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BOLTED STRUCTURAL CONNECTIONS IN FIBERGLASS MATERIALS  

 

ABSTRACT:  

This paper compares several methods of connecting fiberglass reinforced pultruded plastic (FRP) 

structural members to tubular sections using bolted designs that are commonly used in the 

cooling tower industry.  The study compares theoretically predicted values with full -scale actual 

laboratory test results.   

The geometry of the structural members studied herein are representative of the diagonal bracing 

typically found in cooling towers, but the results are not limited to just those members, nor only 

to the FRP structures found in cooling towers. 

 

INTRODUCTION AND BACKGROUND:  

Typical FRP diagonal bracing geometry used in cooling towers was chosen for this study.  

Diagonal bracing is 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 carry the accumulative static and dynamic lateral loads, 

fluctuating widely in magnitude between tension and compression, cyclically fatiguing the 

members and connections.  These forces result in bearing shear stress in the connections of 

structural members.  Reliable connection performance under this cyclic loading is essential for 

long-term mechanical stability over the expected life of the structure. 

FRP materials, as well as both bolted and adhesive connection methods, have been very well 

characterized by both industry and academia.  FRP manufacturers frequently endorse making 

combination connections by using an epoxy-type adhesive in combination with fastening screws 

to apply pressure to the connection while the adhesive cures.  The screws also contribute to the 

peel strength of the joint. Properly executed, these adhesive combination connections have been 

proven over long periods of time to effectively carry required loading, distribute stress 

uniformly, and increase joint stiffness ï all resulting in superior fatigue and impact resistance.(1)   

The quality of these adhesive connections is highly dependent on proper preparation of the glued 

surfaces, as well as the ambient temperature and humidity conditions at the time the connection 

is made.  Unfortunately, this has proven to be challenging for cooling tower construction or 

reconstruction, since field conditions and operator skill levels vary widely.  The amount of time 
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needed to make the connections is also significantly longer than simple bolted connections.  The 

time-windows for tower maintenance are frequently limited by site down-time constraints.  Also, 

verification of the connection integrity is virtually impossible after-the-fact.  Finally, removing 

or replacing a structural member for any reason at a later date is problematic.(1,2) 

As a result, bolt-only connections are the preferred connecting methodology in the cooling tower 

industry.  Several factors are generally known to affect bolted-joint bearing strength.  For 

example, fastener threads in the bearing areas are known to reduce bearing load capacity and 

accelerate hole deformation under fatigue loading.(3,4)  Plastic bushings and stainless-steel 

bearing sleeves have been added to both increase the shear bearing area and protect the FRP 

from the fastenerôs threads.(5,6)  Clamping pressure and washer diameter are known to have a 

significant impact on connection strength.   Increasing fastener torque (clamping pressure) and 

washer diameter and thickness can significantly increase the static strength capacity by 

increasing the friction in the joint and distributing it over a larger area.(7,8,9)   Loose bolts should 

always be avoided, particularly under reversed cyclic loading conditions. 

However, the cooling tower industry is not unified when it comes to the specifics of bolting 

structural members to hollow tubular FRP structural members.  FRP manufacturers caution 

against applying clamping/compression on unsupported cross-sections of tubular structural 

members.(3,10)  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.(10,11)  This adds material cost and installation labor time, but compression in the 

connection creates what may be referred to as a strong ñfriction-type or slip-critical joint.ò(12) 

Without internal support in the tube, applying even relatively low levels of tension in the 

connections (e.g., only 13-16 N-m (10-12 ft-lbs) of fastener torque on a Ø12.7 mm (Øİò) 

fastener) results in cracking of the tube (inelastic failure) in the fastener location, as well as at the 

tubeôs corners, as shown in Figure 1.  This failure mode ensures there is little-to-no tension in the 

connecting bolt and the connections will loosen over time due to creep.(13)  Unfortunately, Figure 

1 is a very common field observation throughout the cooling tower industry.(14)     
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 FIGURE 1 

 EXCESSIVE COMPRESSION ON UNSUPPORTED FRP 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 or full-width support tubes is to 

treat bolted connections to tubular columns as bearing-only or ñpinnedò joints, idealized by a 

clevis pin and hairpin cotter retainer.  One practical implementation is making connections by 

using self-locking nuts and only lightly tightening the nuts.  These nuts are about 3 times the cost 

of standard nuts and limits installation to hand tools and proper operator training and technique. 

