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ABSTRACT 

 

1Due to the limited regulation in the construction of paratransit busses in the United States, 

manufactures are able to produce these busses with little regard to the crashworthiness of the 

vehicle. A paratransit bus consists of a custom built passenger cage installed on a chassis 

(including cab) produced by a major vehicle manufacturer. This lack of applicable 

crashworthiness standards pose a hazard to the passengers of these busses, as manufactures often 

use poor methods of construction to promote cost savings in production. As a result of this, the 

Florida Department of Transportation Transit Office has provided funding for research involving 

the safety evaluation of paratransit busses. The primary objective of this research was to develop 

a testing procedure to evaluate the performance of the two primary connections that comprise a 

paratransit passenger cage: roof to wall connection and wall to floor connection. The evaluation 

of the connections is done through the use of a testing apparatus instrumented with distance 

traducers and a load cell, from which the connections resistance as a function of rotation can be 

evaluated. From this, the energy absorption of different connections can be found. Evaluating the 

energy absorption of the connection over a range of motion, as opposed to simply looking at its 

peak resistance value, is critical as it accounts of the stiffness of the connection as well as its 

ductility.  By conducting these tests, problematic designs are identified and modifications are 

suggested to the manufacturer for improved performance. The proposed testing procedure was 

accepted by FDOT in December 2009, as a major component of the pre-qualification process, 

which temporarily grants bus manufactures permission to sell paratransit buses to the FDOT 

pending further investigation. In addition to the experimental results of various connection 

constructions, one finite element model of a wall to floor connection is presented as well as a 

computational assessment of two sidewall structures subjected to an impact load. 
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CHAPTER 1 

1INTRODUCTION 

 
Paratransit buses are typically used to provide transportation to the public, but do not follow a 

fixed route or schedule, as normally associated with public transportation. Since the Americans 

with Disabilities Act of 1990 (ADA) [1] was made effective in 1992, the production and use of 

paratransit buses has increased significantly. This significant increase is due to the act’s 

requirement of providing transport for disabled passengers by providing a powered lift to aide in 

the loading and unloading of disabled passengers. These busses typically have a much lesser 

capacity when compared with the typical public transportation vehicles, this allowing improved 

efficiency and ease in running non-routine routes. An example of a paratransit bus shown in 

Figure 1. 

 
 

 

Figure 1: Florida State University owned paratransit bus 

 

 

Another important characteristic of paratransit buses is their method of construction. As opposed 

to the unibody construction used in larger busses, paratransit buses are built in two steps. A 

complete chassis, including the drivetrain and cab, is built by a major automotive manufacturer 

and then sold to a paratransit bus manufacturer. In the second step of construction, the paratransit 

bus manufacturer designs and installs a passenger cage. This is shown in Figure 2. This figure 
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depicts three different methods of construction typically used in the paratransit bus industry. In 

Figure 2 B, the builder of this bus constructs the frame directly on the chassis, then installs the 

interior and exterior skin once the framing is complete.  In Figure 2 C, the builder of this bus 

constructs the framing, complete with interior and exterior skin, and then places the entire cage 

on the chassis. In Figure 2 D, this builder places complete wall sections onto the chassis and then 

fastens it together. These differences in construction are based on the builder’s preferences and 

subsequently lead to many different cage designs. 

 

 

 
Figure 2: Paratransit bus constuction methods [2] 

 

 

Modern public transit busses are built under strict weight regulations. This encourages the bus 

manufacturers to construct a lightweight steel passenger cage. By using a lightweight steel 

passenger cage, the bus manufacturer can reduce the overall weight of the bus, thus allowing for 

the possible increase of: the allowable passenger capacity, the fuel economy of the bus, or the 

savings in material costs. This poses an issue for the safety of paratransit bus passengers as there 

is little regulation in the design and construction of this bus type. This lack of strict regulation, 

which is commonly associated with motor vehicle manufacturing, is due to the fact that 

paratransit buses fall into a special category of vehicles. Paratransit buses can be either classified 

as a school bus or “other type of bus” [3]. To even worsen the situation, the companies that build 

the cages of the paratransit busses typically do not have a research and development department 

to support the design and construction of their busses. 

� � 

� � 
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A result of this poor regulation is shown in the left of Figure 3, which depicts the total 

destruction of a poorly designed paratransit bus when it was side impacted by a sports car. The 

sparsely reinforced cage of this bus performed very poorly as shown by the cage being dislodged 

form the chassis. Figure 3 also shows a paratransit bus damaged by a rollover accident (right), 

with seemingly reasonable final deformations as a result of its adequately reinforced cage. 

 

 

   

Figure 3: Severe accident involving a paratrasnit bus and a sports car (left), and a bus damaged 

by a rollover (right) [2] 

 

 

Due to concerns of the safety of paratransit bus passengers, FDOT has funded multiple years of 

research in order to develop methods of evaluating the level of safety various buses provide. The 

methods range from the development of full finite element (FE) models of paratransit buses to 

full-scale rollover tests [4]. This thesis proposes a method by which two key connections of 

paratransit buses can be evaluated. This method is not intended to give the overall assessment of 

the level of safety a particular paratransit bus design provides, but a scientific means by which 

various designs can be tested to identify weaknesses that are often easily fixed. 
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CHAPTER 2 

2LITERATURE REVIEW 

 
Bus rollover accidents have the highest fatality rate of any accident type involving buses 
[5]. Unlike other types of accidents, vehicle-to-vehicle or vehicle-to-barrier, rollover 
accidents typically have relatively low accelerations induced on the occupant’s body. Prior 
studies indicate that rollover accidents typically induce low peak accelerations on the body 
of the occupant, approximately 10 g [6]. The cause of the high mortality rates in this 
accident type is due to the partial or full ejection of passengers from the vehicle and its 
associated injuries [6], [7]. To prevent the ejection of passengers during a rollover accident, 
law mandates the use of a 2-point restraining system on buses, which can also induce 
significant injuries to the passenger. Another major cause of injury in buses is the excessive 
deformation of the bus’s passenger compartment. These excessive deformations can 
produce high contact forces between the passenger and bus structure, thus causing injury. 
It has been determined that the likelihood of this impact injury can be reduced by 
minimizing the bus structure’s intrusion into the space the passenger occupies. This critical 
space, which is important to maintain in order to minimize the likelihood of injury, is 
referred to as the residual space. Currently, the most widely accepted international 
standard for safety involving the rollover of a bus is the ECE Regulation 66 (R66) [8], which 
defines the minimum space that is critical to the safety of the bus passengers during a 
rollover accident. The general test configuration as specified by ECE R66 is shown in Figure 
4. The fatality and serious injury rates in coach buses were shown to be reduced by factors 
of 13 and 4 respectively, when the residual space was preserved during rollover accidents 
[9]. The geometric definition of the residual space per R66 is shown in Figure 5.  
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Figure 4: ECE R66 test configuration [8] 

 

 

 

Figure 5: R66 residual space definition [8] 

 

 

Through extensive FE modeling of an entire bus structure subjected to the test parameters of 

R66, it has been concluded that the response of the bus is highly dependent upon the design of 

the roof to wall and wall to floor connections. It was also noted that these locations should be 

designed to provide adequate energy absorption to avoid excessive rotations during the simulated 

rollover test [2]. 
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CHAPTER 3 

3DESIGN OF CONNECTION TESTING APPARATUS 

 
3.1 Purpose 

As mentioned in the previous chapter, it has been determined that the safety of the bus 

passengers is highly dependent upon the maintenance of the residual space in the passenger 

compartment during a rollover accident. When evaluating the performance of a bus connection 

with regards to passenger safety, this evaluation should be done over the range of motion 

allowed by the bus structure prior to its intrusion into the residual space. By using the geometry 

that defines the residual space of the passenger compartment, and the geometry of a typical bus 

structure, the allowable angular rotation of the wall to floor connection (prior to its intrusion into 

the residual space) is found to be 16.7°. This is depicted in Figure 6. Therefore, the evaluation 

range of the connections is based on this angle, as its performance prior to reaching this angle of 

rotation has significant influences on passenger safety. This same evaluation range is used on the 

roof to wall connection, as it represents the angle of rotation of the roof to wall connection on the 

non-impact side of the bus, assuming minimal deformation in the roof structure. 

 

 

 

Figure 6: Allowable wall to floor connection rotation on impacted wall 
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It would not be reasonable to evaluate a connection simply by examining its maximum moment 

capacity at some point prior to its intrusion into the residual space. Instead, a more logical 

evaluation would be based on its total energy absorption over the allowable 16.7° range of 

rotation. The justification for evaluating paratransit bus connections based on its total energy 

absorption, as opposed to its peak moment resistance value, is provided in the following 

paragraph. 

