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ABSTRACT  

 Paratransit buses are custom built as the major vehicle manufacturer produces the custom 

built passenger cage installed on the chassis for the Paratransit bus. In order for these Paratransit 

bus members to be sufficient, they have to be evaluated for crashworthiness and energy 

absorption. This has prompted Florida Department of Transportation (FDOT) to fund research 

for the safety evaluation of Paratransit busses consisting of crash and safety analysis.  

There has been a large body of research done on steel subjected to static loads, but more 

research is needed for steel applied under dynamic loading and high speeds in order to improve 

crashworthiness in events such as rollovers and side impacts. Bare steel Hollow Structural 

Section (HSS) tubing are used a lot as structural members of Paratransit buses because of their 

lightness and progressive buckling under loading. The research will be conducted on quantifying 

the tubing’s behavior under bending by conducting static three point bending and impact loading 

tests. In addition to the bare tubing, plywood and fiberglass composites are investigated because 

they are both strong and lightweight and their behavior under dynamic loading hasn’t been 

quantified. As a result, the main purpose of this research is to quantify the differences between 

the dynamic and static behavior of plywood steel composite and fiberglass steel composite 

tubing and compare these findings with those of bare steel tubing. The differences will be 

quantified using detailed and thorough experiments that will examine the composites behavior 

under both static and dynamic loading. These tests will determine if there are any advantages of 

using the composite materials and thus allow for recommendations to be made to the FDOT with 

the goal of improving the safety of Paratransit busses. 

 Tensile tests were conducted to determine the material properties of the tested specimens. 

Before the static and dynamic experiments are run to investigate the differences between static 

and dynamic behavior, Preliminary three point bending testing was conducted to determine the 

parameters for the final experiments. Static bending testing was conducted on the bare, plywood 

composite, and fiberglass composite steel tubing. The point of these experiments was to produce 

a Moment vs. Rotation plot to determine the specimens’ maximum moments and their associated 

rotation, as that is when the steel buckles and fails. The dynamic three point bending experiments 

were conducted using the impact loading apparatus and had the same purpose as the static 

experiments. For both static and dynamic experiments, the performances of the different types of 
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specimens were compared based upon their Moment vs. Rotation plots. This will determine the 

effect that the composite has on the rotation and maximum moment at which the tubing fails.  

After conducting these experiments, amplification factors were established for each 

specimen by comparing the maximum moment and their associated rotation between static and 

dynamic testing. λ was calculated to quantify the ratio between the static and dynamic maximum 

moments.  was used to quantify the ratio between the rotation needed to produce the maximum 

moment between static and dynamic events. A small amplification factor denotes that material 

performs well under impact loading and the material doesn’t experience dramatic change in 

behavior during dynamic events. Amplification factors were compared between the bare, 

plywood, and fiberglass composite steel tubing in order to evaluate the performance of the 

composites.  

After comparing the amplification factors of the different types of tubing, 

recommendations can be made. Fiberglass and plywood composite were shown to be valuable 

because it decreased the effect of dynamic forces as  was reduced by a factor of β in comparison 

to bare tubing. Based upon the amplification factors, it was recommended to use 14 gauge 

fiberglass composite tubing as Paratransit bus structural members because it was affected the 

least by dynamic loading. 
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CHAPTER ONE 

INTRODUCTION 

1.1 History of Paratransit Buses  

 Paratransit buses provide public transportation, but don’t follow a set route. 

(Kwasniewski, Bojanowski, Siervogel, Wekezer, 2009). These buses have lower capacity and 

fewer bus routes than normal buses, which results in better efficiency. Paratransit buses, shown 

in Figure 1, have a gross weight and wheelbase significantly lower than standard buses. The 

production and use of Paratransit buses increased substantially after the ADA Act of 1990 (The 

Americans with Disabilities Act of 1990, 2006).  As a result of this act, complementary bus 

service is obligatory for people who can’t ride the public bus system; services are not met by 

public bus system, and have a permanent need for Paratransit buses because of injury or 

disability (The Americans with Disabilities Act of 1990, 2006).  

 

 

 
Figure 1: Paratransit Bus  

 

  

As a consequence of unestablished Paratransit industry standards, some manufacturers 

have their own diverse design and connection specs. Unlike standard buses, Paratransit buses are 

built in two steps by different manufactures. In the first step, the chassis and the cab is built by 

http://www.refworks.com/refworks2/?r=references|MainLayout::init
http://www.refworks.com/refworks2/?r=references|MainLayout::init
http://www.refworks.com/refworks2/?r=references|MainLayout::init
http://www.refworks.com/refworks2/?r=references|MainLayout::init
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the automotive manufacturer then sold to the Paratransit bus manufacturer. Then, the Paratransit 

bus manufacturer designs and installs the bus cage (Bojanowski, 2009).  Paratransit construction 

methods are shown in Figure 2 to depict how the chassis and passenger compartments are built.  

 

 

 
Figure 2: Paratransit Bus Construction Methods (Bojanowski, 2009) 

 

 

 Currently public transit buses are built with strict weight regulations (Jones, Wierzbicki, 

2010). In order to meet that requirement, they are built with lightweight steel cages. Using 

lightweight steel instead of heavy duty steel reduces the bus weight, fuel costs, and increases the 

amount of passengers. When these lightweight materials are used, the manufacturer may provide 

insufficient reinforcement due to their lack of consideration to the crashworthiness of the vehicle. 

These lighter materials still need to provide sufficient energy absorption and not experience 

excessive rotation during crashes. Due to this, the major concerns for the crashworthiness and 

safety of Paratransit buses are roof crash strength and side impact collisions (Li, 2007). As a 

result, Florida Department of Transportation has funded research to improve the safety of 

Paratransit buses.  
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1.2 Research Purpose  

 In this research, static and dynamic experiments will be designed in order to improve the 

crashworthiness of Paratransit buses during sudden impact events. Tensile test data has shown 

not to be the best predictor of dynamic events and actual dynamic testing needs to be conducted.  

This is vital because researchers have determined that dynamic events have different effects on 

steel than static events (Siewert, 2000).  Static events are when materials experience deformation 

slowly when the material is being impacted by a mass at slow speeds. Dynamic events occur in 

many car crashes attacks, where steel structures are exposed to loading conditions in which rapid 

deformation is experienced. These experiments will simulate in which 90% of structural 

members exhibit failure, which is in form of a bending collapse for both dynamic and static 

events (Kallina, Zeidler, Naumann, Scheunert, 1995). Experiments will be conducted in 

accordance with ASTM standards, but will be adjusted accordingly in order to provide valid 

readings and conclusions to address the research’s goal.  

 The primary purpose of this research is to investigate the crashworthiness of the plywood 

and fiberglass steel composites by quantifying their behavior under dynamic events. This will be 

investigated through energy absorption and moment under static and dynamic loading 

conditions. Energy absorption is the measure of a system that converts applied kinetic energy to 

another form and rigid structures are needed to dispel the kinetic energy (Han, 2007).  Moment is 

a measure of the ability to produce rotation. These experiments will be conducted through 

component testing. 

 

 

 1.3 Research Goals 

 The strain rate dependency of steel has been examined numerous times before and with 

this research the goal is determine an application that will quantify behavior under high impact 

loads. In order to provide an original contribution, the goal of this research is to quantify the 

performance of plywood composite steel and fiberglass composite steel tubes between static and 

dynamic behavior. Plywood and fiberglass composites will complement the steel HSS tubing, by 

being glued onto the tubing using a structural adhesive. The performance of these composites 

will be evaluated by comparing the static and dynamic response of these tubes against bare steel 
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tubing’s performance. As a result of this, this will determine if the composites have any positive 

influence on steel during high impact and dynamic events.  

 In order to quantify the differences of static and dynamic behavior, a plot similar to 

Figure 4 will be developed. Figure 3 is taken from Paratransit Bus Standard ECE Regulation 66 

protocol and it differentiates the static and dynamic behavior by plotting the Moment vs. 

Rotation response of the steel.  In this regulation, an assumption of the factor to be 1.2 is made 

between static and dynamic if testing isn’t conducted. After analyzing the experimental results, 

two amplification factors are calculated to quantify the differences between the behavior of the 

bare steel and steel composite tubes under static and dynamic loading conditions. The two 

factors will be based upon the maximum moment and the rotation at which the maximum 

moment occurs. Those points of interest are important because that is when the specimen fails. 

The smaller the amplification factor is, the more beneficial that is it for dynamic events.  For this 

plot to be produced, it is important to use appropriate sensors and data analysis to produce 

accurate and elaborate results.  

 

 

 
Figure 3: Moment vs. Rotation Plot Quantifying Static and Dynamic Response  

 

  

 The main objective after these experiments is to identify factors that most influence the 

dynamic capability of composites and steel. These factors need to be quantified in order to 

understand their significance to dynamic strength. For that to be done, experimental results need 
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to be evaluated for accuracy and repeatability using valid concepts. These identified factors will 

help address the experiment’s findings and develop sufficient conclusions about the dynamic 

behavior of the steel tubing.  

Normally designers and manufactures select their steel based upon their quasi-static 

properties without much consideration to dynamic properties (Sherman, 1996). A significant 

goal of this research is to influence manufactures and designers to choose their structural 

members to be a sufficiently energy absorbent for highly dynamic events. Recommendations will 

be made to FDOT and Paratransit bus manufactures if any advantages were shown by the 

composites during the static and dynamic events.  
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CHAPTER TWO 
 

LITERATURE REVIEW 

2.1 HSS Tubing 

 The tested specimens in these experiments are 14 and 16 gauge square HSS tubes 

because they are most often used as structural members for Paratransit buses. These tubes are 

given from the Paratransit bus manufacturer and their purpose is often to serve as roofing for 

Paratransit busses, as shown in Figure 4. The tubes are normally impacted during rollover and 

side impact events.  

 Steel tubing use, in particular thin walled tubes, in building and bus construction 

continues to rapidly increase (Sherman, 1996). Steel tubing has been shown to be capable energy 

absorbers because of their progressive buckling under compressive loading and their structural 

lightness (Yan, 2007). Energy absorption is a crucial factor for analyzing crashworthiness 

because of the importance of protecting the occupants during crashes.  

 

 

 
Figure 4: HSS Tubing used as Paratransit Bus Roofing  

 

 

 Despite the fact that some designers think of structural tubing as being new, some of the 

earliest steel structures were built using circular tubes. It wasn’t until late 1940 that requirements 

for circular tubing began appearing in U.S. design specifications. Over the past decades, 

innovations have led to a rapid increase in the bulk production of circular and rectangular tubing. 
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Cold-formed, welded steel can be obtained throughout the entire United States (Sherman, 1996).  

As a result, there have been previous experiments on the behavior of tubes under various types of 

loading. Using this experimental data, design criteria were developed. The design criteria for 

HSS tubing are most often based upon static loading, but it’s important to understand their 

behavior under high impact loads. Previous research has shown that HSS’s material properties 

are important in designing structures that resist dynamic and seismic loads.  

 

 

 
Figure 5: Various Sizes of HSS Tubing   

 

 

 The other advantages of steel tubing are that round and square sections require no lateral 

bracing and rectangular sections only require bracing for extreme depth to width properties 

(Sherman, 1996). Additionally, the torsional stiffness and strength make tubes an ideal shape for 

space frame construction. Lastly, it has been shown that tubing is relatively inexpensive.   

 

 

2.2 Fiberglass and Plywood Composites 

 Composites are nonhomogeneous material and are created by bonding different materials 

(Aircraft Spruce Catalog, 2012). They are normally stacked on top of each other and held 

together by either an epoxy or adhesive. Even though the different materials are combined, each 
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individual material still remains distinguishable. The most efficient way of composite 

construction is to combine multiple materials which their advantages match each other and their 

disadvantages cancel out.  

Fiberglass and Plywood composites will be used to accompany steel tubing to quantify 

their performance to evaluate their benefit during dynamic events. Plywood and fiberglass 

composites are stronger in compression than in tension. Composite materials normally give little 

warning before they fail. These composites normally fail by delamination, which is where layers 

of material separate from each other.  

 Even though fiberglass and plywood composites have proven to be durable, it is 

important to understand their behavior under dynamic loading conditions. Poe has shown that 

low velocity impacts can decrease strength in tension and compression of these composites by 

almost two thirds (Poe, 1989). Low velocity impacts to the fiberglass and plywood composites 

can cause damage involving delamination and fiber breakage. Experiments using drop weight 

tests deliver a solid understanding of fiberglass and plywood composites response to impact 

damage tolerance.  

 Fiberglass composites have been known as a commodity in the engineering industry over 

the past five decades because they are lightweight, have high stiffness, high damping, and are 

corrosion resistant (Oh, 1997). Fiberglass is strong in compression and relatively inexpensive. 

During World War II, Fiberglass replaced plywood as enclosures for aircrafts. Fiberglass 

composites have been mostly used in the defense and military industry for spoilers, wing flaps, 

and various air craft materials (Oh, 1997).  

 Plywood composites are sturdy, prevent shrinkage, and strong in shear (Shi, 2006). 

Plywood has been shown to be a suitable resistant to bending (Plywood, 2014) and is often used 

when a high quality and strength material is needed. When plywood experiences bending, the 

maximum stresses occur in the outermost layers for tension and compression.  They are used in 

situations where resistance to cracking, expansion, and shrinkage is needed (Shi, 2006). Plywood 

composites consist of layers of wood held together by either adhesive or epoxy. It has been 

shown that these composites maintain itself against high crash forces and then fracture. Plywood 

composites are used very frequently in industrial applications, building, and bridge construction 

(Shi, 2006). 
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Plywood steel composites are efficient materials for construction because there is an 

excellent composite effect between the plywood and steel, provide suitable load capacity and 

stiffness (Pedreschi, 2006). Plywood steel composites are used frequently in residential 

construction. Pedreschi was one of the first examine the behavior of steel plywood composite 

beam, by using cold form steel as a flange and plywood serving as the web (Pedreschi, 2006). 

Flanges were connected to the webs using self-tapping screws and tab.  The beams were tested 

over a specified clear span and the load was applied using hydraulic rams. Two spreader beams 

provided four point loads in order to simulate a uniform distributed load. The beams exhibited 

adequate lateral stiffness and failure occurred due to local buckling in flange at mid span 

(Pedreschi, 2006). Steel plywood composite beam acted rigid because of the connection between 

the steel and plywood composite. From his experiment, it was determined that the strength and 

stiffness of the steel plywood increased when the steel thickness was increased (Pedreschi, 

2006). In conclusion, it was shown that steel plywood composites show promise in producing 

sustainable and efficient construction.  

 

 

2.3 Relevant Experiments 

 In order to properly quantify the effects of dynamic loading on steel, experiments need to 

be chosen carefully. Different types of experiments were researched in order to determine the 

best experiments to differentiate between static and dynamic events. A brief overview of various 

experiments will be presented. For static experiments, normally mechanical or hydraulic 

machines are used in order to apply loads. While for dynamic experiments, servo-hydraulic or 

electrically powered machines are normally used to apply loads onto the steel.  

 Before dynamic and static experiments are conducted, steel needs to be properly 

characterized. Tensile tests are conducted to determine material characteristics and decide if a 

material is brittle or ductile. Before the tensile tests are conducted, the steel is water jet cut into a 

specific shape. In these tests, a machine applies tension by pulling the specimen at a specified 

strain rate until the specimen necks or breaks (Davis, 2004). Extension and load data is used to 

develop stress and strain plots that will determine the properties of the tested material. From the 

stress strain plot, the yield and ultimate stress can be determined.  
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 The Three Point Bending Test is conducted frequently to determine steel’s static response 

under flexural loading and buckling.  This experiment is sensitive to strain rate, loading 

geometry, and specimen geometry. Advantages of the method include it being simple, quick, and 

cost effective. Using a fixture similar, the specimen rests on two supports and the load cell 

applies a load on to the specimen until it fractures. The fixture’s support span can be adjusted in 

order to investigate flexural behavior under different conditions. 

 The Split Hopkinson bar test is conducted to test materials at very high strain rates. First 

developed in 1914 by Bertram Hopkinson, he used a long bar to study the pressure pulse produce 

by impact of a bullet (Smerd, 2005). In his experiment, a pulse was created by exploding a spark 

at one end of the bar, and then a portion of the pulse would enter the cylindrical pellet at the 

other end of the bar, and then exit the end (Hopkinson, 1914). By measuring the momentum of 

the pellet using a ballistic pendulum the pressure-time relationship is determined.  

 Later Kolsky introduced the split Hopkinson bar, to measure material’s dynamic 

response. The dynamic stress strain relationship can be determined from this experiment. His test 

arrangement consists of two bars with a specimen sandwiched between them. A compressive 

loading pulse is generated by a detonator and steel anvils are used for protections against 

detonation (Kolsky, 1949). The gas gun drives the striker. As a result of the impact, an elastic 

compression wave is generated in the incident bar. The wave travels through the incident bar 

until it reaches the tested specimen. Instantaneously, part of the wave is transferred through the 

specimen to the transmitter bar and is known as the transmitted wave. The remaining part of the 

wave is reflected across the incident bar as a tensile wave and is known as the reflected wave. 

Both of these waves are measured using a strain gauge. Strain gauges are placed along both bars 

to measure waves traveling along both. Throughout the experiment, the incident and transmitter 

bars remain elastic and the specimen deforms plastically. If the bars remained elastic, the 

displacement-time relationship was measured using the stress wave going through the bars.  

 An experiment that is most often used for dynamic tensile testing is the servo hydraulic 

dynamic test. In this experiment, a closed loop system is utilized to convert small motions to 

increased motions of force (Nemet, 2014). The mass that impacts the specimen is powered by 

hydraulic cylinders. Additional springs and hydraulic dampers can be used to simulate static and 

dynamic loads.  
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 The single bar method is used for dynamic tensile testing. In this experiment, a hammer, 

impact block, and an output bar is utilized. The impact block is impacted by the hammer causing 

the specimen to deform in tension (Nemet, 2014). At impact, the transmitted wave circulates in 

the output bar. The reading’s amplitude is proportional to the specimen’s stress. 

 The impact drop experiment analyzes materials during high impact events by applying 

axial loads at high speed. This test was developed in 1857 by Captain Rodman for testing of gun 

steel and used later in testing for railroad steels (Siewert, 2000). The apparatus is designed to 

have impact velocity limits, a rigid mount to minimize vibration, suitable impactor mass, and 

adjustable drop height (Siewert, 2000). The impactor mass is directed by either tubing or railing 

to drop vertically on to the specimen. This experiment has been proved to be suitable measure of 

fracture resistance and energy absorption. Energy absorption can be varied by adjusting the drop 

heights and masses. During the impact, kinetic energy is lost and energy is absorbed by the 

specimen in order to fracture (Siewert, 2000).  

