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The primary objective of this study was to develop a new breakaway connection—for use 

in large roadside sign structures—with improved performance characteristics relative to existing 

breakaway connection designs. By using a hybrid combination of steel and fiber reinforced 

polymer (FRP) structural components, a new system was designed to resist statically equivalent 

hurricane wind loading, but also breakaway under direct vehicle impact loading. By replacing 

the heavier steel sign posts that have been used in previous designs with lighter FRP posts, and 

simultaneously introducing the use of innovative steel cutting surfaces that are engaged only 

during direct vehicle impact loading, occupant risks associated with collisions were reduced in 

severity, thereby producing improving safety. 

Since the performance standard for the design of roadside breakaway connections is 

currently the AASHTO Manual for Assessing Safety Hardware (MASH), the new connection 

system developed in this study was designed to meet the MASH requirements. However, since 

MASH is a relatively new standard, existing (i.e., previously-developed) designs of surrogate 

vehicles—used in impact testing of breakaway hardware—that meet the current MASH 

requirements were not available in the literature. Therefore, to facilitate physical testing of newly 
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developed prototype connections, a MASH-compliant surrogate vehicle first had to be designed, 

fabricated, and validated. Hence, a secondary objective of this study was to develop a new ‘small 

car’ (1100 kg) surrogate vehicle for use in conjunction with the FDOT pendulum impact testing 

facility.  

In the course of pursuing this objective, several innovative and improved methods for 

designing surrogate impact vehicles were developed in this study. A key improvement was using 

tapered (trapezoidal) aluminum honeycomb cartridges, rather than the traditionally employed 

rectangular (constant cross-section) cartridges, to the reproduce the force-deformation behavior 

of the target production (market) vehicle (a 2006 Kia Rio in this study). Additionally, the 

behavior of aluminum honeycomb at high levels of compressive stress (and deformation) was 

investigated using experimental testing and the findings were integrated into the surrogate 

vehicle design process.  Validation crash-testing of the final surrogate vehicle (i.e., a 

combination of an impact block and a crushable nose constructed from aluminum honeycomb 

cartridges) demonstrated an acceptable match to the behavior of the target vehicle. Subsequently, 

the newly developed MASH-compliant surrogate vehicle was used to experimentally evaluate, 

using pendulum impact testing, multiple prototypes of a new hybrid (FRP and steel) breakaway 

connection design. The final design was demonstrated to meet the impact risk requirements 

stipulated in MASH as well as the hurricane wind resistance requirements specified by 

AASHTO and FDOT. 
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CHAPTER 1 

BACKGROUND 

While measures to prevent vehicles from running off roadways are necessary, measures 

to build a more forgiving roadside environment, where collision severity can be reduced, are also 

very important. From the perspective of roadside safety, it is desired that an errant vehicle can 

encroach onto the roadside without striking fixed, rigid objects. Ideally, positioning fixed objects 

at less vulnerable locations is typically a good strategy for minimizing collision consequences. 

However, as a component of traffic control systems, multi-post ground signs must be located 

adjacent to roadways. As a result, such ground signs will pose potential hazards to passengers if 

they are not designed, fabricated, and installed so that they break away during a vehicular 

collision.  

Survivability requirements for ground signs require that they must be strong enough to 

resist both hurricane wind loading and gravity loading (self-weight). One means of meeting this 

requirement is to use sign supports (posts) that are rigidly connected to a ground-level foundation 

system. However, satisfying wind and gravity loading requirements in this manner unfortunately 

makes sign structures more dangerous to vehicle occupants, should a vehicle-sign collision 

occur. A vehicle striking a fixed object usually leads to abrupt deceleration or excessive 

compartment deformation that can cause fatal injuries. To prevent collision-related occupant 

fatalities, roadside hardware, such as utility poles and ground-level sign posts, are designed to 

yield or break away under vehicle impact loading. That is, posts are designed to fail in a specific 

manner so as to allow a vehicle to pass through without abrupt deceleration. Most utility poles, 

such as light-poles or small sign structures, can incorporate breakaway features without 

significantly affecting functionality. Large ground signs, however, present a challenging 

engineering problem in that the sign supports must possess significant strength to be able to 
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resist hurricane wind loading yet be weak (or ‘frangible’) under low-speed vehicle impact 

loading (Figure 1-1). Due to the large surface area over which wind load will act, moderate to 

large sign structures usually require large post sizes and rigid foundation connections to transfer 

wind loads to the ground. Such features, however, tend to work against the goal of providing a 

system that breaks away at low impact load during a vehicle impact.  

Wind Load

Fuse Plate Hinge Joint

Sign Post

Impact Load

Breakaway

Base Connection

Sign Panel

 
 

Figure 1-1.  Loading conditions for large sign post slip base breakaway connection. (Courtesy of 

Consolazio et al. 2012) 

To prevent fatal injuries to vehicle occupants, breakaway support design concepts have 

been applied for most types of objects that are located adjacent to roadways. In many states, 

including Florida, multi-post ground signs typically utilize a breakaway slip-base connection to 

minimize potential collision hazards. The slip-base connection is designed so that under vehicle 

impact, the post detaches at the slip surface between base plates and rotates about a hinge on the 

post near the bottom of the sign panel (Figure 1-2). Conversely, wind loading is transferred to the 
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foundation through base plates, clamping mechanism, and friction force that is developed at the 

slipping surface.  

 
Figure 1-2.  Breakaway behavior of sign supports. (Courtesy of Consolazio et al. 2012) 

Because several large ground signs incorporating this slip-base connection collapsed 

(Figure 1-3) during hurricane events in 2004 and 2005, a research project was undertaken 

(BDK75 977-40, Consolazio et al. 2012) to develop a new breakaway connection (Figure 1-4) 

with improved performance characteristics (greater strength, less sensitivity to installation 

procedures, etc.).  Based on analytical modeling and simulation, the newly developed connection 

(referred to as a ‘shear-controlled moment collar’) was found to satisfy the relevant design 

requirements for breakaway systems (as set forth in AASHTO MASH 2009) and reduced the 

performance sensitivity to installation and maintenance issues (e.g., installed and maintained bolt 

torques). However, while the shear-controlled moment collar—which was fabricated solely from 

structural steel—was deemed to perform satisfactorily (based on simulation results), it was also 

 

Vehicle Impact

hinge activates
Base releases and Vehicle passes underneath sign
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determined that even further improvements in performance might be achievable if alternative 

materials, such as lightweight fiber reinforced polymer (FRP), were also incorporated into the 

connection design.  

 
 

Figure 1-3.  Failure of sign structure with slip-base connection under hurricane wind loading. 

(Courtesy of Consolazio et al. 2012) 

  
 

Figure 1-4.  Shear-controlled moment collar breakaway connection developed previously in 

study BDK75 977-40. (Courtesy of Consolazio et al. 2012) 
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Hence, a primary objective of the research presented in this report was to develop an 

alternative multi-post ground sign breakaway connection that incorporated the best 

characteristics of both steel and FRP to form a ‘hybrid connection’. The goal was to develop a 

hybrid connection that possessed performance characteristics which were better than could be 

achieved using solely steel or FRP. 
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CHAPTER 2 

DESIGN BASIS 

2.1 Introduction 

Design of breakaway support devices is governed in part by the AASHTO Standard 

Specifications for Structural Supports for Highway Signs, Luminaires and Traffic Signals 

(AASHTO 2001) and the AASHTO Manual for Assessing Safety Hardware (MASH 2009). The 

AASHTO 2001 specifications require that breakaway supports be designed to meet both 

structural and dynamic performance requirements. For sign structures located in Florida, 

breakaway supports must be structurally capable of carrying dead load, wind load, and 

combinations of dead and wind loads. Load tests are required if the structural capacity of the 

support structure is potentially diminished by the introduction of breakaway features. 

2.2 Selection Of Sign Structure 

The primary objective of this research project was to develop a hybrid breakaway base 

connection for multi-post ground signs. Multi-post systems are usually used for large roadside 

signs. As sign panel area and clearance height increase, it becomes more difficult to satisfy both 

of the ‘conflicting’ requirements of being wind resistant and being able to break away during 

impact. Consequently, the sign panel size used in developing the new breakaway connection was 

selected so that it was representative of large signs used in Florida. In a previous study conducted 

by Pinelli and Subramanian (1999), seven typical sign configurations used along Florida 

highways were identified. The typical signs had panel depths varying from 5 ft to 12 ft; panel 

widths varying from 10 ft to 20 ft; and clearance heights varying from 9 ft to 15 ft. Sign panel 

areas and first moments of area with respect to ground surface are presented in Table 2-1. 
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Table 2-1.  Central Florida signs selected for “Study of Break-away Sign Base Connections, II” 

project (Pinelli and Subramanian 1999). 

Sign No. 
Panel Width 

( ft ) 

Panel Height 

( ft ) 

Clearance 

Height 

( ft ) 

Sign Area 

( ft2) 

First Moment of Area 

( ft3) 

1 12 8 12 96 1536 

2 20 12 11 240 4080 

3 12 8 15 96 1824 

4 19.5 6 13 117 1872 

5 15.5 5 9 77.5 891 

6 14 5.5 10 77 982 

7 10 10 12 100 1700 

 

For use in the present study, a sign system with panel dimensions of 12 ft x 20 ft (depth x 

width) was selected. An overview of the sign structure configuration for breakaway connection 

development is presented in (Figure 2-1). It should be noted that the selected sign size has a 

panel area of 240 ft
2
, which is much greater than the 54 ft

2
 that is required to be classified as a 

large road sign according to AASHTO.  

Panel Width
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Figure 2-1.  Panel dimensions and clearance height of selected sign. (Courtesy of Consolazio et 

al. 2012) 



 

23 

2.3 Wind Loading 

A sign support structure must be designed to resist dead load, wind load and 

combinations of dead and wind that act on the structure during its service life. Designs of multi-

post ground signs are required to conform to the AASHTO Standard Specification for Structural 

Supports for Highway Signs, Luminaires and Traffic Signals (AASHTO 2001). Multi-post 

ground signs in Florida must also be designed to meet the requirements specified in the FDOT 

Modifications to Standard Specifications for Structural Supports for Highway Signs, Luminaires 

and Traffic Signals, 4
th

 Edition (FDOT Modifications to AASHTO 2001), Florida Department of 

Transportation Structures Manual, Vol. 9 (FDOT 2009). Note that ice loading is not applicable to 

the design of signs in the state of Florida, thus, the loads acting on the sign structure are wind 

loading and self-weight. 

