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BOLTED STRUCTURAL CONNECTIONS IN FIBERGLASS MATERIALS

ABSTRACT:

This paper compares several methods of connecting fibergiagsrcedpultruded plastic (FRP)
structural member® tubular sections usirgplted designshat are commonly used in the
cooling tower industry. The studpmpares theoretically predictedwas withfull-scaleactual
laboratorytest results.

Thegeometry of the structural members studiedeinare representative ttie diagonal bracing
typically found in cooling towers, but the resudi® notlimited to just those membenspr only
to the FRPstructures found in cooling towers.

INTRODUCTION AND BACKGROUND:

Typical FRP dagonal bracing geometnsed in cooling towersas chosen for this study
Diagonalbracingis responsible for preventing lateral movement of the structure under loading.
These loads result from winds, seismic activity, and vibrations from the equipment (e.g. pumps,
fans, flowing water, etc.)They cary theaccumulative static and dynamic lateral loads,
fluctuating widelyin magnitudebetween tension and compressioyclically fatiguing the

members and connection$heseforces result in bearing shear stress in the connections of
structural membersReliable onnection performance under thiglic loading is essential for
long-termmechanicastability over the expected life of the structure

FRP materialsas well asoth boltedandadhesiveconnection methodsave been very well
characterized by both industry and acader&P manufacturers frequently endorse making
combination connections by using an epoyye adhesive in combination witasteningscrews
to apply pressurtd the connectiownhile the adhesive cure§.he screws also contribute to the
peel strength of the joinBroperly executedheseadhesivecombination connections have been
proven ovetlong periods ofime to effectivelycarryrequiredloadng, distribute stress

uniformly, andincreasgoint stiffnessi all resulting insuperior fatigue and impao¢sistancé?

The quality oftheseadhesive connections is highly dependenpmperpreparation of the glued
surfacesas well aghe ambient temperature and humidity conditions at the time the connection
is made. Unfortunately,this has proven to be challenging for cooling tower construation
reconstructionsince field conditions ahoperator skill levels vary widely. The amount of time
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needed to make the connecsBasmalso significantlfongerthan simple bolted connections. The
time-windows for tower maintenance are frequently limitedsibgdowntime constraints. Also,
verification of the connection integrity is virtually impossible aftexfact. Finally, removing

or replacing a structural member for any reason at a later date is probléfatic.

As a result, bolonly connections are th@eferred connecting methodology in the cooling tower
industry. Several factoraregenerallyknown toaffectboltedjoint bearing strengthFor

example, fastener threads in the bearingssasaknowrto reducebearing load capacity and
accelerate hole deformation under fatigue loaéfifigPlastic lushings andstainlesssteel
bearingsleeves have been added to both increaset#bearing area and protect the FRP
from the f a$8% @ampimgpressutahdwasher diametare known tdhave a
significant impact orconnectiorstrength Increasingastener torqueclamping pressujeand
washerdiameter and thicknegsnsignificantly increase the static strengtpacityby

increasing the friction in the joint and distributing it over a larger.&f&€h Loose bolts should
always be avoided, particularly under reversed cyclic loading conditions.

However, the cooling tower industry is natified when it comes tohe specifics obolting

structural members to hollow tubular FRP structural members. nigRBfacturergaution
againstapplyingclampingtompression onnsupportearosssections ofubuar structural

memberg3® When compression is required for maximum joint strength and stiffness, FRP
manufacturers recommend using spacer blocks to prevent bolt tension from damaging the

column profile®® This adds material cost and installation latime, but compression in the