Another approach suggests applying an anaerobic locking compound to the nut and ñfinger-

tighteningò standard nuts to secure assemblies.(6)  It 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, possibly even wiped off.  

This reduces corrosion protection and can result in galling, leading to thread seizure.  To protect 

against this occurring, CTI recommends applying a thread lubricant when using stainless-steel 

fasteners.(15)  Some anaerobic locking compounds do offer some degree of lubrication before 

curing.(16)  Careful adhesive selection and proper application is critical. Again, installation is 

limited to hand tools and proper operator training and technique. 

An alternative method commonly employed is to use a helical-spring split locking washer under 

the nut and only tightening the fastener until the spring washer is compressed ï essentially using 

the washer as a ñtorque gageò.  Compressing a typical Ø12.7 mm (Øİò) stainless-steel split 

locking washer only requires about 1.4 to 2.7 N-m (1 to 2 ft-lbs) of torque on the fastener, 

producing little-to-no tension on the connection and results in no damage to the FRP tube(13)  

This is commonly referred to as a ñsnug-tightò connection.(12)  This makes the use of power tools 

possible but dangerous.  Many installers in the industry limit operators to using only hand tools 

to avoid the condition shown in Figure 1.  This requires additional installation labor and quality 

monitoring.  But more importantly, bolts installed with this limited-tension method are 

frequently found to be completely loose and even missing entirely due to tower vibrations and 

thermal cycling (creep) over time.  A helical-spring lock washer is effective only when one of 

the materials being fastened (e.g. lumber) are soft enough for an edge of the spring washer to dig 

into one of the surfaces.  Since neither the nut, the washers, nor the FRP are soft enough, by the 

time the helical washer is flattened, helical-spring washers are effectively useless for locking in 

this application.(16) 

Figure 2 shows examples of such disorders at one recently-inspected site.  Alarmingly, this 

follow-up inspection was done less than six months after its initial installation.  The photos 

shown in Figure 2 were not isolated cases within this large installation.  More disturbingly, this 

condition is commonly the case found during many tower inspections. (14) 
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 FIGURE 2 

 LOOSE AND MISSING BOLTS FOUND DURING SITE INSPECTION  

 

Regardless of the implementation method, pinned connections have been shown to be inferior to 

properly executed combination adhesive-mechanical connections in terms of ultimate tensile and 

compression strength.  Pinned connections produce ultimate yield strengths that are only about 

60 percent as strong as classical theory would predict or as comparable adhesive/fastener 

combination connections.  Adhesive connections have been demonstrated to be as strong as the 

polyester-to-polyester shear strength of the connected substrates.(2,17)   

Even more importantly, however, pinned connections cannot, by definition, contribute any 

torsional moment resistance needed for structural stiffness against the fatigue loading from the 

shifting cyclical compressive and tensile forces existing in the diagonal members.  Practical 

joints are rarely loaded in pure shear or tension.  Indeed, field inspections of FRP towers that 

have been in service for several years with pinned connections shows clear indication that the 

clearance holes of pinned FRP connections have elongated from cyclic wear, particularly near 

the top of the tower where deflections are greatest.(14)  Figure 3 shows two such examples.  Note 
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that the bolt thread pattern is worn into the hole in the picture on the left.  The hole on the right 

had been dramatically elongated before the bolt finally fell out. 