The moment resistances vs. angle of rotation graphs of two different connection designs, tested 

during this research, are shown in Figure 7. As shown by the red line in the figure, design A 

exhibits high moment resistance early in the range of rotation, then fails suddenly due to the 

local buckling of a structural member at approximately 9.1° of rotation. If this connection is 

evaluated solely based on its maximum moment resistance, then false performance conclusions 

may be drawn. With the developed plastic hinge, the moment resistance of the connection 

unfavorably drops drastically, showing no ductility. On the other hand, design B, as shown by 

the blue line in the figure, has a near identical initial stiffness but begins to taper off at 

approximately 3° of rotation. This connection never develops as high of a peak value as design 

A. This connection may be determined to be weak if it were based solely on its maximum 

moment resistance value. An important characteristic of this connection, that would be 

overlooked if it were evaluated based on its peak resistance only, is that this design fails in a 

more ductile manner due to the crushing of a structural member in addition to the breaking of 

welds after approximately 10.9° of rotation. By evaluating connections based on its energy 

absorption capability, the influences of both ductility and peak performance are accounted for.  
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Figure 7: Sample experimental moment resistance vs. angle of rotation data to compare 

connection performance 

 

 

As defined by physics, the amount of work done by a system is equivalent to the integral of the 

force versus displacement graph of an applied force at its respective application point. By using 

this basic concept, the amount of energy absorbed by a connection can be determined if a force is 

applied to a connection with a known magnitude and orientation, and if the movement of the 

connection is measured at the location of the applied force. Given the moment resistance versus 

angle of rotation graph, the energy absorbed by the connection would simply be the integral of 

this function, as presented below. 

 

       (1) 

 

where: 

= bending moment in the connection recorded during connection testing 

 

Using this formula to determine the energy absorption of the connections presented above in 
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Figure 7, yields that both connections have a nearly equivalent energy absorption capacity when 

evaluated up to 16.7° of rotation. 

3.2 Design 

Prior to the construction of the connection testing apparatus, as discussed later in this chapter, 

connection tests had been completed by the Florida Department of Transpiration (FDOT) 

Structures Research Laboratory to support my former colleague’s research of paratransit buses 

[2]. This temporary test setup is displayed in Figure 8. Conducting tests from this setup helped 

identify its strengths and weaknesses. From this, it was possible to streamline the design of the 

new apparatus to create a more operator friendly and accurate test. 

 

 

 

Figure 8: Temporary connection testing setup [2] 

 

 

With all of the design objectives in mind, it was decided to utilize a welded steel frame with a 

single hand winch to provide a means of supporting and loading the test specimen. Square 

hollow structural sections (HSS) made of A500 Grade B (Fy=46 ksi) steel was used for all the 

major framing elements. The layout of the framing members was designed to provide testing 

flexibility in the apparatus. Having a flexible test setup, capable of evaluating many different 

connection designs and sizes, was critical as nearly each paratransit bus manufacture uses a 

different design. 

The main consideration for sizing the apparatus was the window width range used in the 
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paratransit bus industry. This is of importance as the bus framing is typically built around the 

large windows used in the passenger compartment. Therefore, a column is present on either side 

of the window, yielding an ideal test specimen. This is depicted in Figure 9. 

 

 

    
Figure 9: Typical paratransit bus framing showing test specimen locations [2] 

 

 

The sizes of the steel used on the apparatus were HSS 4”x4”x1/4” and HSS 2”x2”x1/4”. The use 

of these sections was based on the need for strength, bearing surface, and esthetics for each 

specific member location. The reason for using 1/4” steel on all framing members was the need 

for a frame that provides adequate stiffness and dent resistance.  See Figure 10 & Figure 11 for 

the apparatus framing layouts and sections. 

The need for a stiff frame is based on the requirement of keeping the initial geometry of the 

frame near constant during the whole testing procedure. If significant elastic deformations are 

induced during the testing procedure, these deformations must be recorded as to be accounted for 

when evaluating the deformation in the test specimen. To avoid the trouble of accounting for 

these induced deformations, larger more stiff steel sections were used in members subjected high 

flexural loads. With that said, once the final design was set, deflections in the frame were 

checked to confirm that the undergone elastic deformations during the testing procedure were 

minimal. With the calculated deformations being negligible, the frame can be assumed ridged to 

simply the testing procedure and calculations. In order to further stiffen and secure the frame, ½” 

����������	�
�		�
�	����	

�����		
��	�����
�	����	
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threaded rods were epoxied into the concrete slab below at all four corners of the testing frame, 

with nuts on both sides of the fastened members to prevent movement. The threaded rod also 

allowed the frame to be leveled on the otherwise slanted slab.  

 

 

 

Figure 10: Section and elevation of apparatus framing (units in mm) 

 

 

 

Figure 11: Apparatus framing plan (units in mm) 

 

 

 

Figure 12: Apparatus as built 
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In addition to the welded steel frame, a HSS 4”x4”x1/4” was used as a clamp beam to secure the 

test specimen to the frame while being tested. This beam is then secured to the frame with the 

same ½” threaded rod used to secure the frame down to the slab. The purpose of this beam is to 

provide a compression fit in order to keep the test sample from pulling off the frame and sliding 

while being tested. At times, adjustable bar clamps are used to provide additional sliding 

resistance in test specimens expected to receive high testing loads. 

The need for a dent resistance frame comes from the fact that heavy and unwieldy steel 

connections will be loaded by hand onto the frame on a regular basis, and will be subjected to 

occasional impacts. It was never a concern that the frame would be impacted severely enough to 

damage it, but the esthetic value would be diminished if there were a significant number of 

visible dents. 

To force displacement in the connection being assessed, it was decided to use a worm gear hand 

winch with an internal load brake, shown in Figure 13. The selection of a worm gear winch was 

based on its ability to provide a slow smooth displacement to the test specimen. With its gear 

reduction system, the winch is able to provide 4,448 N (1000 lbs.) of tension with only 62 N (14 

lbs.) of handle force. With this large mechanical advantage, the operator can comfortably apply a 

slow and smooth displacement to the connection without becoming tired. Another important 

characteristic of the selected winch is the inclusion of an internal friction brake. This is important 

for both safety and convenience, as there is no fear of the winch handle spinning uncontrollably 

if the operator accidentally releases the handle. If not load brake is present, an accidental release 

could result in the potential for personal injury and the voiding of the test, due to the unloading 

of the test specimen.  

 

 

 

Figure 13: Worm gear winch installed on apparatus 
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A metal sheave with a 90mm (3.5in) diameter and 6,672 N (1,500 lbs.) capacity is used to direct 

the loading cable down the testing frame, around the sheave, and out away from the frame to the 

test specimen. This can be seen in Figure 14. Note that the winch placement and the cable 

routing were determined with the safety of the operator in mind. With the operator standing 

behind the frame post, there is minimal exposure of the operator’s body to the cable in the event 

of a loading component failure. 

 

 

 

Figure 14: Cable geometry with loaded specimen 

 

 

Once the cable is directed away from the frame post, it connects to a load cell (discussed in the 

following sub-chapter) and the other end of the load cell is connected to a cable y-harness. The 

load cell is connected to both the winch cable and y-harness using two clevises. The y-harness is 

used to provide stability and impose the same rotation in both sides of the connection during the 

loading of the test specimen. The cable y-harness was constructed using two pieces of cable and 

twelve U-bolt cable fasteners. Much care was taken in the construction in the components to 

ensure minimal deviation in the cable lengths, thus keeping symmetric geometry in the test setup. 

Either end of the y-harness is attached to the loading beam using two ball joint rod end bearings. 

The use of a ball joint rod end bearings allows the rotation of the loading cable about all three 

axis, thus allowing the cable to rotate independently of the loading beam. An aluminum loading 

beam was selected as the method of applying the load to the test specimen. The beam is a 5” x 3” 

structural I-beam section made out of 6061-T6 structural aluminum. This beam was selected as 
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its aluminum composition yields a light section, while the structural shape provides adequate 

stiffness for its intended purpose. The beam had a section of its web removed on both ends to 

provide mounting locations for the four rod end bearings. Two of which are used for the load 

application, while the other two are for displacement recording purposes. The two outside rod 

end bearings were installed with the same spacing as the displacement recording devices. The 

rod end bearing installation locations are shown in Figure 15. 

 

 

  

Figure 15: Ball end joints positioning on loading beam 

 

 

The loading beam is typically connected to the test specimen with the use of two C-clamps. The 

use of C-clamps allows for flexibility in securing the loading beam to the test specimen, which is 

critical as the construction of the connection samples varies greatly between paratransit bus 

manufactures. 

Since the testing apparatus was built to be placed in an open shed, end caps were welded over 

any open ends of the framing members, and then the entire frame was painted. The purpose of 

this is to provide corrosion protection to the steel during the service life of the apparatus. 

3.3 Instrumentation 

Having the frame and associated hardware designed, the next task was to design the system of 

instruments used for data acquisition. As previously mentioned, the movement of the connection 

as well as the load applied to the connection during the test must be recorded in order to evaluate 

the performance of a connection. It was determined that the displacement measurements of the 
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connection would be taken from both sides, in the plane perpendicular to the axis of rotation of 

the connection. It was decided to not track the movement of the connection in the direction 

parallel to the axis of rotation as movement in this direction is minimal. The use of the y-harness, 

mentioned in the previous sub-chapter, aides in the restriction of movement in this direction as it 

does not allow the connection to twist during testing. 

Since the aluminum loading beam is securely fastened to the connection to be tested, it was 

decided to track the movement of the beam as opposed to the connection itself. This is 

advantageous as it does not require modification to the test specimen in order to mount the 

displacement recording hardware. 