connectiorc r eat es what may be r ¢peorsipedi t oc'ldks posht ¢

Without internal suppoiin the tube applying evemelatively low levels of tensn in the
connectios (e.g, only 13-16 N-m (10-12 ft-Ibs) of fastener torquen a@12.7 mm(@i 0 )
fastene) resulsin cracking of the tubé@nelastic failure)in the fastener locatigas well asatthe
t ube 6 s,axshowmigigusel. This failure modeensures there is litt®-no tension in the
connecting boland the connections will loosen over time due to cféepunfortunately Figure
1 is avery common field observatiothroughouthe cooling tower industryf?
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FIGURE 1
EXCESSIVE COMPRESSION ON UNSUPPORTEDFRP STRUCTURAL TUBING
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A compromise solution used in the industry to the problem of not significantly compressing the
tube while avoiding the added cost of inserting spacer blocks ewifith support tubes i®

treat bolted connections to tubular columns as beamgo r A pi nnedo joint s,
clevis pin and hairpin cotter retaine@ne pactical implementatiors making connections by

using sellocking nutsandonly lightly tightenng thenuts Thesenutsare about 3 times the cost

of standard nutand limits installation to hand tools armmtoperoperatoitraining andechnique.

Anotherapproach suggesépplying an anaerobic locking compound to the nutffinder-
tighteningd standard nuts to secure assembflett is common practice to use stainless steel
fasteners in cooling towers for corrosion resistance since they generate an oxide film for
corrosion protection. However, during assembly the oxides are broken, pesshblwiped off.
This reduces corrosion protection arah resulin galling, leadng to thread seizure. To protect
against this occurring, CTI recommends applying a thread lubricant when using ststiedgss
fasteners$!® Some anaerobic locking commads do offer some degree of lubrication before
curing® Carefuladhesiveselection angroperapplicationis critical Again, installation is
limited to hand toolsind proper operatdraining andechnique

An alternative method commonly employed is to use a hedjgahg split locking washamnder
the nutand only tightening the fastener until the spring washer is compresssentially using

t he washer asComprasding a tgpic®12.¢ mng @ 0).stainlesssteel split
locking washer only requires abdu# to 2.7 Nm (1 to 2 ftlbs) of torque on the fastener,
producing littleto-no tension on the connectiandresults in nadlamage to the FRP tub2

This iscommonlyr e f er r e d -tightd cansectiari'?i Ehis makes the use of power tools
possible butlangerous Manyinstallers inthe industry limitoperatorgo using only hand tools
to avoid the condition shown in Figure 1. Thagjuiresadditional installation labor and quality
monitoring. But more importantly, bolts installed with this limitéeinsionmethodare

frequently found to be completely looaedeven missing entirely due to tower vibrations and
thermal cycling(creep)over time A helicalspring lock washer is effectivanly whenone of

the materials being fastenéelg. lumberare soft enougfor anedge of the springrasherto dig
into one of the surfaces. Since neither the tiet washersjor the FRP are soft enough, by the
time thehelicalwasher is flattenedelicatspringwashers are effectivelyseless for lockingn
this applicatiorf*®

Figure 2 showgxamples ofuchdisordersat one recentinspected site Alarmingly, this
follow-up inspection was done less than six months after its initial installafiba photos
shown in Figure verenot isolated casewithin this largeinstallation More disturbingly, this
condition is commonly the case found during many tower inspectitins.
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FIGURE 2
LOOSE AND MISSING BOLTS FOUND DURING SITE INSPECTION

Regardless of the implementation method, pinned connections havshosemto be inferior to
properly executed combination adhesimechanical connections in terms of ultimate tensile and
compression strengtiPinned connections produce ultimate yield strengths that are only about
60 percent as strong alssicatheory would predict omscomparable adhesiifastener
combination connections. Adhesive connections have deonstratetb be as strong as the
polyesterto-polyester shear strength of tbennectegubstrate&!”

Even noreimportanty, however pinned connections cannot, by definition, contricarng

torsional moment resistance needed for structural stiffness against the fatigue loading from the
shifting cyclical compressive and tensile forces existing in the diagonal memBegstical

joints ae rarely loaded in pure shear or tensitmdeed, field inspections of FRP towers that

have been in service for several yeaith pinned connectionshows clear indication that the
clearance holes of pinnétRPconnections have elongated from cyclic wemarticularly near

the top of the towewhere deflections are great€ét Figure 3 shows$wo such example Note
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that thebolt thread patteris worninto the holen the picture on the leftThe hole on the right
had been dramaticallglongated before the bdinhally fell out.