 

 FIGURE 3 

 DAMAGED  BOLT HOLE S OF PINNED CONNECTIONS 

 

An adhesive connection or a properly-designed and installed bolted connection with sufficient 

clamping pressure supplies resistance to bending and cyclic forces.(18)  The purpose of this study 

is to compare the performance of various versions of pinned bolted connections to FRP tubes 

with bolted connections that are design for compression and tightly clamped. 

 

TEST METHODOLO GY: 

This study is limited to the more severe tensile rather than compression loading in composite 

joints.  Composite joints subjected to compression loading are less sensitive to joint geometry 

and are generally stronger than joints subjected to tensile forces.  Members are loaded in the 

lengthwise orientation according to the direction of the pultrusion to utilize the maximum tensile 

strength available from the FRP.  All edge distances exceed the minimum recommendations 

relative to bolt diameter.   As such, the predicted failure mode is bearing failure, rather than 

failure by tension or shear out.  Bearing failure is caused by the bearing pressure forces from the 

bolt applied to the hole boundary producing delamination of the composite.(7,9,18,19)  Historically, 

bearing failure has been defined as 4% elongation of the bolt-hole diameter.  No appreciable load 

capacity can be expected after the 4% diameter elongation is met.  Any further elongation of the 

holes only allows the structure to become loose and unstable.(4,17,18,19) 
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The FRP materials used for this test are fire retardant polyester, compliant with CTI industry 

standards.(20,21)  Cross-sectional dimensions of the tubes are 88.9 mm square x 6.4 mm thick 

(3.5ò square x 0.25ò thick).  Cross-sectional dimensions of the straps are 76.2 mm wide x 9.6 

mm thick (3.0ò wide x 0.38ò thick).  Fastener materials are all of S30400-grade stainless steel, 

Ø12.7 mm-13 (Øİò-13) UNC.  One flat washer is placed below the head of the bolt.  One flat 

washer and one helical locking washer is placed under the nut.  All threads are lubricated with a 

graphite-petrolatum anti-seize compound. 

 

Five different bolted-joint configurations are examined as described in Table 1. 

 TABLE 1  

 TEST CONFIGURATIONS  

 

CONF. 

NO. 

SHEAR BUSHING 

INSERT 

TUBE 

CLEARANCE 

HOLE  

STRAP 

CLEARANCE 

HOLE  

TIGHTENING 

CONDITION /JOINT 

TYPE 

 ̄1 NONE 
Ø14.3 mm 

(Ï0.56ò)  

Ø14.3 mm 

(Ï0.56ò)  

SPLIT WASHER 

FLATTENED 

(SNUG-

TIGHT /PINNED) 

ˉ 2 

STANDARD 

PLASTIC 

PARTIAL -

LENGTH SHEAR 

BUSHINGS(a) 

Ø26.4 mm 

(Ï1.04ò) 

SPLIT WASHER 

FLATTENED 

(SNUG-

TIGHT /PINNED) 

ˉ 3 

FULL -LENGTH  

S.S. SHEAR 

TUBE(b) 

Ø20.3 mm 

(Ï0.79ò) 

38-41 N-m (28-30 ft -

lbs) TORQUE(d)  

(TIGHTLY 

CLAMPED)  

ˉ 4 

MATING FULL -

LENGTH 

PLASTIC SHEAR 

BUSHINGS(c) 

Ø26.4 mm) 

(Ï1.04ò) 

SPLIT WASHER 

FLATTENED 

(SNUG-

TIGHT /PINNED) 

ˉ 5 

MATING FULL -

LENGTH 

PLASTIC SHEAR 

BUSHINGS(c) 

Ø26.4 mm 

(Ï1.04ò) 

38-41 N-m (28-30 ft -

lbs) TORQUE(d)  

(TIGHTLY 

CLAMPED)  

  

 

(a) Standard Partial-Length Bushings:  25.4 mm O.D. x 14.3 mm I.D. x 12.7 mm long 

(Ø1.00ò O.D. x Ø0.56ò I.D x 0.50ò long).  Polycarbonate plastic material. 