Four linear string transducers were selected for use in recording the displacements of the loading 

beam. The main reason for using string transducers is due to the fact that they accommodate the 

requirement of being able to measure large displacement ranges. Firstmark Controls position 

transducer model 162-3405-R7NS was selected for use in this test setup. The specifications of 

these instruments are provided in Table 1. See Figure 16 for a picture of the typical transducer 

installation onto the frame. 

 

 

Table 1: Firstmark Position Transducer Specifications 

Model 162-3405-R7NS 

Potentiometer Type 5 Turn, Precision, Hybrid 

Travel: Electrical, Mechanical 1,800°, 1,800° 

Power Rating 2.0 W at 70° C 

Signal Resolution Infinite Signal 

Range 1,080 mm 

Displacement Cable Tension Range 2 to 5 N 

Max Cable Acceleration 31 g’s 

Supply Voltage 35 VDC Max 
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Figure 16: Position transducer installed on frame 

 

 

These position transducers operate with an analog voltage divider signal output. This means that 

if a supply voltage of 20 VDC is provided, that the instrument will respond with a signal output 

of 20 VDC when the position transducer is extended to its maximum stroke length, and a voltage 

of 0 VDC when fully retracted. The relation of transducer position and voltage at locations 

between the two aforementioned positions varies linearly. This instrument utilizes a devise that 

relates the rotation of the string drum housing to a proportional return voltage 

Two position transducers were installed on each side of the testing apparatus, allowing for the 

measurement of displacement on each side of the loading beam (see Figure 17). With the initial 

length of each transducer string, it is possible to record the length of each string as a function of 

time by simply recording the voltage each transducer outputs as a function of time. 

 

 

 

Figure 17: Position transducer layout 
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The next key instrumentation component is the load cell, which is placed in line with the loading 

cable and y-harness (shown in Figure 18). The purpose of the load cell is to measure the tension 

force in the cable, which is loaded to the connection through the use of the loading beam. A 

Strainsert model STL-1 AL X tension link was selected to complete this task. The tension force 

sensing capacity of this load cell is 8,896 N (2,000 lbs.). This load cell is a deformable body with 

internal electrical resistors. When tension is applied to the load cell, the body of the load cell 

frame undergoes elastic deformation, elastically deforming multiple internal resistors as well. As 

the resistors deforms along with the frame, the resistance changes at a known rate. Having a full 

bridge circuit attached to this instrument allows for the change in voltage across the circuit to be 

related to the load applied to the load cell. The specifications of this instrument are provided in 

Table 2. 

 

 

Table 2: Strainsert Force Sensing Tension Link Specifications 

Model STL-1 AL X 

Load Capacity 8,896 N 

Bridge Full Bridge 350 Ω 

Excitation 12 VDC Max 

Output Signal 2-mv/V 

 

 

 

Figure 18: Load cell installed between loading cable and y-harness 
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3.4 Data Acquisition 

Having described the instruments used to measure the various critical test data, it is then 

necessary to explain how this data is recorded and logged for post-test analysis. As previously 

mentioned, the two types of instruments used both relate a change in voltage to a change in a 

testing parameter. These outputs from the instruments must be recorded at the same time 

instance so the data is synchronized. This is done through the use of a National Instruments 

hardware and software configuration in conjunction with a laptop computer and a voltage source. 

Please see Figure 19 for flowchart for a graphical representation of the system hierarchy. 

 

 

 

Figure 19: Flow chart showing data flow between instruments and data acquisition system 

 

 

The whole system starts with DC voltage supplied to the various instruments. Each instrument 

takes the supply voltage and returns a signal voltage based on the position/load the instrument is 

encountering at that time instance. This signal voltage is then sent to the module, where the 

module converts the analog signal to a digital signal, then transmits the digital signal to the 

chassis. The chassis then takes the signal and applies a time stamp to each sample of data from 

the designated modules and then converts the data for a USB interface. The data is then sent to 

the computer through a USB port and is displayed using National Instruments data acquisition 

software LabVIEW. With this software, the return signal from the instruments is displayed either 

directly as received by the module, or it can be converted with a scaling factor then displayed. 

The LabVIEW software is a general purpose data acquisition package that is highly 

customizable. Prior to being able to read any instruments in LabVIEW, you must first configure 
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the modules and chassis using a sub-program called Measurement & Automation Explorer 

(MAX). In MAX, you assign individual channels of each module to a particular measurement 

type. For example, the position transducers require a simple differential voltage reading across 

the positive and negative terminals of the assigned channel. The four transducer measurements 

are taken using a NI 9239 module. For the load cell measurement, a full bridge measurement is 

taken, which requires voltages to be measured across four different terminals in order to 

determine the electrical current across the system. When the current across the system is 

determined, this current can then be related to the resistance of the resistors that are installed 

inside the load cell, which varies with the tension force on the load cell. With this resistance 

being known, it can then be related to the elastic deformation (strain) in the load cell frame, 

which is then related to the tension force in the load cell. The load cell measurements were taken 

using a NI 9237, which is capable of taking the full bridge measurements. 

Using MAX, you can also assign a specific measurement scale. In the case of the position 

transducer, no scale was applied, as the voltage readings were simply measured and recorded, 

and a multiplier was applied manually (explained in the following subchapter). In the case of the 

load cell measurement, a specific scale was assigned and applied to the measurement. By doing 

this, the actual load cell tension force reading was directly displayed in the LabVIEW software.  

Another important setting that must be specified in MAX is the sampling rate at which the data is 

to be recorded. When one chassis is used with multiple modules, a sampling frequency must be 

used that is compatible with all modules. Since the connection test is quasi-static, there is no 

need for a high sampling rate, as there are no short duration or high speed events trying to be 

captured. Since both modules have a minimum sample rate of 1,600 samples per second per 

channel, this setting was selected. Having four channels used for reading the position transducers 

and another used for reading the load cell, this yields a total of 8,000 samples being measured 

each second during the test. 
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Figure 20: NI cDAQ-9172 chassis with NI 9239 & 9237 modules installed 

 

 

 

Figure 21: Agilent E3649A DC voltage source 

 

 

These specific settings and configurations are saved in MAX and called a Task. This Task is then 

referenced by the LabVIEW software to pull up the associated configuration information. In 

LabVIEW, the user creates a Virtual Instrument (VI), which is a program file that specifies how 

the data from the Task is to be utilized. 

The VI created and used with the connection testing apparatus uses some of the more basic 

features available in the LabVIEW software. The two main features used were the plot feature 

along with the data recording feature. The plot feature was used to create two visible graphs 

displaying the real time readings of the instruments during the test. These are important as the 

operator is able to visually confirm that the instruments are operating correctly and responding to 

the load being applied during the testing procedure. One graph was used to plot all four of the 

position transducers return voltages, while another was used to plot the tension applied to the 

load cell. The data recording feature was also used to record the same data that was being 
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displayed by the graphs. This feature is important as it allows you to specify the directory and 

file name where the recorded data will be saved to. The various configuration information is 

displayed a view called the block diagram, while the graphs showing the instruments return 

signals are displayed in a view called the front panel.  Appendix C shows a screen shot of the 

MAX software as well as a screen shot of the block diagram and the front panel from LabVIEW. 

3.5 Data Analysis 

With the data attained from a connection test, the next step is to reduce the recorded data to a 

more manageable size. A typical test runs approximately 120 seconds, yielding a total of 192,000 

data samples per channel if a rate of 1,600 Hz is being used. Using the sampling function in 

Excel, the program will select the every nth sample of a data set. Typically, the data is reduced to 

approximately a total of 2,000 samples per channel. 

Once reduced, the data is placed in an Excel spreadsheet that was developed to take the 

transducer and load cell readings, along with the initial conditions of the test setup, and calculate 

the moment resistance of the connection as a function of the rotation of the connection. The 

calculations are explained in the remainder of this subchapter. 

Prior to the input of the data, the initial conditions as well as some other information must be 

input first. This required information consists of the initial length of the four transducer strings, 

the location of the pivot point about which the connection failed, the distance from the center of 

the loading beam to the pivot point, and the excitation voltage supplied to the transducers. 

Next, the reduced transducer and load cell data is placed into the assigned columns. From here, 

the spreadsheet computes the difference in voltage between each time step and the initial 

reading. Using the linear relationship between supply voltage and transducer position (explained 

in 3.3), with the initial length of each string, the length of each string at each time step is 

computed. The following steps listed below are calculated for the left side pair and right side pair 

independently. Having the length of both the top and bottom string transducers, and knowing the 

fixed distance between the transducers themselves, we have a triangle with three known side 

lengths. With the know lengths, and using the Law of Cosines, the angle β is calculated for each 

time step. This is shown graphically in Figure 22. β represents the angle between vertical and the 

bottom transducer string. 
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Figure 22: Angle β computation using Law of Cosines for initial and n
th

 timestep 

 

 

β = cos=> ?@AB@=C@

D?B      (2) 

 

 

Knowing β, the angle between horizontal and the bottom transducer string can be calculated by 

simply subtracting β form 90°. Having this angle and the bottom transducer string length known, 

the X and Y coordinates of the ball end joint can be calculated for each time step using basic 

trigonometric functions (shown in Figure 23). Please note that the string exit of the bottom 

transducer is defined as the origin of the coordinate system. 
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Figure 23: Ball end joint location calculation for initial and n
th

 timestep 

 

 

X = F ∙ cos(90 − I)     (3) 

Y = F ∙ sin(90 − I)     (4) 

 

 

With the initial coordinates of the ball end joint and the location of the pivot point, a vector is 

created from the pivot point toward the ball end joint, representing the initial arm vector. This 

same calculation is then done for each time step. By taking the initial arm vector along with the 

arm vector for each time step, the angle between the two can be calculated using the dot product 

of the two vectors. This angle found using the dot product represents the angle that the 

connection has rotated from its initial position to its current position, as shown in Figure 24. 