 Originally, the impactor mass of the impact drop tests used smooth rectangular bar, 

causing cracks easily in brittle materials and mild bending of brittle materials (Siewert, 2000). In 

order to resolve this issue, LeChatalier proposed adding a notch the impactor’s bar. The notch 

resulted in materials being fragile when impacted, instead of experiencing bending without 

fracture (Siewert, 2000). 

 Charpy Impact Test is a high strain rate test that can measure the energy absorbed during 

impact and be used to analyze material’s ductility. This test was developed by S.B. Russell and 

Georges Charpy to understand the problems of ship Fracture during WW II (Siewert, 2000).  In 

this experiment, a pendulum with a known hammer mass and length is dropped from a specific 

height to impact the specimen. The specimen is notched and of a specific size/geometry because 

those have been proven to be factors in previous experiments.. Energy transferred to the 

specimen is calculated by comparing the change in height of the hammer before and after the 

impact.  

 

 

2.4 Dynamic vs. Static 

 Materials that are being subjected to a load dynamically instead of statically will have 

significantly different post-impact behavior such as magnitude of buckling and displacement. 
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Impact velocity and strain rate differentiate whether an object is being impacted dynamically or 

statically. A material is impacted quasi-statically if the strain rate is between the range 0.001 to 

0.5 s
-1

, while dynamic events occur when the strain rates is between 0.5 to 1000 s
-1

 (Borsutzki, 

2005).
 
During static events the velocity stays the same, but during dynamic events the impact 

velocity changes. As a result of that, there is a higher acceleration and applied force during 

dynamic events. 

 There isn’t much change in results when strain rates are adjusted within the quasi-static 

strain rate ranges. But, there are many differences in the material’s response when being 

impacted dynamically instead of statically. This shows the importance of running high speed and 

dynamic experiments. The reason is that when a material is struck by a load statically, there are 

fewer factors affecting the material’s resistance to the force. When a load is applied quasi-

statically, the material’s resistance is only effected by stiffness. While in dynamic cases, 

stiffness, damping, stress waves, friction, and inertial forces effect the material’s resistance and 

load carrying capacity.  

)(),( tpuufsucum    (Equation 1) 

 As materials get impacted by loads at higher speeds, the concept of strain rate sensitivity 

is important for a material’s response to high impact loads. Strain rate sensitivity is defined as 

the magnitude at which a material’s mechanical properties will change based upon an increase in 

strain rate. A material is more strain rate sensitive when there is a drastic change in a material’s 

mechanical properties as the strain rate increases. Strain rate is directly proportional to the 

velocity impacting a material. Strain rate sensitivity is related to the material and not the 

structural geometry (Soroushian, 1987). Strain rate sensitivity has been researched heavily 

through previous experiments on its effect on the energy absorption, load carrying capacity, and 

post buckling behavior of steel. Understanding this concept will be necessary in quantifying the 

difference between the static and dynamic behavior of plywood and fiberglass composite steel 

tubes.   

 There are numerous strain rate sensitivity factors for steel. Steel grade is prevalent factor, 

as previous experiments show that low grade steel is more strain rate sensitive than high grade 

steel. It has been explained that the strain hardening exponent decreases as strain rate increases. 

Thickness has historically had a major effect on strain rate sensitivity, as shown by thinner steel 

having the most significant changes to its properties (Marzbanrad, 2007). Previous experiments 
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have been conducted to elaborate the effect of material composition on strain rate sensitivity. It 

has been shown that hot rolled steel exhibit a drastic increase in yield stress as strain rate 

increases, while cold rolled steel doesn’t have those characteristics.  

 

 

2.5 History of Dynamic Modeling and Impact Testing 

 In order to understand the differences between the impact of static and dynamic loads on 

the structural strength of steel, a thorough investigation has been done on previous experiments 

concerning strain rate investigation, high impact testing and dynamic modeling. In general most 

dynamic experiments have been done on the axial crushing of the thin walled tubes, not 

necessarily concerning the dynamic bending behavior. The general consensus from the dynamic 

experiments has revealed that steel with lower yield strength are more sensitive to dynamic 

loads. 

 Various constitutive formulations have been developed based upon static experimental 

results to account for strain rate sensitivity in order to predict steel’s behavior at higher strain 

rates. These constitutive models use various strain rate sensitivity factors in order to properly 

predict dynamic behavior. This has been used in substitution of conducting the actual dynamic 

experiments and is implemented for computational purpose in Finite Element Simulations. These 

formulations are used to compare theoretical and experimental results in order to evaluate 

accuracy.  

  In ASCE’s paper, “Steel Mechanical Properties at Different Strain Rates” (Soroushian, 

Choi, 1987), dynamic tensile tests were conducted on structural steel, steel wires, and rebar. 

From his test results, he developed equations to predict dynamic yield strength, dynamic ultimate 

strength, dynamic strain hardening initiation strain, and dynamic ultimate strain by taking 

account for yield stress and strain rate. He concluded that there wasn’t much difference in the 

strain effect between the materials and that steels with lower static yield strength are more strain 

rate sensitive than higher strength steels (Soroushian, Choi, 1987). It was noted that factors like 

chemical properties and cold work history influence strain rate sensitivity (Soroushian, Choi, 

1987).  

 Through conducting various experiments, Bleck and Schael developed an equation 

predicting a material’s stress at a higher strain rate by accounting for strain rate sensitivity 
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(Bleck, Schael, 2000). This equation indicates a linear relationship between flow stress and the 

logarithmic strain rate because the strain rate sensitivity rises with increasing strain rate. Previous 

work of Bleck and Schael depicts a non-linear relationship (Bleck, Schael, 2000). Their 

formulation is shown in Equation 2 and takes in account of strain rate sensitivity factors and 

material constants. 

m
K   (Equation 2) 

 

  Developed in 1953, Cowper Symonds model is a strain rate dependent elastic plastic 

model that predicts material behavior at a higher strain rates. This model was built by collecting 

test data on dynamic lower yield stresses of different materials at various strain rates (Marais, 

2004). As a result, a best fit curve was created and material coefficients (D and p) were 

determined (Marais, 2004). Cowper Symonds parameters can be embedded in finite element 

simulations and is shown in Equation 3. 
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 Similar to the Cowper Symonds Model, the Johnson Cook model is a strain rate and temperature 

dependent plastic material model. This model is very useful for siutations where strain rates vary 

over a large range and changes in temperature causes softening of material. The model includes 

strain, strain rate, and temperature terms and is shown in Equation 4. In this model, thermal 

effects and damage are not accounted for because the thermal softneing limiting maximum stress 

is not available (Marais, 2004). The model can also be implemented in finite element simulation 

to predict material behavior during high speed and impact events. 
 

)1)(ln*1)(*( *mn

y TCBA    (Equation 4) 

 The Air Force and Department of Energy explored the Strain Rate Sensitivity of steel by 

conducting tensile tests. They developed the Dynamic Increase Factor based upon the static 

results to predict the yield and ultimate stress at higher strain rates. The Dynamic Increase Factor 

(DIF) is the ratio of dynamic to static values for yield and ultimate stress and it is inversely 

related to yield stress (Malvar, 1998).  

 Boyce and Crenshaw evaluated the strain rate sensitivity of four high strength steel alloys 

(Boyce, 2007) by conducting tensile tests using the servo hydraulic method from the strain rate 

range of 0.0002 s
-1

 to 200 s
-1

. It was concluded that these alloys only exhibited mild strain rate 
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sensitivity, which is shown by the strain rate exponent m being between the ranges of 0.004 to 

0.007. Those exponents are equivalent to a 10% increase in yield strength. Three of the alloys 

showed a drop in ductility as the strain rate increased, while ES-1C had a 25% increase in 

ductility.      

 Before 1955, the properties of steel could only found from slow tests and behavior under 

dynamic loading could only be estimated from information from previous investigations 

(Massczrd, 1955). This is where different tests other than tensile test were used to help 

understand and determine the behavior of steel at higher strain rates. As a result, University of 

Illinois, in conjunction with Wright Air Force Base, conducted an investigation on inelastic 

deformations using static and dynamic tests on mild steel structural frames, beams, and beam 

columns. For dynamic loads to be applied, a rapid loading apparatus using a hydraulic jack frame 

was developed in order to apply forces as large as 60 kips to small structures. Material properties 

were adjusted by 15% to account for dynamic loading conditions.  Throughout the experiments, 

it was shown that actual resistance of mild steel subjected to inelastic deformation increases as 

strain rate increases and local buckling is less noticeable in dynamic tests. There was a delayed 

yielding for dynamic experiments because of the short impulse.  

 The shear deflection of wide flange steel beams was investigated by subjecting beams to 

high shear forces. This is the first time such large scale testing occurred for continuous beams 

that were this far into the plastic range (Massczrd, 1955). During these experiments, it was 

shown that all failures were ductile.  

 Massczrd conducted static and dynamic load deflection tests of steel frames and beams. It 

was determined that the static response can be predicted using elasto-plastic theory. The beam 

tests showed dynamic loads differ from static loads because of the increase in yield stress as a 

result of a delay in yielding, which extends in the elastic range of response. 

 In this same study, Howland and Wilkinson subjected four model frames to dynamic 

lateral loads and axial loads along axis of the top girder. It was shown that axial loads didn’t 

have a huge impact on resistance. The conclusion was that the dynamic response is significantly 

higher because the local buckling and twisting of columns didn’t have sufficient time to occur 

during dynamic tests (Massczrd, 1955).  

 Also in this same study, Wojcieski utilized a drop test machine to subject dynamic lateral 

loads to beam columns at different heights in order to vary energy input on pin ended beams. It 
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was shown that axial loading didn’t affect deformation and that a higher yield stress value was 

required as energy input increases (Massczrd, 1955). Lastly, it was concluded that the ratios of 

dynamic, fully plastic resistance to static resistance isn’t changed by altering cross section 

orientation, cross section shape, or support span of the beam.  

 In 1955, E.W. Parkes conducted one of the earliest investigations done on the response of 

flexural members to dynamic loads (Pan 1995).  He investigated the permanent deformations by 

exposing mild steel cantilever beams to dynamic transverse loads. It was concluded by analyzing 

the beam as simply rigid and plastic, the maximum deflections were overestimated (Parkes, 

1955). Later he investigated fixed beams composed of either mild steel, brass, or duralumin by 

applying impact loads transversely at any point on their span. The supports were prevented from 

rotating, but were able to move axially. The results of the experiments determined that mild steel 

was the most strain sensitive and when strain rate sensitivity is accounted for, the experimental 

and theoretical results are in good agreement (Parkes, 1957).  

 Similarly, Ting and Symonds determined that plastic deformation behavior can be 

predicted accurately when accounting for strain rate sensitivity (Ting, 1962). They subjected an 

attached tip mass to apply a load on at the base with a sudden transverse velocity. The conclusion 

was that strain rate sensitivity was influenced by yield stress and geometry change.  

 In 1963, Rawlings conducted tests in order to investigate strain-rate effects on yield loads 

for mild steel beams. He conducted experiments by applying large masses on simply supported 

beams using a two point loading system. It was determined from the results that the association 

between the minimum yield value and yield time from the dynamic tests agreed well with the 

material tests (Rawlings 1963).   

 Culver and Zanoni examined cold form steel thin- walled beam being subjected to 

dynamic loading. Their test results were compared using both linear-elastic and non-linear 

methods. From the experiment’s results, Culver and Zanoni determined that one can predict the 

bending moments using linear elastic analysis while taking into account local buckling (Culver, 

Zanoni, 1971).  

  Aspden and Campbell were the first to conduct dynamic bending tests on steel were there 

was documentation of moment and rotation characteristics (Aspden, Campbell, 1966). The 

dynamic portion of the experiments consisted of a hydraulically powered drop weight apparatus 

applying dynamic loads on small scale simply supported beams. The beams were tested using a 
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four point system. The static experiments were conducted using an instron machine to apply 

loads. From the results, it was concluded at the fastest strain rate, the dynamic upper yield 

moment was around 80% higher than the in a static test (Aspden, Campbell, 1966). The 

prevalent cause behind that was the 10% difference of non-uniform strain distribution during the 

loading process (Aspden, Campbell, 1966).  

 From these dynamic experiments, Aspden and Campbell developed a constitutive 

equation to determine and predict the dynamic bending moment experienced by the steel. By 

integrating Cowper Symonds Equation, Aspden and Campbell developed an equation to 

determine dynamic bending moments by amplifying the static collapse moment using the beam 

thickness and curvature rate (Aspden, Campbell, 1966). Dynamic bending moment is determine 

using equation 5. In equation 5, H is the beam thickness, 
.

k  is the curvature rate, M is the 

dynamic bending moment, and Mo is the static collapse moment. 
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 In 1985, Sereide and Kavile conducted tests on steel tubes with time-dependent lateral 

concentrated loads. Their purpose was to compare dynamic and static global response of tubular 

members. It was determined that the tubular members didn’t exhibit noteworthy differences 

between static and dynamic global response. The only difference was shown in local denting, 

where the dynamic load displacement curves were about 10% higher than the static curves. 

(Sereide, Kavlie, 1985) 

 Stronge conducted experiments on thin walled tubes being struck at velocities from 2-6 

m/s to investigate missile puncturing of pipes. The observation was that inertia forces caused a 

decrease in the damaged region and that flexural resistance becomes more prevalent as a result of 

shear forces (Stronge, 2010). The conclusions are that local deformation increases as velocity 

increases.  

 Pan conducted dynamic tests on 30 beams composed of 50XF sheet steel using an impact 

drop tower (Pan, Yu, 1992).  It was concluded that the effective cross sectional area, based upon 

dynamic yield stress, can be used to determine the beam’s load carrying capacity.  As a result of 

the increase in impact velocity, there is more severe global and local buckling.   
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 In 1993, Pan subjected dynamic loads to beam specimens composed of 25Ak and 50 SK 

sheet metals. The structural behavior of the beam specimens were investigated by testing the 

strain rates varying from 10
-4 

to 10
-2 

s
-1

, using the experimental layout shown in Figure 12 (Pan, 

Yu, 1993). In total, 72 hat shaped beams of hybrid sections were tested and separated into 3 

groups of strain rates. The conclusion was that the yield and ultimate moment of hybrid beams 

increase as strain rates increase for specimens having comparable w/t ratios. There was no local 

buckling shown for sections with small w/t ratios, but local buckling occurred in the elastic range 

for beams with large w/t ratios.  An example of a load displacement curve obtained from the 

testing is shown in Figure 13. It was documented that the ratio of tested ultimate moment to 

tested yield moment for beam with small w/t ratio are much larger than beams with larger w/t 

ratios. The tested and computed yield moments were within 10% of each other, showing that 

dynamic stress strain relationships can be used to predict results. 

 Velmurugan and Muralikannan investigated the energy absorption characteristics of 

annealed steel tubes under static and dynamic loading conditions. The effect of impact velocity 

was studied by impacting tubes consisting of circular, square, and rectangular cross sections at 

different drop heights. Specimens were tested quasi statically using the Universal Testing 

Machine. Dynamic tests were conducted using a drop mass system; by applying a constant drop 

mass at impact velocities ranging from 7 to 8.3 m/s (Muralikannan, Velmurugan, 2010). The test 

results depicted that the mean load for dynamic testing at 7 m/s was 10% higher than static 

loading conditions and 20% higher for 8.3 m/s compared to static loading (Muralikannan, 2010). 

It was observed that increase in the maximum load was caused by inertia effects. In conclusion, a 

higher energy is needed to create the first fold using dynamic loading conditions in comparison 

to static conditions (Muralikannan, Velmurugan, 2010).  

 In an experiment conducted by Hsu and Jones (Hsu,Jones, 2004), stainless steel, mild 

steel, and aluminum alloy tubes were axially crushed by large loads at both dynamic and static 

displacement rates. Tubes were supplied in batches of 5 m lengths and 6 m lengths.Quasi static 

tests were conducted on vertically placed tubes using the compression machine which applied 

loads ranging from 2-10 mm/s. For the dynamic tests, an input energy of 2.5 kJ was applied onto 

the tubes using a drop hammer rig, The tubes were placed vertically on an anvil. The dynamic 

tests showed that inertia had a huge effect, as materials with high impact velocities caused large 
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axial stresses and strains leading to less energy needs after bending (Hsu,Jones, 2004). It was 

concluded that the tube’s stability decreases as the impact velocity increases (Hsu,Jones, 2004). 

 Jing conducted static and dynamic tests for both thin and thick walled square HSS mild 

steel tubes using two different span lengths under both fully clamped and simply supported end 

conditions (Jing, 1998). Quasi-static testing was conducted using the 7.5 ton Denison 

compression machine, while dynamic testing was done using a High Energy Rate Forming Rig 

using  a 108 kg drop mass and velocities up to 7 m/s. During the static tests, it was observed that 

local deformation occurred and some evidence of global deformation. It was shown that buckling 

was of a higher magnitude for dynamic experiments in comparison to static experiments. 

 The experimental results from Jing’s experiment, consisting of displacement and force 

results, determined that the difference between deformation mode and energy absorption rate 

between the quasi static and dynamic tests were small (Jing, 1998). As a result, static test results 

could be used a valid predictor to approximate dynamic behavior. The experimental results also 

show that that the thick walled tubes deformed slightly, while the thin walled tubes underwent a 

more advanced local bending collapse and larger deformation (Jing, 1998). Lastly, the static and 

dynamic tests showed that the local deformation depends on both span length and end condition. 

The local and global deformations were significantly more complex for the tubes tested at short 

spans, as shown by the local buckling occurring away from the impacted region (Jing, 1998). 

 

 

2.6 Material Improvement 

 In previous experiments, different types of mechanisms have been used to strengthen 

steel under dynamic loading. Dynamic strength is improved by preventing excessive movements 

that cause plastic deformations. Different strengthening mechanisms are described in the 

paragraphs below. 

 Numerous experiments have been conducted with foam being used as a filler materials 

for HSS steel cross sections. Foam, as a suitable light weight material, can improve energy 

absorption characteristics of structural tubes during impact.  