FIGURE 3
DAMAGED BOLT HOLE S OF PINNED CONNECTIONS

An adhesive connection or a propedigsigned and installed bolted connection with sufficient
clamping pressure suppliessistance to bending and cyclic for€&s.The purpose of this study
is to compare the performancevairious versions gdinned boltecconnections to FRP tubes
with boltedconnections that are design for compression and tiglatiyiped

TEST METHODOLO GY:

This studyis limited tothe more severe tensile rather than compression loadeaniposite
joints. Composite joints subjected to compresdmadingare less sensitive to joint geometry
and are generally stronger than joints subjected to tensile fdvimsbersareloaded in the
lengthwise orientation according to the direction of the pultrusion to utilize the maximum tensile
strength available frorthe FRP.All edge distancesxceed the minimum recomneatiors
relative tobolt diameter As such, the predictedilure modeis bearing failure, rather than
failure bytension or shear ouBearing failure is caused blye bearing pressur®rces from the
bolt applied to the hole boundgpyoducingdelamination of the composite’1819 Historically,
bearing failurehas beemlefined as 4% elongation of theltsbole diameter.No appreciable load
capacity can be expected after the 4%mbter elongation is mefny further elongation of the
holes only allows the structure to become loose and unstable!®
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The FRP materialgsed for this test afee retardant polyester, compliant wi@T| industry
standard§2>?) Crosssectional dimensions of the tubes 889 mmsquarex 6.4 mm thick

(3. 50 squar g Crossdectich&l dimensionsmikthe straps @2 mmwide x 9.6
mmthick . 00 wi d e ).xFasteneBrBateriats &ré all kf S304§)@de stainless steel,
@12.7 mm13 @ 613) UNC. One flat washer is placed below the head of the bolt. One flat
washer and one helical locking washer is placed under theAliuthread arelubricated witha
graplite-petrolatumantiseizecompound

Five different boltedoint configurationsare examineds described in Table 1

TABLE 1
TEST CONFIGURATIONS
TUBE STRAP TIGHTENING
CﬁgF' SHE/?NRS?E%STH'NG CLEARANCE | CLEARANCE | CONDITION /JOINT
' HOLE HOLE TYPE
SPLIT WASHER
] @14.3 mm FLATTENED
1 NONE (0.56¢ (SNUG-
TIGHT /PINNED)
S;fANSDTAIgD SPLIT WASHER
] @264 mm FLATTENED
2| PARTIAL - €
(i1.04 (SNUG-
LENGTH SHEAR TIGHT /PINNED)
BUSHINGS®
FULL -LENGTH @143 mm | 3841 Nm (28-30ft-
N @203 mm 6.5 | b9 TORQUE
/ (710.79 (TIGHTLY
TUBE®
CLAMPED)
MATING FULL - SPLIT WASHER
- LENGTH @26 4 mm) FLATTENED
PLASTIC SHEAR | (i 1. 04 (SNUG-
BUSHINGS® TIGHT /PINNED)
MATING FULL - 3841 N'm (28-30ft-
- LENGTH @26.4mm lbs) TORQUE®
PLASTIC SHEAR | (i 1. 04 (TIGHTLY
BUSHINGS® CLAMPED)

(@)
(b)

(1. 000 @O. BB OX |

88.9mmlong@0 . 750 @OB®. IxxB.. 5P 0

StandardPartiatLengthBushings. 25.4 mm O.D. x 14.3 mm I.D. x 12.7 mm long
Oy). YolyBarbbnatelasticmaterial.
StainlessSteelTube: 304 ASTM A269 Seamless Routffimm O.D. x 14.2 mm |.D. x

l ong

7 of 33




(c) Mating FultLengthSheaBushing. 25.4 mm O.D. x 14.3 mm I.D. x 44.5 mm long
(@1. 000 @WO. B6 0X | . D). Polytarb@natélentiptastigmaterial. These
aresimilar to the standardshear bushirgidescribed ind) above thatrealso
commerciallyavailable in44.5 mm ( . 7 1Bngtrs.®) But, this is a newlydesigned,
custommolded component.t has been designed with the added feature of a larger,
thicker integral washer/flange betterdistribute compression stremsdincrease
friction in the connection. It alsaddsselfretention features to snap into the clearance
hole, facilitatingmore efficientfield assembly (patent pending).