Having the above calculations for each set of transducers, the rotation angle for each time step is 

then averaged, and used for the remaining calculations.  
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Figure 24: Angle of rotation calculation for initial and n
th

 timestep 

 

 

K = cos=> ?×B
‖?‖×‖B‖     (5) 

 

 

Knowing the fixed location that the loading cable exits the sheave, and the average location of 

the ball end joints, another vector is created. This vector represents the loading vector, as this is 

the line of action of the tension force in the cable. Having the average arm vector already 

calculated as well as the loading vector, the angle between the two can be calculated for each 

time step using the dot product of the two vectors. This is displayed graphically in Figure 25. 
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Figure 25: Angle between arm and loading vector for initial and n
th

 timestep 

 

 

∅ = cos=> O ?∙B
|?||B|Q     (6) 

 

 

Using the angle between the arm and loading vectors and the known tension force in the cable, 

the tension force normal to the arm vector can be determined for each time step. By multiplying 

the normal force by the length of the arm vector, the moment force on the connection can be 

determined for each time step. This is displayed graphically in Figure 26. 
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Figure 26: Normal force component for initial and n
th

 timestep 

 

 

RS = R ∙ sin ∅      (7) 

 

 

From this point, the average angle of rotation versus moment resistance for the connection can be 

plotted. The final step is to determine the energy absorbed by the connection with the use of 

Equation 1 presented in Chapter 3, then divide the value by the length of the connection. This 

yields the energy absorbed per unit length of the connection prior to its theoretical instruction 

into the residual space. 

To simplify the instrumentation and calculations that must be evaluated for each test, certain 

assumptions were made and are listed below: 

1. Movement in the direction along the axis of rotation is neglected. By neglecting 

movement in this direction, there is no need to track the displacements in this third spatial 

dimension. Thus, the movements on both ends of the apparatus are treated as planar 

movements. With the use of the y-harness to prevent torsion in the connection during 
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testing, this assumption seemed reasonable. This assumption has proven to be fair as 

minimal movement in the neglected dimension has been observed during testing. 

2. The frame from which the test is conducted is assumed to be ridged. By making this 

assumption, the elastic deformations of the apparatus frame can be ignored. If this were 

not the case, the effect of the elastic deformations of the frame must be accounted for 

when assessing the movement of the test specimen. This assumption is reasonable as 

structural steel with large sectional properties where chosen to minimize the elastic 

deformations under the service loads of the test, as checked through a static structural 

analysis. The elastic deformations of the frame were further mitigated with the use of 

bracing and its fixity to the slab below. 

3. Sag in the transducer stings is neglected. To help reduce the amount of sag in the cable 

due to gravity, the transducers selected have a high retracting tension force across the full 

operating range. This assumption is valid as no sag is visible in the transducer strings 

during the testing procedure. 

4. The influence of the self-weight of the loading beam and c-clamps attached to the 

connection is neglected. Since the connection is evaluated over a small 16.7° angle of 

rotation, the member that the hardware is attached to is at or near vertical, thus imposing 

little additional bending moment into the connection that is not accounted for. To reduce 

this influence, the small aluminum I-beam was selected as opposed to an equivalent steel 

member to reduce the imposed dead load. 

5. The friction in the ball end joint (cable attachment point to beam) is neglected. At this 

location, a significant amount of force is applied to the ball end joint as it undergoes 

rotation, causing some energy loss in the power transmission. This is mitigated through 

the use a silicon coated ball end joints, minimizing the friction between the ball end and 

the socket in which it is housed. 

6. Dynamic effects of the test are neglected. The imposed load and rotation applied to the 

test specimen are applied at a very slow rate, thus minimizing dynamic effects due to 

inertial effects and strain rate effects. This is a valid assumption as the 16.7° rotation of 

the connection, in which the connection is evaluated, is imposed over a period of 

approximately 30 seconds. 
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CHAPTER 4 

4EXPERIMENTAL CONNECTION TESTING 

 

During the course of this research, numerous different constructions of wall to floor and roof to 

wall connections have been tested. In this document, the most important cases have been 

presented. This importance is primarily based on the connections construction, performance, and 

associated failure mode. The intent of this chapter is to provide a brief overview of various 

connection designs utilizing steel only components, but some connections presented do include 

non-steel components. These connections are included for comparison purposes to show the poor 

performance typically associated with the use of non-steel elements in connection designs. In this 

chapter, two connections of each type (wall to floor and roof to wall) are included while the 

remaining are presented in Appendix A & B respectively. Please note that the graphs for each 

connection type utilize the same scale for both axes, thus allowing direct comparisons between 

the figures. 

4.1 Wall to Floor Connections 

4.1.1 Construction #1 

Prior to this research, a connection test had been run on a wall to floor connection sample prior 

to its redesign by a former colleague using the test setup shown in Figure 8 [2]. This information 

is included to provide a comparison for the recently tested connections. The general construction 

of the original wall to floor connection is shown in Figure 27, as well as its associated failure 

mode. By observing this figure, it is apparent that there is no component in the connection 

providing any adequate rotation resistance. In fact, the C-channel was only fastened to the floor 

tube by a bolt at each column connected to an L-bracket used for the assembly of the bus cage. 

During testing, the bolt next to the column acts as a tension link, keeping the C-channel from 

completely pulling away from the floor beam. Therefore, the only significant moment resistance 

developed was due to the bending of the top flange of the c-channel as well as the pullout 

resistance of the bolt. The resulting performance of the connection is shown by the blue line in 

Figure 32. The total unit energy absorbed by the connection up until the evaluation angle of 

16.7° was 77.7 J/m. 
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Figure 27: Original wall to floor connection construction and failure mode 

 

 

After observing the results of the original connection, it was recommended to the manufacture 

that they add fillet welds connecting the bottom of the channel to the floor tubes. The 

manufacture made this modification, and then submitted two new samples for testing. Both had 

the same general construction, with the exception of the HSS column thickness. The general 

connection geometry is shown in Figure 29. The first connection tested had an 18 gauge thick 

column, while the second had a 16 gauge column. The specifications of the main components 

comprising the connection are listed in Table 3. Please note the weld locations as shown in 

Figure 29: across the top flange of the c-channel to the floor tube, along the length of the bottom 

flange of the c-channel to the floor tube, and along the bottom perimeter of the column to the c-

channel. The weld that was added in the revised connection design is shown in red in Figure 29. 

 

 

 
Figure 28: Wall to floor connection in apparatus 
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Figure 29: Revised wall to floor connection construction, note additional weld in red 

 

 

 

 

 

 

 

 

 

 

Upon testing of the connection with the 18 gauge column, it was found that all three columns 

failed due to local buckling at the base of the column. No other significant deformations were 

discovered in this test. This is shown in Figure 30. The other column at the edge of the 

connection is not shown as it failed in a similar manner to the other edge column shown to the 

left of Figure 30. This connection exhibited significant stiffness in the initial rotation and 

maintained significant moment resistance after the local buckling of the columns began, as 

shown by the blue line in Figure 32. The maximum moment resistance exhibited by this 

connection was 2,036 N-m at a rotation angle of 8.0°. The total unit energy absorbed by the 

connection up until the evaluation angle of 16.7° was 474.6 J/m.  

 

 

Table 3: Sizes of elements used in wall to floor connection  

Component Dimensions 

Floor Tube 4” x 2” x 13 ga 

C-channel 3” x 4-3/8” x 1-1/2” x 14ga 

HSS 1-1/2”  x 1-1/2” x 18 or 16 ga 
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Figure 30: Local buckling at end and interior 18 gauge columns, respectively 

 

 

The testing of the connection with the 16 gauge columns yielded significantly different 

deformations in the edge columns, as the c-channel deformed rather than the columns themselves 

(shown in Figure 31). This was due to the fact that there were welds missing on the outside edges 

of the c-channel that were present in the 18 gauge sample. These missing welds did not provide a 

strong connection between the bottom of the c-channel and the floor tube, allowing the c-channel 

to deform significantly and allow the base of the column to rotate. The lack of the weld also 

explains why the 16 gauge connection exhibited less stiffness when compared to the 18 gauge 

connection, as shown by the red line in Figure 32. The maximum moment resistance exhibited 

by this connection was 2,753 N-m at a rotation angle of 17.7°. The total unit energy absorbed by 

the connection up until the evaluation angle of 16.7° was 540.6 J/m. As tested, there was a 

13.9% energy absorption increase across the evaluation rotation with the use of the 16 gauge 

column as opposed to the 18 gauge column. This would be considerably higher if the two 

connections were built identically, excluding the column thickness. 
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Figure 31: Pivoting and local buckling of 16 gauge end and interior columns, respectively 

 

 

 

Figure 32: Moment resistance of three wall to floor connections 
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4.1.2 Construction #2 

Three nearly identical wall to floor connections were tested during the course of this research. 