 Seitzberger axially crushed aluminum foam filed steel tubes. In order for the foam to be 

used as a filler material, the tubes were heated beyond 600° C.  The foams were partially filled 

because of neccesary tolerance, adhesives, and weight increase without great impact in 
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mechnical properties (Seitzberger, 1997). The aluminum filled tubes were compared against a 

bare steel tube. It was determined that energy absportion was improved up to 60% because of 

energy loss during compression was caused by the foam itself. The foam constrains the folds of 

the tube being crushed while moving inwards and stiffining hollow material by causing partial 

folding in the weakest points that eliminate peak stresses (Seitzberger, 1997). In conclusion, if  

an aluminum foam is of proper density it can be a sufficient material for thin walled steel 

structures. 

 In order to evaluate crashworthiness, Li conducted static and dynamic three point 

bending tests on aluminum filled thin-walled circular tubes. Empty, aluminum foam-filled single, 

and aluminum foam-filled double tubes were tested dynamically using a drop weight machine. 

Results show that the load carrying capacity of the dynamic experiments were a little higher than 

the static tests, but the maximum displacement of the filled foam were so much greater than 

those in static tests (Li, Zheng, Yu, 2013). In all cases for dynamic tests, the total energy 

absorption of the foam filled structures are about as twice of that in static tests due to the strong 

oscillations caused by inertia (Li, Zheng, Yu, 2013). The deformation pattern and fold formation 

are similar between dynamic and static tests. In conclusion, aluminum foam plays a vital role in 

bending resistance of HSS tubes.  

 In a later experiments, zinc was used instead of alumiunum as a foaming material. 

Histroically is has been shown that problems arise from using aluminum foam because of slow 

forming rate and corrosion (Kovacik, Simancik, 2001). When zinc is used these problems are 

reduced because of its lower melting temperature and better corrosion resistance (Kovacik, 

Simancik, 2001). Zinc foam is prepared with a powerful metallurgical process from a precursor 

made of zinc powder.  

 In an experiment conducted by Kovacik and Simancik,  aluminum and zinc foam were 

compared by filling them then in a HSS tube. Aluminum foam was heated up to 800°, while zinc 

was heated up to 500°, to examine the heating effect on steel properties. Using the foams, the 

tubes were tested using three point bending tests conducted at 10 mm/min. The experiments 

showed that if foam is simply inserted to the hollow profile, aluminum foam is a better filler 

material because of better mechanical properties (Kovacik, Simancik, 2001). Otherwise, when 

foams are prepared by foaming in the profile directly, zinc performs better because of 

insignificant impact on steel properties due to lower foaming temperature (Kovacik, Simancik, 
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2001). The conclusion was that the use of foam is only effective when profiles are formed 

partially in the weakest sections or in the locations with the highest loading (Kovacik, Simancik, 

2001). 

 Using an impact load apparatus, Mantena and Mann investigated three high density 

polymeric structural foams as filler for thin walled circular steel tubes. It was shown using 

impact tower tests that the highest foam density absorbed the most energy (Mantena, Mann, 

2003).  

Remennikov compared the behavior of a square HSS tube filled with concrete to tube 

rigid polyurethane foam (RPF) filled tubes by applying transverse impact loads. It was shown 

that CFT had a higher impact resistance and energy absorption than RPF.  

 In an experiment conducted by Zarudi and Zheng, the method of grinding is used on AISI 

4140 steel. Grinding is a surface heat treatment method that grinds heat and stress to create a 

better microstructure to stimulate high wear and fatigue resistance (Zarudi, Zheng, 2002). As a 

result of phase transformation during surface grinding, hardening characteristics are created. 

Grinding was performed used a grinder and hardness was inspected using a micro hardness 

tester. Dry wear tests were carried out on a Plint-Cameron pin-on disc machines. Each test was 

run on a fresh track. The fatigue experiments were conducted using a three point bending test. 

The time of reaching the critical phase transformation temperature at a point near the surface is 

1.4 s, which isn’t sufficient for distribution of carbon.  

 It was observed that the ordinary quenching has an appropriate soaking temperature. The 

martensite was introduced by the conventional quenching and the hardened layer was generated 

by grinding the induced layer (GIL) (Zarudi, Zheng, 2002). The stress and strain rate in the 

grinding zone changes and in turn affects the GIL formation. It is shown that the formation of 

GIL is dependent on temperature and stress fields generated by grinding.  

 In conclusion, Grinding produces a special microstructure that causes high wear 

resistance and low friction coefficient (Zarudi, Zheng, 2002). The formation of tampered 

martensite increases the fatigue life of GIL, twice that of untreated steel. GIL has high 

compressive residual stresses, which prevents the initiation and propagation of micro cracks. 

This is a vital factor in the GIL’s fatigue life.  In conclusion, the surface treatment method of 

grinding leads to GIL, which has a beneficial microstructure and enhances the wear and fatigue 

properties of steel (Zarudi, Zheng, 2002).  
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CHAPTER THREE  
 

EXPERIMENTAL DESIGN 

3.1 Purpose 

  In order to determine the experimental parameters for the final experiments comparing 

and quantifying the differences between the static and dynamic behavior, preliminary testing was 

conducted. Preliminary testing involved conducting tensile tests, which would give a better 

understanding of the three point bending tests results. From the tensile tests, the elastic modulus, 

yield stress, and ultimate stress was determined order to also classify the cross section as either 

thin or compact.  The cross section classification was done to get a better understanding of the 

HSS’s behavior during three point bending and impact drop testing. Preliminary tensile tests 

were also conducted to get an understanding of the ductility of steel.   

  Preliminary testing is conducted in order to determine the values of the parameters for the 

final experiments that will best magnify the differences between static and dynamic behavior of 

the HSS tubing. The preliminary three point bending testing will be conducted on the bare HSS 

tubing. The effect of seam orientation, loading mass, and support span on the results. These tests 

will determine which support span, loading mass, and seam orientation will be used for the final 

experiments in Chapter 4 and 5. The seam orientation used for the final experiments will be the 

orientation that produces highest maximum moment during preliminary testing. The support span 

used will be the one that produces the highest maximum moment during the preliminary tests. 

The experiments examining the loading mass effect will determine if there is any change in 

results, when altering the loading mass. If it that effect is negligible, then the 1” loading mass 

will be used. If there is shown to be an effect, than the once that produces highest maximum 

moment will be used.  

  Preliminary testing is also conducted in order to determine if the utilized machines used 

can produce accurate and repeatable results. This was also done to compare the processed values 

to the actual values for the tensile and three point bending tests. This step is very important in 

order to ensure valid conclusions can be made from the final experiments.  
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3.2 Tensile Test 

3.2.1 Purpose 

 Tensile tests are conducted to retrieve and understand the properties of various types of 

materials.  The properties retrieved from tensile tests will be used to understand the strength and 

ductility of the tested material. The tested material was a 16 gauge 1.5” x 1.5” (square) ASTM 

a513 Cold Rolled Electric-Resistance Welded (ERW) Carbon Steel. The original tubing was 

water jet cut according to ASTM standards, in order to be placed in the grips of the tensile test 

apparatus. The steel tubing was water jet cut into the two different coupon layouts as shown in 

Figure 6. These results will describe the material properties for the steel tested in Chapter 3. 

Additional tensile tests were conducted to determine the material properties for 14 and 16 gauge 

steel tested in Chapter 4 and 5.  

 

 

 

 
Figure 6: Plan View of Wide and Narrow Specimens Prepared for Tensile Testing 

(Units in Inches)  

 

 

 
Figure 7: Tensile Test Specimen 
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  The tensile coupons were tested using the MTS machine load frame and the acquired data 

from the data acquisition system will be outputted into an Excel spreadsheet. An engineering 

stress strain curve, similar to Figure 8, will be plotted to determine material properties such as 

modulus of elasticity, yield strength, ultimate strength, and ultimate strain. Figure 17 shows that 

the yield strength is where the material stops being elastic and begins being plastic.  This is when 

the linear relationship between strain and stress stops. The modulus of elasticity is the slope of 

the linear region of the plot. From this point, the deformation of the material begins to be non-

reversible and permanent. Up until the material reaches its ultimate strength, it begins to harden 

because of the plastic deformation. Once the ultimate strength occurs, necking occurs. Necking 

occurs when large extents of strain occur in a small region, which causes a reduction in cross 

sectional area. Lastly, the ultimate strain occurs and the specimen fractures causing the material 

to break. 

 

 

 
Figure 8: Typical Stress Strain Plot Depicting Deformation Stages (Adapted) 

(Deformation, 2014) 

 

 

3.2.2 Equipment / Procedure 

  Before testing was conducted, the specimen was measured using a micrometer to 

determine the cross sectional area. MTS Test Suite software, shown in Figure 9, was used as the 
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data acquisition software and was turned on for testing.  In order to obtain a proper result 

population, a suitable sampling frequency was chosen through the software. It is important to 

zero out the load cell so the software is only recording the tensile load applied to the specimen. 

 

 

 
Figure 9: MTS Test Suite Data Acquisition Software 

 

 

  The tensile specimen was placed into the grips of the MTS Criterion Series Model 43 

machine and was sandwiched between the two grips.  In order to measure the strain experienced 

by the specimen, MTS Model 634.12F-24 extensometer is attached within the gauge length of 

the specimen. The extensometer had a gauge length of 0.954 in. The extensometer will be used 

to calculate strain until the specimen experiences necking. MTS data acquisition software will 

acquire the information needed to calculate the displacement in the specimen by using the 

crosshead.  
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Figure 10: Tensile Test Layout  

 

 

 Figure 10 shows the experimental layout for the tensile test.  It was ensured the specimen 

wouldn’t encounter any slipping and that it was suitably loaded into the MTS load frame by 

preloading the load cell using a scroll wheel. Using the MTS test suite software, the load and 

extensometer is zeroed out and displacement rate was specified. Next, the tests will begin with 

the loading of the specimen. MTS machine will apply tensile forces by pulling the specimen. At 

a specific strain after yielding, the machine informs that the extensometer needs to be removed 

and that the strain data needs to be gathered from the moving cross head. The test is stopped 

when the specimen fractures/necks. All of the load and strain data obtained from the data 

acquisition software is outputted into an excel spreadsheet file. 

 

 

3.2.3 Experiment Parameters 

 For the samples tested in the preliminary experiments of Chapter 3, 16 gauge cold rolled 

tensile specimens are tested.  15 specimens were tested in order to ensure repeatable and accurate 
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results using different specimen size and strain rate combinations. Two types of specimen sizes, 

narrow and wide, were used to examine the effect of specimen geometry. The narrow specimens 

have a gauge length and width of 2.5 in and 0.5 in. respectively, while the wide specimens have a 

gauge length and width of 4.5 and 0.9 in respectively. Three displacement (strain) rates of 0.5 

in/s, 0.05 in/s, and 0.005 in/s are used in order to examine the strain rate effect on the material’s 

properties. Tables A.1 and Table A.2 show the test parameters and geometrical properties used 

throughout the tensile test. For the samples tested in the static and dynamic experiments of 

Chapter 4 and 5, 14 and 16 gauge cold rolled specimens are tested at the displacement rate of 

0.05 in/s. Displacement rates are converted to strain rates using Equation 6.  

oL

.
. 
 (Equation 6) 

 

 

3.2.4 Data Analysis 

 In order to produce stress and strain plot, equations are applied to convert the raw 

displacement and load data into useable data. Equation 7 and 8 calculate the engineering strain 

and engineering stress values at any instance. Yield stress, ultimate stress, ultimate strain, and 

modulus of elasticity will be determined using the engineering stress strain plot. The modulus of 

elasticity, Es, is calculated by determining the initial slope of stress strain plot within the linear 

region and before yielding occurs. 
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 (Equation 7)        
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eng   (Equation 8) 

  One sample will be used to compare the true stress and true strain to the engineering 

stress and engineering strain. The engineering stress and strain doesn’t account for cross 

sectional area change and only accounts for the sample’s axial strain. While, the true stress and 

true strain accounts for cross sectional area change and it also account for transverse strains 

through the sample’s gauge. True strain and true stress are calculated using Equation 9 and 

Equation 10 respectively.  
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)1ln( engtrue   (Equation 9)     

)1( engengtrue    (Equation 10) 

 

 

3.2.5 Results 

  Table 1 shows the modulus of elasticity, yield stress, ultimate stress, and ultimate strain 

for the 16 gauge steel tested in Chapter 3. Tensile tests were not conducted for the thicker 14 

gauge steel tested in that chapter. Table 2 shows the modulus of elasticity, yield stress, ultimate 

stress, and ultimate strain for the 14 and 16 steel tested in Chapter 4 and 5. 

 

 

Table 1: 16 Gauge Cold Rolled Carbon Steel Tensile Test Results 

Sample Strain Rate (s
-1

) Area (in
2
) Es (ksi) 

σy 

(ksi) 

σu 

(ksi) εu 

A16 0.1111 0.05293 29021.2 49.8 53.08 0.283 

A17 0.1111 0.05312 25968.5 48.1 52.7 0.349 

A18 0.2 0.02850 27234.7 48.9 55.2 0.321 

A19 0.2 0.03049 30355.7 47.3 51.2 0.532 

A20 0.2 0.02957 28229.9 48.2 52.2 0.488 

A21 0.0111 0.05076 25958.4 45.5 50.5 0.304 

A22 0.0111 0.05166 28780.1 47.3 51.4 0.283 

A23 0.02 0.02909 31356.9 46.8 51.4 0.508 

A24 0.02 0.02870 23753.5 46.7 51.2 0.516 

A25 0.02 0.03005 22757.3 45.7 50.5 0.506 

A26 0.0011 0.05409 Faulty Data/Test Error 

A27 0.0011 0.05089 28570.8 44.6 N/A N/A 

A28 0.002 0.02935 29433.3 44.9 49.4 0.544 

A29 0.002 0.02853 29293.8 45.7 51.1 0.539 

A30 0.002 0.02926 30723.6 44.9 49.9 0.54 

 

 

 

Figures B.1 (Appendix) and 11 depict the stress strain plots for tensile tests conducted at 

0.05 in/s and 0.5 in/s. For both rates, the yield and ultimate strength was similar for the wide and 

narrow samples. The narrow samples had ultimate strain that were 85% and 50% greater at 0.05 
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in because during the testing of the wide samples the sample broke outside of the extensometer. 

This leads to ductility not being thoroughly investigated due to the measurement difficulty. In 

conclusion, the change in coupon geometry didn’t produce significant change in material 

properties. 

 

 

 
Figure 11: Stress vs. Strain Plot for Samples Tested at 0.5 in/s 

  

 

Figures 12 and Figure B.2 compare the stress strain plots for tests for the narrow (gauge 

length and width = 2.5 in, 0.5 in) and wide samples (gauge length and width = 4.5 in, 0.9 in) 

conducted at the speeds of 0.5 in/s, 0.05 in/s, and 0.005 in/s. The majority of the wide samples 

broke outside the extensometer’s gauge length; as a result ductility can’t be discussed for the 

different speeds. The wide steel samples were mildly strain sensitive as there was approximately 

an 8% and 6% increase in yield and ultimate stress between the highest and lowest displacement 

rate. The narrow steel samples were also mildly strain sensitive as there was approximately a 4% 

and 2% increase in yield and ultimate stress between the fastest and slowest speed. Thus one can 

conclude that hardening didn’t change between displacement rates. Ductility wasn’t analyzed for 

the wide specimens due to steel breaking outside the extensometer. For the narrow specimens, 

ductility was able to be analyzed because the steel broke within the extensometer. Specimens 

applied at the slowest speed were approximately 10% more ductile than the specimens applied at 
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the fastest speed.  As shown in Figure 12, the true ultimate stress is considerably higher than the 

engineering ultimate stress because of taking account of changing cross section area as the 

specimen is being elongated. In addition, there is a greater amount of strain until the ultimate 

stress is reached.  

 

 

 
Figure 12: Stress vs. Strain Plot for Narrow Samples 

 

 

 
Figure 13: Stress vs. Strain Plot Comparing Engineering and True Values for Narrow 

Sample Tested at 0.005 in/s 
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 Figure 14 shows the engineering stress strain plot for the tested 14 and 16 gauge tubes in 

Chapter 4 and 5.  

 

 

Table 2: Mechanical Properties for 14 and 16 Gauge HSS Tubing 

Gauge Es (ksi) Fy (ksi) Fu (ksi) εU 

14 29992 58.7 64.8 0.315 

16 27849 58.5 61.7 0.35 

 

 

 
Figure 14: Engineering Stress vs. Strain Plot for 14 and 16 Gauge Tubes 

 

 

3.3 Three Point Bending Test 

3.3.1 Purpose  

 Since Paratransit busses are subjected to bending during rollover and side impact 

accidents, three point bending tests are conducted to directly measure the tube’s strength. This 

test is vital because it analyzes HSS tubes under local buckling. Local bucking is an important 

design feature for HSS tubes that have large width to thickness ratios (Sherman, 1996).  

 These three point bending tests will be tested statically using an electro mechanical MTS 

machine. Using this machine, the influence of axial and shear forces will be minimized. The 
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machine will apply a vertical load at the tube’s midspan resulting in the specimen forming a 

plastic hinge in the mid span. Most of the moment and deformation is concentrated in the mid 

span. As explained in Chapter 3.1, the results from these experiments will determine the 

parameters for the testing in Chapter 4 and 5, quantifying the difference between static and 

dynamic behavior of the composite and bare tubing.  

          Figure 15 depicts the normal response of a HSS tube subjected to bending. As shown by 

the figure, the beginning of the plot experiences linear elastic behavior until local buckling 

transpires. Once the maximum moment is reached, the specimen fails and there is a decrease in 

strength. Depending on the cross section geometry, such as slenderness, the plastic behavior may 

happen before or after the maximum moment. If the cross section is classified as thin or 

intermediate then maximum bending moment isn’t caused by yielding (Bojanowski, 2009). As a 

result of the sudden drop in strength, there will be a sudden deep collapse post buckling. For 

compact sections during bending, the plastic hinge is formed when the maximum moment is 

reached and the whole critical cross section is yielding (Bojanowski, 2009). During post 

buckling, the strength stays around the same level.  

 

 

 
Figure 15: Moment vs. Rotation Plot for Tubes Subjected to Bending (Adapted) 

(Bojanowski, 2009) 

 

 

3.3.2 Equipment / Procedure  

 Figure 16 shows the cross section geometry of the square HSS tubes tested. The tubes 

were placed on the MTS Bend Fixture Model 642.25 three point bending fixture shown in Figure 
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17. Tubes were supported at two ends by 1” steel cylindrical adjustable pinned supports. 

Different support spans were used throughout the experiments. Figure 18 depicts the normal 

layout of the support span.  