(d) 39 Nm (291t-lbs) of appliedtorque results in approximated).5 kN(4600 poundsdf
clamping tension i lubricatedbolted connectiofKest = 0.15) 20.5 kN @600 pound
is about75% of the stainless t e e | 6 s stiergth®? Phis s geherally
recommendedest practicéo achieve tightlclampedbolted connectio(*823)

Thefive configurationsdescribed in Table areillustratedin Figures 4A-4D:

—
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FIGURE 4A T CONFIGURATION ___ 1
NO SHEAR BUSHINGS: SNUG-TIGHT TENSION (PINNED CONNECTION)
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FIGURE 4B7 CONFIGURATION __ 2
STANDARD FLANGED PLASTIC PARTIAL -LENGTH SHEAR BUSHINGS:
SNUG-TIGHT TENSION (PINNED CONNECTION)
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FIGURE 4CT1 CONFIGURATION ____ 3
STAINLESS STEEL FULL -LENGTH SUPPOTTUBE/SHEAR BEARING:
39 N'm (29 FT-LBS) TORQUE (TIGHTLY CLAMPED CONNECTION)
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FIGURE 4D7T CONFIGURATIONS __ 4 & =~ 5
MATING FULL -LENGTH SHEAR BUSHINGS TESTED UNDER TWO CONDITIONS:
SNUG-TIGHT TENSION (PINNED CONNECTION) AND 39 Nm (29FT-LBS)
TORQUE (TIGHTLY CLAMPED CONNECTION )

A test fixturedesignedo perform this testings shown inFigure 5. It iscomprised oftwo
identical yokes to hold the specimens underligsiamping the tubeand interfacehemto an
Instrorf 3384 Tester as shown in Figure.6As stated above, the scope here is limitetehsile

only testing, although the fixture is capable of compression te&imd) hencecyclical testing)
aswell for future work.

110f 33



ﬂl

SECTION B-B SEC'HON [CHC

100+

DETAIL A

FIGURE 5
TENSILE (OR COMPRESSION/CYCLICAL ) TEST FIXTURE

Since tls system is more complex than a single bolt/hole configurasigage length 0254
mm (100 )s usedand amarkerseton the output curves at th€.2 mm(0.4-inch) elongation
point (4%) to use as an arbitrary reference poirtompare results with thoséthereferences
previouslycited above

't Iis Iimportant to not e piimedtest$pbcenensduethe si gni f i
clearancéioles in the four connections. A pilead of1.3 kN 300 poundgwas placed oall

test specimensgnder tes{both pinned and clampebgfore the bolts wereither snugtightened

or torquetightenedto remove thisslackT hi s i s needed to fAnor mal i zec
representations of the data. Otherwise, there are long and vargnge | s -t d fmefod eaa d t h e
base of the curvesf the pinned specimenghile the slack is taken out of the system

Three samples of each of the five configurations in Table 1 are tested by increasing tensile force
at a rate of 2.54 mm/mif®.10 in/min)to failure. Elongation is recorded in the process. The
slopes of the forcstrain curve (elastic modulus of the systems) are compared for each
configuration. Higher elastic modulus is indicative of the stiffness of the structure and its
resistance tayclic fatigueloading?4:25:26:27)
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FIGURE 6
FIXTURE WITH TEST SPECIMEN MOUNTED TO TENSILE TESTE R
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Ideally, a more statistically significant number of samples of each configuration would be tested
(30 or more), but pragmatic constraihisited the number tonly three.