This particular paratransit bus manufacturer uses a connection design much different when 

compared to the rest of the industry. As opposed to most other wall to floor designs that 

terminate the vertical columns at a rail, this manufacturer extends the outside columns (which 

run between the bus windows) down past the floor system to a gusset plate. By doing this, the 

end columns are fixed at the floor level. The middle column is terminated at the bottom rail, as 

typically seen in most other manufacturers. Cross sections of this connection, showing the 

different column connections, are shown in Figure 34 and Figure 35. The specifications of the 

main components comprising the connection are listed in Table 4. This connection is shown in 

Figure 33. 

 

 

 

Figure 33: Connection prior to testing 
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Figure 34: Connection section at end columns 

 

 

 

Figure 35: Connection section at interrior column 
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Upon testing each of the three connections, it was found that they all failed due to the local 

buckling of the end columns and the tearing of welds at the interior columns. This is displayed in 

Figure 36. By providing the two end columns that are fixed at the floor level, these connections 

were able to provide far superior stiffness and moment resistance when compared with other 

connections. The performance of each test specimen is shown in Figure 37. The average 

maximum moment resistance exhibited by these connections was 4,210 N-m at an average 

rotation angle of 6.6°. The average total unit energy absorbed by the connection up until the 

evaluation angle of 16.7° was 923.7 J/m. The slight performance differences shown in Figure 37 

can be attributed to variability in the construction of the specimens. This was most notable at the 

welds securing he interior column to the floor rail. The significant decrease in moment capacity, 

after the maximum moment of each connection is reached, is due to the local buckling of the end 

columns. This behavior is typical for a slender tube subject to flexural forces. 

 

 

Table 4: Sizes of elements used in wall to floor connection  

Component Dimensions 

HSS Column #1 1-1/2” x 2” x  16 ga. 

HSS Column #2 1-1/2 x 1-1/2” x  16 ga. 

Floor Beam 2” x 2” x 14 ga. 

C-Channel 2” x 7/8” x 14 ga. 

Floor Rail 1-1/2 x 2-1/2” x  16 ga. 

Bottom Rail 1-1/2 x 1-1/2” x  16 ga. 

Gusset Plate 11 ga. 
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Figure 36: Failure of end and interior column, respectively 

 

 

 

Figure 37: Moment resistance of three wall to floor connections 
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4.2 Roof to Wall Connections 

4.2.1 Construction #1 

Prior to this research, a connection test had been run on a similar roof to wall connection sample 

prior to its redesign by a former colleague using the test setup shown in Figure 8 [2]. This 

information is included to provide a comparison for the recently tested connections. The general 

construction of the original wall to floor connection is shown in Figure 38. The specifications of 

the main components comprising the connection are listed in Table 5. By observing this figure, it 

is apparent that there is no component in the connection providing any adequate rotation 

resistance, due to the lack of welds on both sides of the c-channel. Upon testing of this 

connection the, the roof bow and c-channel pivoted about the top rail, shown by the blue line in 

Figure 42. The bending about the weld created a negligible amount of moment resistance from 

the steel components. The only tension force developed, thus providing a means of resisting the 

applied moment, was due to the inclusion of the external skin in the sample. This is shown in 

Figure 39. The maximum moment resistance exhibited by this connection was 542 N-m at a 

rotation angle of 11.3°. The total unit energy absorbed by the connection up until the evaluation 

angle of 16.7° was 120.4 J/m. 

 

 

 

Figure 38: Original connection design 
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Figure 39: Original connection design failure 

 

 

 

 

 

 
 
 

 

 

After observing the results of the previous test, it was recommended to the manufacturer that 

they should modify their connection by placing welds on both sides of the c-channel, as opposed 

to just one side. This modification was made on a steel only sample and re-submitted for testing. 

This weld location is shown in red in Figure 40. By doing this, tension forces can develop in the 

weld on the outside of the c-channel when the connection is tested. The mode of failure of the 

modified steel only connection was now the local buckling of the roof bow at its base, as shown 

in Figure 41. The performance improvement is depicted by the red line in Figure 42. The 

maximum moment resistance exhibited by this connection was 1,846 N-m at a rotation angle of 

10.5°. The total unit energy absorbed by the connection up until the evaluation angle of 16.7° 

was 431.4 J/m. 

 

Table 5: Sizes of elements used in roof to wall connection 

Component Dimensions 

HSS Roof Bow 1-1/2”  x 1-1/2” x 16 ga 

HSS Column 1-1/2”  x 1-1/2” x 16 ga 

Top Rail 2”  x 1-1/2” x 14 ga 

C-Channel 1-1/2” x 1-5/8” x 16 ga. 
 



40 

 

 

Figure 40: Revised connection design, note additional weld in red 

 

 

 
Figure 41: Revised connection design failure 
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Figure 42: Moment resistance of two roof to wall connections 

 

 

4.2.2 Construction #2 

Three nearly identical roof to wall connections were tested during the course of this research. 

The construction of this connection consisted of having the roof bow welded to a sub-rail, which 

is welded inside of a c-channel. This c-channel is then welded to the top rail, which is then 

welded to the column. See Figure 44 for graphical representation. One key property of this 

connection not commonly seen in other paratransit bus manufacturers is that the roof bows do 

not line up with the columns below. The specifications of the main components comprising the 

connection are listed in Table 6. 
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Figure 43: Connection prior to testing 

 

 

 

Figure 44: Roof to wall connection design 

 

 

 

 

 

 
 
 

 

Table 6: Sizes of elements used in roof to wall connection 

Component Dimensions 

HSS Roof Bow 1-1/2”  x 1-1/2” x 16 ga 

HSS Column 1-1/2” x 2” x  16 ga. 

Top Rail 1-1/2”  x 1-1/2” x 16 ga 

Sub-Rail 1-1/2”  x 1-1/2” x 16 ga 

C-Channel 2” x 7/8” x 14 ga. 
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Upon testing each of the three connections, it was found that they all failed due to the crushing of 

the top rail at its attachment point to the columns. This is displayed in Figure 45. This connection 

design proved to be quite stiff when compared to other connection designs, but much less 

resilient due to its sharp decrease in moment resistance once its peak resistance is reached. The 

performance of each test specimen is shown in Figure 46. The average maximum moment 

resistance exhibited by these connections was 1,937 N-m at an average rotation angle of 9.1°. 

The average total unit energy absorbed by the connection up until the evaluation angle of 16.7° 

was 335.3 J/m. The three test specimens exhibited very similar stiffness, as shown by the initial 

slope of the lines in Figure 46. 

 

 

 
Figure 45: Failure of top rail at columns 
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Figure 46: Moment resistance of three roof to wall connections 

 

 

CHAPTER 5 

5FE MODEL OF SELECTED WALL TO FLOOR CONNECTION 

 

The intent of this chapter is to compare the computational results of a modeled connection 

against the recorded experimental values. The finite element (FE) model was solved using LS-

DYNA. This model was derived from an existing model developed by a former colleague for use 

in past research activities. The connection modeled is the wall to floor construction #1 utilizing 

16 gauge columns. The FE model of this connection was created using shell elements in addition 

to spot welds attaching the components together. The computational load was applied through 

forced nodal displacements of the loading beam. The nodal displacements were applied in the 

direction of a vector that represented the orientation of the loading cable used in the physical 
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experiment. At the location of the forced displacement, nodal forces were recorded for use in 

developing the resisting moment versus angle of rotation graph. To prevent the connection form 

rotating during the simulation, nodal constraints were applied to the floor beams to simulate the 

restricted degrees of freedom applied during testing. To reduce the dynamic effects in the 

simulation, strain rate parameters were not included in the material model of the connection’s 

members. The layout of the FE model is shown in Figure 47, as well as the nodal constraints of 

the floor beams. Please see Table 7 for additional information regarding the FE model of the 

steel connection. 

 

 

 

Figure 47: FE model of the test setup, with nodal constraints displayed 
 

 

Table 7: FE connection model information 

Material Model Piecewise Linear Plastic 

Young’s Modulus 206 GPa 

Poisson’s Ratio 0.30 

Yield Stress 295 MPa 

Number of Shell Elements 18,280 

 

 

The results of the simulation resemble that of the experimental results. As shown in Figure 48, 

the FE model captures the rotation of the end column due to the lack of welds on the outside of 

the floor beam to the c-channel. The FE model also captures the deformation of the c-channel at 
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the location of the missing weld, as shown in above referenced figure. As shown in Figure 49, 

the FE model shows the slight local buckling at the base of the middle column, but does not 

accurately capture the behavior of the physical test. This discrepancy is due to the mesh not 

being fine enough to capture local deformation. 