MTS Criterion Series Model 43 was used to conduct the bending tests and the MTS Test 

Suite was used as the data acquisition software. An appropriate sampling rate is entered into the 

MTS Test Suite software to make sure that force and displacement readings were recorded 

frequently. Before the experiment conducted, the specimen is pre-loaded and the cross head is 

zeroed out. Using the load cell, a load was applied at tube’s midspan at a specified 

displacement/strain rate. The displacement of the tube is measured at mid span during bending 

and that is recorded. Testing will be stopped when buckling is very evident or when the 

crosshead extension reaches the limit. Data is outputted into an excel file as raw displacement 

and force data. 

 

 

     

Figure 16: Cross Section of HSS Tubing 
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Figure 17: Three Point Bending Test Apparatus 

 

 

3.3.3 Data Analysis  

 Based upon the yield stress and modulus of elasticity from the tensile test, the limiting 

ratios of hollow structural section subjected to bending can be determined according to AISC 

Steel Construction Manual Table B.4.1. The equations for compact and non-compact limit are 

listed below in Equation 11 and Equation 12 respectively. After calculating the compact limit 

and non-compact limit, the slenderness is calculated using Equation 13. The cross section will 

either classified as compact or intermediate (thin-walled) by comparing the slenderness to the 

compact and non-compact limit. For the 16 gauge tubes, p  is 27.8 and 
r is 34.8.  The cross 

section was classified as compact for all tubing. The strain rate experienced by the tubing during 

bending is calculated using Equation 14. 

y
p F

E12.1  (Equation 11)  (AISC Steel Construction Manual, 2006) 

y
r F

E40.1 (Equation 12) (AISC Steel Construction Manual, 2006) 

t

xi (Equation 13)    

  
2

.
.

10 sL

t 
 (Equation 14)      
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 For the moment vs. rotation plot to be created, force and displacement readings need to 

be converted using data analysis. The moments experienced by the tube’s midspan during any 

instance will be determined. Based upon the free body diagram in Figure 18, the tube will be 

analyzed as a simply supported beam and the maximum moment will occur at the midspan. For 

these set of experiments, the maximum moment occurs when the plastic hinge forms.  Using 

Equation 15, the maximum moment can be determined at any instant during contact between the 

loading mass and the sample.  

4

sFL
M  (Equation 15) 

 

 

 

Figure 18: HSS Tubing Free Body Diagram 

 

 Rotation is a measure of plastic deformation generated by impact in the plastic hinge.  

This variable evaluates if excessive displacement occurs during impact. Figure 19 depicts the 

layout on how rotation was calculated.  As shown in the figure, Δ is the tube’s vertical 

displacement from mid span (point A) to the support (point B). Equation 16 calculates the 

rotation caused by impact, at any instant. 

 

 

 

Figure 19: Schematic of Angle Δα  
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  (Equation 16) 

 

 

3.3.4 Seam Orientation Effect  

 In order to examine the effect of seam location on maximum moment, 16 gauge 1.5” x 

1.5” ASTM a51γ Cold Rolled Electric-Resistance Welded (ERW) Carbon Steel tubes were 

tested using three seam orientations.  The seam is electrically welded onto the tube to join two or 

more overlapping tube surfaces. The seam was either oriented on the surface where the steel is 

being impacted (top), on the opposite side where the steel is being impacted (bottom), or on the 

side. An example of bottom seam orientation is shown in Figure 20. Five experiments were ran 

per seam orientation in order to insure repeatability of the results.  

 

 
Figure 20: Bottom Seam Orientation  

 

 

During the experiment, β’ long tubes were tested at 1.5” support span. . Figure 35 shows 

β’ long tubes tested for seam orientation effects. A load was applied at the tubes mid span using 

a 1” steel cylinder at 0.02 in/s. The specimens were tested using different thickness and seam 

orientation combinations shown in Table A.3. The cross section is classified as compact based 

upon the slenderness.  

Table 3 and Figure 21 depict the effect of seam orientation on the rotation and maximum 

moment at which the plastic hinge is formed.  Table 3 depicts the average maximum moment for 

the tubing tests at each seam orientation. The Moment and Rotation data used for Figure 22 are 

the taken from the sample that best represents the data within each seam orientation. In Figure 
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22, Samples A2, A9, and A13 were used to represent the top, bottom, and side seam orientation 

respectively. Table 3 shows tubes tested with the bottom seam orientation produced the highest 

maximum moment. It was shown that there was a 3% difference between the maximum 

moments of the top and bottom seam orientation.  The top seam orientation needed to rotate the 

most to experience the maximum moment.   

Figure 21 compares the local buckling experienced by the different seam orientation 

during the static event. The deformation and moment was concentrated of the midspan of the 

tubing. It is shown that there are no differences in the deformation mode or buckling among the 

different seam orientations. In conclusion, the seam orientation on the HSS tubing slightly 

affects the Three Point Bending Test Results. In future experiments, the bottom seam orientation 

will be used to best magnify the difference between the static and dynamic structural strength of 

the HSS tubes.   

 

 

Table 3: Averaged Maximum Moment Comparison for Seam Orientation Effect  

Seam 

Orientation 

Maximum 

Moment (lbf*ft) 

Standard 

Deviation 

Top  609.13 6.53 

Bottom  626.76 5.44 

Side 614.33 6.92 

 

 

 
Figure 21: Comparison of Local Buckling and Deformation of Top, Bottom, and 

Side Seam Oriented Tubes  
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Figure 22: Moment vs. Rotation Plot Comparing Seam Orientations (Sample A2, A9, and 

A13) 

 

 

3.3.5 Support Span / Loading Diameter Effect for 14 Gauge Tubes 

 In these experiments, 14 gauge Cold Rolled ERW steel was tested to examine the effect 

of support span length and loading diameter on the structural strength of steel. β’ long tubes were 

tested at the support span lengths of 1.5’, 1’, and 0.5’. A steel cylindrical specimen was used to 

apply load onto the tubes. Three different loading diameters of β”, 1”, and 0.5” were used to 

apply loads at the mid span. Figure 23 depicts the differences in mass between the loading 

diameters. All tubes were bottom seam oriented and loads were applied at 0.02 in/s. Specimens 

were tested using different support span and loading diameters combinations. Table A.4 shows 

the test parameters and geometrical properties used throughout this experiment. 

 

 

 
Figure 23: Loading Diameters of 2”, 1”, and 0.5” 
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 Only 23 of the 36 tubes were tested because the load needed for the specimen to fail was 

greater than the load cell’s maximum force due to the 0.5’ support span. As a result, additional 

testing was conducted for 16 gauge tubes because less maximum force would be needed for 

thinner tubing. The values shown in Table 4 depicts the average of the maximum moment within 

each combination. Experimental results shown in Table 4 depicts that maximum moment didn’t 

change much when the support span was changed from 1.5’ to 1’ because the difference in 

maximum moment was less than 8% and maximum moment occurred around the same rotation. 

The larger span produces a greater maximum moment because of the shear force effect. Figures 

25 and B.5, show that the loading diameter had a negligible effect on maximum moment because 

that value was less than 5% greater between the β” and 0.5” loading diameters.  

 

 

 

Table 4: Averaged Experimental Results Comparing Different Support Spans and 

Loading Diameters for 14 Gauge Tubes 

Loading 

Diameter 

(in) 

Support 

Span 

(ft) 

Maximum 

Moment 

(lbf*ft) 

Standard 

Deviation 

0.5 1.5 1277.7 2.5 

0.5 1 1179.1 4.6 

1 1.5 1306.2 3.3 

1 1 1222.2 10.6 

2 1.5 1331.7 5.5 

2 1 1239.5 7.8 

 

 

 
Figure 24: Moment vs. Rotation Plot for 14 Gauge Tubes (Sample B28, B30) 

Applied by 2” Loading Diameter  
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Figure 25: Moment vs. Rotation Plot for 14 Gauge Tubes (Sample B8, B19, and B31) 

Tested at 1’ Support Span 

 

 

3.3.6 Support Span / Loading Diameter Effect for 16 Gauge Tubes 

 In these experiments, 16 gauge 1.5” x1.5” HSS Cold Rolled ERW steel were tested to 

examine the effect of support span length and loading diameter on the structural strength of steel. 

β’ long tubes were tested at the support span lengths of 1.5’, 1’, and 0.5’. β.5” long tubes was 

tested at a support span length of 2. Three different loading diameters of β”, 1”, and 0.5” were 

used to apply to loads at the tube’s midspan. All tubes were tested at a displacement rate of 0.0β 

in/s, with bottom seam orientation. Table A.5 shows the test parameters and geometrical 

properties used throughout these three point bending tests. 

 Based upon the results shown in Table 5 and Figures 26, B.6, and B.7, the specimen’s 

support span had a far greater effect on the moment experienced by tubing for 16 gauge tubes 

than the thicker 14 gauge tubes. Using a 0.5” loading diameter, shown in Figure B.7, there is 

approximately a 35% decrease in the maximum moment when the support span changes from 

1.5’ to 0.5’. Using a 1” loading diameter, shown in Figure B.6, there is approximately a 30% 

decrease in the maximum moment when the support span changes from 1.5’ to 0.5’. Using a β” 

loading diameter, shown in Figure 26, there is approximately a 25% decrease in the maximum 

moment when the support span changes from 1.5’ to 0.5’. This was due to local buckling 

occurring less away from the mid span for the smaller support spans. For all loading diameters, 

the maximum moments occur at a greater rotation for 0.5’ support span length compared to 1.5’ 

support span length.  Figures 27, B.8, and B.9 show at all support spans, that the maximum 
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moment and the rotation at maximum moment were very similar at all loading diameters. In 

conclusion, those figures show that loading diameter/mass has negligible effect on steel 

structural strength when loads are applied statically.  

 

 

Table 5: Averaged Experimental Results Comparing Different Support Spans and 

Loading Diameters for 16 Gauge Tubes 

Support 

Diameter (in) 

Support 

Span (ft) 

Maximum 

Moment (lbf*ft) 

Standard 

Deviation 

0.5 1.5 700.1 2.64 

0.5 1 626.4 16.08 

0.5 0.5 473.4 5.06 

1 2 743.4 4.16 

1 1.5 728.5 8.17 

1 1 630.1 15.23 

1 0.5 476.3 14.88 

2 1.5 737.0 7.22 

2 1 629.7 5.31 

2 0.5 496.4 5.92 

 

 

 
Figure 26: Moment vs. Rotation Plot for 16 Gauge Tubes (Sample B26, B31, and B33) 

Applied by 2” Loading Diameter 
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Figure 27: Moment vs. Rotation Plot for 16 Gauge Tubes (Sample B10, B24, and B33) 

Tested at 0.5’ Support Span 

 

 

3.4 Impact Drop Tower Test 

3.4.1 Purpose 

 In order to apply dynamic loads in bending at high impact speeds, the impact drop tower 

apparatus was used. The impact tower apparatus used for these experiments is shown in Figure 

28.  The impact time during the experiment is short as a result of the high impact velocity. The 

apparatus uses rails and a hydraulic switch to apply loads at the tube’s midspan. Due to the 

apparatus’s ability to adjust drop heights, impact mass, support span and its rigid, it is ideal for 

dynamic experimentation. Those three mentioned factors allow for different impact energies. 

Figure 28 shows that an accelerometer will be mounted onto the impact head to measure impact 

time, velocity, and position.  As a result of this being a dynamic event, energy will be lost during 

impact.  

Since design requirements for dynamic loading are based on maximum response and 

deflection, it will not be necessary to consider the entire time response of the steel. As a result, 

the goal is to obtain the moment and rotation at which plastic deformation occurs. The results 

from these experiments will be compared to the three point bending tests to establish a 

relationship between the composite’s static and dynamic response to loading. In order to 
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establish this, concepts from physics and mechanics of materials will be utilized to interpret the 

results. 

 

 

   
Figure 28: Impact Loading Apparatus  

 

 

3.4.2 Apparatus/ Procedure  

 The steel tubes are placed on the adjustable supports shown in Figures 28 and 29. Using 

the hydraulic switch, the linear bearings sliding on the l rail will be raised up until the target drop 

height is reached. National Instruments Software, the data acquisition software, is used record 

the acceleration of the impact head during free fall and impact at certain time steps. Using the 

hydraulic switch, the impact mass is dropped onto the steel. The striking mass includes the 
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impact head, accelerometer, bolts, and steel plates mounted on the impact head. During impact, 

many vibrations occur in the accelerometer. 

 

 

 

Figure 29: Impact Tower Design  

 

 

3.4.3 Experiment Parameters  

 In order to establish valid conclusions, different parameters were used. Two drop heights 

were used to establish different impact velocities and energies. This allows further investigation 

of the dynamic vs. static behavior of steel.  The 14 gauges tubes are impacted by a 43.9 kg mass, 

while the 16 gauges tubes are impacted by a 30.25 kg mass. All of the tubes were tested at a 

bottom seam orientation using a 1.5’ support span. The parameters and sample information 

shown in Table 6, will be used for the experiments in Chapter 5.1.  
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Table 6: Sample Information for Bare HSS Tubes Subjected to Dynamic Loading 

Tube # Gauge 
xo 

(in) 

yo 

(in) 
t (in) H (m) 

U1 - U5 
14 1.5 1.5 0.0805 

2 

U6 - U10 1 

V1 - V5 
16 1.5 1.5 0.0625 

2 

V6 - V10 1 

 

 

3.4.4    Understanding Data Processing 

 

3.4.4.1    Accelerometer Readings 

 In order to determine acceleration, impact time, velocity, and position of the impact head, 

an accelerometer was mounted on the rigid impact head. The accelerometer used was a tri-axial 

Summit digital accelerometer 35200B, shown in Figure 30. This accelerometer uses DC power 

to measure accelerations in three directions. Only one axis reading in the accelerometer was used 

as data was only necessary in one direction. The frequency of the accelerometer is set at a valid 

rate in order to obtain a sample population. Based upon the frequency, the accelerometer will 

take readings at specific intervals. Through the use of the accelerometer, energy absorbed and 

moment experienced by the steel will be calculated in order to make conclusions. 

  

 

 

Figure 30: 35200B Summit Digital Accelerometer 

 

 

 For valid conclusions to be made, accelerometer readings need to be processed and 

validated properly. The accelerometer readings from the Summit Instruments ICU Rev 2.32 data 

acquisition software are outputted into a Excel spreadsheet. Excel will output time step values 
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and its respective acceleration. The first step is to determine the time between each reading, 

known as the time step. This is important because the accelerometer readings are integrated with 

respect to time. This time step is determined by taking the inverse of the frequency.  

 

 

 
Figure 31: Summit Instruments Data Acquisition Software  

 

 

 By examining the data, it can be determined there is an offset in the accelerometer’s data. 

Offset is determined to remove the trend in the data. Acceleration offset was determined by 

taking the average of the accelerometer readings (in g’s), while the impactor is at rest before free 

fall. Time at which the impactor begins to be in free fall is determined by noticing when the 

accelerometer readings suddenly change from around 1 g (at rest) to around 0 g (free fall). The 

offset will be used to convert the acceleration from g’s to relevant units, as shown in Equation 

17. 

gaaa offsetraw *)(   (Equation 17) 
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 The time at which the impactor head begins to be in free fall is also important because it 

determines when to start integrating the values. Accelerometer values are integrated from the 

time that the impact head begins to be in free fall to produce velocity and displacement values. 

Acceleration values are integrated to produce velocity values, and then integrated again to 

produce the displacement of the impact head. Equations 18 and 19 determine acceleration, 

velocity, and displacement of the impactor head. 

 dtav p *   (Equation 18) 

 dtvd p * (Equation 19) 

 

 Since the displacement of the impactor head is known now, the displacement of the 

tubing after impact can be calculated. In order to determine the displacement of the tubing, the 

reading and time when the impact head and the tube come in contact needs to be determine. 

Time of impact will recognize the position of the impactor head at the instance before impact. 

This is determined by noticing the sudden spike in accelerometer readings, where the readings 

suddenly increase from 0 g’s to a high g value. The sudden spike and high acceleration values 

are caused by the short impact time and vibrations from the mass instantaneously striking the 

tube. Tube’s displacement at any instance will be determined by taking the difference between 

the impact head’s position at that instance after impact and the head’s position at the time step 

before impact. Further manipulation of accelerometer, displacement, and velocity values will be 

described in Chapter 3.6.  

 

 

3.4.4.2    Filtering  

 Accelerometer data requires post- processing because integration might not initially 

match what actually or physically occurs. One method to produce accurate data is to apply a low 

pass filter. The filter’s purpose is to pass low-frequency signals and reduce the frequencies of 

specific signals higher than the limit (Digital Accelerometers, 2010). As a result of that, any 

excessive vibrations and noise will be reduced, thus smooth and accurate data points will be 

produced.  

 A low-pass filter is already built into the accelerometer’s (RS-485) interface, so an 

outside filter isn’t needed (Digital Accelerometers, 2010). The RS-485 will calibrate and filter 
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the data. As a result, the accuracy will be high by reducing inconsistencies due to 

temperature/aging affects. Lastly, the interface is designed to be powerful enough to be tested in 

harsh environments and have its spikes controlled during sudden impact (Digital Accelerometers, 

2010). 

 The second method is to filter all data before free fall from the data set. This is critical 

because it’s obvious that the accelerometer is at rest and any processed velocity and 

displacement values will not match what is actually happening. As a result of using both of these 

methods, the accelerometer data will be cleaned up and ready for integration.   

 

 

3.4.4.3    Error Estimation 

 In order for results to be legitimate and accurate, it’s important understand the output of 

the acceleration readings. There can be many errors in the accelerometer readings, such as 

accelerometer sensitivity causing spikes in readings and uncertainties. Severe spikes in readings 

are caused due to the heavy vibrations during impact. These uncertainties increase with time as 

integration is performed and don’t differentiate between measured and observed behavior. In 

order to minimize these errors, the data was preliminary analyzed for accuracy and repeatability 

before the final data analysis is done. Table 7 shows the various types of analyses conducted to 

determine the legitimacy of the preliminary results. 

