/2012

Section: 25.4x3.2 mm
Specimen length: 201 mm
Fer =275 MPa

F.=170 MPa

Visual observations:
No local buckling observed
Global buckling observed

Stop criteria: crushing at column midheig
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Date: June/2012

Section: 25.4x3.2 mm
Specimen length: 201 mm
Fo = 304 MPa

F,.=197 MPa

Visual observations:
No local buckling observed
Global buckling observed

Stop criteria: crushing at column end
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Date: June/2012

Section: 25.4x3.2 mm
Specimen length: 220 mm
Fo = 240 MPa

F, =189 MPa

Visual observations:
No local buckling observed
Global buckling observed

Stop criteria: crushing at column midheig
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Date: May/2012

Section: 25.4x3.2 mm
Specimen length: 227 mm
Fer = 257 MPa

F, =196 MPa

Visual observations:

No local buckling observed

Global buckling observed

Stop criteria: crushing at column end
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Date: May/2012 Visual observations:
Section: 25.4x3.2 mm No local buckling observed
Specimen length: 228 mm Global buckling observed
Fo =240 MPa Stop criteria: crushing at column midheig
F, =181 MPa
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Date: May/2012 Visual observations:
Section: 25.4x3.2 mm No local buckling observed
Specimen length: 240 mm Global buckling observed
Fo =233 MPa Stop criteria: crushing at column midheight
F,=176 MPa

148




0.00 2.00 4.00
Lateral Deflection

6.00
(mm)

(mm)
O P N W H O O N ©

0.00 0.01 0.02 0.03
[/ (mm/MPa)

0.04

0.05

Date: May/2012

Section: 25.4x3.2 mm
Specimen length: 248 mm
Fer = 224 MPa

F,= 179 MPa

Visual observations:

Global buckling observed
Stop criteria: >L/50

No local buckling observed
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Date: May/2012

Section: 25.4x3.2 mm
Specimen length: 280 mm
Fer = 189 MPa

F. =181 MPa

Visual observations:

No local buckling observed
Global buckling observed
Stop criteria: >L/50
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Date: May/2012 Visual observations:
Section: 25.4x3.2 mm No local buckling observed
Specimen length: 300 mm Global buckling observed
For = 145 MPa Stop criteria: crushing at column midheight
F, =136 MPa
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Date: May/2012 Visual observations:
Section: 25.4x3.2 mm No local buckling observed
Specimen length: 350 mm Global buckling observed
For = 109 MPa Stop criteria: >L/50
Fu =96 MPa
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Date: May/2012

Section: 25.4x3.2 mm
Specimen length: 391 mm
Fer = 90 MPa

F. =84 MPa

Visual observations:

No local buckling observed
Global buckling observed
Stop criteria: >L/50
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Date: May/2012

Section: 25.4x3.2 mm
Specimen length: 420 mm
Fer = 82 MPa

Fu. =64 MPa

Visual observations:

No local buckling observed
Global buckling observed
Stop criteria: >L/50
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Date: May/2012

Section: 25.4x3.2 mm
Specimen length: 439 mm
Fer = 74 MPa

F.=61 MPa

Visual observations:

No local buckling observed
Global buckling observed
Stop criteria: >L/50
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Date: May/2012

Section: 25.4x3.2 mm
Specimen length: 470 mm
Fer = 67 MPa

F. =56 MPa

Visual observations:

No local buckling observed
Global buckling observed
Stop criteria: >L/50
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Date: May/2012

Section: 25.4x3.2 mm
Specimen length: 539 mm
Fer =52 MPa

F.=43 MPa

Visual observations:

No local buckling observed
Global buckling observed
Stop criteria: >L/50
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Date: May/2012

Section: 25.4x3.2 mm
Specimen length: 629 mm
Fer = 46 MPa

F. =40 MPa

Visual observations:

No local buckling observed
Global buckling observed
Stop criteria: >L/50
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Date: May/2012

Section: 50.8x3.2 mm
Specimen length: 256 mm
For = --

Fo =117 MPa

Fu=119 MPa

Visual observations:

Local buckling observed

No global buckling observed

Stop criteria: crushing at midheight
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Date: May/2012

Section: 50.8x3.2 mm
Specimen length: 254 mm
Fer=--

Fer =121 MPa

Fu=119 MPa

Visual observations:

Local buckling observed

No global buckling observed

Stop criteria: crushing at midheight
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Date: June/2012

Section: 50.8x3.2 mm
Specimen length: 292 mm
Fer=--

For =--

Fu.=107 MPa

Visual observations:

Local buckling observed

No global buckling observed

Stop criteria: crushing at midheight
Note: data recorded after 30 kN
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Date: October/2012
Section: 50.8x3.2 mm
Specimen length: 294 mm
Fer=--

For =--

F, =109 MPa

Visual observations:

Local buckling observed

No global buckling observed

Stop criteria: crushing at midheight
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Date: May/2012

Section: 50.8x3.2 mm
Specimen length: 330 mm
Fer=--

Fer =117 MPa

F, =109 MPa

Visual observations:

Local buckling observed

No global buckling observed

Stop criteria: crushing at midheight

120

100 | |

(MPa)

80
60
40

Stress

20

0.00 1.00 2.00 3.00 4.00
Mid-height wall deflection (mm)

(mm)

0.00 0.01 0.02 0.03 0.04
[/ (mm/MPa)

Date: June/2012

Section: 50.8x3.2 mm
Specimen length: 546 mm
Fer=--

Fer =102 MPa

Fu.=109 MPa

Visual observations:

Local buckling observed

No global buckling observed

Stop criteria: crushing at midheight
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Date: October/2012
Section: 50.8x3.2 mm
Specimen length: 546 mm
Fer=--

For =--

F.=106 MPa

Visual observations:

Local buckling observed

No global buckling observed

Stop criteria: crushing at midheight
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Date: May/2012

Section: 50.8x3.2 mm
Specimen length: 768 mm
Fer = 131MPa (initial)

For =--

Fu=92 MPa

Visual observations:

Local buckling observed

Global buckling observed

Stop criteria: crushing at midheight
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Date: May/2012

Section: 50.8x3.2 mm
Specimen length: 824 mm
Fer = 129MPa (initial)

For =--

F, =81 MPa

Visual observations:

Local buckling observed

Global buckling observed

Stop criteria: crushing at midheight
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Date: May/2012

Section: 50.8x3.2 mm
Specimen length: 826 mm
Fer = 124MPa (initial)

For =--

F, = 105 MPa

Visual observations:

Local buckling observed

Global buckling observed

Stop criteria: crushing at midheight
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Date: May/2012

Section: 50.8x3.2 mm
Specimen length: 851 mm
For = 119 MPa (initial)

For =--

F, =96 MPa

Visual observations:

Local buckling observed

Global buckling observed

Stop criteria: crushing at midheight
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Date: May/2012

Section: 50.8x3.2 mm
Specimen length: 910 mm
Fer = 90 MPa

For =--

F,=78 MPa

Visual observations:

No local buckling observed
Global buckling observed
Stop criteria: >L/50
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Date: May/2012

Section: 50.8x3.2 mm
Specimen length: 1156 mm
Feo = 58 MPa

For =--

F., =58 MPa

Visual observations:

No local buckling observed
Global buckling observed
Stop criteria: >L/50
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Date: June/2012

Section: 50.8x3.2 mm
Specimen length: 1699 mm
Fo =27 MPa

For =--

Fu =25 MPa

Visual observations:

No local buckling observed
Global buckling observed
Stop criteria: >L/50
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Date: August/2012
Section: 76.2x6.4 mm
Specimen length: 340 mm
For = -

For =--

Fu =235 MPa

Visual observations:

No local buckling observed

No global buckling observed

Stop criteria: crushing at column end
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Date: August/2012
Section: 76.2x6.4 mm
Specimen length: 340 mm
Fer=--

For =--

F, =259 MPa

Visual observations:

No local buckling observed

No global buckling observed

Stop criteria: crushing at column end
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Date: August/2012
Section: 76.2x6.4 mm
Specimen length: 594 mm
Fer=--

For = -

F, =199 MPa

Visual observations:

No local buckling observed

No global buckling observed

Stop criteria: crushing at column end
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Date: August/2012
Section: 76.2x6.4 mm
Specimen length: 638 mm
For = -

For =--

Fu =218 MPa

Visual observations:

No local buckling observed

No global buckling observed

Stop criteria: crushing at column end
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Date: August/2012
Section: 76.2x6.4 mm
Specimen length: 692 mm

Feor = 382 MPa
For =--
Fu= 259 MPa

Visual observations:

No local buckling observed

Global buckling observed

Stop criteria: crushing at column end
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Date: August/2012
Section: 76.2x6.4 mm
Specimen length: 737 mm

Fo = 368 MPa
For =--
F, =250 MPa

Visual observations:

No local buckling observed

Global buckling observed

Stop criteria: crushing at column end
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Date: August/2012
Section: 76.2x6.4 mm
Specimen length: 838 mm