 

 

  
Figure 48: Experimental picture and computational plastic strain in end column 

 

 

  

Figure 49: Experimental picture and computational plastic strain in middle column 
 

 

The resulting resisting moment versus angle of rotation graph is shown in Figure 50. As shown 

by the red line in the figure, the FE model of the connection has a slightly lesser stiffness and 

energy absorption value. The calculated energy absorption of the FE model was 462.3 J/m, 

which is 14.4% less than the experimental value. 
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Figure 50: Moment comparison between experiment and FE model 
 

 

CHAPTER 6 

6FULL SCALE ROLL OVER TEST 

 

The purpose of the following case study is to justify the importance of testing wall to floor 

connections for their energy absorption across the 16.7° evaluation range. This is done by 

demonstrating that during a rollover accident, deformations of the bus structure are significant, 

and if proper strength and stiffness are not present, severe intrusion into the passenger 

compartment is observed. The overall purpose of this roll over test was to validate a finite 

element model, but the data obtained from this test also shows the significant deformations that 

the passenger cage of a paratransit bus can experience. 
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Several tasks were performed in preparation for the full scale rollover test. The first completed 

task was the loading of the bus with the selected occupant and service loads. The passenger load 

was provided by utilizing water ballast test dummies specifically made for this purpose. Each 

test dummy was filled until it weighed 68 kg (149.9 lb). Twelve of these dummies were placed in 

the typical row seating, each securely fastened with lap seatbelts. Another two dummies were 

placed and secured in custom built steel chairs to simulate passengers seated in wheelchairs, at 

the back of the bus. Lastly, a dummy was placed in the driver’s seat. For safety purposes, the fuel 

tank was emptied and the two batteries were removed. Water was used to substitute the weight of 

the diesel fuel while pieces of steel were used for batteries. 

With the experimental loads positioned in the bus, the suspension was then locked in place. By 

locking the suspension for the rollover test, various undesirable parameters are eliminated from 

influencing the bus behavior during the rollover. With the suspension fixed in place, center of 

gravity measurements were taken with the use of digital floor scales. Weight measurements of 

each wheel in a level position and declined position were taken. Through basic equilibrium 

equations, the center of gravity was determined. 

Lastly, the bus was placed on a custom built tilt-table and fitted with the data acquisition system 

(see Figure 51). The data acquisition components of interest were four string transducers, which 

measured the deformation of the impacted wall at the waist rail and top rail at both the front and 

back of the bus. The waist rail is a horizontal framing member that runs along the length of the 

wall just under the windows, while the top rail has the same orientation but is located just above 

the windows. The data sampling rate for this test was 1,600 samples per second per channel. 

In addition to the numerical data acquisition system, one high speed digital camera was mounted 

in the rear of the bus facing forward, as well as two others capturing images from the outside of 

the bus. Due to the facility limitation, instead of using the ECE-R66 defined ditch depth of 800 

mm (31.5 in), the ditch of 909 mm (35.8 in) has been used for the full scale rollover test.  
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Figure 51: Bus prior to rollover 

 
 

The full scale test was performed in February, 2010 at the FDOT Springhill facility in 

Tallahassee, FL. It was found that the experimental deformation of the front sidewall exceeded 

the anticipated value. Therefore, the top of the front wall hit the associated string transducer and 

dislodged it form its mount location. Although this did result in an incomplete data set for the 

damaged sensor, the attained data still proved beneficial in the final check of the FE model as 

well as demonstrating the amount of rotation the wall to floor connection experiences. 

The maximum deformation of the bus structure, as seen from the outside and inside of the bus, is 

presented in Figure 52. The deformation time history of the string transducers is presented in 

Figure 53. The solid blue and solid red lines are of most interest as they represent the change in 

distance between the waist rail of the bus and the associated transducer. Please note that the 

transducer mount in the front of the bus had different geometry than the one used in the rear, thus 

no direct comparison can be made regarding the deformations of the wall structure from looking 

at the graph alone. 
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Figure 52: Maximum front deformation as viewed from outside and inside of bus, respectively 

 

 

 
Figure 53: Time history of transducer displacements 
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With the known initial geometry of the bus and test setup, a cross section of the bus was created 

for both ends of the bus. By taking this geometry and imposing the maximum bottom transducer 

deformations and the associated top transducer displacement, Figure 54 was developed. The 

purpose of this figure is to show that during the experiment, both the front and rear ends of the 

bus experienced more than 16.7° of rotation on the impacted sidewall. The maximum 

deformation shown for the front occurred at 1.21 seconds after impact, and the bottom occurred 

at 1.48 seconds after impact. Please note that due to the front top transducer being dislodged 

from its mount, the deformation shown for this figure was equal to its maximum recorded 

deformation. The maximum known deformation at the top of the front wall is represented in 

Figure 54 by the wall section drawn with dashed lines. Note that wall height is assumed to be 

constant, and that the wall simply pivots at floor level as well as at the waist rail.  

 

 

 
Figure 54: Sidewall deformations at maximum wall to floor connection rotation at the front and 

rear respectively 
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CHAPTER 7 

7IMPACT PERFORMANCE OF SIDEWALL PANELS 

 

The purpose of this chapter is to show the experimental effects of applying an impact load to 

paratransit bus sidewall panels with the use of a pivoting impact hammer. In addition to the 

experimental results, computation results are also provided by the means of FE models solved 

with LS-DYNA. The two sidewall constructions presented in this chapter were selected based on 

their drastic performance differences. The two sidewall constructions were experimentally tested 

with different impact energies and no direct performance comparisons can be made. In order to 

make a performance comparison between the two constructions, each FE model was simulated 

with the experimental impact energy that the other construction was tested with. 

In this test, a typical sidewall assembly is placed on the test apparatus with the initial test 

conditions, as shown in Figure 55. This assembly consists of the wall section from the top rail to 

the floor level of the bus sidewall. With the test specimen resting on two adjustable 150 mm (6 

inch) diameter support, the sample is impacted by a pivoting arm. The pivoting arm is comprised 

of a square impacting hammer with two perpendicular rectangular arms, which pivot freely about 

the axis of rotation. Just prior to the test, the arm is raised to a pre-determined height to ensure a 

reasonable deformation with the use of a hand winch, and then released. The location of impact 

is determined by the midpoint of the average distance between the top rail and floor level. Due to 

the short duration of the test procedure, only the final deformation of the wall is recorded. The 

specifications of the impacting device are listed in Table 8. The specifications for sidewall 

construction #1 and sidewall construction #2 are in Table 9. 

  



53 

 

Table 8: Specification of the impact hammer 

Description Specification 

Width of Hammer – A , mm (in) 2,451 (96.5) 

Length of Hammer Arm – B, mm (in) 3,020 (118.9) 

Distance Between Supports – C, mm (in) 1,445 (56.9) 

Mass of Hammer, kg (lb) 102.8 (226.6) 

 

 

 
Figure 55: Test setup for impact hammer test 
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Table 9: Specifications of sidewall constructions 

Description Construction #1 Construction #2 

Width of Panel  - a, mm (in) 1,200 (47.25) 1,021 (40.2) 

Length of Panel  - b, mm (in) 1,559 (61.4) 2,085 (82.1) 

Number of Columns in Sample 6 2 

Column Size 1” x 1” x 16 ga. 1-1/2” x 2” x  16 ga. 

Column Classification Per AISC Compact Slender 

 

 

Upon testing the sidewall construction number #1 with an impact height of 700mm, the final 

deformation was quite small with a value of 38mm (1.5in). The impacted panel is shown in 

Figure 56. Please note that this sidewall construction utilized curved column, thus this impacted 

panel looks nearly flat as the panel was impacted concave down. The plastic deformation was 

caused by the yielding of the columns at the location of impact. When the sidewall construction 

#2 was tested with an impact height of 1,524mm, the final deformation was quite large with a 

value of 172mm (6.8in). This is pictured in Figure 57. The plastic deformation was caused by the 

development of a plastic hinge in the columns at the location of impact. This local buckling is 

due to the slender classification of the compression flange in the column, as presented above in 

Table 9, per AISC [10]. 