 Processed data was compared to actual observations by calculating the percent error 

between the two. The accuracy of the data processing was evaluated by calculating the 

percentage error between processed drop heights at the time steps around the time of impact to 

the measured drop height. In addition, the percentage error was calculated by comparing the 

processed velocity at the time of impact to the calculated velocity. This calculated velocity was 

determined using the Law of Conservation of Energy, as shown in Equation 20.  The Law of 

Conservation of Energy relates the initial potential energy of the impact head before free fall to 

the kinetic energy at impact. This error calculation will also help account and estimate for 

friction and coulomb forces.  

ghvc 2  (Equation 20) 
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 Table 7: Impact Drop Experiment Error Estimation Analysis 

Tube  

Real 

 Drop 

Height 

(H) 

(mm) 

Processed 

H at Time 

Step 

before 

Impact 

(mm) 

% 

Error 

Processed 

H at Time 

Step after 

Impact 

(mm) 

% 

Error 

Max 

vc 
(m/s) 

Max 

vp 
(m/s) 

% 

Error 

U1 2004 2003.245 0.038 2005.840 0.092 6.270 6.239 0.505 

U2 2002 1995.841 0.308 1998.425 0.179 6.267 6.214 0.848 

U3 2001 1994.428 0.328 1997.007 0.200 6.266 6.201 1.026 

U4 2002 1991.920 0.503 1994.491 0.375 6.267 6.182 1.366 

U5 2003 1991.491 0.575 1994.064 0.446 6.269 6.188 1.294 

U6 999 995.289 0.371 997.103 0.190 4.427 4.362 1.463 

U7 999 994.358 0.465 996.170 0.283 4.427 4.360 1.518 

U8 999 993.758 0.525 995.568 0.344 4.427 4.356 1.615 

U9 998 990.543 0.747 992.355 0.566 4.425 4.360 1.471 

U10 996 992.124 0.389 993.941 0.207 4.421 4.368 1.188 

V1 2002 1988.277 0.685 1990.849 0.557 6.267 6.187 1.275 

V2 2002 1998.816 0.159 2001.406 0.030 6.267 6.225 0.675 

V3 2006 1990.439 0.776 1993.019 0.647 6.274 6.203 1.131 

V4 2001 1986.197 0.740 1988.773 0.611 6.266 6.193 1.162 

V5 2001 1992.206 0.440 1994.785 0.311 6.266 6.204 0.993 

V6 1004 995.532 0.843 997.355 0.662 4.438 4.383 1.248 

V7 1000 991.028 0.897 992.844 0.716 4.429 4.366 1.425 

V8 1003 993.742 0.923 995.562 0.742 4.436 4.377 1.337 

V9 996 993.179 0.283 994.999 0.101 4.421 4.374 1.053 

V10 1001 993.266 0.773 995.077 0.592 4.432 4.356 1.709 

 

 

 Table 7 shows that all of the tubes impacted at a 2 m drop height had processed impact 

velocities within 1.4% of the calculated velocity. While the tubes impacted at 1 m, had processed 

impact velocities within 1.7% of the calculated impact velocity. Table 7 shows that all of the 

processed drop heights right before and after impact was within 1% of the measured drop height.  

These results show that the raw accelerometer readings were properly understood and the proper 

processing was done in order to produce relevant and accurate values. This also shows that 

dynamic forces had minimum effect on the readings. 

 The repeatability of the data was analyzed by running five tests per each thickness and 

drop height combination. In order to analyze repeatability, the mean square value of the 
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maximum velocity readings was calculated. The mean square error (MSE) value denotes the 

variation of the data compared to the average value. MSE was calculated for both drop heights. 

Tubes impacted at 1 m drop height had a mean impact velocity of 4.366 m/s with a MSE of 

0.00008. Tubes impacted at a drop height of 2 m had a mean impact velocity of 6.204 m/s with a 

MSE of 0.00029. These explanations show that the experiments were able to produce repeatable 

results.  

 

 

3.4.5    Determination of Forces 

 

3.4.5.1    Concept Discussion 

 As shown in Figure 32, when the impact head strikes the tube, numerous physics and 

mechanics concepts are displayed. This is where the system of forces needs to be thoroughly 

understood. The forces known as interface forces, which represent the level of load transferred 

from the impact mass to the steel, need to be determined (Zeinoddini, 2009). During dynamic 

events, these forces become more complicated due to the inertia forces, stress waves, damping, 

and strain rate dependency.   

 

 

 
Figure 32: Finite Element Simulation of Impact between Impactor Mass and Tube  
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 The sudden impact between the impact mass and the steel is a perfect example of an 

inelastic collision, where there isn’t sufficient time to allow for deformations to occur. As a 

result, most of the applied force goes into bending the tube.  

 In order to produce moment and energy absorption calculations, the force applied by the 

impact head onto the tubing needs to be determined. The force applied is determined using 

Newton’s Second and Third Law of Motion. In terms of Newton’s Second Law, it states that 

force applied onto the tube is equal to the mass multiplied by the acceleration. In terms of 

Newton’s Third Law, the impact head is exerting a force on the static tube, but the tube exerts an 

equal force back on it. In the next section, the explanation of which mass and acceleration values 

will be presented in order for the force calculations to be made.  

 

 

3.4.5.2    Impact Conditions 

 During the impact between the head and the tube, the momentum is conserved and 

energy is lost due to damping and friction. The energy lost during impact is calculated by taking 

the difference of the initial potential energy of impact head and the kinetic energy of the 

impactor mass at impact. Initial potential energy of the impact head is calculated using Equation 

21 and the kinetic energy of the impactor during impact is calculated using Equation 22. The 

friction of the railing supporting the impact head is accounted for by using a friction coefficient. 

The railing causes an input energy to the system, calculated using Equation 23. 

ghmE p 1  (Equation 21) 

2

max1 **5.0 pk VmE   (Equation 22) 

ghmEI 1  (Equation 23) 

 Figure 33 shows the instances before and after impact and gives an understanding on how 

to calculate the impact force. The 0.02 in Figure 43 denotes the ratio between the mass of the 

tubing to the impactor mass. When the impactor mass strikes the tube, they are in complete 

contact. As a result, they have the same acceleration.  
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Figure 33: Graphical Representation Before and After Impact 

 

 

 In order to calculate the impact force onto the tube, it has to be determined which masses 

are contributing to the bending of the steel. It was concluded that steel’s self-weight is negligible 

because the effective mass contributing to the response of the impacted tube isn’t large enough 

(Zeinoddini, 2009). The ratio of the impacted steel (approximately 1.06 to 1.4kg) to the impactor 

mass (30.25 or 43.9 kg) is approximately 3%.  As a result, it was decided that only the mass of 

the impact head would be considered in the force calculations. The applied force onto the tube is 

calculated with Equation 24. 

amF 1  (Equation 24) 

 

 

3.4.5.3    Inertia Effects  

 Inertia is a concept linked to Newton’s First Law of motion, which states that an object 

will not change unless a force acts on it. The tube’s inertia resists any change in its state of 

motion during the time of impact. A major factor for the magnitude of inertia in steel is its own 

mass.  Objects with a greater mass will be better able to resist a change in motion than objects 

with a smaller mass. The tubing’s mass substantially less than the mass impacting it. As a result, 

the tube’s inertia would have close to a negligible effect on the applied force.  
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3.4.6    Data Analysis  

 The main purpose for these experiments is to establish a Moment vs. Rotation plot and to 

determine the energy absorbed by the tube during impact. Rotation is a measure of plastic 

deformation generated by impact in the plastic hinge of the tube. The tube’s rotation can be 

determined at any instant after impact, by using the tube’s displacement. Rotation is calculated 

using the same schematic and equation as the static three point bending experiments. From the 

moment vs. rotation plot, the rotation at which the tube experiences maximum moment and 

experiences plastic deformation is determined.  This is where the sample fails and any instance 

after that, permanent deformation will occur. 

 To quantify the relationship between steel’s response to static and dynamic loads, the 

maximum moment experienced by the tube due to dynamic loading is calculated. The maximum 

moment denotes the moment at which the plastic hinge forms during impact. Similar to the static 

and the three point bending tests, tubes will be analyzed as a simply supported beam much like 

the one depicted in Figure 27. Since the force is in Newtons, the moment will be calculated using 

Equation 25 in order to have units in lbf*ft. The 0.2248 is a factor converting the force from 

Newtons to pound force. 

4

*
*2248.0 sLF

M  (Equation 25) 

 In order for the steel to be a suitable crashworthiness component during dynamic events, 

it has to be capable to absorb a sufficient amount of energy during impact and not experience 

excessive rotation. As a measure of structural crashworthiness, the energy absorbed will be 

calculated using Equation 26. Energy absorption is a valid tool in evaluating the strain rate 

effect. The energy absorbed represents the external work done by the impact force and is the area 

under the displacement vs. force plot. This value will always be less than the initial kinetic 

energy because energy is dissipated during impact. The less energy lost by a sample during 

impact means that the sample is a suitable energy absorber. During impact, the energy absorbed 

by the tube will convert the kinetic energy to another form of energy.  

  dFEa * (Equation 26) 

 



54 

 

CHAPTER FOUR 

PERFORMANCE OF HSS SPECIMENS SUBJECTED TO STATIC 

LOADING 

4.1 Background 

In this chapter, 14 and 16 gauge 1.5” x 1.5” (square) β’ long HSS bare, plywood 

composite, and fiberglass composite tubes are tested statically by conducting three point bending 

point tests using the MTS electromechanical machine. These experiments will evaluate the effect 

of the plywood and fiberglass composites on the strength of steel by comparing the different 

types of tubing. 

The point of interest for these three point bending experiments is to obtain the maximum 

moment and the rotation of the tube at the maximum moment since most design standards are 

based upon maximum load and deflection. Post buckling behavior of the tubing doesn’t have 

much significance for these experiments; as a result post buckling behavior won’t be 

investigated. 

Plywood and fiberglass skin composite samples of the bus wall were cut into β’ x 6” 

strips. The fiberglass composites included both plywood and fiberglass, with a 2:1 ratio for the 

plywood. The plywood and fiberglass skin composites were given from the bus manufacturer. 

The plywood and fiberglass skin composite was glued to the HSS tubing using a structural 

adhesive. The fiberglass skin is composed of both plywood and fiberglass. Due to significance 

difference of compression and tension resistance of the materials, the three point bending test is 

beneficial to measure strength. The composite skin was either glued on the side of the tube where 

the load is being applied (top) or on the opposite side (bottom) to examine the effect of skin 

orientation on the results. Examples of the final prepared samples are shown in Figure 34. As 

shown in the figure, the tubing was placed directly on the center of the plywood skin strip in 

order for uniform stress distribution and to minimize errors during testing.  

1” diameter steel cylindrical specimen was used to apply a load on the tubing’s mid span 

at  a displacement rate of 0.005 in/s for the plywood and fiberglass skin composite tubing, while 

for the bare tubing the load was applied at 0.005 and 0.5 in/s. All types of tubing were tested 

using the bottom seam orientation and tested at a support span length of 1.5’. 
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Figure 34: 16 Gauge Plywood Composite Tube and 14 Gauge Fiberglass Composite Tubes 

with Bottom Skin Orientation 
 

 

The static experiments on the bare tubes consisted of the tubing being tested at different 

steel thickness and loading rate combinations. While the experiments on the plywood and 

fiberglass skin composite tubing were done using different skin orientation (top or bottom) and 

steel thickness combinations. This was done for further investigation and for stronger 

conclusions to be made. Table A.8 shows the test parameters and the material properties to test 

the bare tubing.  Table A.9 and A.10 shows the test parameters used to test the plywood and 

fiberglass composite tubes and material properties of the skin and HSS tubing.  All the tested 

tubes have compact cross sections. 

  

 
Figure 35: Three Point Bending Test for Plywood Composite Tubes with Bottom Skin 

Orientation and Fiberglass Composite Tubes with Top Skin Orientation 
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4.2 Bare Tubes  

Table 8 shows the average maximum moment and rotation at maximum moment for 

different gauge and loading rate combinations. Moment and Rotation data used for the figures 

are the taken from a sample that best represents the data within each thickness and loading rate 

combination. Figure 36 shows for 16 gauge tubes there was a minimal change in experienced 

maximum moment as there was a 5% difference between the displacement rates of 0.005 and 0.5 

in/s. Figure B.11 depicts for 14 gauge tubes that there was a 4% difference in maximum moment 

between the two displacement rates. For the 14 and 16 gauge tubes, the maximum moments 

occurred at the same rotation for both displacement rates. In conclusion, adjusting the 

displacement rates between the static load rate ranges has minimal influence on the tubing’s 

response. This shows the importance of running impact and dynamic experiments with the 

impact drop tower apparatus in order to properly account for differences between static and 

dynamic behavior of the HSS tubing.  

Figures 37 and B.12 depict at both displacement rates that the thicker 14 gauge 

experiences an 80% greater maximum moment than the 16 gauge when tested statically. This 

shows that a significant greater force is needed for the 14 gauge tubes to buckle and achieve 

plastic deformation. Similar rotation was needed to achieve plastic deformation. The 14 gauge 

was stiffer than the 16 gauge as more moment was needed for the same rotation. These results 

will be used as a control by comparing it those of the composite tubing. This will help analyze 

the advantages and disadvantages of the composite tubing. 

 

 

Table 8: Averaged Experimental Results of 14 and 16 Gauge Bare Tubes Subjected 

to Static Loading 

Gauge  

Loading 

Rate 

(in/s) 

α at Max. 
Moment (°) 

Standard 

Deviation 

Maximum 

Moment 

(lbf*ft) 

Standard 

Deviation 

16 0.005 2.8 0.019 687.1 15.16 

16 0.5 2.95 0.016 722.9 7.98 

14 0.005 3.06 0.043 1248.8 14.21 

14 0.5 2.88 0.025 1300.6 6.63 
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Figure 36: Moment vs. Rotation Plot for 16 Gauge Bare Tubes (Sample F4, F9) Tested 

Statically 

 

 

 
Figure 37: Moment vs. Rotation Plot for HSS Bare Tubes (Sample F3, G1) Tested at 0.005 

in/s 

 

 

 Figure 38 shows that local buckling and deformation experienced by the 14 and 16 gauge 

tubes was minimal when loads are applied statically. The reason behind that is that the contact 

between the loading mass and the tubing goes on for a long time giving the tubing ample time to 
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experience the deformations appropriately. Figures 38 and 39 confirms that minimal deformation 

was needed to produce local buckling and form the plastic hinge. Figure 39 also shows that the 

actual physically measured displacement of the tube compares very well with the maximum 

displacement processed from the raw data. 

 

 

 
Figure 38: Local Buckling and Deformation Experienced by Bare 14 and 16 Gauge Tubes 

Tested Statically 

 

 

 
Figure 39: 16 Gauge Tube Tested at 0.005 in/s with Measured Δmax = 0.8125” and Processed 

Δmax = 0.8125” 

 

 

4.3 Plywood Composite Tubes 

Table 9 depicts the average maximum moment and angle of rotation at maximum 

moment for different gauge and plywood skin orientation combinations. Moment vs. Rotation 

plots for 14 and 16 gauge plywood composite tubes are shown in Figures B.13 and 40 depicting 

the skin orientation effect. Moment and Rotation data used for the figures are the taken from a 

sample that best represents the data within each steel gauge thickness and skin rotation 
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combination. In top and bottom skin orientation the composite is in compression and tension 

respectively. In comparison to the results shown in Table 16 for the 16 gauge bare tubes, the 

maximum moments are approximately 13% and 4% higher for the top and bottom skin 

orientations respectively. As a result of the composite participating in the buckling, the top skin 

oriented tubes needed to rotate approximately 1.5 degrees more to experience the maximum 

moment. In comparison to the 14 gauge bare tubes, the maximum moments are approximately 

3% and 4 % higher for the top and bottom skin orientations respectively. This is less in 

comparison to the 16 gauge tubing because the rotation of steel to composite mass is greater. 

As a result of the plywood composite tubes participating in buckling, the top and bottom 

skin oriented tubes needed approximately 1 and 2.3 degrees more to experience the maximum 

moment. This shows that for thinner tubes, skin orientation has a larger effect on the structural 

strength as difference in moments between the skin and bare tubes are larger. The angles of 

rotation at the maximum moments are significantly higher for top skin oriented tubes in 

comparison to the bottom skin orientation because of the crushing of the plywood participated in 

buckling by delaying the response to maximum moment. Another reason for the top skin 

orientation having a higher maximum moment and angle of rotation than bottom orientation 

because of the plywood having greater strength in compression than in tension.  

 

 

 
Figure 40: Moment vs. Rotation Plot for 16 Gauge Plywood Composite Tubes (Sample R2, 

R5) Tested Statically 
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Table 9: Averaged Experimental Results of 14 and 16 Gauge Plywood Composite 

Tubes Subjected to Static Loading 

Gauge 

Skin 

Orientation 

α at Maximum 

Moment (°) 
Maximum 

Moment (lbf*ft) 

14 Top 5.12 1284.30 

14 Bottom 3.87 1295.60 

16 Top 4.49 777.70 

16 Bottom 3.39 717.23 

 

 

Figures 41 and B.14 shows the effect of steel gauge thickness for top and bottom skin 

orientation plywood composites tubes. The maximum moment was 65% higher for 16 gauge top 

skin oriented tubes in comparison to the 14 gauge tubes. The maximum moment was 

approximately 80% higher for 16 gauge bottom skin oriented tubes in comparison to the 14 

gauge tubes, similar to the bare tubes tested in Chapter 4.2. This shows that gauge thickness 

played a smaller role in the response for top skin oriented tubes compared to bottom skin 

orientation because of the skin being stronger in compression than in tension. As a result, the 

composite will have a greater effect on moment capacity. In top and bottom skin orientation, the 

14 gauge tubes needed more rotation to produce the maximum moment and experience 

deformation plastically. 

 

 

 
Figure 41: Moment vs. Rotation Plot for Plywood Composite Tubes (Sample R2, R3) 

Tested Statically with Top Skin Orientation 
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Figures 42, depicts the deformation of the top skin oriented plywood composite tubes, 

and shows that minor delamination occurred for the composite. The steel is in tension for the top 

skin orientation. The figure also shows that top skin oriented tubes experienced minor folding 

during the contact and deformation was minimal. Figure 42 shows that minor local buckling 

occurred for bottom skin orientation tubes and the composite experienced minor deformation. 

 

 

 
Figure 42: Deformation Experienced by 16 Gauge Top Skin Oriented and 14 Gauge 

Bottom Skin Oriented Plywood Composite Tubes Tested Statically 

 
 

4.4 Fiberglass Composite Tubes 

Table 10 shows the averaged maximum moment and angle of rotation at maximum 

moment for different gauge and fiberglass skin orientation combinations. Moment vs. Rotation 

plot for 14 and 16 gauge fiberglass composite tubes are shown in Figures 43 and B.15, depicting 

the skin orientation effect. Moment and Rotation data used for the figures are the taken from a 

sample that best represents the data within each steel gauge thickness and skin rotation 

combination. In comparison to the results shown in Table 8 and 9 for the plywood composite, the 

maximum moments are very similar. For 14 gauge fiberglass skin tubes, the maximum moments 

for the top and bottom orientation are very similar to those experienced by the 14 gauge plywood 

composite tubes. This is due to the plywood thickness being two times greater for the fiberglass 

composite. The 14 gauge top skin fiberglass composite needed to rotate approximately 0.6 

degrees more the plywood top skin orientation to experience the maximum moment. As a result 
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of the plywood crushing delaying the buckling, the angles of rotation to experience the 

maximum moments are higher than the bottom skin orientation by approximately 2.5 degrees. 