(b) Stainless-Steel Tube:  304 ASTM A269 Seamless Round 19 mm O.D. x 14.2 mm I.D. x 

88.9 mm long (Ø0.75ò O.D. x Ø0.58ò I.D. x 3.50ò long). 
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(c) Mating Full-Length Shear Bushings:  25.4 mm O.D. x 14.3 mm I.D. x 44.5 mm long 

(Ø1.00ò O.D. x Ø0.56ò I.D x 1.75ò long).  Polycarbonate-blend plastic material.  These 

are similar to the standard shear bushings described in (a) above that are also 

commercially available in 44.5 mm (1.75ò) lengths.(5)  But, this is a newly-designed, 

custom-molded component.  It has been designed with the added feature of a larger, 

thicker integral washer/flange to better distribute compression stress and increase 

friction in the connection.  It also adds self-retention features to snap into the clearance 

hole, facilitating more efficient field assembly (patent pending). 

(d) 39 N-m (29 ft-lbs) of applied torque results in approximately 20.5 kN (4600 pounds) of 

clamping tension in a lubricated bolted connection (KEST = 0.15).  20.5 kN (4600 pound 

is about 75% of the stainless-steelôs bolt proof strength.(22,23)  This is generally 

recommended best practice to achieve tightly-clamped bolted connections.(18,23) 

 

The five configurations described in Table 1 are illustrated in Figures 4A-4D: 

 

 FIGURE 4A ï CONFIGURATION ˉ 1 

 NO SHEAR BUSHINGS:  SNUG-TIGHT TENSION (PINNED CONNECTION)  
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 FIGURE 4B ï CONFIGURATION  ̄  2 

 STANDARD FLANGED PLASTIC PARTIAL -LENGTH SHEAR BUSHINGS: 

 SNUG-TIGHT TENSION (PINNED CONNECTION)  
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 FIGURE 4C ï CONFIGURATION  ̄  3 

 STAINLESS STEEL FULL -LENGTH SUPPOT TUBE/SHEAR BEARING : 

 39 N-m (29 FT-LBS) TORQUE (TIGHTLY CLAMPED CONNECTION)  
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 FIGURE 4D ï CONFIGURATIONS ˉ 4 & ˉ 5 

MATING FULL -LENGTH SHEAR BUSHINGS TESTED UNDER TWO CONDITIONS:  

SNUG-TIGHT  TENSION (PINNED CONNECTION) AND 39 N-m (29 FT-LBS) 

TORQUE (TIGHTLY CLAMPED CONNECTION ) 

 

A test fixture designed to perform this testing is shown in Figure 5.  It is comprised of two 

identical yokes to hold the specimens under test by clamping the tubes and interface them to an 

Instron® 3384 Tester, as shown in Figure 6.   As stated above, the scope here is limited to tensile-

only testing, although the fixture is capable of compression testing (and, hence, cyclical testing) 

as well for future work. 
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 FIGURE 5 

 TENSILE (OR COMPRESSION/CYCLICAL ) TEST FIXTURE  

 

Since this system is more complex than a single bolt/hole configuration, a gage length of 254 

mm (10ò) is used and a marker set on the output curves at the 10.2 mm (0.4-inch) elongation 

point (4%) to use as an arbitrary reference point to compare results with those of the references 

previously cited above. 

 

It is important to note that there is significant ñslackò in the pinned test specimens due to the 

clearance holes in the four connections.  A pre-load of 1.3 kN (300 pounds) was placed on all 

test specimens under test (both pinned and clamped) before the bolts were either snug-tightened 

or torque-tightened to remove this slack.  This is needed to ñnormalizeò the graphical 

representations of the data.  Otherwise, there are long and varying levels of ñdead-timeò at the 

base of the curves of the pinned specimens while 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/min (0.10 in/min) to failure.  Elongation is recorded in the process.  The 

slopes of the force-strain curves (elastic modulus of the systems) are compared for each 

configuration.  Higher elastic modulus is indicative of the stiffness of the structure and its 

resistance to cyclic fatigue loading.(24,25,26,27)   
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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 constraints limited the number to only three. 