The first step in determining wind loading is to select the basic wind speed. AASHTO 

(2001) provides a design wind speed for each county in the state of Florida. The design wind 

pressure at any point of the sign structure is then calculated as follows: 

3 22.56 10 rZ d IP K V GC   (2-1) 

where P is design wind pressure (psf), Kz is a height and exposure factor, V is the basic 

wind speed (mph), and G is a gust effect factor used to correct the effective velocity pressure for 

the dynamic interaction of the structure with the gust characteristics of the wind. AASHTO 

permits the gust effect factor to be taken as a minimum of 1.14. Cd is the wind drag coefficient 

used to account for the effects of geometry of the element and the Reynolds number of the flow. 

The importance Ir is a factor included to convert wind pressures associated with a 10-year mean 

recurrence interval to wind pressures associated with other mean recurrence intervals. 
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According to AASHTO (2001), for a height above ground z, or 16.4 ft, (whichever is 

greater) Kz is computed by the following equation: 

2

2.01( )z

g

z
K

z
  (2-2) 

where z  is the height above the ground at which the wind pressure is computed, gz  and 

  are constants that vary with exposure condition. AASHTO adopted exposure C for use in 

designing sign structural supports since it is considered to provide an accurate and conservative 

approach for such structures. Exposure C represents open terrain with scattered obstructions 

having heights less than 30 ft. For exposure C, gz and   are taken as 9.5 and 900 ft 

correspondingly. 

Wind loading analysis is conducted by multiplying wind pressures by corresponding 

projected areas and then applying the resulting loads statically and horizontally to the sign 

structure of interest. From sign size, material, configuration and preliminary post section 

selection, self-weight of the sign structure can be determined and combined with wind load for 

structural design. The combined effects of axial, shear, and bending moment due to wind loading 

and self-weight are then analyzed. However, for most large multi-post ground sign structures, 

structural design is controlled primarily by wind loading.  

2.4 Impact Loading 

The typical design process for most structures begins with the determination of loads and 

load combinations that will act on the structure. Loads acting on a sign structure in Florida can 

be dead load, wind load, and impact load. Load determination procedures for each type of load 

can be found in appropriate design provisions, guidelines, and design manuals. Static or dynamic 

analysis can then be performed using the determined loads to quantify member-level structural 
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design forces (e.g., axial, shear, moment). As presented previously, sign structure wind loads in 

Florida can be determined from the AASHTO provisions and the FDOT Structures Manual. 

Quantifying vehicle impact loads on a sign support structure, however, is not described 

prescriptively by the relevant codes. In fact, sign structures are not designed to resist vehicle 

impact loading, but rather to breakaway or yield under such loading conditions. As such, 

quantifying impact load is not a design requirement. Instead, primary focus is the safety of 

vehicle occupants should a collision occur. Hence, dynamic performance criteria are employed to 

address the vehicle impact loading condition. AASHTO requires sign support structures to be 

designed to meet the dynamic performance criteria specified in MASH (2009). The evaluation 

criteria consist of three primary aspects: structural adequacy, occupant risk, and vehicle 

trajectory after collision. 

MASH provides guidelines for crash testing of highway safety features and performance 

criteria to evaluate test results. It therefore provides roadside safety hardware developers and 

user-agencies with a basis to compare the impact performance of proposed safety features. With 

the goal of providing uniform guidelines, MASH covers standardized test parameters, such as 

test facility, test article, test vehicles and surrogate occupants. In addition to test parameters, test 

conditions for different roadside safety devices are assigned with suitable test levels. Test levels 

are further divided into different features and test number in which vehicle type, impact speed, 

impact angle, acceptable kinetic energy range, impact point and evaluation criteria are specified. 

Recommended data acquisition systems and parameters that need to be determined during 

different phases of the testing process are also included. The breakaway connection developed in 

this study conforms to the criteria set forth in MASH. 
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Evaluation criteria for dynamic performance of breakaway supports specified  in MASH 

include: structural adequacy; occupant risk; and post-impact vehicular response. Structural 

adequacy under impact conditions requires that the breakaway support shall readily fail in a 

predictable manner by breaking away, fracturing, or yielding when struck head-on (or at an angle 

of 25 degrees) by a standard vehicle with a mass of 1,100 kg (2420 lbf.), or its equivalent, at a 

nominal speed of 30 km/h (19 mph) for low-speed impact (AASHTO MASH Test 60). The mass 

of 1100 kg specified by MASH is equivalent to that of a small car. It is often more critical to 

evaluate breakaway performance using a small car since smaller mass leads to higher occupant 

impact velocities which can increase the risks posed to vehicle occupants. For most sign 

supports, and for the purpose of evaluating the breakaway mechanism and occupant risk 

measures, the low-speed test is more critical than the high-speed test since less kinetic energy is 

available to break the post. However, to evaluate post-impact vehicle instability, test article 

trajectories and intrusion of structural components into the vehicle windshield, the high-speed 

test can be more critical. AASHTO MASH Test 61 and 62 assess these behaviors by testing 

designated impact speeds of 50 km/h (31 mph), 70 km/h (44 mph) and 100 km/h (62 mph), with 

vehicle masses specified at 1,100 kg (2,420 lbf) and 2,270 kg (5000 lbf) respectively. 

In regard to occupant risk factors and evaluation, MASH limits the longitudinal 

component of occupant impact velocity (with respect to the interior surface of the passenger 

compartment) to no greater than 16 ft/s (4.9 m/s) with values less than 10 ft/s (3.0 m/s) being 

preferred. Maximum allowable longitudinal and lateral components of occupant deceleration are 

limited to 20.49 g and preferably should not exceed 15 g. In addition to limits on velocity and 

deceleration at impact, detached elements (debris) from the breakaway support are not permitted 

to penetrate, or show potential for penetrating, the vehicle occupant compartment or present an 
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undue hazard to other traffic, pedestrians or personnel in a nearby work zone. Potential for 

serious injury to vehicle occupants, due to deformation of the occupant compartment, is also not 

acceptable. Satisfactory performance of a support requires that, after striking the breakaway 

support, the vehicle remain upright (although the criteria allows moderate roll, pitch, and yaw 

rotations of the vehicle to occur). The post-impact vehicular response evaluation criteria also 

require that after impact, the trajectory of the vehicle should not excessively intrude into an 

adjacent traffic lane. 

In addition to the MASH evaluation criteria cited above, AASHTO (2001) also provides 

additional requirements to ensure predictable and safe performance of breakaway supports. If 

full-scale crash testing is not performed, the combined mass of the post and fixtures attached to 

breakaway supports is limited to a maximum of 450 kg (992 lbf). To prevent a vehicle from 

snagging after breaking a support away from its base, AASHTO (2001) limits the maximum stub 

height to 4 in. This specified limit also helps to prevent instability of the vehicle should a wheel 

of the vehicle strike the stub. For multi-post breakaway sign supports, the hinge must be located 

at least 2.1 m (84 in) above ground level to prevent penetration of the sign into the windshield of 

the impacting vehicle. 

For testing of a sign support system, MASH recommends that the test be conducted with 

the panel that has the largest area among sign panels to be used on the support system, and that 

the aspect ratio of the sign should be typical of the largest panel. The sign panel material should 

also be that normally used in the support system. 
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CHAPTER 3 

VEHICLE IMPACT TESTING 

3.1 Introduction 

Due to the significant costs associated with full-scale vehicle impact testing, surrogate 

vehicles that reproduce a specific car behavior are used to minimize test expenses without 

compromising the quality of results. Surrogate vehicles consist of a crushable nose which 

reproduces a vehicle impact behavior, and an impact block which provides the total mass. Due to 

continuing evolution of the national car fleet, vehicles characteristics in current standards 

(AASHTO MASH 2009) have been revised relative to previous standards (NCHRP 350). These 

changes created a need to design a new surrogate vehicle from the modified specifications, and 

improving on the capabilities of previously developed crushable impact noses. 

3.2 Market Vehicle Impact Testing Of Breakaway Devices  

The update from NCHRP 350 to MASH changed several test vehicle characteristics. The 

vehicle modification that most significantly influences testing of sign support structures was the 

change in total weight (mass) of the vehicle. The vehicle mass (weight) required by NCHRP 350 

code was 820 kg (1,800 lbs) and the market vehicle used for testing was typically the 1979 

Volkswagen Rabbit. Also, the speed of impact affects the inertial forces that are developed, thus 

changing the behavior of the car at different impact velocities. High speed film frames of a 

Volkswagen Rabbit rigid pole impact test are presented in Figure 3-1 where the impact speed of 

the vehicle matched the NCHRP 350 low-speed impact test for sign support structures of 35 

km/h (22 mph). The force deformation behavior of this vehicle during the impact test is 

presented in Figure 3-1. 
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A) 

 
B) 

 

Figure 3-1.  Low speed (per NCHRP 350) impact. A) Test of 1979 VW Rabbit. (Courtesy of 

NHTSA) B) Corresponding force deformation behavior. (Courtesy of Engineering 

Systems Division 1990) 

The vehicle mass (weight) required by the MASH code is 1100 kg (2,420 lbf) and one 

possible market vehicle used for testing is the 2006 Kia Rio. High speed video frames of a 2006 

Kia Rio rigid pole impact test are presented in Figure 3-2 where the impact speed of the vehicle 

was 50 km/h (31 mph). The force deformation behavior of this vehicle during the impact test is 

presented in  Figure 3-2. MASH specifies a low-speed impact velocity of 30 km/h (19 mph) 

which differs from the velocity at which this test was conducted. This test was carried out at a 

higher velocity of 50 km/h (31 mph) with the on the basis that the force deformation response 

produced by the same vehicle at 30 km/h would not differ significantly. 
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A) 

 
B) 

 

Figure 3-2.  Low speed (per MASH 2009) impact. A) Test of 2006 Kia Rio. B) Corresponding 

force deformation behavior. (Courtesy of Marzougui et al. 2011) 

3.3 Surrogate Vehicle Impact Testing Of Breakaway Devices 

MASH allows the use of surrogate vehicles for low speed impact testing of breakaway 

sign support structures. These surrogate vehicles can be either pendulums or bogies. Conditions 

that must be met to permit the use of these surrogate test vehicles are: 1) the surrogate vehicle 

must possess the same essential properties as the production vehicle it is intended to replicate; 

and 2) the production vehicle model that is replicated must meet the vehicle recommendations. 

In other words, if the behavior of the surrogate vehicle matches the force-deformation curve 

shown in the previous section for the rigid pole test of the 2006 Kia Rio, then the use of this 

surrogate vehicle would be permitted. It must be noted that because the specifications of MASH 

Test 60 requires an impact speed of 30 km/h, whereas the speed used in the 2006 Kia Rio test 

was 50 km/h, the total deformation of the surrogate vehicle at the lower impact speed will be less 
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than that shown in Figure 3-2. The total deformation related to the impact of the surrogate 

vehicle will be a function of the kinetic energy of the surrogate vehicle before impact and the 

energy absorbed by the deformation of this vehicle (equal to the area under the 

force-deformation curve). Therefore, the portion of the 2006 Kia Rio force-deformation curve 

that will be used to develop a low-speed impact surrogate vehicle is shown in Figure 3-3 where 

the maximum deformation is 17.75 in. 