 

 

Table 10: Averaged Experimental Results of 14 and 16 Gauge Fiberglass Composite 

Tubes Subjected to Static Loading 

Gauge 

Skin 

Orientation 

α at Maximum 

Moment (°) 
Maximum Moment 

(lbf*ft) 

14 Top 5.72 1279.8 

14 Bottom 3.46 1281.6 

16 Top 5.24 793.5 

16 Bottom 2.85 706.4 

 

 

 
Figure 43: Moment vs. Rotation Plot for 14 Gauge Fiberglass Composite Tubes (Sample 

S3, S7) Tested Statically 

 

 

For 16 gauge fiberglass skin tubes, the maximum moments for the top skin orientation 

are 12% greater than the bottom orientation and are similar to the moment experienced by the top 

skin plywood composite tubing. The reasons that the top skin orientation has a greater moment 

due to the composite being in compression and increasing the moment capacity. This shows that 

skin orientation has a larger effect on structural strength for thinner tubes as the different in skin 

orientation was greater for 16 gauge than 14 gauge. The 16 gauges top skin oriented tubes 
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needed to rotate 2.5 degrees more to fail because of the plywood crushing participating in the 

buckling. The 16 gauge top skin fiberglass composite needed to rotate approximately 0.7 degrees 

more the plywood top skin orientation to experience the maximum moment because the plywood 

crushing played a greater role in buckling.  

Figures 44 and B.16 depict the steel gauge thickness effect for top and bottom skin 

orientation for plywood composites tubes. The maximum moment was approximately 60% 

higher for 16 gauge top skin fiberglass oriented tubes in comparison the 14 gauge tubes. The 

maximum moment was approximately 80% higher for 16 gauge top skin oriented tubes in 

comparison to 14 gauge tubes, similar to the bare and plywood composite tubes. As a result of 

the composite being greater in compression than in tension, the steel thickness played less of a 

role in the maximum moment for top skin orientation. In top and bottom skin orientation, the 14 

gauge tubes needed slightly more rotation to produce the maximum moment and experience 

deformation plastically because of the greater thickness. This shows that 14 gauge composite 

tubing are greater than the 16 gauge because more moment was experience by the tubing at the 

same rotation. 

 

 

 
Figure 44: Moment vs. Rotation Plot for Fiberglass Composite Tubes (Sample S2, S3) 

Tested Statically with Top Skin Orientation 
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Figure 45 depicts the buckling and deformation of the fiberglass composite tubes to be 

minimal. Figure 45 shows as a result of the fiberglass composite being crushed, the adhesive 

connecting the fiberglass portion to the plywood gets pulled causing a gap. This is proof of 

minor delamination. The figure also shows that minor buckling occurred during the deformation 

and the skin experienced minor bending.  

 

 

 
Figure 45: Deformation Experienced by 14 Gauge Top and Bottom Skin Oriented 

Fiberglass Composite Tubes Tested Statically 
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CHAPTER FIVE 

PEFORMANCE OF HSS SPECIMENS SUBJECTED TO DYNAMIC 

LOADING  

5.1 Background 

In order to examine steel’s behavior under dynamic loading, impact drop tests were 

conducted on the tubing using the impact drop apparatus. The tested specimens were 14 and 16 

gauge 1.5” x1.5” β’ long HSS bare, plywood composite, and fiberglass composite tubes. The 

time of deformation is longer for the dynamic testing in comparison to the static testing in 

Chapter 4. The point of interest is to obtain the maximum moment and angle of rotation at 

maximum moment because this is where the steel fails and begins to deform plastically. The 

results from this chapter will be compared to Chapter 4 to quantify the relationship between that 

static and dynamic behavior of the HSS tubes. 

Plywood and fiberglass skin composite samples of the bus wall were cut into β’ x 6” 

strips and glued to the HSS tubing using a structural adhesive. The composite skin was either 

glued on the top or bottom, as shown in Figure 46, to evaluate the seam orientation effect on the 

moment and rotation experienced by the tubing. These experiments will evaluate the effect of the 

plywood and fiberglass composite by comparing the experimental results to the bare tubing. 

 

 

 
Figure 46: Plywood and Fiberglass Composite Tubes Prepared for Dynamic Testing 
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All tubing was tested at 1.5’ support span using bottom seam orientation. The 14 gauge 

tubes were impacted by a 43.9 kg mass, while the 16 gauge tubes were impacted a 30.25 mass. 

For the bare tubing tested in Chapter 5.2, masses were dropped onto the tubing’s midspan from a 

height of 1 and 2 meters to establish different impact velocities and energies. The high impact 

velocity will help correlate differences between the static and dynamic behavior of the 

composites and steel. Using the Law of Conservation of Energy, the drop heights of 1 and 2 m 

are equivalent to the impact velocities of 174 in/s and 246.7 in/s. For the plywood and fiberglass 

composite tubing tested in Chapter 5.3 and 5.4, the masses were dropped onto the tubing’s 

midspan from a height of 2 meters, equivalent to an impact velocity of 246.7 in/s. The bare 

tubing was tested using different drop height and steel thickness combination, while the plywood 

and fiberglass skin composite tubing were tested using different seam orientation and steel 

thickness combinations. Table A.11 shows the test parameters and the material properties to test 

the bare tubing.  Table A.12 and A.13 shows the test parameters used to test the plywood and 

fiberglass composite tubes and material properties of the skin and HSS tubing.   

 

 
Figure 47: Plywood Composite Tubes (Top Skin Orientation) Tested Dynamically 

 

 

5.2 Bare Tubes 

As a result of the tube’s displacement being processed through integrating the 

accelerometer’s raw data, the final maximum displacements were measured to confirm the 
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results. Figures 48 and 49 confirm that the tube’s processed maximum displacements agree well 

with the physically measured displacements. Figure 49 shows that as a result of the tube being 

impacted at a greater energy than Figure 48, the tube’s maximum displacement was 

approximately 2.75 inches greater. This is caused by the greater impact velocity not allowing the 

steel to experience deformations appropriately. Figure 50 shows that buckling experienced at a 

drop height of 2 m is of a greater magnitude than that impacted from 1 m in Figure 51. Figure 50 

shows that the whole entire tube deformed plastically and that at the mid span the tube 

experienced extensive folding as both sides of the mid span pushed out very extensively. 

 

 

 
Figure 48: 14 Gauge Tube Impacted at a Drop Height of 1 m with Measured Δmax = 1.3125” 

and Processed Δmax = 1.335” 

 

 

 
Figure 49: 16 Gauge Tube Impacted at a Drop Height of 2 m with a measured Δmax = 4.125” 

and Processed Δmax = 4.12” 
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Figure 50: Buckling and Deformation Experienced By 14 Gauge Tube Impacted at a Drop 

Height of 2 m  

 

 

 
Figure 51: Buckling and Deformation Experienced By 16 Gauge Tube Impacted at a Drop 

Height of 1 m  

 

 

 Table 11 summarizes the averaged experimental results of the 14 and 16 gauge bare tubes 

being impacted from drop heights of 1 and 2 m.  Moment and Rotation data used for the figures 

are the taken from a sample that best represents the data within each thickness and loading rate 

combination. Figures 52 and B.17 show that increasing the drop height by 1 m had a negligible 

effect on the maximum moment. Surprisingly for the 14 gauges tubes impacted from a drop 

height of 1 m produced a slightly greater moment than the drop height of 2 m. The effect of the 

impact velocity and increased drop height was shown on the rotation needed to produce the 

maximum moment, as the 14 and 16 gauges impacted at a height of 2 m needed approximately 

1.35 and 1.30 times the rotation of those impacted at 1 m. Deformation was far more extensive 

for the tubes impacted at 2 m as the result of the changing velocity and greater energy dissipation 

during impact. This shows at a lower impact velocity, the tubes are stiffer because of the shorter 

impact time. 
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Table 11: Averaged Experimental Results of 14 and 16 Gauge Bare Tubes Subjected 

to Dynamic Loading 

Gauge 

Drop Height 

(m) 

α at Maximum 

Moment (°) 
Standard 

Deviation 

Maximum 

Moment (lbf*ft) 

Standard 

Deviation 

14 2 11.06 0.062 1688.51 28.38 

14 1 8.17 0.351 1704.70 26.57 

16 2 11.11 0.852 1033.45 25.53 

16 1 8.62 0.347 1025.35 22.81 

 

 

 
Figure 52: Moment vs. Rotation Plot for 14 Gauge Bare Tubes (Sample U4, U6) Impacted 

 

 

Figures 53 and B.18 shows that the 14 and 16 gauge tubes needed almost the same 

rotation tested dynamically to experience the maximum moment. When tested dynamically at 

both drop heights, the thicker 14 gauge tubes experienced a 65% greater maximum moment than 

the 16 gauges tubes. This is approximately 15% less than maximum moment than the bare tubes 

impacted statically in Chapter 4.2. The thickness effect on tubes tested dynamically was at a 

smaller magnitude in comparison to tubes tested statically.  
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Figure 53: Moment vs. Rotation Plot for Bare Tubes (Sample U4, V5) Impacted from a 

Drop Height of 2 m 

 

 

5.3 Plywood Composite Tubes 

Table 12 depicts the mean maximum moment and angle of rotation at maximum moment 

for different gauge and plywood skin orientation combinations. Moment and Rotation data used 

for the figures are the taken from a sample that best represents the data within each steel 

thickness and skin orientation combination. Figures 54 and B.19 illustrate the Moment vs. 

Rotation plot for 14 and 16 gauge plywood composite tubes comparing the skin orientation 

effect. For 14 gauge plywood composite skin tubes, the maximum moments for the top skin 

orientation was approximately 5% greater than the maximum moment for the bottom skin 

oriented tubes. In comparison to the results shown in Table 11, the 16 gauge plywood composite 

tubes experienced a slightly less maximum moment than the bare tubing. For 16 gauge plywood 

skin tubes, skin orientation played a greater role as the maximum moment was 11% greater for 

the top skin oriented tubes in comparison to the bottom skin orientation. This showed that the 

composite had a greater effect on the thinner tubing. Top skin oriented tubes experienced higher 

maximum moment than the bottom skin orientation due to the composite being strong in 

compression than tension. 

In comparison to the results shown in Table 11, the 16 gauge plywood composite tubes 

experienced a slightly less maximum moment than the bare tubing. The reason that skin 

orientation played a greater role for the 16 gauge tubes is because the ratio of skin to tubing 



71 

 

weight was smaller. The top skin oriented tubes needed to rotate approximately 1.25 more 

degrees to experience the maximum moment in comparison to the bottom skin orientation. As a 

result of the crushing of plywood participating in buckling for the top skin oriented tubes, local 

buckling and failure was delayed After reviewing the rotation needed by the tubing to experience 

the maximum moment in Table 12, the plywood composites tubes needed to rotate between 1.5 

to 2.5 degrees less to experience the maximum moment in comparison to the bare tubes. This is a 

different comparison for tubes being statically tested. 

 

 

Table 12: Averaged Experimental Results of 14 and 16 Gauge Plywood Composite Tubes 

Subjected to Dynamic Loading 

Gauge Orientation α at Maximum Moment (°) Maximum Moment (lbf*ft) 

16 Top 8.45 985.95 

16 Bottom 7.27 886.34 

14 Top 9.86  1723.22 

14 Bottom 8.65 1637.32 

 

 

 

Figure 54: Moment vs. Rotation Plot for 14 Gauge Plywood Composite Tubes (Sample I6, 

I12) Tested Dynamically 

 

 

Figures 55 and B.20 elaborate the steel gauge thickness effect for top and bottom skin 

orientation for plywood composite tubes. The maximum moment was approximately 75% higher 
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for 16 gauge top skin oriented tubes in comparison to the 14 gauge tubes. For the bottom skin 

orientation case, the 16 gauge tubes experienced a maximum moment approximately 85% higher 

than the 14 gauge. This shows that skin’s stiffness and compressive strength plays a greater role 

for top skin orientation tubing as steel thickness played a smaller role in the results. In 

comparison to the static testing in Chapter 4.3, the change in between gauges was approximately 

10% greater than that for both skin orientation when tested dynamically. In both top and bottom 

skin orientation cases, the 14 gauge tubes needed to rotate approximately 1.4 more degrees to 

produce the maximum moment and experience deformation plastically. 

 

 

 
Figure 55: Moment vs. Rotation Plot for Plywood Composite Tubes (Sample I1, I6) Tested 

Dynamically with Top Skin Orientation 

 

 

During the impact between mass and tubing, the tubes experienced excessive vibrations. 

Figure 56 and 57 depict the deformation and buckling experienced by the plywood composite 

tubes. Figure 56 shows that when the plywood skin composite was located on top of the tubing, 

the plywood skins experience excessive folding and delamination. This figure shows that due to 

the high impact velocity, the skin slightly separates from the tubing, plywood failed before the 

steel, and that the adhesive failed. This was shown by the delamination experienced by the 

tubing. Figure 57 shows that when the plywood skin composite was located beneath the tubing 

that the right side of tubing completely separated from the plywood composite. This shows the 

high magnitude of deformation experienced by the tubing during impact. The magnitude of the 
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buckling experienced by the steel tubes tested in bottom and top skin orientation was very 

similar, as extensive buckling occurred during the instantaneous impact. The buckling of the 

composite tubing was a less magnitude of that of the bare tubing.  

 

 

 
Figure 56: Buckling and Deformation Experienced By 16 Gauge Plywood Composite Tube 

(Top Skin Orientation) Impacted at a Drop Height of 2 m  

 

 

 
Figure 57: Buckling and Deformation Experienced By 14 Gauge Plywood Composite Tube 

(Bottom Skin Orientation) Impacted at a Drop Height of 2 m  

 

 

5.4 Fiberglass Composite Tubes 

Table 13 depicts the averaged maximum moment and angle of rotation at maximum 

moment for different gauge and fiberglass skin orientation combinations. Moment and Rotation 

data used for the figures are the taken from a sample that best represents the data within each 

steel thickness and skin orientation combination. Figures 58 and B.21 show the Moment vs. 

Rotation plot for 14 and 16 gauge fiberglass composite tubes elaborating the skin orientation 

effect on structural strength. For 14 gauge fiberglass composite skin tubes, the maximum 

moments experienced by top skin oriented tubes were approximately 4% greater than that of the 

bottom skin orientation. In addition for the 14 gauge tubing, the top and bottom skin oriented 
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tubes experienced similar rotation in order to produce the maximum moment. This shows that 

skin orientation had less of an effect for the thicker 14 gauge tubes. The greater maximum 

moment for the top skin orientation was due to the composite having greater strength in 

compression.  

 

 

Table 13: Averaged Experimental Results of 14 and 16 Gauge Fiberglass Composite Tubes 

Subjected to Dynamic Loading 

Gauge Orientation α at Maximum Moment (°) Maximum Moment (lbf*ft) 

16 Top 8.28 1047.99 

16 Bottom 7.27 853.16 

14 Top 8.62 1692.98 

14 Bottom 8.53 1629.00 

 

For 16 gauge fiberglass skin tubes, skin orientation played a greater role as the maximum 

moment experienced by the top skin oriented tubes was approximately 23% greater than the 

bottom skin orientation. In comparison to the 16 gauge plywood composite tubes tested 

statically, the change in skin orientation played a greater for the fiberglass composite due to the 

added fiberglass layer. The top skin oriented tubes needed to rotate approximately one more 

degree to experience the maximum moment in comparison to the bottom skin orientation. This is 

due to the plywood crushing participating in the buckling. The change in skin orientation played 

a role for the 16 gauge tube, as the top skin orientation needed to rotate 1 more degree to 

experience the maximum moment. The reason is that the ratio of the steel thickness to the 

composite thickness for the 16 gauge tubes is smaller than the ratio for the 14 gauge tubing. In 

comparison to the results shown in Table 12, the fiberglass composite tubes need slightly less 

rotation to produce the maximum moment. In almost all cases but the 16 gauge top orientation, 

all steel thickness and skin orientation combinations for the plywood composite tubing 

experienced a smaller maximum moment to achieve plastic deformation. 

Figures 59 and B.22 elaborates the steel gauge thickness effect for top and bottom skin 

orientation of the fiberglass composites tubes. The maximum moment experienced by the 14 

gauge top skin oriented tubes was approximately 60% higher than 16 gauge tubes. This is the 

same gauge thickness effect composite tubes tested statically. For the bottom skin orientation 
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case, the 14 gauge tubes experienced a maximum approximately 90% higher than the 16 gauge.  

This is similar to the fiberglass composite tubes tested statically. As a result of the composite’s 

compressive strength playing a larger role for the top skin oriented tubing, the steel’s thickness 

was less of a factor for top skin orientation than the bottom skin orientation. For top skin oriented 

tubing, the 14 and 16 gauge needed the same rotation to experience the maximum moment. 

While for bottom skin oriented tubes, the 14 gauge tubes needed to rotate approximately 1.25 

more degrees to experience the maximum moment.  

 

 

 
Figure 58: Moment vs. Rotation Plot for 14 Gauge Fiberglass Composite Tubes (Sample J5, 

J12) Tested Dynamically 

 

 

 
Figure 59: Moment vs. Rotation Plot for Fiberglass Composite Tubes (Sample J2, J5) 

Tested Dynamically with Top Skin Orientation 
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As a result of the instantaneous impact between the mass striking the tubing, excessive 

deformation was experienced by the tubing and composite skin.  Figure 60 and 61 depict the 

deformation and buckling experienced by the fiberglass composite tubes. Both figures depict for 

that both top and bottom skin orientation experienced excessive buckling and formed a 

significant plastic hinge. Figure 60 shows for top fiberglass skin orientation, the plywood skins 

experience excessive folding and crushing.  The fiberglass portion of the composite slightly 

separates from the plywood. There is a minor gap that occurs between the skin and the steel as 

the result of the instantaneous impact. Figure 61 shows that for bottom fiberglass skin orientation 

that the left side of tubing completely separated from the fiberglass composite and the adhesive 

failed. It can be seen that skin didn’t much experience any bending, since it is in tension.  