 

Finally, one new sample is assembled with the mating plastic shear bushings and a structural 

member attached to one side of the tube only.  The purpose of this test is to determine the worst-

case safety factor of the bushingôs ability to protect the FRP tube under compressive torque 

loading.  This configuration is shown in Figure 7.  The bolt is tightened beyond the 

recommended 39 N-m (29 ft-lbs) 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 FRP.(24)  The tube will only take a few N-m (ft-lbs) of torque beyond this point before it 

catastrophically fails as shown in Figure 1.(13)  

   

 

  FIGURE 7 ï CONFIGURATION ˉ 6 

 MATING  SHEAR BUSHINGS:  COMPRESSION SAFETY FACTOR TEST 
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PREDICTED RESULTS: 

 

TENSILE TESTING 

 

As stated above, the predicted failure mode during the testing is bearing failure.  Based on data 

in the public domain and conventional engineering analysis, the ultimate predicted failure values 

and modes for the samples being tensile tested are summarized in Table 2. 

 

 TABLE 2  

  THEORETICALLY PREDECITED RESULTS 

 

CONF. 

NO. 

TUBE STRENGTH 

kN (POUNDS) 

STRAP STRENGTH 

kN (POUNDS) 

PREDICTED 

FAILURE POINT  

ˉ 1 67 (15,000)  100 (22,500) TUBE 

ˉ 2 133 (30,000) 100 (22,500) STRAP 

ˉ 3 117 (26,250)  100 (22,500) STRAP 

ˉ 4 133 (30,000)  100 (22,500) STRAP 

ˉ 5 133 (30,000) 100 (22,500) STRAP 

 

For reference, extrapolating the methodology detailed in Reference 17, the theoretical strength of 

an 8-screw, 100 mm long (4ò long) epoxy adhesive connection to a 76.2 mm wide (3.0ò wide) 

strap is about 98 kN (22,000 pounds). 

 

BUSHING COMPRESSION TESTING 

 

For the one sample being tested for bushing/FRP tube compression failure (Figure 6 ï 

Configuration ̄  6), based on the mechanical design of the mating shear bushings and the 

published properties of the plastic polycarbonate-blend material, the failure mode is predicted to 

be compression/cracking of the bushingôs flange at 31 kN (7,000 pounds).  This is slightly higher 

than the theoretical yield strength of the bolt (about 29 kN (6,500 pounds)), so it is expected that 

there could be some inelastic deformation of the bolt.(11,22)  The torque value at which this would 

occur is, therefore, unpredictable. 

 

Also, it is expected based on the development history of this component that the bushing without 

the benefit of the structural member over it to distribute the compressive force is the one that will 

first show evidence of damage.  The washer on the bushing without the benefit of the structural 

member to distribute the load will be deformed and drawn into the clearance hole. 
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The full-length stainless-steel bearing tube is not tested in this fashion because its theoretical 

compressive strength of the steel tube is more than 40kN (9,000 pounds), far exceeding the boltôs 

tensile-yield limit. (13,22)   

 

 

ACTUAL RESULTS  & INTERPRETATIONS  ï TENSILE TESTING :  (28) 

 

 Configuration ˉ 1 (Figure 4A ï No Shear Bushing/Pinned Connection) 

 

 

As the pictures in Figure 8 below show, the failure points are the bearing surfaces in the tubes (as 

predicted).  The straps and bolts showed no visible deformation.  These results mimic those 

reported in the prior noted references:  Ultimate failure occurs very near the 4% elongation value 

at loads that are far lower than theoretically predicted.   Additional loading simply tears out the 

bearing surfaces catastrophically.  More significantly and surprisingly, however, the curves 

above show the bearing areas distinctly breaking down along the way to 4% elongation, notably 