Finally, one new sample is assembled withrtfaingplasticshear bushings and a structural

member attached to one side of the tube oflye purpose of this test is to determine the worst

case safety factor ofthebusimg 6 s abi | i t y tundempconpressigetrque he FRP t
loading This configuration is shown in Figui®e The bolt is tightened beyond the

recommende@9 N-m (29 ft-Ibs) of torque until audible cracking in the tube is heard. Audible

cracking is indicative of the fibers in the composite breaking and the beginning of degradation of

the FRP2¥ The tube will only take a few ¥ (ft-Ibs) of torque beyond this point befoite
catastrophically fails as shown in Figuré?l..

—

FIGURE 71 CONFIGURATION __6

MATING SHEAR BUSHINGS: COMPRESSION SAFETY FACTOR TEST
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PREDICTED RESULTS:

TENSILE TESTING

As stated above, the predicted failure mddeng the testings bearing failure. Based on data
in the public domain and conventional engineering analysis, the ultimate predicted failure values
and modedor the samples being tensile tested summarizin Table 2

TABLE 2

THEORETICALLY PREDECITED RESULTS

CONF. | TUBE STRENGTH STRAP STRENGTH PREDICTED
NO. kN (POUNDS) kN (POUNDS) FAILURE POINT
-1 67 (15,000 100(22,500) TUBE
-2 133(30,000 100 (22,500) STRAP
-3 117 6,250 100(22,500) STRAP
! 133 (30,000 100 (22,500) STRAP
-5 133(30,000) 100 (22,500) STRAP

For referenceextrapolatinghe methodologyetailed inReference 7, the theoretical strength of
an8-screwl 00 mm | o negoxy(adhesivéoaneaiorio a76.2mmwide( 3. 00 wi de)

strap isabout98 kN (22,000 pounds)

BUSHING COMPRESSION TESTING

For the one sampleeingtested forbushingFRPtubecompression failur@-igure6 i

)6based orthe mechanical design of theatingshear bushingand the
published properties of th@asticpolycarbonatéblend material, the failure mode is predicted to
f dt 31kNy(£000 pounds This is slightly higher
than the theoretical yield strength of the lfalbout29 kN 6,500 poung)), so it is expectethat
there could be some inelastic deformatidithe bolt**? Thetorquevalueat which this would
occur is therefore unpredictable.

Configuration

be compression/cracking of thadhingd s

Also, it is expectedased on the developmemstoryof this componenthat thebushingwithout
the benefit of the structural member over it to distribute the compressive force is thatoms
first show evidence of damage. The washethebushingwithout thebenefit of thestructural
memberto distribute the loaavill be deformed ad drawn into theclearance hole
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The fultlengthstainlesssteelbearingtubeis not tested irthis fashion becausks theoretical
compressive strengthf thesteeltubeis more thartOkN (9,000 pounds far exceeding h e
tensileyield limit. 4322

ACTUAL RESULTS & INTERPRETATIONS i TENSILE TESTING : @®

Configuration ~

(Figure 4A'1 No Shear Bushin@gPinned Connection

| LOAD AT 4% LOAD AT MODULUS AT
MAX. LOAD: STRAIN: 0.5% STRAIN 0.5% STRAIN
SPECIMEN kN B k KN/
(Pounds Force) N N N/mm
(Pounds Force | (Pounds Forcg | (Pounds Force/Inch)
A 44.80 (0,070 | 41.59 0,349 8.54 (1,921 6.72 38,420
B 48.00 (0,790 | 44.89 (10,099 | 18.43 ¢,144 14.51 82,880
C 44.05(9,902 43.37(9,75) 14.68(3,30]) 11.56 66,020
MEAN 45.61 (10,259 43.29 0,73)) 13.88 3,122 10.93 60,919