 
Figure 3-3.  Portion of 2006 Kia Rio impact test force-deformation curve needed to develop a 

low-speed, MASH-compliant surrogate vehicle. 

Surrogate vehicles developed in the past have most often been designed to reproduce the 

behavior of the 1979 VW Rabbit, which complied with the earlier NCHRP 350 specifications. 

Shown in Figure 3-4 are high speed video frames from a Midwest Roadside Safety Facility 

(MwRSF) pendulum impact test conducted with a surrogate vehicle that consisted of a back 

block and a crushable nose. In Figure 3-4, the force-deformation curve obtained experimentally 

from impact testing of the surrogate vehicle (impact block and crushable nose) is compared to a 

simplified stepwise linear approximation curve that can be used as a conceptual basis for 

designing such systems. 
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A) 

 
B) 

 

Figure 3-4.  Surrogate vehicles characteristics. A) Photo of 820 kg MwRSF crushable nose. 

B) Stepwise linear approximation. (Courtesy of Bielenberg et al. 2009) 

To reproduce a specific force deformation curve, previous surrogate vehicles have used 

materials that can deform with a predictable constant force. The basic design concept of using 

these materials is that by alternating the stiffness of the material to stepwise linearly match the 

behavior needed, the surrogate vehicle behavior (Figure 3-4) can be made to closely match the 

actual market vehicle behavior (Figure 3-1). 

In order to develop and test a new hybrid breakaway sign support structure that was 

MASH compliant, a new surrogate vehicle, that exhibited the behavior shown in Figure 3-3, first 

needed to be designed, constructed, and validated (experimentally). Earlier 820 kg surrogate 

designs (e.g. NCAC, TTI, MwRSF) were used as a starting point for development of the new 

UF/FDOT 1100 kg surrogate vehicle. Several modifications (enhancements) were made to the 
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design concepts used in developing earlier crushable noses so that an accurate 2006 Kia Rio 

force-deformation curve could be reproduced by the newly developed crushable nose and overall 

surrogate vehicle. 
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CHAPTER 4 

CRUSHABLE NOSE: MATERIALS AND DESIGN CONCEPTS 

4.1 Introduction 

In order to successfully design a new surrogate vehicle crushable-nose, the behavior of 

the materials to be used in the design and construction process (e.g. aluminum honeycomb) had 

to be understood well enough that calculation procedures could be developed to predict the 

anticipated material response under impact loading. Once such calculation procedures were 

developed, individual components of the new crushable nose (e.g., crushable cartridges) could be 

efficiently designed using analytical methods, and then evaluated using physical testing. To 

achieve the required level of understanding of the material behavior, both a literature review and 

physical material testing were carried out.  

4.2 Elastic-Plastic Aluminum Honeycomb Behavior Used In Surrogate Vehicles 

In order to reliably reproduce the force-deformation response of a Kia Rio to within an 

acceptable level of error, a material capable of deforming in a predictable manner was needed. 

Furthermore, the material had to also be capable of dissipating impact energy in a manner that 

could approximate that of the vehicle. For this purpose, previously developed surrogate vehicles 

have typically made use of aluminum honeycomb cartridges of constant rectangular 

cross-sectional shape (Figure 4-1a and Figure 4-1b). Such cartridges have the convenient 

characteristic of compressing at a constant crush load (force) due to their constant cross sectional 

shape. Stated alternatively, they exhibit a perfectly plastic force-deformation response. The 

magnitude of the crush load can be modified either by changing the cross sectional area of the 

overall cartridge or by changing the crush strength of the aluminum honeycomb material itself. 

In the literature, aluminum honeycomb crush strength is often described as the axial load 

required to locally buckle the walls of the hexagonal cells that run through the thickness of the 



 

35 

material (Figure 4-1d). Since this type of buckling is related both to the characteristic width of 

the hexagonal cells, as well as to the cell wall thickness, either (or both) of these parameters can 

be altered to modify the honeycomb crush strength. 

 

Figure 4-1.  Aluminum honeycomb cartridges. A) Rectangular. B) Rectangular with punch-out. 

C) Hexagonal honeycomb cell structure. (Courtesy of Matías Groetaers) 

To experimentally confirm the elastic perfectly plastic behavior of the aluminum 

honeycomb material that is widely described in the relevant technical literature, a series of static 

compression tests were performed at the Civil and Coastal Engineering Structures Laboratory at 

the University of Florida. Each test was conducted using a 400 kip Tinius Olsen (T.O.) universal 

test machine (Figure 4-2). The tests consisted on the compression of rectangular aluminum 

honeycomb cartridges. Cartridges are manufactured using corrugated aluminum sheets that 

produce cell structures with no imperfections. In order to initiate the compressive buckling 

process of the cells, a force larger than that required to continue this process is needed (Figure 4-

3). However, to avoid an initial spike in force, the cartridge can be mechanically ‘upset’ 

(Figure 4-4). The upsetting process involved tapping the surface with a hammer to initiate 

minimal buckling of the cell walls. After this upsetting process was completed, the cartridge was 

ready to be tested. 

 
A) 

 
B) 

 
C) 
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Figure 4-2.  Aluminum honeycomb cartridge installed in Tinius Olsen test machine to conduct a 

static compression test. (Courtesy of Matías Groetaers) 

 
 

Figure 4-3.  Hypothetical force-deformation curve for compression of a rectangular aluminum 

honeycomb cartridge. 

Using the T.O. machine, the upset cartridge was compressed at a constant deformation 

rate. Force levels measured during the test at different stages of deformation exhibited a nearly 

perfectly plastic response (Figure 4-5) as the collapsed (buckled) zone progressed downward 

through the sample thickness (Figure 4-4c). The final stage of the compression test was the fully 

buckled stage (Figure 4-4d). This stage begins when there is no more unbuckled aluminum cell 

height left in the cartridge thickness. Compression of the cartridge beyond this point will not be 

at the plastic crushing load, but instead involves compression of the already-crushed aluminum 
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cell walls. Consequently, force levels beyond this point do not remain constant, but instead 

increase dramatically (this deformation phase will be discussed in more detail later in this 

chapter). 

 
A) 

 
B) 

 
C) 

 
D) 

 

Figure 4-4.  Stages of aluminum honeycomb cartridge behavior. A) Original. B) Upset. 

C) Progression of buckling. D) Fully buckled. (Courtesy of Matías Groetaers) 

 
Figure 4-5.  Measured force-deformation curve for compression of a rectangular aluminum 

honeycomb cartridge (note: surface of cartridge was ‘upset’ prior to application of 

compressive load). 
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To create a surrogate vehicle with this material and to be able to reproduce the behavior 

of a specific car, it is necessary to place different aluminum honeycomb cartridges in series and 

with different cross sectional areas in order to produce the desired force-deformation curve. This 

series of differently configured cartridges, together with additional structural components (spacer 

plates) that are needed to keep the stack together, is referred to as a ‘crushable nose’. For this 

combined sequence of aluminum honeycombs cartridges to produce the target curve, a second 

major component needs to be included in the surrogate vehicle: the mass block (Figure 4-6). This 

part represents most of the mass of the vehicle (i.e., there is very little mass in the crushable nose 

structure). Surrogate vehicles consisting of a mass block and crushable nose are most typically 

used with impact pendulums. The block and nose structure is raised to a ‘drop height’ that will 

produce the desired impact speed at the bottom of the swing motion where the crushable nose 

makes contact with the article being tested (e.g., a breakaway connection).  

 
 

Figure 4-6.  Schematic diagram of impact block and attached crushable nose (Note: cartridges 

have differing strengths, achieved either through selection of different cell size and 

wall thickness, or through the use of ‘punch-outs’ as shown in Figure 4-1b). 
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4.3 Existing Surrogate Vehicles 

Researchers have previously produced surrogate vehicles that behaved in a manner 

similar to the VW Rabbit that satisfied the NCHRP Report 350 small car test requirement. These 

surrogate vehicles were created as described above in that a stepwise linear function was used to 

approximate the target vehicle curve (Figure 4-7). In such a system, each aluminum honeycomb 

cartridge produces a force contribution that will be an average for the specific deformation level 

they will be subjected to, creating an overall curve similar to the VW Rabbit. In previous 

crushable noses, the method used to alter the force level of the honeycomb cartridge was by 

changing the cross sectional area, the crush strength of the cartridges, and/or finally creating 

punch outs in cartridges (Figure 4-1b). Punched out areas are typically created by 

pre-compressing a specific portion of the cartridge cross sectional area so that the pre-crushed 

cells do not contribute to the buckling resistance of the cartridge. Punch outs are done at the 

center of cartridges to keep the structure symmetric and therefore stable. Figure 4-7b shows an 

existing crushable nose built by The Midwest Roadside Safety Facility (MwRSF) in Nebraska 

which replaces the VW Rabbit on impact tests. 

 
A) 

 
B) 

 

Figure 4-7.  Existing 820 kg surrogate vehicle. A) Stepwise theoretical design curve and vehicle 

curve. B) Crushable nose attached to impact block. (Courtesy of Bielenberg et al. 

2009) 
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4.4 Development Of 1100 kg UF/FDOT Surrogate Vehicle 

Following a review of previously developed crushable nose designs, and after conducting 

a series of experimental cartridge compression tests, several areas were identified where design 

innovation and improvement became feasible. 

4.4.1 Tapered Sections 

Instead of relying on the stepped (piecewise constant) force-deformation approximation 

that results from using constant cross-section rectangular cartridges (of varying strengths and 

sizes), cartridges with linearly varying cross-sectional areas were instead investigated (Figure 4-

8). By using tapering cartridges, a vehicle force-deformation can be approximated in a piecewise 

linear manner, instead of a step-wise constant manner (Figure 4-9). Smooth transitions of impact 

force from crushing of one cartridge to the next results in a more realistic behavior of the 

surrogate vehicle. 

 
 

Figure 4-8.  Tapered (trapezoidal) aluminum honeycomb cartridge with linearly varying 

cross-sectional area. (Courtesy of Matías Groetaers) 
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Figure 4-9.  Comparison of constant cross-section and tapered cross-section aluminum 

honeycomb cartridges. A) Constant rectangular cross-section. B) Tapered trapezoidal 

cross-section. C) Rectangular cartridge approximation. D) Trapezoidal cartridge 

approximation. 