Fo =275 MPa
For =--
F, =185 MPa

Visual observations:

No local buckling observed

Global buckling observed

Stop criteria: crushing at column end
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Date: August/2012
Section: 76.2x6.4 mm
Specimen length: 918 mm

For =293 MPa
For =--
Fu= 239 MPa

Visual observations:

No local buckling observed

Global buckling observed

Stop criteria: crushing at column end
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Date: August/2012
Section: 76.2x6.4 mm
Specimen length: 1013 mm

For =210 MPa
For =--
Fu.=162 MPa

Visual observations:

No local buckling observed
Global buckling observed
Stop criteria: >L/50
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Date: September/2012
Section: 76.2x6.4 mm
Specimen length: 1264 mm

Fo =139 MPa
For =--
F, =113 MPa

Visual observations:

No local buckling observed
Global buckling observed
Stop criteria: >L/50
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Date: August/2012
Section: 76.2x6.4 mm
Specimen length: 1278 mm

Fo =147 MPa
For =--
F, =133 MPa

Visual observations:

No local buckling observed
Global buckling observed
Stop criteria: >L/50

Note: DWT angle of 7.5 deg. Results wer
corrected.
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Date: August/2012
Section: 76.2x6.4 mm
Specimen length: 1338 mm

Fo =133 MPa
For =--
F, =109 MPa

Visual observations:

No local buckling observed
Global buckling observed
Stop criteria: >L/50
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Date: August/2012
Section: 76.2x6.4 mm
Specimen length: 1437 mm
Feo =111 MPa

For =--

F, =96 MPa

Visual observations:

No local buckling observed
Global buckling observed
Stop criteria: >L/50
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Date: August/2012
Section: 76.2x6.4 mm
Specimen length: 1702 mm
Feo = 83 MPa

For =--

F, =68 MPa

Visual observations:

No local buckling observed
Global buckling observed
Stop criteria: >L/50
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Date: September/2012
Section: 88.9x6.4 mm
Specimen length: 329 mm
For = --

For =--

F,= 168 MPa

Visual observations:

No local buckling observed

No global buckling observed

Stop criteria: crushing at column end
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Date: September/2012
Section: 88.9x6.4 mm
Specimen length: 354 mm
For = --

For =--

F, =208 MPa

Visual observations:

No local buckling observed

No global buckling observed

Stop criteria: crushing at column end
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Date: September/2012
Section: 88.9x6.4 mm
Specimen length: 506 mm
For = --

For =--

F, =210 MPa

Visual observations:
No local buckling observed
No global buckling observed

Stop criteria: crushing at column midheight
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Date: September/2012
Section: 88.9x6.4 mm
Specimen length: 635 mm
Fer=--

For =--

Fu =212 MPa

Visual observations:
No local buckling observed
No global buckling observed

Stop criteria: crushing at column midheight
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Date: September/2012
Section: 88.9x6.4 mm
Specimen length: 800 mm

Fo = 368 MPa
For =--
F, =193 MPa

Visual observations:
No local buckling observed
No global buckling observed

Stop criteria: crushing at column midheight
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Date: September/2012
Section: 88.9x6.4 mm
Specimen length: 935 mm

For =197 MPa
For =--
Fu=177 MPa

Visual observations:

No local buckling observed

No global buckling observed

Stop criteria: crushing at column midheig
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Date: September/2012
Section: 88.9x6.4 mm
Specimen length: 949 mm

Feor = 284 MPa
For =--
F, =185 MPa

Visual observations:
No local buckling observed
Global buckling observed

Stop criteria: crushing at column midheig
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Date: September/2012
Section: 88.9x6.4 mm
Specimen length: 1041 mm

For =273 MPa
For =--
F,= 181 MPa

Visual observations:
No local buckling observed
Global buckling observed

Stop criteria: crushing at column midheig
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Date: September/2012
Section: 88.9x6.4 mm
Specimen length: 1149 mm

For =208 MPa
For =--
F,= 166 MPa
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Visual observations:
No local buckling observed
Global buckling observed
Stop criteria: crushing at column midheight
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Date: September/2012
Section: 88.9x6.4 mm
Specimen length: 1337 mm

Fo =163 MPa
For =--
F, = 156 MPa

Visual observations:

No local buckling observed
Global buckling observed
Stop criteria: crushing at column midheig
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Date: September/2012
Section: 88.9x6.4 mm
Specimen length: 1468 mm
Fer = 137 MPa

For =--

F, = 140 MPa

Visual observations:

No local buckling observed
Global buckling observed
Stop criteria: >L/50
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Date: September/2012
Section: 88.9x6.4 mm
Specimen length: 1800 mm
Fer = 93 MPa