 

 

   
Figure 56: Experimental final deformation in construction #1 with 700mm drop height 
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Figure 57: Experimental final deformation in construction #2 with 1,524mm drop 

height 
 

 

Table 10: Final deformation of sidewall samples 

 Drop height, mm (in) Deformation in the experiment, mm (in) 

Construction #1 700 (27.5) 38 (1.5) 

Construction #2 1,524 (60) 172 (6.8) 

 

 

The FE models of these sidewall constructions were created with shell elements using the same 

materials properties. The model of construction #1 was derived from an existing model 

developed by a former colleague for use in past research activities. The material properties of the 

columns used in construction #1 were determined through material characterization tests 

completed for prior research activities. Test data was not available for the columns utilized in 

construction #2, but some material specifications were provided by the manufacturer that were 

near equal to the test values determined for construction #1. Not knowing the accuracy of the 

provided data, it was decided to use the same material properties for both columns in the FE 

models. The strain rate parameter of the modeled material is based on a calibration performed by 

prior research activities. As with the experimental test, a gravitational load is applied to the FE 

model of the impact arm causing it to strike the test panel below. The FE model of the test 

configuration is shown in Figure 58. Please see Table 11 for additional information regarding the 

FE models of the steel sidewall constructions. 
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Figure 58: FE model of the test setup 

 

 

Table 11: FE sidewall model information 

 Construction #1 Construction #2 

Material Model Piecewise Linear Plastic Piecewise Linear Plastic 

Young’s Modulus 207 GPa 207 GPa 

Poisson’s Ratio 0.30 0.30 

Yield Stress 390 MPa 390 MPa 

Number of Shell Elements 9,637 17,306 

 

 

The computational result of the FE model of construction #1 impacted with a hammer height of 

700mm (27.5in) is shown in Figure 59, with a photograph of the actual experimental results 

provided for comparison. As shown in the figure, little plastic deformation resulted from the 

impact load. In Figure 60, the computational results of the same model impacted with a hammer 

drop height of 1,524mm (60in) is provided. The higher impact height resulted in an increase in 

the plastic strain in the columns, as show in the previously referenced figure. The computational 

time history of the panel displacement is displayed by a red line in Figure 63 and Figure 64. 

Please note that the free vibration of the impact hammer causes the panel to be repeatedly hit 

after the initial impact, causing the observed vibrations in the above referenced figures. 
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Figure 59: Experimental picture and computational plastic strain in construction #1 with 
700mm drop height 

 

 

   

Figure 60: Computational plastic strain in construction #1 with 1,524mm drop height 
 

 

The computational result of the FE model of construction #2 impacted with a hammer height of 

1,524mm (60in) is shown in Figure 61, with a photograph of the actual experimental results 

provided for comparison. As shown in the figure, a plastic hinge developed in the columns at the 

location of impact. In Figure 62, the computational results of the same model impacted with a 

hammer drop height of 700mm (27.5in) is provided. The lower impact height resulted in the 

lesser development of a plastic hinge, as show in the previously referenced figure. The 

computational time history of the panel displacement is displayed by a blue line in Figure 63 and 

Figure 64. A comparison of the experimental and computational final deformations in both panel 

constructions is provided in Table 10. 
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Figure 61: Experimental picture and computational plastic strain at plastic hinge in 
construction #2 with 1,524mm drop height 

 

 

    
Figure 62: Computational plastic strain at plastic hinge in construction #2 with 700mm 

drop height 
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Figure 63: Computational vertical displacements at mid-span of panels with 700mm drop 

height 
 

 

 

Figure 64: Computational vertical displacements at mid-span of panels with 1,524mm drop 
height 
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Table 12: Final deformation comparison 

 Drop height, mm (in) 
Deformation in the 

experiment, mm (in) 

Deformation in the FE 

model, mm (in) 

Construction 

#1 

    700 (27.5) 38 (1.5) 30 (1.2) 

    1,524 (60) Not Tested 69 (2.7) 

Construction 

#2 

    700 (27.5) Not Tested 40 (1.6) 

   1,524 (60) 172 (6.8) 181 (7.1) 

 
 

CHAPTER 8 

8CONCLUSIONS AND FUTURE WORK 

 
8.1 Conclusions 

The following conclusion came be made from the results of this research: 

• It is important to provide welds on both sides of structural framing members subject to 

bending, thus creating a load path for a moment resist couple. If a weld is only present on 

the compression side of a bending member, the weld will provide little bending 

resistance. 

• The inclusion of non-steel materials (such as plywood) between structural framing 

components should be avoided. There are two key reasons for this: First, non-steel 

components typically have adverse effects on the overall structures performance due to 

their poor mechanical properties, thus creating a weak point in the connection. Second, 

the inclusion of non-steel components creates difficulties when trying to connect the main 

structural steel components. 

• Steel tubes with compact sidewalls perform better when subjected to an impact load as 

compared to steel tubes with slender sidewalls of the same sidewall thickness. 

 

Appendix D includes the Best Practice Guidelines, which is a document that provides design 

recommendations partly based on the findings of the research presented in this thesis. This 
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document is currently a part of the bid specification package that the FDOT provides prospective 

paratransit bus vendors. 

8.2 Future Work 

Because of the high variability in the framing of paratransit bus cages, due to the presence of 

wheelchair lifts and wheel wells, the connection samples tested do not always accurately 

represent the actual bus construction. The connection testing of individual components is being 

investigated in the future as a means of evaluating a bus structure, as opposed to the testing of 

the larger connection samples. This is depicted in Figure 65. 

 

 

 

Figure 65: Testing of single roof bow connection 

 

 

During the next full scale rollover test in Spring 2011, it is planned to take displacement readings 

from both sidewall structures at the front and rear of the bus. This will give a better 

understanding of the overall behavior of bus structures during rollover events. 

Lastly, a new impacting apparatus is under construction, pictured in Figure 66. As opposed to the 

current pivoting impact hammer test setup, the new configuration will utilize a linear impacting 

system. The intent of this new apparatus is to test individual structural members, as opposed to 

whole sidewall assemblies, as presented in the previous chapter. One advantage of this new 

impact hammer is that free vibration of the impacting system will be significantly reduced. 
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Another advantage of this apparatus is that the hammer is designed to accommodate the 

inclusion of an accelerometer. Also, the hammer will have an adjustable mass, allowing for 

variance in the test parameters. The data attained form the accelerometer will provide another 

means of validating developed FE models of structural elements subjected to impact loads. 

 

 

   

Figure 66: New linear impact apparatus under construction 
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APPENDIX A 

ADDITIONAL WALL TO FLOOR CONNECTION TESTS 

 

Construction #3 

Two similar wall to floor connection samples were tested during the course of this research. Both 

samples had an identical steel structure. The only difference was that one sample included the 

exterior skin of the bus as well as the particle board flooring. The general connection geometry is 

shown in Figure 67. The specifications of the main components comprising the connection are 

listed in Table 13. Please note the weld locations as shown in the right of Figure 67: along the 

top of the metal bar to the top of the hat channel, as well as spaced fillet welds fastening the 

bottom rail assembly together. The bottom rail assembly consists of the square & rectangular 

tube along with the metal bar. These three members are welded together with 51mm (2in) fillet 

welds spaced at approximately 305mm (12in) on center, causing them to deform in unison. 

 

 

  
Figure 67: Wall to floor connection design 
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Upon testing of the steel only connection, it was found that the connection failed due to the 

rotation about two fillet welds. This is displayed in Figure 68. With the steel only connection 

lacking other welds attaching the bottom rails to the hat channel to create a rotation resisting 

force couple, very poor performance was displayed as shown by the blue line in Figure 72. The 

maximum moment resistance exhibited by this connection was 156 N-m at a rotation angle of 

4.2°. The total unit energy absorbed by the connection up until the evaluation angle of 16.7° was 

40.9 J/m. 

 

 

   
Figure 68: Steel only wall to floor connection failure 

 

  

Table 13: Sizes of elements used in wall to floor connection 

Component Dimensions 

Hat Channel 4-7/8” x 2-3/4” x 14 ga (overall) 

Solid Bar 3/8” x 1” 

HSS Square Rail 1” x 1” x 15 ga 

HSS Rectangular Rail 1” x 2” x 15 ga 

HSS Column 1 ”  x 1 ” x 16 ga 
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The testing of the connection with the skin and floor displayed a similar failure mechanism, but 

with a significant strength increase. As shown in Figure 69, it is apparent that the particle board 

flooring used in the finished bus provides additional moment resistance due to its crushing. The 

use of materials other than steel for creating moment resistance is not recommended as these 

materials possess poor mechanical properties. It was found that the skin had no influence on the 

moment resisting capacity of the connection as it simply provided an additional load path to the 

bottom rails. The improved moment resistance of the floored connection is displayed by the red 

line in Figure 72. The maximum moment resistance exhibited by this connection was 1,626 N-m 

at a rotation angle of 22.6°. The total unit energy absorbed by the connection up until the 

evaluation angle of 16.7° was 257.6 J/m. 

 

 

 

Figure 69: Floored wall to floor connection failure 

 

 

After observing the results of both tests, it was decided to bend the steel only sample back to its 

original geometry and place four fillet welds attaching the bottom rectangular plate to the hat 

channel floor beam. Since the only yielding of the test specimen during its original test was 

located at the fillet welds, it was reasonable to retest this specimen with this modification. The 

modification is shown in the left of Figure 71. Once tested, the modified connection exhibited a 

significant strength increase and stiffness, as shown by the green line in Figure 72. By adding 

these welds, the connection now failed due to the deformation of the two bottom rail tubes, as 

shown to the right of Figure 71. This modified connection exhibited a maximum moment 

resistance of 1,776 N-m at a rotation angle of 20.2°. The total unit energy absorbed by the 
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connection up until the evaluation angle of 16.7° was 359.7 J/m. This addition of four fillet 

welds created a significant force couple, creating an 879% increase in energy absorption over the 

steel only connection, and a 40% increase over the floored connection.  