4.4.2 Aluminum Honeycomb Behavior Beyond The Fully Buckled Stage 

When developing the UF/FDOT crushable nose, a first configuration design of aluminum 

cartridges was dynamically tested. The force levels for specific deformations were lower than 

predicted, less overall cartridges were crushed, and the cartridges that engaged in compression 

deformed more than expected. These results showed that the aluminum honeycomb cartridges 

were absorbing considerately higher energy than anticipated. Due to this discrepancy, a ‘high 

stress’ static compression test was carried out on several aluminum honeycomb cartridges of 

rectangular and trapezoidal shapes.  
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The compression of the aluminum cartridges exhibited the same behavior as explained 

earlier in this chapter, but higher forces were applied to the sample. Therefore, a higher level of 

compressive deformation was produced and new behaviors past the fully buckled stage were 

observed. Figure 4-10 illustrates the different stages of cartridge compression that describe the 

full range of behavior of the aluminum cartridge structure. (Note that descriptions of deformation 

stages beyond the fully bucked state were not found in the literature review that was conducted 

in this study). The first three stages shown are no different from the stages described earlier. 

However, with further compression of the aluminum cartridge, two additional deformation stages 

become evident.  

After reaching the fully buckled stage, the stiffness of the cartridge increased 

considerably as the buckled aluminum cells compressed, creating a solid and thicker second cell 

structure. With continued loading, these thicker columns also buckled (but at a much higher 

force level than was required to buckle the original cell walls). This stage will be referred to as 

the ‘group buckling’ stage and it produced a second constant (or nearly constant) plateau of force 

as deformation continues to increase. This stage continued until the cell groups buckled and 

filled most of the voids left in the fully buckled stage. Some Poisson’s horizontal expansion 

effect of the group cells was also seen through experimental observations. At the end of this 

stage of deformation, the aluminum honeycomb reached a condition that will be referred to as 

‘fully compacted’. Further loading beyond the full compacted stage resulted in an even stiffer 

force-deformation response. As this last stage of deformation continued, and the remaining void 

area in the material is filled in, the observed behavior approaches that of a solid block of 

aluminum. 
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Figure 4-10.  Stages of aluminum honeycomb deformation. A) Mechanical upset. B) Buckling of 

cell walls. C) Fully buckled stage. D) Group buckling stage. E) Fully compressed 

stage. (Courtesy of Matías Groetaers) 

During an initial dynamic impact test of the UF/FDOT crushable nose, the second force 

plateau that occurs during the group buckling stage, produced a lower force level than was 

expected. This was due to the fact that the increased force level of the second plateau produced a 

greater energy absorption per cartridge (particularly in the weakest cartridges used) than was 

predicted by the elastic perfectly plastic behavior assumption that is commonly described in the 

literature. Figure 4-11 shows the extra capability for each cartridge to absorb more energy. 
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Figure 4-11a shows the behavior of a rectangular cartridge which can be related to the images 

presented in Figure 4-10. In Figure 4-11b, the behavior shown corresponds to the compression of 

a tapered trapezoidal cartridge. In a tapered cartridge, the difference between the initial plateau 

force level and the second plateau force level is greater than it is in a similarly sized rectangular 

cartridge. The reason for this is that the initial plateau force level is associated with the cross-

sectional area of the smaller (e.g., top) surface of the cartridge (this top cross sectional area 

increases through a tapered cartridge compression), whereas the second plateau force level even 

though is still associated to the initial smallest surface of the cartridge (seen by the residual 

material compressed in the cartridge) the difference between the original smaller surface and the 

current smaller surface cross-sectional area is contributing to the strength by cell buckling action. 

 
A) 

 
B) 

 

Figure 4-11.  High stress compression schematics. A) Rectangular geometry. B) Trapezoidal 

geometry. 

After characterizing the full range of deformation behaviors of the aluminum honeycomb 

cartridges, and introducing the use of tapered cartridges, it became evident that the process of 

designing an overall crushable nose would benefit from the use of nonlinear finite element 

analysis (FEA). For each trial set of cartridge configurations, FEA was used to numerically 

assess whether the anticipated response of the crushable nose would reproduce the target vehicle 

curve closely enough.  
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To efficiently analyze crushable nose finite element models, the force-deformation 

response curve for each cartridge needed to be computed prior to FEA model development. 

Accuracy on determining this individual curves was critical to produce an effective and practical 

model of the system. Figure 4-12 illustrates the calculation procedure used to compute simplified 

curves representing how the aluminum cartridges behave in compression. The procedure 

illustrated was developed based on physical observations from high stress compression tests 

performed on several cartridges. 

From the experimental data collected, the deformation level was identified at each stage 

described earlier (this was a unique property of each aluminum honeycomb that depended on 

aluminum foil thickness, cell size, etc). Next, appropriate force levels were associated with each 

range of deformation. The force-deformation behavior curve for each cartridge was simplified 

down to five (6) key points. Point 1 represented the initial crush force required to buckle the 

honeycomb cells from the original smaller cross-sectional area compressed, assuming the 

cartridge is mechanically upset (Figure 4-12a). To calculate the deformation level several test 

results were seen for a specific type of honeycomb. To calculate the force the initial cartridge 

surface area was multiplied by the crush strength of the honeycomb material. Point 2 represented 

the force level corresponding to the fully buckled condition (Figure 4-12b). The smaller surface 

area compressed at the time where the fully buckled condition was reached, got multiplied by the 

crush strength of the honeycomb material. The deformation was taken from experimental test 

results. Point 3 represented the condition at which the second force plateau—associated with 

group buckling—occurred (Figure 4-12c). The deformation was measured at the point where the 

group cells buckled alleviating the force. The force was calculated by multiplying the 

cross-sectional area related to the material engaged in the fully buckled state (from geometry) 
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multiplied by the crush strength of the material and a coefficient determined from testing that 

relates to this stage, plus the contribution of the cross-sectional area undergoing buckling at that 

specific time (from geometry). Point 4 represented the same condition as point 3 (Figure 4-12c) 

with the difference that the deformation was measured at the point where the group cells 

buckling is over, increasing the material stiffness dramatically from experimental tests. Finally 

Point 5 and 6 represented the condition (Figure 4-12d) at which the fully compacted stage 

occurred. These points were selected arbitrarily, together with points 3 and 4, although to a lesser 

degree. In order to keep the energy absorption of the cartridge into a realistic level, points where 

positioned on the described condition with special care to adjust small variations in data and 

follow test data closely. Point 5 was selected in order to maximize the curve fitting from test 

results and to produce a realistic final stiffness for the cartridge at its fully compacted stage 

represented by point 6. The force related to point 5 and 6 were calculated by multiplying the 

cross-sectional area of the material engaged into the fully buckled stage at that specific point 

with the crush strength of the material and a coefficient calculated for the specific point selected. 

The deformation was arbitrary as mentioned earlier. (The cartridge area that was still undergoing 

‘buckling’ was so small that it did not make a large difference and could therefore be neglected). 

From experimental test results, it was observed that the force levels of both the group 

buckling and fully compacted stages followed a predictable pattern. Even though different 

aluminum honeycomb material strengths exhibited different behaviors, it was determined that the 

force and deformation levels at each stage (fully buckled; fully compacted) were related to the 

cartridge crush force (crush strength and specific cross sectional area) by a specific coefficient 

that could be empirically determined. Hence, as long as the properties of the aluminum 

honeycomb—deformation level at each stage; crush strength of cartridge; and coefficients—can 
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be quantified all six points on the simplified force-deformation curve can be readily computed. 

When force-deformation curves constructed in this manner were compared to results from 

experimental cartridge compression test data, favorable agreement was observed (Figure 4-13). 

Schematic  
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Figure 4-12.  Deformation stages and geometric dimensions used in computing force simplified 

force-deformation curves. A) Initial buckling. B) Fully-buckled stage. C) Group 

buckling. D) Fully compacted stage. 

 
A) 

 
B) 

 

Figure 4-13.  Comparison of computed and measured force-deformation curves. A) Rectangular 

cartridge. B) Trapezoidal cartridge. 
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4.4.3 Force-deformation Behavior Of Tapered Cartridges Arranged In Series 

When designing a crushable nose with rectangular cartridges, as has been the typical 

practice in previous research studies, each cartridge in the nose generally has a unique strength 

(or stiffness) (different from than all other cartridges). Consequently, when the cartridges are 

placed in series and compressed, they crush sequentially, starting from weakest and progressing 

to the strongest. This process produces a step-wise force-deformation curve, as noted earlier 

(Figure 4-7). Since each cartridge strength is unique, in general, only one cartridge undergoes 

compressive crushing at a given point in time. 

In contrast, when tapered (trapezoidal) cartridges—of varying material strength and 

varying top and bottom surface sizes (cross-sectional sizes)—are placed in series and 

compressed, multiple cartridges may compress simultaneously rather than sequentially (one 

following another). For example, as a tapered cartridge is compressed, it becomes stiffer with 

increasing deformation (as the effective cross-sectional area of the crush zone increases). If the 

stiffness (and associated crush force) grows large enough, it is possible that crushing on the small 

surface of the next cartridge in line may be initiated, thereby producing a condition where two 

cartridges crush simultaneously.  

Such a condition increases the complexity of the crushable nose design process because 

the method used to determine the cartridge dimensions (i.e., structural ‘sizing’) must take into 

account the possibility of simultaneous crushing. However, simultaneous crushing is also 

advantageous in that it allows for far greater ‘design flexibility’ in terms of the overall 

crushable-nose force-deformation curve that is produced. For example, through careful sizing of 

multiple tapered cartridges placed in series, nearly any desired piecewise linear 

force-deformation curve can be constructed, including control over whether the curve is concave 

up or down at various deformation levels. A simplified example of this concept is illustrated in 
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Figure 4-14 for two tapered cartridges in series. Simultaneous interaction (crushing) of the two 

cartridges produces a series-combined force-deformation curve that is more complex in shape 

than the force-deformation curves of either of the cartridges individually. Given the design 

advantages of combining tapered cartridges in series, this approach was used in the design of the 

UF/FDOT crushable nose that is discussed in more detail in the following chapter. 

 
A) 

 
B) 

 
C) 

 

Figure 4-14.  Simultaneous compression of tapered cartridges in series. A) Cartridge 1 behavior. 

B) Cartridge 2 behavior. C) Behavior of cartridges in series compression. 

Deformation

H1 Pcrush-final

H1 Pcrush-initial

Δ Honeycomb 1
Fully Buckled

1

Force

H2 Pcrush-final

H2 Pcrush-initial

Δ Honeycomb 2

Fully Buckled

2

Force

Deformation

H1 Pcrush-final
H2 Pcrush-final

H2 Pcrush-initial
H1 Pcrush-initial

Δ Honeycomb 1

Fully Buckled

Δ Honeycomb 2
Fully Buckled

Δ Honeycomb 1

Starts Buckling
Δ Honeycomb 2

Starts Buckling

Deformation

Force

21



 

50 

CHAPTER 5 

CRUSHABLE NOSE: DESIGN BY WAY OF NUMERICAL SIMULATION 

5.1 Introduction 

As discussed in Chapter 4, the UF/FDOT crushable nose, targeting a Kia Rio 2006 at 

19 mph (30 km/h), was designed using trapezoidal cartridges. Due to the nonlinear curves 

describing the honeycomb material, FEA analysis was required to achieve an accurate design. 