For =--

F, =90 MPa

Visual observations:

No local buckling observed
Global buckling observed
Stop criteria: >L/50
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Date: September/2012
Section: 88.9x6.4 mm
Specimen length: 1994 mm
For =76 MPa

For =--

Fu=79 MPa

Visual observations:

No local buckling observed
Global buckling observed
Stop criteria: >L/50
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Date: September/2012
Section: 88.9x6.4 mm
Specimen length: 2103 mm
For = 69 MPa

For =--

Fu=71 MPa

Visual observations:

No local buckling observed (naked eyes)
Global buckling observed

Stop criteria: >L/50

174




180
160 I .
T 140 -
S 120
~ 100
80 H

60 .
40 '
20 i

p

Stress

0.00 0.05 0.10 0.15 0.20
Mid-height wall deflection (mm)

0.2
0.18 1
0.16 -
0.14 1

012 1

£ o1
0.08 -
0.06
0.04 | m = mmmma =
0.02 1

0 . . . . :

0000 0002 0004 0006 0.008 0010 0.012

[/ (mm/MPa)

Date: September/2012
Section: 102x6.4 mm
Specimen length: 302 mm
For = --

Fo =151 MPa

F,=162 MPa

Visual observations:

Local buckling observed

No global buckling observed

Stop criteria: crushing at column end
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Date: October/2012
Section: 102x6.4 mm
Specimen length: 352 mm
Fer=--

Fer =170 MPa

Fu.=175 MPa

Visual observations:

No local buckling observed

No global buckling observed

Stop criteria: crushing at column midheig
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Date: September/2012
Section: 102x6.4 mm
Specimen length: 506 mm
Fer=--

For =--

Fu =164 MPa

Visual observations:
Local buckling observed

No global buckling observed

Stop criteria: crushing at column midheight
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Date: October/2012
Section: 102x6.4 mm
Specimen length: 757 mm
Fer=--

For =--

Fu= 167 MPa

Visual observations:
Local buckling observed

No global buckling observed

Stop criteria: crushing at column midheig
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Date: October/2012
Section: 102x6.4 mm
Specimen length: 799 mm
Fer=--

For =--

F,= 163 MPa

Visual observations:
Local buckling observed
No global buckling observed

Stop criteria: crushing at column midheig
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Date: October/2012
Section: 102x6.4 mm
Specimen length: 1160 mm
Fer=--

For =--

Fu.=161 MPa

Visual observations:
Local buckling observed
No global buckling observed

Stop criteria: crushing at column midheig
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Date: October/2012
Section: 102x6.4 mm
Specimen length: 1318 mm

Fo =181 MPa
For =--
F, = 150 MPa

Visual observations:

No local buckling observed

Global buckling observed

Stop criteria: crushing at column midheig
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Date: October/2012
Section: 102x6.4 mm
Specimen length: 1468 mm

Feor = 140 MPa
For =--
Fu =140 MPa

Visual observations:

No local buckling observed

Global buckling observed

Stop criteria: crushing at column midheig
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Date: October/2012 Visual observations:
Section: 102x6.4 mm No local buckling observed
Specimen length: 1559 mm Global buckling observed
Feor = 149 MPa Stop criteria: crushing at column midheig
For =--

Fu =120 MPa
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Date: October/2012 Visual observations:
Section: 102x6.4 mm No local buckling observed
Specimen length: 1726 mm Global buckling observed
Fo =112 MPa Stop criteria: >L/50

For =--

Fu =94 MPa

179




90

80 |
70 |
S 60 |
=50 |
( 40 |

& 30 -

» 20
10 -
0

Lateral deflection (mm)

0.00 10.00 20.00 30.00 40.00

50.00

0.00 0.10 0.20 0.30 0.40
[/ (mm/MPa)

0.50

0.60

Date: October/2012
Section: 102x6.4 mm
Specimen length: 1918 mm
For = 93 MPa

For =--

Fu.=81 MPa

Visual observations:

No local buckling observed
Global buckling observed
Stop criteria: >L/50
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Date: October/2012
Section: 102x6.4 mm
Specimen length: 1964 mm
Fo = 83 MPa

For =--

F.=83 MPa

Visual observations:

No local buckling observed
Global buckling observed
Stop criteria: >L/50
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Date: October/2012
Section: 102x6.4 mm
Specimen length: 2171 mm
Fo =74 MPa

For =--

F.=68 MPa

Visual observations:

No local buckling observed
Global buckling observed
Stop criteria: >L/50
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