 

 

  

Figure 70: Modified wall to floor connection, note additional weld in red 

 

 

   

Figure 71: Failure of modified wall to floor connection 
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Figure 72: Moment resistance of three wall to floor connections 

 

 

Construction #4 

Prior to this research, a connection test had been run on a similar wall to floor connection sample 

prior to its redesign by a former colleague using the test setup shown in Figure 8 [2]. This 

information is included to provide a comparison for the recently tested connections. The general 

construction of the original wall to floor connection is shown in Figure 73. By observing this 

figure, it is apparent that there is no component in the connection providing any adequate 

rotation resistance, due to the presence of the plywood between the z-channel and c-channel. 

Upon testing of this connection the plywood began to crush as the column began to rotate, as 

shown in Figure 74. The crushing of the plywood resulted in a very poor moment resisting 

mechanism with very poor stiffness. This is depicted by the blue line in Figure 77. Since the 

resistance of the connection increased with the rotation, due to the compressing of the plywood, 
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no peak value was observed during the test which is commonly associated with the failure of 

structural steel elements. The total unit energy absorbed by the connection up until the evaluation 

angle of 16.7° was 220.9 J/m. 

 

 

  

Figure 73: Original wall to floor connection construction 

 

 

 

Figure 74: Orignial wall to floor connection failure 

 

 

Table 14: Sizes of elements used in wall to floor connection 

Component Dimensions 

Floor Channel 2” x 2-7/8” x 2” x 12 ga 

HSS Column 1-1/2”  x 1-1/2” x 16 ga 

C-channel 3” x 3” x 2” x 14 ga 

Z-channel 1-1/2” x 1-1/2” x 1-1/2” x 15 ga 

Plywood 3/4” 
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After observing the results of the previous test, it was recommended to the manufacturer that 

they should modify their connection by placing the z-channel directly onto the c-channel. This 

modification is shown in Figure 75. By doing this, the plywood used for the subflooring will no 

longer be a component used in the moment resisting of the connection. By bearing the z-channel 

directly onto the c-channel, there is a significant improvement in the moment resisting capacity 

and stiffness of the connection. The mode of failure of the modified connection was now the 

fracture of the z-channel at the weld to the c–channel, as shown in Figure 76. This performance 

improvement is depicted by the red line in Figure 77. The maximum moment resistance 

exhibited by this connection was 2,197 N-m at a rotation angle of 13.3°. The total unit energy 

absorbed by the connection up until the evaluation angle of 16.7° was 438.5 J/m. 

 

 

  

Figure 75: Revised wall to floor connection construction, note absence of plywood floor 

 

 

 
Figure 76: Revised wall to floor connection failure 
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Figure 77: Moment resistance of two wall to floor connections 

0

500

1000

1500

2000

2500

3000

3500

4000

4500

0 5 10 15 20 25 30

M
o

m
e

n
t 

(N
-m

)

Angle Change (deg)

Original Design (220.9 J/m)

Revised Sample (438.5 J/m)



71 

 

APPENDIX B 

ADDITIONAL ROOF TO WALL CONNECTION TEST 

 

Construction #3 

During the course of this research, a roof to wall sample provided by another manufacturer was 

tested for its bending strength. The construction of this connection consisted of having a roof 

bow welded to the inside of a u-channel, then bolted to an angle which was then welded to the 

column. See Figure 78 for graphical representation. One key characteristic of this connection is 

that two bolts are the only manes of securing the u-channel to the angle. The specifications of the 

main components comprising the connection are listed in Table 15. 

 

 

 
Figure 78: Original roof to wall connection design 

 

 

Table 15: Sizes of elements used in roof ot wall connection 

Component Dimensions 

HSS Roof Bow 1-1/2” x -1/2” x 19 ga 

HSS Column 1-1/2” x 1-1/2” x 16 ga 

Angle 1-1/2” x -1/2” x 11 ga 

U-Channel 1-1/2” x 1-5/8” x 16 ga 
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Upon testing this connection, it was found that it failed due to the bending of the angle, as shown 

in Figure 79. The connection displayed very little stiffness during bending as a result of this 

failure mode. The performance of this test specimen is shown by a blue line in Figure 82. The 

maximum moment resistance exhibited by this connection was exhibited well beyond the 

evaluation range of 16.7°. The energy absorbed by this connection was 126.5 J/m. 

 

 

 

Figure 79: Failure of original roof to wall design 

 

 

After observing the results of the previous test, it was recommended to the manufacturer 
that they should modify their connection by placing a weld connecting the u-channel to the 
base of the angle at the columns. This weld location is shown in red in Figure 80. By placing 
this weld at this location, tension forces can develop in the weld and transfer the force to 
the angle, which in turn loads the column. The mode of failure of this revised connection is 
the tearing of the welds between the angle and the column, as shown in 
Figure 81. The performance improvement is depicted by the red line in Figure 82. The 
maximum moment resistance exhibited by this connection was 970 N-m at a rotation angle 
of 20.3°. The total unit energy absorbed by the connection up until the evaluation angle of 
16.7° was 221.3 J/m. 
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Figure 80: Revised roof to wall connection design, note additional weld in red 

 

 

 

Figure 81: Revised roof to wall connection failure 
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Figure 82: Moment resistance of two roof to wall connections 
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SOFTWARE SCREENSHOTS 
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APPENDIX D 

BEST PRACTICE GUIDELINES 

 

The text located below is a document that was developed, based on the results of the presented 

research, for the FDOT to provide paratransit bus manufactures with design characteristics that 

have been found advantageous. This document is currently a part of the bid specification 

package that the FDOT provides prospective paratransit bus vendors, and is presented in its 

original format. 

 
Best Practice GuidelinesBest Practice GuidelinesBest Practice GuidelinesBest Practice Guidelines    

  
The intent of this document is to provide a brief written and graphic summary identifying 
important design characteristics associated with structurally sound paratransit bus 
structures. The information presented within this document is based on various tests and 
studies completed by CIAL for FDOT. 

 
1. A fully welded structural steel cage is critical in the construction of a sound 

paratransit bus. Structural steel framing is important as it provides an effective 
means of energy absorption in the cage structure and protects passengers against 
extensive deformation during roll-over and side impact accidents. 
 

2. Care should be taken to ensure the quality of the welds connecting the steel cage. 
Large differences in strength of the steel framing can be attributed to the poor 
performance of welds due to incorrect material preparation and/or incorrect heat 
setting used on the welding machine. 
 

3. To ensure the structural integrity of the frame is not compromised through the 
service life of the paratransit bus, measures should be taken to protect the 
structural steel frame from corrosion. This can be addressed through the use of 
galvanized steel or a sprayed on coating/paint. 
 

4. The use of compact cross sections, as defined by AISC Steel Construction Manual 
Table B4.1, for structural steel components used in the construction of paratransit 
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busses is recommended. Upon failure, structural steel components with a compact 
cross section experience appropriate rotational capacity at local plastic hinges. 
Failure of a non-compact section is unwanted as it is rapid and absorbs less energy 
when compared to the failure of a compact section. 

 
5.  Structural members with closed cross sections have characteristics more favorable 

for use in paratransit bus construction.  Members with closed cross sections are 
more easily connected to other members as they can facilitate full perimeter welds, 
whereas members with open section typically do not. In addition to this, members 
with closed cross sections typically resist local buckling better, leading to higher 
rotation capacity and improved structural performance. Examples of both sections 
are provided below. 

 
 

6. Having a sidewall construction with continuous vertical columns and a segmented 
waistrail provides superior impact resistance when compared to a similar sidewall 
with segmented vertical columns and a continuous waistrail. The main reason for 
this significant performance discrepancy is reduced energy absorption in plastic 
hinges developing prematurely in the discontinuous columns, close to the 
connection with the waistrail. The difference in sidewall construction is shown 
below 
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7. To provide a strong cage structure, it is important that structural members are 
welded on both sides as shown in the left of the figure directly below. The 
recommended weld pattern creates a strong connection in both directions of 
loading. If a weld is only present on one side of the member, the connection will 
provide little bending resistance in the direction that causes the member to rotate 
about the weld, as shown in the middle and right of the figure below. 
 

 
 

8. Avoid the inclusion of non-steel materials between steel structural components. 
There are two key reasons for this: First, non-steel components typically have 
adverse effects on the overall structures performance due to their poor mechanical 
properties, thus creating a weak point in the structure. Second, the inclusion of non-
steel components creates difficulties when trying to connect the main structural 
steel components. In the figure below, left and middle, two very similar wall-to-floor 
connections are shown, except for the fact that the second connection includes 
plywood sandwiched between the steel components. This difference results in a 
connection that is much less stiff and exhibits lower strength due to the crushing of 
the sandwiched plywood, leading to a failure as shown on the right of the figure 
below. 
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9. Exterior skin and spray foam insulation can provide significant strength 
contributions to the bus structure depending on their composition and installation. 
This is most significant in short busses, as there is high variability in the cage 
construction along the length of the bus due to the presence of doors and wheel 
wells. 
 

10. It is critical that the front of the passenger cage be designed and built to provide 
adequate strength and stiffness and not rely solely on its attachment to the cutaway 
cab for strength. This is important as the front of the passenger cage does not have a 
structural assembly capable of providing lateral stiffness in the event of an impact. 
Circled in red on the figure below is the area of interest. 
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