After modeling and analyzing the FEA numerical simulation, the results were expected to be 

very close to the force deformation curve of the target vehicle. Figure 5-1 illustrates the 

behavioral curve of the Kia Rio vehicle and also an average curve that was produced from the 

NCAC Kia Rio test data curve. In the ‘averaged curve’, small oscillations in the original data 

were removed using smoothing, but the main characteristics were retained for purposes of 

designing the crushable nose. The averaged curve also has an energy dissipation level that is 

equivalent to that of the Kia Rio at the point of maximum expected deformation. Therefore, the 

curves are not only similar in behavior but also in energy dissipation characteristics. Hence, the 

FEA models that will be discussed in this chapter were designed to reproduce the averaged Kia 

Rio curve.  

 
Figure 5-1.  Kia Rio force-deformation curves. 
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Although the choice of cartridge configuration was extremely important in producing an 

acceptable crushable nose design, most of the main structural components of the surrogate 

vehicle (excluding the cartridges) also needed to be reusable and capable surviving hundreds of 

impact tests. FEA modeling and analysis was thus used to analyze complex design geometries 

for different structural members and to evaluate their capacities, taking into consideration 

different material properties, such as the aluminum front block, fiberglass spacer plates, and the 

aluminum guide tubes. 

5.2 High Resolution Modeling Of Front Block And Tubes  

Structural demands (e.g., stresses and strains) in the front block and telescoping guide 

tubes of the crushable nose were assessed, for design purposes, using a preliminary finite 

element model (Figure 5-2) that employed rectangular, rather than tapered, aluminum 

honeycomb cartridges. In this preliminary model, all honeycomb cartridges were modeled using 

LS-DYNA (LSTC 2007) material type 26 (*MAT_HONEYCOMB). As will be discussed later in this 

chapter, modeling tapered (as opposed to rectangular) cartridges with material type 26 required 

the use of very high resolution meshes, which then lead to numerical inefficiency in the 

simulation process.  Therefore, solely for purposes of designing the solid structural aluminum 

front block and tubes, geometrically simpler rectangular cartridges—which produced force levels 

similar to the final tapered cartridges—were used in the model instead. (Note that a more 

numerically efficient method for modeling tapered cartridges was later developed and was used 

to evaluate the dynamic impact performance of the overall crushable nose. This modeling 

method, utilizing nonlinear spring elements, is also discussed later in this chapter). 

. Major structural components of the impact back-block were modeled with material 

type 1 (*MAT_ELASTIC) and were assigned the material properties (modulus and mass density) of 

either concrete or steel, as appropriate. High resolution meshes were used to model two 
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embedded steel tubes, which were then nodally merged to the rest of the impact back-block 

components. Fiberglass spacer plates, 0.5 in. in thickness, were also modeled using material type 

1 (*MAT_ELASTIC). Material properties of the fiberglass were obtained from the literature. For 

purposes of conducting rigid pole impact simulations, a nearly rigid steel pole was modeled 

using material model type 1 (*MAT_ELASTIC) with steel material properties and a wall thickness 

of 1 in. Shell elements were used to model the pole to decrease the computational time (relative 

to using a higher resolution method of solid elements). 

 
Figure 5-2.  Preliminary finite element model used to assess structural demands in front-block 

and telescoping guide tubes. 

The front block was designed on the basis of limiting Von Mises (effective) stresses to 

levels that were deemed acceptable for 6061-T6 aluminum. A high resolution front block finite 

element model consisting of solid (brick) element was developed (Figure 5-3) to quantify 

stresses that arise during surrogate vehicle impact against the rigid pole. The structure was 

modeled using material type 24 (*MAT_PIECEWISE_LINEAR_PLASTICITY) in order to represent 

the nonlinear, inelastic properties of aluminum 6061-T6. In Figure 5-3b and Figure 5-3c, 

maximum (worst case) Von Mises stresses arising in the front block during rigid pole impact are 

presented. Using this type of analysis, a set of structurally adequate front block dimensions were 

determined that kept the effective stresses, and inelastic strains, to sufficiently low levels. 
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Detailed structural (fabrication) drawings for the final dimensioned front block structure are 

included in Appendix B. 

 
A) 

 
B) 

 
C) 

 

Figure 5-3.  Finite element model of UF/FDOT surrogate vehicle front block. A) Mesh. 

B-C) Maximum Von Mises stresses during impact simulation (Note: blue = 0 ksi Von 

Mises stress; red = 40 ksi Von Mises stress). 

The telescoping guide tubes (Figure 5-4) were also modeled using material type 24 

(*MAT_PIECEWISE_LINEAR_PLASTICITY) with aluminum 6061-T6 properties. In order to 

simulate sliding of the guide tubes inside the steel sleeve tubes that are embedded in the concrete 

back block, a surface-to-surface contact detection technique was used in the finite element 

model. To design (i.e., size) the guide tubes such they had adequate structural capacity, a worst 

case accidental, non ‘head-on’ (note: head on = zero degree) impact scenario was simulated. In 

this analysis, the finite element model of the surrogate vehicle was configured to impact the rigid 

nose at an ‘accidental’ angle of 6 degrees (deemed to be a reasonable upper limit). Maximum 

Von Mises stresses in the guide tubes (Figure 5-4) were computed from analyses of this type to 

determine a tube diameter and wall thickness that kept effective stresses, and inelastic strains, to 

sufficiently low levels. Ultimately 3 in. diameter, schedule 80 aluminum 6061-T6 guide tubes 

were found to be structurally adequate (see Appendix B for final fabrication drawings). 
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A) 

 
B) 

 
C) 

 
D) 

 
E) 

 

Figure 5-4.  Finite element model of UF/FDOT surrogate vehicle guide tubes. A) Mesh; 

B-C) Worst case Von Mises stresses during impact. D-E) Next to worst-case Von 

Mises stresses during impact (Note: blue = 0 ksi Von Mises stress; red = 40 ksi Von 

Mises stress). 

5.3 High Resolution FEA Modeling And Analysis Of Aluminum Honeycomb Cartridges 

When analyzing the preliminary finite element model noted previously in Figure 5-2—

which made use of rectangular cartridges—the LS-DYNA material type 26 (*MAT_HONEYCOMB) 

was successfully used to model the material behavior of the honeycomb. However, as discussed 

in Chapter 4, tapered aluminum honeycomb cartridges were used in the final crushable nose 

design because they are able to reproduce a target vehicle curve more accurately than rectangular 

cartridges. To determine whether material type 26 would also be applicable to the analysis of 

tapered cartridges, two test models were developed; used to conduct compressive crushing 

simulations, and compared to corresponding experimental test data.  

The first test model involved trapezoidal geometry. In Figure 5-5, the finite element 

model and the corresponding experimental test specimen are presented at different stages of 

compression. In general, the progression—from top of cartridge to bottom of cartridge—of the 
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buckled zone predicted by finite element analysis agreed favorably with the experimental test 

photos. Importantly, in the final state presented in Figure 5-5e, the finite element model 

accurately predicted the distribution of fully-buckled material (spanning most of the cartridge 

width) versus partially buckled material (near the outer edges). 

Finite element model Experimental test 

  
A) 

  
B) 

  

C) 

  

D) 

  

E) 

 

Figure 5-5.  Finite element model and experimental test of trapezoidal cartridge. 

A-B) Un-deformed. C-D) Intermediate stages of compression. E) Fully buckled state. 

(Courtesy of Matías Groetaers) 

The second test model involved a sharp-tipped pentagonal geometry. The initial 

undeformed finite element mesh of the cartridge is shown in Figure 5-6a, and a corresponding 

physical specimen—which was subjected to experimental compression testing—is shown in 
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Figure 5-6b. In contrast to the compression simulation of the tapered cartridge discussed above, 

the process of simulating compression of the pentagonal cartridge was found to be exceedingly 

computationally demanding and slow. Due to the sharp geometry and refinement of the mesh 

near the cartridge tip, high-level localized deformations occur. As a result, the time step size 

required to maintain analysis stability decreases dramatically and the overall simulation time 

therefore grows rapidly. For example, simulating cartridge compression from the initial 

condition shown in Figure 5-6c to the condition shown in Figure 5-6d took more than a week on 

a multi-core computer. Such analysis times precluded efficient impact simulation of an overall 

crushable nose consisting of approximately a half dozen cartridges. 

 
A) 

 
B) 

 
C) 

 
D) 

 

Figure 5-6.  Sharp tipped pentagonal aluminum honeycomb cartridge. A) Un-deformed. 

B) Experimental test specimen. (Courtesy of Matías Groetaers) C) Initial condition of 

compression simulation. D) Partially crushed condition during compression 

simulation. 

Two potential methods considered for reducing the analysis time were: the use of mass 

scaling, and the use of a coarser mesh. Both of these techniques, however, must be used with 

great caution if accurate results are to be obtained. Instead, the approach taken in the present 

study was to not use material type 26 (*MAT_HONEYCOMB) to model the aluminum honeycomb 
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cartridges, but instead to developed a simplified—and much more numerically efficient—

approach involving the use of nonlinear springs.  

5.4 High Resolution Nonlinear Spring Crushable Nose Model  

In an attempt to use a simplified method to model aluminum honeycomb cartridges that 

could produce reliable results and be efficient in terms of numerical simulation time, material 

type 121 (*MAT_GENERAL_NONLINEAR_1DOF_DISCRETE_BEAM) was implemented. Figure 5-7 

illustrates the FEA final model used to design the aluminum honeycomb cartridge configuration 

using several one degree of freedom spring elements per cartridge. 

 
A) 

 
B) 

 
C) 

 

Figure 5-7.  UF/FDOT surrogate vehicle finite element model with grids of nonlinear springs 

used to model each aluminum honeycomb cartridge. A) Overall view. B) Elevation 

(side) view. C) Plan (top) view. 

A high resolution grid of nonlinear spring elements was created for every cartridge 

(Figure 5-7). The stiffness of individual springs corresponded to the average resistance of the 

tributary area of each element (Figure 5-8a) and the properties of the specific honeycomb. In 
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Figure 5-8 both parameters are equal for all springs (same tributary area and honeycomb 

properties), therefore, the behavior in terms of stiffness is the same for all. Springs located at the 

slope of the cartridge do not extend to the full height of the honeycomb, simulating the physical 

geometry of the tapered trapezoidal cartridges. Due to the shorter length of these elements 

compared to the springs located at the center, the deformation behavior was proportional to the 

difference in length of the spring, having the same force level as explained earlier (Figure 5-8b). 