 

 

 
Figure 60: Buckling and Deformation Experienced by 14 Gauge Fiberglass Composite 

Tube (Top Skin Orientation) Impacted at a Drop Height of 2 m  

 

 

 
Figure 61: Buckling and Deformation Experienced By 16 Gauge Fiberglass Composite 

Tube (Bottom Skin Orientation) Impacted at a Drop Height of 2 m  
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CHAPTER SIX 

DYNAMIC AND STATIC COMPARISON OF BARE VS. COMPOSITE 

TUBING 

6.1 Static Performance 

 The static behavior of the bare, plywood, and fiberglass composite tubing was evaluated 

using three point bending tests using the MTS electromechanical machine. The static behavior 

was evaluated by comparing the response of the tubing when a load was applied onto the tube at 

a displacement rate of 0.005 in/s. Table 14 compares the behavior of 14 and 16 gauges tubes 

under static loading by evaluating the maximum moment and rotation at the maximum moment.  

Table 14 depicts the behavior of plywood and fiberglass composite tubes in top skin orientation.  

 

 

Table 14: Comparison of Static Behavior  

Gauge Material 
α at Maximum 

Moment (°) 
Maximum 

Moment (lbf*ft) 

14 Bare 3.06 1248.8 

14 Plywood 5.12 1284.3 

14 Fiberglass 5.72 1279.8 

16 Bare 2.8 687.1 

16 Plywood 4.49 777.7 

16 Fiberglass 5.24 793.5 

 

 

 Figure 62 compares the Moment vs. Rotation Plot of the 14 gauge bare, plywood, and 

fiberglass tubes. The addition of the plywood and fiberglass skins to the 14 gauge steel had a 

close to negligible influence on the load carrying capacity as the maximum moment of the 

composite tubing was less than 3% greater than the bare tubing. The plywood and fiberglass 

composite tubing produced similar maximum moments and had greater maximum moments than 

bare tubing because of the composite being compressing increasing the moment capacity. The 

difference between the bare and composite tubing was shown in the rotation at which the 

maximum moment occurs. As a result of the plywood skin crushing delaying the rotation, the 

fiberglass tubing needed nearly double the displacement in comparison to the bare tubing to 
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produce the maximum moment and fail. There was a slight difference between the fiberglass and 

plywood composite tubing as the fiberglass tubes needed to rotate slightly more to produce the 

maximum moment. Since the 14 gauge fiberglass composite tubing had the highest skin 

stiffness, it needed the most rotation to experience the maximum moment. 

 

 

 
Figure 62: Moment vs. Rotation Plot Comparing Static Performance of 14 Gauge Bare, 

Plywood, and Fiberglass Composite Tubes  

 

 

As shown in Figure B.23, the addition of the plywood and fiberglass skins to the 16 

gauge steel had a greater effect on the load carrying capacity in comparison to the thicker 14 

gauge tubing, as the maximum moment of the composite tubing was approximately 15 % greater 

than the bare tubing. The 16 gauge plywood and fiberglass produced similar maximum moments. 

The fiberglass and plywood top skin oriented composite tubing needed to rotate 1.7 and 2.4 more 

degrees to produce the maximum moment as a result of the composite delaying the steel’s 

buckling. 

 

 

6.2 Dynamic Performance 

The dynamic behavior of the bare, plywood (top skin orientation), and fiberglass (top 

skin orientation) composite tubing was evaluated by conducting experiments using the impact 
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drop apparatus. Dynamic behavior was evaluated by comparing the response of the tubing when 

a load was dropped onto the tube from a height of 2 m. Table 15 compares the behavior of 14 

and 16 gauges tubes under dynamic loading. The values for the composites are shown for the top 

skin orientation.  

 

 

Table 15: Comparison of Dynamic Behavior  

Gauge Material 

α at Maximum 
Moment (°) 

Maximum 

Moment 

(lbf*ft) 

14 Bare 11.06 1688.51 

14 Plywood 9.86 1723.22 

14 Fiberglass 8.61 1692.98 

16 Bare 11.11 1033.45 

16 Plywood 8.45 985.95 

16 Fiberglass 8.28 1047.99 

 

 

Figure 63 compares the Moment vs. Rotation Plot of the 14 gauge bare, plywood, and 

fiberglass tubes tested dynamically. Surprisingly, the plywood composite tubing produced the 

greatest maximum moments. The addition of the plywood and fiberglass top skin orientation 

skins to the 14 gauge steel had a close to negligible influence on the load carrying capacity as the 

maximum moment of the composite tubing was less than 2% greater than the bare tubing.  The 

positive impact of the composite tubing was shown when tested dynamically by evaluating the 

rotation at which the maximum moment occurs. The top skin oriented plywood and fiberglass 

composite tubing experienced less deformation to produce the maximum moment as they needed 

to rotate 1.2 and 2.45 less degrees than the bare tubing to fail. This is due to the composite 

preventing the initial buckling and delaying the delamination. This is a different trend in 

comparison to the 14 gauge tubes tested statically. This showed that the composite tubing had a 

positive effect during dynamic events.  

For the 16 gauge tubing, the fiberglass composite tubing produced the greatest maximum 

moment of the three. Fiberglass composite tubing experienced maximum moments 

approximately 1.5 and 6% greater than the bare and plywood skin composite tubing respectively. 

advantages of the composite tubing was shown by evaluating the rotation at which the maximum 
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moment occurs, similarly to the 14 gauge tubes tested dynamically, as the fiberglass composite 

tubes needed the least rotation to produce the maximum moment. The plywood and fiberglass 

composite tubing experienced less deformation to produce the maximum moment as they needed 

to rotate 2.65 and 2.85 respectively less degrees to fail. This is due to the composite preventing 

the initial buckling and delaying the delamination. This also shows that composites increased the 

damping because less energy was lost during impact than the bare tubing. 

 

 

 
Figure 63: Moment vs. Rotation Plot Comparing Dynamic Performance of 14 Gauge Bare, 

Plywood, and Fiberglass Composite Tubes  

 

 

6.3 Dynamic Amplification Factor 

After static and dynamic experiments have been conducted on the tubing, the differences 

between the static and dynamic behavior of plywood and fiberglass composites tubes can be 

quantified for. These differences will be quantified through the use of amplification factors. 

Equation 27 quantifies the maximum moment experienced by tubing during static and dynamic 

events. Equation 28 distinguishes the rotation experienced by the tubing needed to experience the 

maximum moment during static and dynamic events.  These amplification factor were used to 

evaluate strain rate sensitivity.  

max

max

s

d

M

M
  (Equation 27)   
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d




  (Equation 28) 

 

Moment vs. Rotation plots were plotted for different gauge and tube types, so thorough 

conclusions can be made concerning the differences between static and dynamic behavior. This 

is done in order to obtain a valid amplification factor for plywood skin and fiberglass composite 

tubing. Figures 64 -66 depicts the Moment vs. Rotation plot comparing the static and dynamic 

response of 14 gauge bare steel, plywood steel composite, and fiberglass steel composite tubing.  

The plywood and fiberglass skin composite Moment vs Rotation plots shown are using the top 

skin orientation instead of the bottom. In Figures B.24 - B.26, Moment vs. Rotation plot 

quantifying the differences between static and dynamic behavior of bare, plywood composite, 

and fiberglass skin composite tubing. These plots will determine if the plywood and fiberglass 

skin composites have positive or negative effects on the dynamic response of steel. Table 16 

quantifies the differences between static and dynamic behavior for 14 and 16 gauge tubes using 

bare, plywood (top skin) composite, and fiberglass (top skin) composite tubing. 

 

 

Figure 64: Moment vs. Rotation Plot for 14 Gauge Bare Tubes Comparing Static and 

Dynamic Response 
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Figure 65: Moment vs. Rotation Plot for 14 Gauge Plywood Composite Tubes Comparing 

Static and Dynamic Response 

 

 

 
Figure 66: Moment vs. Rotation Plot for 14 Gauge Fiberglass Composite Tubes Comparing 

Static and Dynamic Response 
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Table 16: Dynamic Amplification Factors  

Gauge Material λ β 

14 Bare 1.30 3.7 

16 Bare 1.40 4 

14 Plywood 1.35  1.9 

16 Plywood 1.30  1.9 

14 Fiberglass 1.30  1.5 

16 Fiberglass 1.30  1.65 

 

 

Table 16 shows that λ, which quantifies the difference between the experience maximum 

dynamic and static bending moment varied from 1.30 to 1.40 between the different gauge and 

tubing combinations. This shows that these experiments were able to produce a consistent factor 

between static and dynamic response. The fiberglass composite, which had the greatest 

thickness, had a lower λ in comparison to the bare and plywood composite tubing. Even though 

there were minor differences for the gammas among the different materials, it shows that the 

fiberglass composite tubes had a positive effect of decreasing the effect of damping and friction 

forces (dynamic forces) on the maximum moment during the instantaneous impact. In 

conclusion, a weighted average of the different thickness and tubing combinations yielded a λ of 

1.325.   

 Table 16 depicts the effect that the composite skin had on , which is the factor 

comparing the amount of rotation needed by the tubing to produce the maximum moment and 

fail. Figures 74 and B.24 show that the bare tubing was affected most by the instantaneous 

impact as approximately 4 times the rotation was needed during dynamic events to produce the 

maximum moment. In specific, the 16 gauge bare tubes, which was the thinnest out of 6 

combinations, was affected the most by dynamic events because of it having the highest beta. 

Figures 75-76 and B.25-B.26 show the positive effect that the top skin oriented composite skins 

had on the dynamic behavior of because less rotation was needed by the tubing in dynamic 

events to produce the maximum moment.  

The 14 and 16 gauge plywood composite tubes needed approximately 1.9 times more 

rotation to produce the maximum moment in dynamic events, showing the significant impact that 

composite skin had on the dynamic behavior of the HSS. This is a significantly less in 

comparison to the beta for the bare tubing. This proves how valuable plywood composite 
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because it prevented excessive movements that produced plastic deformation. The composite 

decreased the effect of dynamic forces as the difference between static and dynamic behavior in 

terms of rotation was reduced.  

Fiberglass tubing had the greatest total thickness among the different combinations and 

was least effected by the instantaneous deformation as it had the lowest  was produced from 

Moment vs. Rotation plots. After reviewing the data it was seen that one can see that the thickest 

combination, 14 gauge fiberglass composite tubes produces the smallest beta of 1.5.  In 

conclusion, the fiberglass composite skin had the most positive effect on the HSS tubing as it did 

the best job of preventing excessive rotation in dynamic events by increasing stiffness. 
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CHAPTER SEVEN 

CONCLUSION 

Successful static and dynamic testing of 14 and 16 gauge plywood and fiberglass 

composites tubing was conducted. As a result of the successful testing, proper comparisons can 

be made between the static and dynamic behavior of the composite and bare tubing. Moment vs. 

Rotation plots were used to compare the different types of tubing and to quantify the differences 

between static and dynamic behavior. The points of interest are the maximum moment and the 

rotation at which the tubing fails. 

Static testing of the composite and bare tubing showed that buckling experienced by the 

steel and delamination of the composite was minimal. This is due to the lack of energy loss and 

the tubing having enough time to experience the deformations appropriately. Bottom skin 

orientation of the plywood and fiberglass composites didn’t have much effect of the moment 

capacity due to the composite’s lack of strength in tension. Top composite skin orientation 

increased the moment capacity due to the composite being in compression and the steel being in 

tension. The effect of the composite was shown more on the thinner tubing as the moment 

capacity had a greater difference between composite and bare tubing. Bare tubing needed the 

least rotation to fail while the top skin composites needed more due to the plywood crushing 

participating in the buckling. 

Dynamic testing of the composite and bare tubing showed that excessive buckling and 

delamination was experience during the sudden impact. In some instance the skin separated from 

the tubing. Composites decreased the magnitude of buckling and the plastic hinge, as it was less 

noticeable in comparison to the bare tubing. Top skin composites had a greater moment capacity 

than the bare tubing due to the composite being stronger in compression. It was shown that for 

top skin composite tubing that the steel’s thickness played less of a factor due to the composites 

compressive strength. Bare tubing needed the most rotation to experience the maximum moment 

and the fiberglass composite tubing needed the least due to the composite preventing initial 

buckling and preventing delamination. Composite tubing lost less energy during impact in 

comparison to bare tubing. This shows positive effect of the composites as it increased the 

stiffness, increasing the damping, and prevented excessive movement that produces plastic 

deformation. 
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Amplification factors were used to evaluate the strain rate sensitivity of the 14 and 16 

gauge bare and composite tubing by comparing maximum moment and rotation at failure 

between static and dynamic loading. A small amplification factor means that the material 

performs well under impact loading. λ was calculated to quantify the difference between the 

static and dynamic maximum moments. Regardless of steel thickness or composite use, a 

consistent λ of 1.3-1.γ5 was produced for the composite and bare tubing.  was used to quantify 

the difference between the amount of rotation at failure between static and dynamic events. 14 

and 16 gauge bare tubing producing a  of γ.7 and 4 showing the sensitivity that the bare tubing 

had to impact loads and dynamic forces. Fiberglass and plywood composite use decreased the 

effect of dynamic forces as  was decreased by more than β. The added fiberglass layer to the 

composite improved performance under impact loading as shown by  decreasing from 1.9 to 

1.6. Based upon the amplification factors, it is recommended to use 14 gauge fiberglass 

composite tubing as Paratransit bus structural members because it was effected the least by 

dynamic loading.  
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APPENDIX A 

TABLES 

Table A.1: Test Parameters and Material Properties for Narrow Tensile Specimens 

Sample 
Displacement 

Rate (in/s) 

Strain Rate 

(s
-1

) 

wo 

(in) 
t (in) Area (in

2
) 

A18 0.5 0.2 0.5045 0.0565 0.02850425 

A19 0.5 0.2 0.504 0.0605 0.030492 

A20 0.5 0.2 0.5055 0.0585 0.02957175 

A23 0.05 0.02 0.5015 0.058 0.029087 

A24 0.05 0.02 0.5035 0.057 0.0286995 

A25 0.05 0.02 0.505 0.0595 0.0300475 

A28 0.005 0.002 0.506 0.058 0.029348 

A29 0.005 0.002 0.505 0.0565 0.0285325 

A30 0.005 0.002 0.5045 0.058 0.029261 

 

 

Table A.2: Test Parameters and Material Properties for Wide Tensile Specimens 

Sample 
Displacement Rate 

(in/s) 

Strain Rate 

(s
-1

) 

wo 

(in) 
t (in) Area (in

2
) 

A16 0.5 0.1111 0.9125 0.058 0.052925 

A17 0.5 0.1111 0.908 0.0585 0.053118 

A21 0.05 0.0111 0.8905 0.057 0.0507585 

A22 0.05 0.0111 0.8985 0.0575 0.05166375 

A27 0.005 0.0011 0.885 0.0575 0.0508875 
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Table A.3: Test Parameters and Material Properties for Three Point Bending Experiments 

Analyzing Seam Orientation 

Sample 
Seam 

Orientation 

Strain 

Rate (s
-1

) 

Weight 

(lbs) 
t (in) xo (in) yo (in) λ 

A1 Top  0.0001768 2.1755 0.064 1.528 1.542 21.88 

A2 Top  0.0001753 2.0935 0.063 1.5315 1.528 22.31 

A3 Top  0.0001772 2.171 0.068 1.533 1.5535 20.54 

A4 Top  0.0001725 2.084 0.068 1.511 1.516 20.22 

A5 Top  0.0001733 2.1675 0.067 1.523 1.5205 20.73 

A6 Bottom  0.00017313 2.1 0.069 1.5185 1.523 20.01 

A7 Bottom  0.0001759 2.119 0.064 1.5166 1.5355 21.70 

A8 Bottom  0.0001724 2.1685 0.063 1.5225 1.505 22.17 

A9 Bottom  0.0001738 2.144 0.0645 1.515 1.5195 21.49 

A10 Bottom  0.0001766 2.1495 0.0675 1.515 1.5475 20.44 

A11 Side 0.0001763 2.167 0.0685 1.5215 1.5475 20.21 

A12 Side 0.00017988 2.135 0.063 1.513 1.565 22.02 

A13 Side 0.00017388 2.1795 0.0675 1.5125 1.526 20.41 

A14 Side 0.0001728 2.134 0.0615 1.5435 1.505 23.10 

A15 Side 0.000173 2.197 0.062 1.5075 1.508 22.31 
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Table A.4: Test Parameters and Material Properties for 14 Gauge Support Span and 

Loading Diameter Three Point Bending Experiments 

Sample 

Support 

Diameter 

(in) 

Support 

Span 

(ft) t (in) xo (in) yo (in) xi (in) yi (in) λ 

B1 0.5 1.5 0.0795 1.5180 1.5215 1.3590 1.3625 17.094 

B2 0.5 1.5 0.0805 1.5195 1.5270 1.3585 1.3660 16.876 

B3 0.5 1.5 0.0825 1.5050 1.5310 1.3400 1.3660 16.242 

B4 0.5 1.5 0.0825 1.5020 1.5370 1.3370 1.3720 16.206 

B5 0.5 1 0.0850 1.5055 1.5275 1.3355 1.3575 15.712 

B6 0.5 1 0.0845 1.5125 1.5127 1.3435 1.3437 15.899 

B7 0.5 1 0.0830 1.5190 1.5270 1.3530 1.3610 16.301 

B8 0.5 1 0.0845 1.5020 1.5190 1.3330 1.3500 15.775 

B9 0.5 0.5 0.0845 1.5030 1.5285 1.3340 1.3595 15.787 

B10 0.5 0.5 0.0830 1.5080 1.5110 1.3420 1.3450 16.169 

B11 0.5 0.5 0.0795 1.5030 1.5120 1.3440 1.3530 16.906 

B12 0.5 0.5 0.0825 1.5065 1.5110 1.3415 1.3460 16.261 

B13 1 1.5 0.0820 1.5025 1.5075 1.3385 1.3435 16.323 

B14 1 1.5 0.0835 1.5045 1.5080 1.3375 1.3410 16.018 

B15 1 1.5 0.0840 1.5220 1.5185 1.3540 1.3505 16.119 

B16 1 1.5 0.086 1.505 1.552 1.3330 1.3800 15.500 

B17 1 1 0.0845 1.506 1.531 1.3370 1.3620 15.822 

B18 1 1 0.0825 1.504 1.5115 1.3390 1.3465 16.230 

B19 1 1 0.0815 1.511 1.5145 1.3480 1.3515 16.540 

B20 1 1 0.0835 1.503 1.512 1.3360 1.3450 16.000 

B21 1 0.5 0.085 1.509 1.5135 1.3390 1.3435 15.753 

B22 1 0.5 0.088 1.503 1.541 1.3270 1.3650 15.080 

B23 1 0.5 0.0835 1.512 1.5195 1.3450 1.3525 16.108 

B24 1 0.5 0.0815 1.511 1.5185 1.3480 1.3555 16.540 

B25 2 1.5 0.0835 1.5025 1.5085 1.3355 1.3415 15.994 

B26 2 1.5 0.082 1.505 1.513 1.3410 1.3490 16.354 

B27 2 1.5 0.086 1.5045 1.506 1.3325 1.3340 15.494 

B28 2 1.5 0.084 1.5055 1.512 1.3375 1.3440 15.923 

B29 2 1 0.085 1.5095 1.508 1.3395 1.3380 15.759 

B30 2 1 0.0825 1.5195 1.52 1.3545 1.3550 16.418 

B31 2 1 0.084 1.503 1.517 1.3350 1.3490 15.893 

B32 2 1 0.0855 1.5025 1.521 1.3315 1.3500 15.573 

B33 2 0.5 0.0805 1.521 1.527 1.3600 1.3660 16.894 

B34 2 0.5 0.086 1.5065 1.5265 1.3345 1.3545 15.517 

B35 2 0.5 0.0835 1.5075 1.511 1.3405 1.3440 16.054 

B36 2 0.5 0.0815 1.505 1.511 1.3420 1.3480 16.466 
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Table A.5: Test Parameters and Material Properties for 16 Gauge Support Span and 