SPECIMEN 

MAX. LOAD: 

kN 

(Pounds Force) 

LOAD AT 4% 

STRAIN:  

kN  

(Pounds Force)  

LOAD AT 

0.5% STRAIN  

kN 

(Pounds Force)  

MODULUS AT 

0.5% STRAIN  

kN/mm 

(Pounds Force/Inch) 

A 44.80 (10,071)  41.59 (9,349)  8.54 (1,921)  6.72 (38,420)  

B 48.00 (10,790)  44.89 (10,092)  18.43 (4,144)  14.51 (82,880)  

C 44.05 (9,902)  43.37 (9,751)  14.68 (3,301)  11.56 (66,020) 

MEAN  45.61 (10,254)  43.29 (9,731)  13.88 (3,122)  10.93 (50,914)  

A 
B 

C 

0.5% 4% 2% 

MAX. LOAD  
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near the 1% and the again at the 2% elongation levels.  (These were audible events during the 

testing.)  From this testing, a case could be made that the samples actually failed when the curves 

began to flatten at 2% at 35.6 kN (8,000 pounds).  Were these samples of metal construction 

(ductile in nature), they would be classified as ñyieldingò at this point.  The modulus calculation 

for this configuration was done at only 0.5% strain for this reason. These values are highly varied 

and of questionable significance. 

 

 4% ELONGATION POINT  FAILURE AT >4% LOAD  

 

 FIGURE 8 

 CONFIGURATION ˉ 1 / SAMPLE A :  44.8kN (10.0 K-POUNDS) 
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The pictures in Figure 8 point to the reason that the bearings failed at less than two-thirds of the 

theoretically predicted levels.  The predicted values assume negligible clearance and inelastic 

bodies, i.e., it assumes the bearing pressure is uniformly distributed.  The reality, as shown in 

Figure 9, is that the bearing pressure is concentrated over a much smaller effective area due to 

the hole clearance needed for practical assembly.(29) 

 

 

 

 

 

 IDEALIZED LOADING   ACTUAL LOADING  

 

  FIGURE 9 

  BEARING PRESSURE CONCENTRATION  
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 Configuration ˉ 2  

 (Figure 4B ï Standard Partial-Length Shear Bushing/Pinned Connection) 

 

 

SPECIMEN 

MAX. LOAD: 

kN 

(Pounds Force) 

LOAD AT 4% 

STRAIN:  

kN 

 (Pounds Force)  

MODULUS AT 4% STRAIN  

kN/mm  

(Pounds Force/In) 

A 67.00 (15,062)  62.11 (13,962)  6.34 (34,905) 

B 77.63 (17,453)  63.57 (14,291) 6.47 (35,728)  

C 65.03 (14,620)  59.02 (13,268)  6.02 (33,170)  

MEAN  69.89 (15,712)  61.56 (13,840) 6.28 (34,600)  

 

 

These curves show the samples behaving much more consistently and predictably with the 

addition of shear bushings.  The bushings double the shear-bearing area and distribute the 

pressure more uniformly.  Catastrophic tear out of the tubes was not observed.  This can be seen 

in the pictures in Figure 10.  Theory predicted the failure mode would shift to the strap and 

should have held to 100 kN (22,500 pounds).  The mean was 70 kN (15.7 k-pounds) ï 70% of 

the predicted value.  The straps did not have the benefit of a bushing and the effect of bearing- 

pressure concentration in the straps (as shown in Figure 9) is the likely explanation of the deficit. 

The bolts also deformed inelastically, indicating that system failure is fairly uniformly 

distributed across all the components at this point. 

 

 

C 

A 

B 

4% 

MAX. LOAD  
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 TUBE  STRAP 

 

 

 

  BOLT  

 

  FIGURE 10 

 CONFIGURATION ˉ 2 / SAMPLE B 

  17.4 K-POUNDS (77.6 kN) 

 