Also, these elements did not engage in compression until the distance between both spacer plates 

reached the element height, making the side springs contribute to the stiffness of the cartridge in 

a delayed manner just like in a real scenario. 

 
A) 

 
B) 

 

Figure 5-8.  Behavior of sample nonlinear springs grids. A) Side view of honeycomb modeling 

simplification. B) Illustration of material curves. 
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Full size springs simulate the material behavior accurately (only limited to the material 

curve introduced to the model), whereas springs located at the cartridge slope simulate an 

average strength of the real material. This suggests that the grid resolution of elements located 

under slopes can increase the accuracy of results. A discretization of 10 elements was used in 

sloped areas of every cartridge and a minimum of 5 elements for full size springs as they do not 

compromise results. 

Numerical simulations determined that the flexibility of spacer plates separating 

aluminum honeycomb cartridges had a significant effect in the results of simulations. In contrast 

to a stiffer spacer plate, a flexible spacer would deform under the compression loads applied by 

two honeycomb cartridges. This compression produces higher global deformations of the overall 

system at equivalent force levels (Figure 5.9b), compared to the existing surrogate vehicles 

having a rectangular cartridge configuration with punch outs (Figure 5-2). Hence, stiffer spacer 

plates were required by a tapered trapezoidal cartridge configuration due to the larger cantilever 

distributed force acting on spacer plates from one cartridge to the next. Garolite G-11 was a stiff 

and light material considered for the implementation of spacer plates. This material was tested in 

the Civil Engineering lab at the University of Florida. A modulus of elasticity of 3109 ksi was 

recorded. Further finite element analysis determined that a thickness of ¾ in. would keep the 

deformation levels of the spacer plates at an acceptable level (Figure 5-10).  

 
 

Figure 5-10.  FEA model of UF/FDOT crushable nose using ¾ in. thick Garolite G-11 spacers. 
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Solid elements with material type 1 (*MAT_ELASTIC) were used to model the spacer 

plates as failure stresses were far from occurring. The use of node-to-surface contact detection 

technique was applied to the FEA model to separate spring elements and spacer plates under 

compression. This contact definition was also used for the interphase between the last spacer 

plate and the back block. A modification to the properties of the rigid impactor was implemented 

from the preliminary FEA model previously described. A material type 20 (*MAT_RIGID) was 

used in addition to a much coarser mesh that merged both concrete and steel materials. A density 

which produces the total weight of the impact block was given to the rigid material. Due to the 

high compression strength of both materials, this assumption was valid, allowing the model to 

reduce simulation efficiency by 1/6
th

 of the original simulation time. Results do not differ from a 

comparable model with the prior properties, thus validating the changes (Figure 5-11). 

 
Figure 5-11.  UF/FDOT surrogate vehicle high resolution FEA model results. 

5.5 Simplified 8-DOF Crushable Nose Model  

A second UF/ FDOT surrogate vehicle FEA model was developed. Figure 5-12 illustrates 

a diagram describing the 8DOF simplified model. The advantage of using this model is the 

computational time savings. The simulation time of the simplified model is about 10 seconds 

compared to the 4 hours of the high resolution model. This was accomplished by using material 
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type 121 (*MAT_GENERAL_NONLINEAR_1DOF_DISCRETE_BEAM) (LSTC 2007) and introducing the 

force deformation curves of the aluminum honeycomb cartridges developed in Chapter 4. It also 

required the use of nodal masses and different nodal constrains where the input of masses, 

velocities and curves were critical for proper results. 

 
 

Figure 5-12.  UF/FDOT surrogate vehicle simplified FEA model results. 

Figure 5-13 shows the results of the simplified FEA crushable nose model where the data 

collection and analysis matches the procedure to obtain experimental test results from Chapter 6. 

 
Figure 5-13.  UF/FDOT surrogate vehicle simplified FEA model results. 

Back block weight

Front block weight

Spacers weight

Honeycomb weight and non linear stiffness

Rigid pole constraint

Vo Vo Vo Vo Vo Vo Vo Vo

Deformation (in)

F
o
rc

e 
(k

ip
)

0 2 4 6 8 10 12 14 16 18 20
0

20

40

60

80

100



 

62 

5.6 Final Crushable Nose Design 

Numerical models previously described have determined the UF/FDOT surrogate vehicle 

design. Figure 5-14 displays different views of the surrogate vehicle final design and cartridge 

configuration. Technical drawings of the impact block and the crushable nose frame structure 

can be found on Appendix A and Appendix B respectively. Lastly, Table 5-1 presents a detailed 

list of the material properties, geometries, and order of the aluminum cartridge and spacer 

configuration. 

 
A)  

B) 

 
C) 

 

Figure 5-14.  UF/FDOT crushable nose and impact block. A) Side view. B) Top view. 

C) Isometric view. 
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Table 5-1. Summary of crushable nose components 

Part Number Schematic Dimensions Material Weight (lbs) 

1
st
 Cartridge 

 

H: 3.625’’ 

W: 5.75’’ 

L: 3’’ 

Aluminum 

Honeycomb 

Strength: 242psi 

0.1855 

2
nd

 Cartridge 
 

H: 5.75’’ 

W: 0’’ - 4.75’’ 

L: 3’’ 

Aluminum 

Honeycomb 

Strength: 242psi 

0.1080 

2
nd

 Spacer 

 

H: 7.5’’ 

W: 14’’ 

L: 0.75’’ 

Garolite G-11 

7.8280 2
nd

 Spacer 

 

H: 7.5’’ 

W: 6’’ 

L: 0.25’’ 

Aluminum 

2
nd

 Spacer 

 

H: 7.5’’ 

W: 6’’ 

L: 0.75’’ 

Garolite G-11 

3
rd

 Cartridge 
 

H: 3.625’’ – 4.875’’ 

W: 5.75’’ 

L: 3’’ 

Aluminum 

Honeycomb 

Strength: 242psi 

0.2025 

3
rd

 Spacer 

 

H: 7.5’’ 

W: 14’’ 

L: 0.75’’ 

Garolite G-11 4.6715 

4
th

 Cartridge 
 

H: 4.625’’ – 5.875’’ 

W: 5.625’’ 

L: 3’’ 

Aluminum 

Honeycomb 

Strength: 242psi 

0.2520 

4
th

 Spacer 

 

H: 14’’ 

W: 14’’ 

L: 0.75’’ 

Garolite G-11 9.3605 

5
th

 Cartridge 

 

H: 5.25’’ – 14’’ 

W: 6’’ 

L: 3’’ 

Aluminum 

Honeycomb 

Strength: 242psi 

0.4700 

5
th

 Spacer 

 

H: 15.375’’ 

W: 14’’ 

L: 0.75’’ 

Garolite G-11 10.1300 
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Table 5-1.  Continued 

Part Number Schematic Dimensions Material Weight (lbs) 

6
th

 Cartridge 

 

H: 3.25’’ – 20’’ 

W: 10.375’’ 

L: 3’’ 

Aluminum 

Honeycomb 

Strength: 513psi 

1.2780 

6
th

 Spacer 

 

H: 16.5’’ 

W: 14’’ 

L: 0.75’’ 

Garolite G-11 11.0570 

7
th

 Cartridge 

 

H: 7.5’’ – 24’’ 

W: 10.375’’ 

L: 3’’ 

Aluminum 

Honeycomb 

Strength: 513psi 

1.5900 

7
th

 Spacer 

(Optional) 

 

H: 17’’ 

W: 14’’ 

L: 0.75’’ 

Garolite G-11 11.4460 

8
th

 Cartridge 

(Optional) 

 

H: 16’’ 

W: 10.375’’ 

L: 3’’ 

Aluminum 

Honeycomb 

Strength: 513psi 

1.9665 

8
th

 Spacer 

 

H: 16’’ 

W: 14’’ 

L: 0.5’’ 

Structural 

Fiberglass (FRP) 
6.8735 

 

5.7 Impact F-D Curves: Numerical Simulation Vs. MASH Compliant Car (Kia) 

Both FEA models described earlier produced force deformation curves shown in 

Figure 5-15.  The high resolution and simplified crushable nose models agree very closely. It is 
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important to emphasize the fact that the calculations for the honeycomb cartridges curves in each 

model used different approaches. The simplified model calculated curves using the trapezoidal 

cartridge calculation procedure and the high resolution model used only the rectangular cartridge 

calculation procedure due to the high resolution beam elements grid produced. 

 
Figure 5-15.  UF/FDOT surrogate vehicle high resolution and simplified FEA model results. 

The numerical simulations results not only matched but also closely agreed with the Kia 

Rio test curve, and most importantly the Averaged Kia Rio curve which the models were 

intended to reproduce.  Figure 5-16 illustrates the plot comparing both FEA models with the Kia 

Rio curves. Some oscillations differ from the Kia Rio curve but the general characteristics of the 

behavior are met very closely. 

 
Figure 5-16.  UF/FDOT surrogate vehicle FEA model results and Kia Rio test data curves. 
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CHAPTER 6 

CRUSHABLE NOSE: EXPERIMENTAL VALIDATION 

6.1 Introduction to Pendulum Impact Testing 

Once the design of the crushable nose and the FEA simulations were finished, an 

experimental test to validate the MASH standard surrogate vehicle was ready to be executed. 

The test was performed on May 9
th

 of 2013 at the FDOT structures lab in Tallahassee, Florida. 

Photos of the UF/FDOT surrogate vehicle can be seen in Figure 6-1. 

 
A) 

 
B) 

 

Figure 6-1.  UF/FDOT crushable nose and impact block. A) Isometric view. B) Crushable nose 

side view. (Courtesy of Gary Consolazio) 

The use of three 50 ft. tall pendulum towers were required to swing the surrogate vehicle 

and reach a specific impact velocity. Figure 6-3 and Figure 6-3 show photos and schematics of 

the test before and after it was carried out. 

 
A) 

 
B) 

 

Figure 6-2.  Pendulum structure. A) Schematic of pendulum swing path. B) Pendulum release 

photo. (Courtesy of Gary Consolazio) 
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A) 

 
B) 

 

Figure 6-3.  Impactor block and crushable nose structures. A) Isometric schematic of surrogate 

vehicle. B) Crushable nose post-compression. (Courtesy of Gary Consolazio) 

6.2 Testing Conditions (12’ Drop Height, Etc.) 

The validation test was conducted by the conditions specified in MASH for test number 

60 – an 1100 kg vehicle impacting a test article at a speed of 19 mph. The impact velocity 

corresponded to a drop height of 12 ft. using a surrogate vehicle in a pendulum facility. The test 

article in this test was a 10 in. diameter rigid pole, following the NCAC test 11005 which 

assesses the impact behavior of a 2006 Kia Rio vehicle. Test 11005 was conducted at a speed of 

30 mph, but with the intent to be used in the design of an 1100 kg surrogate vehicles traveling at 

19 mph such as the UF/FDOT crushable nose. See Figure 6-4 for a test set up illustration.  