Configuration 1

r I
|
10000+ | A | MAX.LOAD
|
__ 800071 !
8 T ' .
=, : Specimen
6000t
2 | A
i , 5
o I
= 4p007 / : C
| | I
| :
20001 | :
|
f 0.5% 2% 4%
ot : i : ‘ ‘ } ‘ } . ‘ ‘ }
0.0 0.1 0.2 0.3 0.4 0.5 0.6

Extension [in]

As the pictures in Figur@ belowshow, the failure pointare thebearing surfaces in the tub@s
predicted) The strapsnd boltsshowed no visible deformatiorheseresults mimic those
reported irthe prior noted referencedlitimate failure occus very near the 4% elongatimalue
atloadsthat arefar lower thartheoreticallypredicted. Additional loading simplydars outhe
bearing surfacecatastrophically.More significantlyand surprisinglyhowever the curves
aboveshow the bearing areas distinctly breaking down atbagvay to 4%elongaton, notably
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near the 1% and tregain at th% elongationlevels. (These were audibleventsduring the

testing.) From this testinga casecould be made that the sampéesuallyfailed when thecurves

began tdlatten at 2%at 35.6 kN (8,000pounds) Werethesesamples of metal construction

(ductile innature) t hey woul d be <c¢ | as s iThanoduluscalculatprn el di n

for this configuration was done anly 0.5% strairfor this reasonThesevalues ardighly varied
and ofquestionablesignificance

S ke
L2 i
N, B 2

"
My
*

N

B
.
2
R
e
Wy 1
W7
gy
SR ?
n

,:-4~‘ A-A-q»walo .

4% ELONGATION POINT  FAILURE AT >4% LOAD

FIGURE 8
CONFIGURATION =~  1SAMPLE A: 44.8kN (10.0 KkPOUNDS)
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The pictures irfFigure8 point to the reason that the beasrfgiled atess thariwo-thirdsof the
theoreticallypredictedevels The predicted valuesssumenegligible clearance and inelastic
bodies,i.e., it assumes the bearing pressure is uniformly distributed. The raalgfiown in

Figure9, is thatthe bearing pressuns concentratedver a much smaller effective aréae to
the hole clearance needed for practical assenly

IDEALIZED LOADING ACTUAL LOADING

FIGURE 9
BEARING PRESSURE CONCENTRATION
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Configuration = 2

(Figure 4B i Standard Partial-Length ShearBushing/Pinned Connection

MAX. LOAD: LOéATDR':\-IrNL}% MODULUS AT 4% STRAIN
SPECIMEN KN KN ' KN/mm
(Pounds Force) (Pounds Forcd (Pounds Force/In
A 67.00 (15,063 62.11 (13,963 6.34 34,905
B 77.63 (17,453 63.57 (14,29) 6.47 85,729
C 65.03(14,620 59.02(13,269 6.02 33,170
MEAN 69.89(15,719 61.56(13,840 6.28 34,600

Configuration 2

18000

16000:
14000:
12000:
10000:

Load [Ibf]

8000t
6000:
4000:
2000:

A | MAX. LOAD

Specimen

0w >

0.0

0.1 0.2

0.3 0.4

Extension [in]

0.5 0.6

Thesecurves show the samples behaving much more consistently and predictably with the
addition of sheabushings Thebushing double the shedsearing area andistribute the
pressure more uniformlyCatastrophic tear out of the tubes was not observeds CBini be seen
in the pictures in Figur@0. Theory predicted the failure mode would shift to the strap and
should have held t00 kN 2,500 pounds The mean wag0 kN (15.7 kpound$ i 70% of

the predicted value. The stsagtid not have the benefitf @ bushingand the effect dbearing
pressure concentratiom the strapgasshown in Figure) is the likely explanation ofthe deficit
Theboltsalso deformed inelastically, indicatitigat system failure is fairly uniformly
distributed across ahe components at this point.
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TUBE STRAP

BOLT

FIGURE 10
CONFIGURATION = 2/SAMPLE B
17.4 K-POUNDS(77.6 kN)
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