Loading Diameter Three Point Bending Experiments 

Sample 

Support 

Diameter 

(in) 

Support 

Span 

(ft) t (in) 

xo 

(in) 

yo 

(in) xi (in) yi (in) λ 

B1 0.5 1.5 0.060 1.525 1.508 1.4050 1.3880 23.417 

B2 0.5 1.5 0.064 1.495 1.503 1.3670 1.3750 21.359 

B3 0.5 1.5 0.059 1.531 1.516 1.4130 1.3980 23.949 

B4 0.5 1.5 0.062 1.515 1.514 1.3910 1.3900 22.435 

B5 0.5 1 0.064 1.526 1.537 1.3980 1.4090 21.844 

B6 0.5 1 0.065 1.513 1.524 1.3830 1.3940 21.277 

B7 0.5 1 0.064 1.526 1.519 1.3980 1.3910 21.844 

B8 0.5 1 0.062 1.514 1.527 1.3900 1.4030 22.419 

B9 0.5 0.5 0.061 1.525 1.510 1.4030 1.3880 23.000 

B10 0.5 0.5 0.064 1.537 1.527 1.4090 1.3990 22.016 

B11 0.5 0.5 0.064 1.529 1.508 1.4010 1.3800 21.891 

B12 0.5 0.5 0.059 1.528 1.536 1.4100 1.4180 23.898 

B13 1 1.5 0.067 1.530 1.522 1.3960 1.3880 20.836 

B14 1 1.5 0.060 1.521 1.545 1.4010 1.4250 23.350 

B15 1 1.5 0.064 1.552 1.538 1.4240 1.4100 22.250 

B16 1 1.5 0.065 1.514 1.526 1.3840 1.3960 21.292 

B17 1 1 0.062 1.508 1.528 1.3840 1.4040 22.323 

B18 1 1 0.061 1.530 1.539 1.4080 1.4170 23.082 

B19 1 1 0.067 1.513 1.533 1.3790 1.3990 20.582 

B20 1 1 0.064 1.505 1.542 1.3770 1.4140 21.516 

B21 1 0.5 0.065 1.541 1.529 1.4110 1.3990 21.708 

B22 1 0.5 0.066 1.502 1.526 1.3700 1.3940 20.758 

B23 1 0.5 0.064 1.511 1.518 1.3830 1.3900 21.609 

B24 1 0.5 0.063 1.491 1.524 1.3650 1.3980 21.667 

B25 2 1.5 0.066 1.521 1.520 1.3890 1.3880 21.045 

B26 2 1.5 0.064 1.526 1.517 1.3980 1.3890 21.844 

B27 2 1.5 0.067 1.519 1.529 1.3850 1.3950 20.672 

B28 2 1.5 0.061 1.520 1.530 1.3980 1.4080 22.918 

B29 2 1 0.061 1.517 1.532 1.3950 1.4100 22.869 

B30 2 1 0.066 1.502 1.519 1.3700 1.3870 20.758 

B31 2 1 0.065 1.502 1.512 1.3720 1.3820 21.108 

B32 2 1 0.063 1.541 1.511 1.4150 1.3850 22.460 

B33 2 0.5 0.062 1.505 1.526 1.3810 1.4020 22.274 

B34 2 0.5 0.061 1.495 1.542 1.3730 1.4200 22.508 

B35 2 0.5 0.067 1.529 1.530 1.3950 1.3960 20.821 

B36 2 0.5 0.062 1.529 1.526 1.4050 1.4020 22.661 

D1 1 2 0.0640 1.489 1.523 1.3605 1.3950 21.258 

D2 1 2 0.0610 1.520 1.507 1.3975 1.3850 22.910 

D3 1 2 0.0645 1.516 1.522 1.3865 1.3930 21.496 

D4 1 2 0.0630 1.519 1.527 1.3925 1.4005 22.103 
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Table A.6: Test Parameters and Material Properties for Three Point Bending Experiments 

Analyzing Thickness Effect 

Sample Gauge 

Strain 

Rate (s
-1

) t (in) xo (in) yo (in) xi (in) yi (in) λ 

D1 16 0.00001 0.0640 1.4885 1.5230 1.3605 1.3950 21.258 

D2 16 0.00001 0.0610 1.5195 1.5070 1.3975 1.3850 22.910 

D3 16 0.00001 0.0645 1.5155 1.5220 1.3865 1.3930 21.496 

D4 16 0.00001 0.0630 1.5185 1.5265 1.3925 1.4005 22.103 

D5 14 0.00001 0.0810 1.5110 1.5165 1.3490 1.3545 16.654 

D6 14 0.00001 0.0825 1.5150 1.5325 1.3500 1.3675 16.364 

D7 14 0.00001 0.0825 1.5280 1.5350 1.3630 1.3700 16.521 

D8 14 0.00001 0.0815 1.5110 1.5370 1.3480 1.3740 16.540 

 

 

Table A.7: Averaged Experimental Results Comparing 14 and 16 Gauge Tubes 

Tested at 2’ Support Span 

Gauge 

Maximum 

Moment (lbf*ft) 

14 743.4 

16 1382.0 
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Table A.8: Test Parameters and Material Properties for Bare HSS Tubes Tested Statically 

Sample Gauge  

Loading Rate 

(in/s) t (in) xo (in) yo (in) λ 

F1 16 0.005 0.0640 1.5085 1.5370 21.570 

F2 16 0.005 0.0620 1.5240 1.5410 22.581 

F3 16 0.005 0.0665 1.5160 1.5110 20.797 

F4 16 0.005 0.0620 1.5135 1.5540 22.411 

F5 16 0.005 0.0635 1.5020 1.5130 21.654 

F6 16 0.5 0.0640 1.5280 1.5240 21.875 

F7 16 0.5 0.0620 1.5350 1.5150 22.758 

F8 16 0.5 0.0665 1.5295 1.5430 21.000 

F9 16 0.5 0.0680 1.5290 1.5195 20.485 

F10 16 0.5 0.0625 1.5080 1.5260 22.128 

G1 14 0.005 0.0815 1.5295 1.54 16.767 

G2 14 0.005 0.082 1.5355 1.534 16.726 

G3 14 0.005 0.0875 1.518 1.5175 15.349 

G4 14 0.005 0.084 1.5165 1.5345 16.054 

G5 14 0.005 0.0815 1.5405 1.523 16.902 

G6 14 0.5 0.0865 1.52 1.511 15.572 

G7 14 0.5 0.083 1.522 1.5165 16.337 

G8 14 0.5 0.0815 1.51 1.53 16.528 

G9 14 0.5 0.0825 1.5355 1.5045 16.612 

G10 14 0.5 0.0855 1.518 1.5195 15.754 

 

 

Table A.9: Test Parameters and Material Properties for Plywood Composite HSS Tubes 

Subjected to Static Loading 

Sample Gauge 

Skin 

Orientation t (in) xo (in) yo (in) 

Weighttube 

(lbs) 

Weightskin 

(lbs) 

tskin 

(in) 

R1 16 Top 0.0640 1.5170 1.5225 2.35805 1.22689 0.1580 

R2 16 Top 0.0635 1.5410 1.5165 2.37126 1.26761 0.1675 

R3 14 Top 0.0835 1.4975 1.5010 3.10739 1.24120 0.1625 

R4 14 Top 0.0835 1.5085 1.5150 3.08649 0.98261 0.1700 

R5 16 Bottom 0.0690 1.5010 1.5165 2.36466 1.24100 0.1635 

R6 16 Bottom 0.0635 1.5045 1.5145 2.36466 1.22579 0.1630 

R7 14 Bottom 0.0855 1.5000 1.5085 3.02927 1.26871 0.1705 

R8 14 Bottom 0.0805 1.5155 1.5080 3.09309 1.27091 0.1685 
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Table A.10: Test Parameters and Material Properties for Fiberglass Composite HSS Tubes 

Subjected to Static Loading 

Sample Gauge 

Skin 

Orientation t (in) xo (in) yo (in) 

Weighttube 

(lbs) 

Weightskin 

(lbs) 

tskin 

(in) 

S1 16 Top 0.0635 1.5230 1.5090 2.36356 1.13776 0.2370 

S2 16 Top 0.0615 1.5185 1.5180 2.36246 1.10145 0.2230 

S3 14 Top 0.084 1.536 1.523 3.02817 1.05414 0.2260 

S4 14 Top 0.0825 1.513 1.5075 3.09309 1.05940 0.2360 

S5 16 Bottom 0.061 1.507 1.509 2.34595 1.11466 0.2430 

S6 16 Bottom 0.0625 1.5135 1.5205 2.36466 1.07174 0.2370 

S7 14 Bottom 0.0815 1.502 1.5115 3.03807 0.94300 0.2370 

S8 14 Bottom 0.0805 1.5255 1.5285 3.08429 1.08165 0.2380 

 

 

Table A.11: Test Parameters and Material Properties of Bare Tubes Tested Dynamically 

Tube # Gauge xo (in) yo (in) t (in) xi (in) yi (in) 
Actual Drop 

Height (mm) 

U1 14 1.5005 1.511 0.0805 1.3395 1.35 2004 

U2 14 1.508 1.5115 0.0845 1.339 1.3425 2002 

U3 14 1.5205 1.534 0.0865 1.3475 1.361 2001 

U4 14 1.5015 1.5515 0.084 1.3335 1.3835 2002 

U5 14 1.51 1.523 0.088 1.334 1.347 2003 

U6 16 1.5255 1.521 0.0885 1.3485 1.344 999 

U7 16 1.5075 1.5215 0.0885 1.3305 1.3445 999 

U8 16 1.517 1.509 0.086 1.345 1.337 999 

U9 16 1.506 1.5045 0.0835 1.339 1.3375 998 

U10 16 1.5225 1.509 0.087 1.3485 1.335 996 

V1 14 1.518 1.508 0.066 1.386 1.376 2002 

V2 14 1.549 1.4925 0.0655 1.418 1.3615 2002 

V3 14 1.5035 1.5185 0.064 1.3755 1.3905 2006 

V4 14 1.504 1.547 0.069 1.366 1.409 2001 

V5 14 1.52 1.5045 0.0675 1.385 1.3695 2001 

V6 16 1.5175 1.5185 0.0675 1.3825 1.3835 1004 

V7 16 1.524 1.503 0.0665 1.391 1.37 1000 

V8 16 1.491 1.5135 0.067 1.357 1.3795 1003 

V9 16 1.519 1.5155 0.065 1.389 1.3855 996 

V10 16 1.519 1.513 0.0685 1.382 1.376 1001 
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Table A.12: Test Parameters and Material Properties of Plywood Composite Tubes 

Subjected to Dynamic Loading 

Tube 

# Orientation xo (in) yo (in) t (in) 

Actual 

Drop 

Height 

(mm) 

Weighttube 

(lbs) 

Weightskin 

(lbs) 

tskin 

(in) 

I1 Top 1.538 1.5125 0.0615 2004 2.35915 1.21919 0.1595 

I3 Top 1.513 1.518 0.0625 2004 2.36246 1.23680 0.1675 

I4 Top 1.512 1.505 0.0815 2003 3.03257 1.25990 0.1545 

I5 Top 1.5215 1.5345 0.0815 1997 3.07218 1.22689 0.166 

I6 Top 1.5305 1.511 0.085 2002 3.15581 1.22469 0.164 

I7 Bottom 1.527 1.525 0.0645 2005 2.36026 1.27113 0.16 

I8 Bottom 1.15 1.5205 0.066 2002 2.37126 1.24560 0.166 

I9 Bottom 1.501 1.52 0.0655 2003 2.35915 1.23790 0.163 

I10 Bottom 1.5165 1.5205 0.0845 1999 3.10299 1.23460 0.167 

I11 Bottom 1.5175 1.5145 0.0795 2004 3.04247 1.27311 0.167 

I12 Bottom 1.5165 1.5075 0.082 2000 3.14921 1.23680 0.1675 

 

 

Table A.13: Test Parameters and Material Properties of Fiberglass Composite Tubes 

Subjected to Dynamic Loading 

Tube  Orientation xo (in) yo (in) t (in) 

Actual 

Drop 

Height 

(mm) 

Weighttube 

(lbs) 

Weightskin 

(lbs) 

tskin 

(in) 

J1 Top 1.516 1.5175 0.066 2002 2.3449 1.1224 0.2425 

J2 Top 1.5295 1.4885 0.062 2002 2.3553 0.9705 0.219 

J3 Top 1.531 1.5035 0.0625 2000 2.3526 1.0475 0.228 

J4 Top 1.5205 1.5085 0.085 2000 3.0832 1.0253 0.228 

J5 Top 1.5145 1.509 0.0795 1998 3.0997 1.0607 0.228 

J6 Top 1.5125 1.5115 0.0815 1998 3.1459 1.1059 0.2445 

J7 Bottom 1.5305 1.525 0.0645 2001 2.3537 1.1103 0.24 

J8 Bottom 1.525 1.5215 0.0605 2003 2.3581 1.0585 0.2365 

J10 Bottom 1.516 1.5085 0.082 1996 3.0612 1.1070 0.2405 

J11 Bottom 1.512 1.507 0.084 2004 3.0480 1.135 0.2425 

J12 Bottom 1.5355 1.524 0.083 2002 3.0568 1.1279 0.2445 
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APPENDIX B 

GRAPHS 

 
Figure B.1: Stress vs. Strain Plot for Samples Tested at 0.05 in/s 

 

 

 
Figure B.2: Stress vs. Strain Plot for Wide Samples  
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Figure B.3: Moment vs. Rotation Plot for 14 Gauge Tubes (Sample B4, B8) Applied 

by 0.5” Loading Diameter  
 

  

 
Figure B.4: Moment vs. Rotation Plot for 14 Gauge Tubes (Sample B15, B18) 

Applied by 1” Loading Diameter 
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Figure B.5: Moment vs. Rotation Plot for 14 Gauge Tubes (Sample B3, B16, and 

B28) Tested at 1.5’ Support Span 

 

 

 
Figure B.6: Moment vs. Rotation Plot for 16 Gauge Tubes (Sample B2, B8, and B10) 

Applied by 0.5” Loading Diameter 
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Figure B.7: Moment vs. Rotation Plot for 16 Gauge Tubes (Sample B13, B17, B24, and D4) 

Applied by 1” Loading Diameter 

 

 

 
Figure B.8: Moment vs. Rotation Plot for 16 Gauge Tubes (Sample B2, B13, and B26) 

Tested at 1.5’ Support Span 
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Figure B.9: Moment vs. Rotation Plot for 16 Gauge Tubes (B8, B17, and B31) Tested at 1’ 

Support Span 

 

 

 
Figure B.10: Moment vs. Rotation Plot Comparing 14 and 16 Gauge Tubes (Sample 

D2, D6) 
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Figure B.11: Moment vs. Rotation Plot for 14 Gauge Tubes (Sample G1, G7) Tested 

Statically 

 

 

 
Figure B.12: Moment vs. Rotation Plot for HSS Bare Tubes (Sample F9, G7) Tested at 0.5 

in/s 
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Figure B.13: Moment vs. Rotation Plot for 14 Gauge Plywood Composite Tubes (Sample 

R3, R8) Tested Statically 

 

 

 
Figure B.14: Moment vs. Rotation Plot for Plywood Composite Tubes (Sample R5, R8) 

Tested Statically with Bottom Skin Orientation 
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Figure B.15: Moment vs. Rotation Plot for 16 Gauge Fiberglass Composite Tubes (Sample 

S2, S6) Tested Statically 

 

 

 
Figure B.16: Moment vs. Rotation Plot for Fiberglass Composite Tubes (Sample S6, S7) 

Tested Statically with Bottom Skin Orientation 
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Figure B.17: Moment vs. Rotation Plot for 16 Gauge Bare Tubes (Sample V5, V8) Tested 

Dynamically 

 

 

 
Figure B.18: Moment vs. Rotation Plot for Bare Tubes (Sample U6, V8) Impacted at 1 m 
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Figure B.19: Moment vs. Rotation Plot for 16 Gauge Plywood Composite Tubes (Sample 

I1, I9) Tested Dynamically 

 

 

 
Figure B.20: Moment vs. Rotation Plot for Plywood Composite Tubes (Sample I9, I12) 

Tested Dynamically with Bottom Skin Orientation 
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Figure B.21: Moment vs. Rotation Plot for 16 Gauge Fiberglass Composite Tubes (Sample 

J2, J7) Tested Dynamically 

 

 

 
Figure B.22: Moment vs. Rotation Plot for Fiberglass Composite Tubes (Sample J7, J12) 

Tested Dynamically with Bottom Skin Orientation 
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Figure B.23: Moment vs. Rotation Plot Comparing Static Performance of 16 Gauge Bare, 

Plywood, and Fiberglass Composite Tubes  

 

 

 
Figure B.24: Moment vs. Rotation Plot for 16 Gauge Bare Tubes Comparing Static and 

Dynamic Response 
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Figure B.25: Moment vs. Rotation Plot for 16 Gauge Plywood Composite Tubes 

Comparing Static and Dynamic Response 
 

 

 
Figure B.26: Moment vs. Rotation Plot for 16 Gauge Fiberglass Composite Tubes 

Comparing Static and Dynamic Response 
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