 
Figure 6-4.  Crushable nose validation test. 
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6.3 Instrumentation 

Instrumentation needed for the rigid pole validation test using the FDOT crushable 

impact nose consisted of the following devices: 

6.3.1 High Speed Cameras 

Two (2) high-speed cameras were needed to record the behavior of the rigid pole 

validation test. These cameras (high speed cameras 1 and 2) recorded detailed views including 

the crushable nose to rigid pole contact area and compression of the honeycomb cartridges 

(Figures 6-5 and 6-6). Even though they recorded the same view, each camera was set looking 

against each other in order to record both lateral sides of the impact (Figure 6-7). All high speed 

cameras captured images at a frame rate of 2000 frames per second. A third camera (normal 

speed) was used to capture a wider view in order to show in presentations (Figure 6-7). 

 
Figure 6-5.  Camera 1 and 2 - wide test view. 

 
 

Figure 6-6.  Camera 2 and 3 - detailed view of crushable nose area from both sides. 
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Figure 6-7.  Top view of test set up for cameras layout. 

A software program called ProAnalyst was used to track points from the footage of both 

high speed cameras. Initial calibration and image filtering were critical to successfully produce 

displacement-time data points. Tracking points were produced by creating white squares 

surrounded by black color which produced contrast that was enhanced by different filtering 

techniques available in the software (Figure 6-6). Tracking points were placed on both sides of 

the back block, spacer plates, front block, and rigid pole. The recorded data points were used to 

calculate deformations at specific time intervals. They also provided a very accurate redundant 

measurement of acceleration for both front and back block by integrating the displacement-time 

curve twice. Figure 6-8 shows the tracking point process carried out by ProAnalyst to get the 

displacements of all points of interest as data points. 
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Figure 6-8.  High speed camera frames of tracking points procedure using ProAnalyst software. 

6.3.2 Break Beams  

Two (2) pairs of optical break beam sensors (Figure 6-9) were used to determine the 

block speed just prior to impact. Each pair had a transmitter and a receiver. The first pair of 

sensors was located 2 inches away from the rigid pole and the second pair 12 in. away from the 

first pair. 

 
 

Figure 6-9.  Position of infrared optical break beam sensor. 
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6.3.3 Tape Switch 

One (1) 18 in. long (ribbon) tape switch was needed in order to determine the moment in 

time at which the crushable nose first contacted the rigid pole. Contact was also used to set the 

high speed cameras to be synchronized with the accelerometers so a force deformation curve 

could be accurately produced. The sampling rate for this device was 10 kHz. The tape switch 

was placed vertically along the impact face of the rigid pole as shown in Figure 6-10. 

 
 

Figure 6-10.  Position of tape switch installed on rigid pole. 

6.3.4 Accelerometers 

One (1) 50 g and one (1) 30 g accelerometer with a bandwidth frequency of 400 Hz, plus 

one (1) 250 g with bandwidth of 10 kHz were needed. The sampling rate for these three devices 

(and the previously mentioned tape switch) was 10 kHz. The 50 g and 30 g accelerometers were 

mounted to the top surface of the concrete block and oriented in the direction of impact. Both 

instruments were centered at the mid-length of the block, one next to the other. The 250 g 

accelerometer was mounted to a front block stiffener and oriented parallel to the direction of 

impact. Acceleration data points were used to measure the force contribution of both the back 

Impact Block and
Crushable Nose

Rigid Pole

Structure

Tape Switch



 

72 

block and the front block which were superimposed to represent the test contact force. See 

Figure 6-11 for accelerometers positioning. 

 
 

Figure 6-11.  Locations of accelerometers installed on the surrogate vehicle. 

6.4 Impact Test Results 

After the experimental test was carried out and the data analysis was processed, results of 

the UF/FDOT crushable nose behavior were obtained. Figure 6-12 shows some high speed 

camera frames describing the compression of the crushable nose when striking the 10 in. 

diameter rigid steel pole. 

   
 

Figure 6-12.  High speed camera video frames of validation test. (Courtesy of Chris Weigly) 

The accelerometers placed on the impact block were averaged and then filtered at the 

same bandwidth related to the frequency of the accelerometers (400Hz) using ksmooth 

technique. Both 50g and 30g accelerometers closely agree with the acceleration values 
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throughout the impact time. Figure 6-13 illustrates the processed acceleration time curve of the 

impact block. The accelerometer placed on the front block was also filtered, but with a 

bandwidth related to twice the frequency of the back block accelerometer (800Hz) using 

ksmooth technique. Figure 6-14 shows the acceleration data of the front block structure during 

the same interval of time. This data was compared with the high speed camera front block 

acceleration data points obtained from the double integration of the displacement data taken by 

ProAnalyst software. Both of these outcomes matched closely, validating the results gotten from 

the 250g accelerometer. 

 
Figure 6-13.  Filtered and averaged acceleration data from back block accelerometers. 

 
Figure 6-14.  Filtered acceleration data from front block accelerometer. 
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The filtered acceleration data was used to calculate the force contribution of each 

crushable nose part by multiplying them to their corresponding mass measured before the test 

was carried out. The resultant force time histories were super imposed to produce the total force 

time history of the entire system. Figure 6-15 describes the front and back blocks force 

contributions and the total force of the impact. It can be seen that even though the front block 

was subjected to very high accelerations, the contribution of force to the overall impact was 

minimum relative to the total force produced by the system. This can be given to the relative low 

mass of the front block which was minimized in order to have the least effect on the overall 

crushable nose behavior. 

 
Figure 6-15.  Force contribution to the total system by the front and back block structures. 

The impact test deformation was measured by the high speed cameras by measuring the 

difference in distance between the back block and the rigid post starting at the time of contact. 

Figure 6-16 illustrates this data with respect to the impact time. The deformation of the crushable 

nose and the total system force throughout the entire impact were combined to show the final 

behavior of the UF/FDOT surrogate vehicle representing a Kia Rio car under impact at a speed 

of 19 mph. Final force-deformation plot of the crushable nose validation test is shown in Figure 

6-17. 
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Figure 6-16.  Back block displacement data from high speed cameras. 

 
Figure 6-17.  UF/FDOT surrogate vehicle impact test results. 

6.5 Comparison Of Numerical Predictions And Experimental Results 

When comparing the force-deformation data obtained from the crushable nose validation 

test with both the Kia Rio curve from the NCAC test 11005 and the averaged Kia Rio curve 

(target curve) on Figure 6-18, a very close match can be seen. The test results follow the 

averaged Kia Rio curve force level throughout the compression of the crushable nose. It is clear 

from Figure 6-18 that the test results show local force oscillations that represent the normal 

characteristics of impact tests. The validation test results and the Kia Rio curve can be related in 

this matter, which makes the crushable nose behavior not only be similar to the actual car curve 

by the level of force throughout the compression of the surrogate vehicle, but also by having 

random small oscillations of force throughout impact. 
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Figure 6-18.  Comparison between test results and Kia Rio force-deformation curves. 

In Chapter 5, a detailed description of the crushable nose high resolution and simplified 

FEA models was discussed. These models resulted in close final curves that were expected to 

represent the behavior of the UF/FDOT surrogate vehicle behavior under impact. Figure 6-19 

illustrates the comparison plot of the experimental test results with both FEA model results. It 

can be seen that both models did represent the crushable nose impact characteristics very 

accurately considering that the curves introduced in both models were a simplification of the 

experimental curves gotten from static honeycomb compression tests. 

 
Figure 6-19.  Comparison between experimental test and models results force deformation 

curves. 
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CHAPTER 7 

HYBRID BREAKAWAY CONNECTION DESIGN 

7.1 Introduction 

Previous attempts to produce a breakaway connection made out of steel have result in 

slip-base connections that have a considerate amount of weight which translate to undesirable 

inertial resistance produce by the connection when activated under impact. Even though these 

connections work, and the system developed does not depend in clamping bolts, the aim of this 

research project is to develop a lighter breakaway connection that can preferably activate at a 

lower force level decelerating vehicles at a lower rate, increasing their chances of survival and 

decreasing their chances of injury. 

New composite materials have been used in the aerospace industry for decades expanding 

to other fields due to its strong and light properties. Companies have developed flag poles, light 

poles and power poles made out of Fiber Reinforced Polymers (FRP) stating several advantages 

over similar products made out of steel and timber. Such advantages include reduced weight, 

high strength to weight ratio, low maintenance, dimensional stability, high dielectric strength, 

non-toxic handling & higher service life, resistance to rot, corrosion, chemicals, pest damage and 

non-toxic disposal. Properties of these materials can be modified depending on the fibers and 

resins selected as well as manufacturing process and fabrication technique. 

7.1.1 FRP Pultruded Section 

Five FRP octagonal sections (CP076) with a moment capacity in the proximity of the 

estimated required value was donated by Creative Pultrusions. Their Powertrusion product line 

provides very strong FRP poles that have a high potential to work for the development of a 

hybrid breakaway system. The smallest section from the Powertrusion product line CP076 was 
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the most fitted section for this project. Figure 7-1 shows the three 8 ft. long and two 3 ft. long 

sections sent by Creative Pultrusions and a zoomed in view of the cross section of the s. 

 
A) 

 
B) 

 

Figure 7-1.  Specimen tested. A) Two 3ft long and three 8ft long sections donated. B) Cross 

sectional detail. (Courtesy of Matías Groetaers) 

7.1.2 Section Design Requirements 

Following section 2.2 of this report the calculations for the sign post design requirements 

were performed. An early estimate was originally produced due to the unknown shape and size 

of the possible sign posts for the wind load calculation. After the decision to try Creative 

Pultrusions section CP076, accurate calculations were developed which can be found in 

Appendix C, a summary of the calculation results can be seen in Table 7-1. 

Table 7-1.  Sign post strength design requirements. 

Properties Value 

Min. required flexural capacity (wind) 657 kip-in 

Min. required shear capacity (wind) 3.41 kip 

Min. required axial capacity (gravity) 0.48 kip 

 

7.1.3 Section Properties 

Creative Pultrusion specified properties summary can be seen in Table 7-2. These 

parameters comply with the design requirements of the worst case scenario multi-post sign 

required to be produced. Original section engineering specifications can be found in Appendix G 



 

79 

of this report. Appendix H includes a detailed description of the cross sectional geometry of the 

section, with selected properties provided by Creative Pultrusions. Several additional supporting 

documents are also included as appendices. 

Table 7-2.  FRP octagonal section properties as specified by Creative Pultrusions. 

Properties Value 

Flexural strength 40 ksi 

Modulus of elasticity 3800 ksi 

Moment capacity 720 kip-in 

Moment of inertia 60.87 in
4
 

Cross sectional area 7.72 in
2
 

Weight 6.33 lbs/ft 

 

7.2 Static Flexural Testing 

The main objective of the octagonal FRP static flexural test was to measure experimental 

properties from the section to corroborate the values given by the manufacturer. Factors of safety 

are expected to be introduced in the moment capacity of the section as private companies have to 

specify a safe capacity for their materials to operate. Parameters such as modulus of elasticity, 

moment of inertia and weight are critical to calculate the rigidity of the sign post and therefore 

the ability to estimate the proper resistance to wind loads. 

7.2.1 Test Setup 

A static three point bending test was carried out at the FDOT structures lab in Tallahassee 

Florida on August 30, 2013. The size of the specimen tested was 8ft long. Calculations derived 

from the test data can be found in Appendix D. 

The following instruments were used to record data during testing; (1) Enerpac hydraulic 

actuator with integrated data collection with a load rate of 100 lbs/s and a data collection 

frequency of 10 Hz; and (2) five laser displacement sensors at section quarter points with data 

collection frequency of 10 Hz. 
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Figure 7-2 illustrates the basic parameters that were followed for the experimental test. A 

span length of 76 in. was specified with grout plugs that prevent the section to locally buckle as 

specified. Figure 7-3 shows the octagonal FRP section ready to be tested before the experiment. 

 
 

Figure 7-2.  Static three-point flexural test schematic. 

 
 

Figure 7-3.  Static three-point flexural test setup. (Courtesy of David Wagner) 

7.2.2 Results 

The three point bending test on the FRP octagonal section was carried out successfully. 

The overall section behavior performed as expected. Figure 7-4 shows the deflection and failure 

mode of the specimen seen during the test, and a zoomed in photo of the FRP failure mode can 
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be seen in Figure 7-5. Instrumentation data was produced and recorded properly. Figure 7-6 

illustrates the mid-span force-deflection curve of the specimen tested recorded by the laser 

sensors. In order to account for the bearing pads deformation under compression load, the 

averaged displacement at the supports was subtracted from the mid-span displacement. This 

corrected deflection data was used to calculate the modulus of elasticity of the section recorded 

in Table 7-3. The stiffness of the section was assumed to be the slope of the best fitted line taken 

from the force deformation curve data shown. Only the portion of the curve before the FRP 

fibers started to fail was used, taken as a conservative cut off data, up to 40 kips of force applied. 

From the simply supported mid-span deflection formula, knowing the stiffness of the section, the 

moment of inertia given by the manufacturer and the span length, the modulus of elasticity was 

calculated. The FRP section properties calculations worksheet can be seen in Appendix D. 

From visual observation and data shown in Figure 7-6 the FRP section resisted the 

incremental force applied by having a directly proportional deflection. The force-deformation 

curve produced was fairly linear until the FRP fibers started to fail. This produced a lost in the 

section stiffness and shortly after the section failed. The failure was controlled by the outer most 

fibers having a 45 and 135 degree orientation with respect to the longitudinal direction of the 

pole. The outer most fiber produces confinement for the internal longitudinal fibers that resist 

most of the moment capacity. Once these 45 and 135 degree fibers failed, the confinement was 

lost together with the integrity of the section. The internal longitudinal fibers of the FRP section 

opened up without failing and the grout restrain for local buckling inserted in the section 

displaced downwards resulting in a large deflection. After the load was released the section went 

back to its original deflection showing a completely elastic response due to the internal 

longitudinal fibers still intact. 
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Figure 7-4.  Section deformation during static flexural test. (Courtesy of Matías Groetaers) 

 
 

Figure 7-5.  Enlarged view of FRP section at failure. (Courtesy of Matías Groetaers) 

 
Figure 7-6.  Static flexural test results. 

Deflection (in)

F
o
rc

e 
(k

ip
)

0 0.25 0.5 0.75 1 1.25 1.5 1.75 2
0

10

20

30

40

50



 

83 

After carrying out the static FRP flexural tests, it was found that the section flexural 

strength, modulus of elasticity and moment capacity (Table 7-3) exceed the value specified by 

Creative Pultrusions (Figure 7-2). Comparing the capacities of the FRP section (Table 7-3) to the 

design requirements (Table 7-1), it can be seen that the FRP section has approximately 30% 

more flexural capacity than is needed for wind loading. 

Table 7-3.  FRP octagonal section properties by experimental testing. 

Properties Value 

Flexural strength 56 ksi 

Modulus of elasticity 4443 ksi 

Moment capacity 852.15 kip-in 

Moment of inertia 60.87 in
4
 

Cross sectional area 7.72 in
2
 

Weight 6.33 lbs/ft 

 

7.3 Section Fundamental Frequency 

In order to assume that the sign post is rigid enough to resist wind loads, the fundamental 

natural frequency of the structure needs to be larger than 1 Hz. With the given section value of 

moment of inertia, the calculated value of modulus of elasticity, and the mass and height of the 

section, the frequency of the sign post was calculated (Appendix I). 

7.4 Hybrid Breakaway Connection System Concept 

The main objective of the first hybrid breakaway connection system developed was to 

determine whether the octagonal FRP section could be severed (sheared) using metallic cutting 

surfaces without generating excessive vehicle deceleration. Figure 7-7 illustrates an exploded 

view of the connection in order to identify all the different parts that conforms the breakaway 

system. These parts can be seen in further detail on Appendix E where the technical drawings of 

the first system can be found. The first assembled breakaway connection concept is shown 

zoomed in Figure 7-8. 
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Figure 7-7.  Hybrid breakaway system exploded view. 
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Figure 7-8.  Hybrid breakaway system concept. 
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T1 is the octagonal FRP pole specimen tested. Parts T8 and T9 are tubes that have blades 

machined on them to act as scissors, cutting T1 under a shear impact load. The bottom outer 

portion of the system (T2 and bottom T8 tubes) keep the FRP pole constrained not allowing it to 

move under impact, assuming the future foundation is rigid. The top outer portion of the system 

(T3 and top T8 tubes) will be impacted by the surrogate vehicle transferring half of the shear 

load directly to the induced failure plane of T1 by the blade of the top T8 tube and the other half 

to T1 from the contact between the top of T3 and T1. T5 and T7 constrain T1 from local 

buckling. The direct shear produced by the top T8 tube on the induce failure plane should deform 

T1 displacing it towards the bottom T9 tube which stays inside T1 providing a scissor action that 

cuts the FRP frontal side (Figure X). The top T9 tube after the frontal part of T1 is cut should be 

pushed forward getting in contact with the back part of T1, displacing it towards the bottom T8 

tube which is constrained, providing a scissor action that cuts the back side of T1. The sides of 

T1 with respect to the impact direction will not have blades to cut them in the same fashion as 

described earlier, by decreasing the shear capacity of T1, getting rid of the front and back 

portions of the section, the sides of T1 should be able to be cut from both top and bottom T8 

tubes going all the way through, breaking the FRP cleanly from the impact made by the Kia Rio 

surrogate vehicle. The physical system concept before the test can be seen on Figure 7-9 where a 

closer view of the blades can be seen and an overall view of the finished assembly. 

  
 

Figure 7-9.  Hybrid breakaway system in field. (Courtesy of Gary Consolazio) 
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7.5 Impact Shear Test 

The 1100 kg (Kia Rio) crushable nose and impact block (surrogate vehicle), previously 

validated at the FDOT Structures Research Center, were used to produce the desired impact 

loads. 

7.5.1 Test Setup 

Figure 7-10 illustrates the basic parameters that were followed for the experimental test. 

A drop height of 12 ft. was use in order for the surrogate vehicle to have an initial velocity of 

19 mph required also in the structures validation test. The impact height in this test was 

determine by the fiberglass spacers used and only allowed 9 in. as a minimum clearance distance 

between the center of gravity of the surrogate vehicle and the induced failure plane. Figure 7-11 

shows the surrogate vehicle ready to be tested before the experiment.  

 
 

Figure 7-10.  Impact shear test setup schematic. 
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Figure 7-11.  Impact shear test setup. (Courtesy of Matías Groetaers) 

7.5.2 Results 

The pendulum impact shear test demonstrated that the metallic (steel) cutting surfaces 

were able to successfully cut through the FRP pipe section thereby breaking the pipe away from 

the stub base. Frames from high speed video taken during the test are presented in Figure 7-12, 

and photographs of the condition of the FRP pipe after the test are presented in Figure 7-13. 

  

  
 

Figure 7-12.  High speed camera video frames of breakaway impact shear test. (Courtesy of 

Chris Weigly) 



 

89 

 

 

 
 

Figure 7-13.  Specimen post impact shear test. (Courtesy of Matías Groetaers) 

Although the data acquisition system failed to measure accelerations during the test, it 

was possible to use motion tracking software and high speed video to quantify time histories of 

impact block (surrogate vehicle) displacements, and time varying deformations of the crushable 

nose. The front block and back block displacements (Figure 7-14 and 7-16) were then 

differentiated twice to obtain accelerations (Figure 7-15 and 7-17), which were then multiplied 

by the mass of the back block and front block respectively to obtain time varying surrogate 

vehicle force data (Figure 7-18). The force data from both independent structures was added 

together to produce the total behavior of the Kia Rio surrogate vehicle under impact at 19 mph 

(Figure 7-18). Combining the time varying force (Figure 7-18) and deformation data (Figure 7-
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19), a force-deformation curve corresponding to the test was produced (Figures 7-20 and 7-21). 

Also presented in Figure 7-21 are force deformation curves for the NCAC Kia Rio test, and an 

averaged (or ‘target’) Kia Rio curve. It is evident from Figure 7-21 that the FDOT crushable 

nose and impact block behaved in a manner very similar to the Kia Rio car and, as such, the 

block and nose served as a suitable small car surrogate vehicle for evaluating the performance of 

the breakaway connection system. 

 
Figure 7-14.  Back block smooth displacement time plot from high speed cameras. 

 
Figure 7-15.  Back block smooth acceleration time plot. 
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Figure 7-16.  Front block smooth displacement time plot from high speed cameras. 

 
Figure 7-17.  Front block smooth acceleration time plot. 

 
Figure 7-18.  Force contribution to the total system by the front and back block structures. 
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Figure 7-19.  Crushable nose deformation time plot from high speed cameras. 

 
Figure 7-20.  Forces generated by the surrogate vehicle on the breakaway impact shear test. 

 
Figure 7-21.  Comparison between crushable nose impact shear test and Kia Rio dynamic 

behavior. 
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To evaluate the performance of the hybrid breakaway connection system, calculations of 

occupant impact velocity (OIV) and ridedown accelerations were carried out, as illustrated in 

Figures 7-22, 7-23 and 7-24. The occupant ridedown acceleration limits specified by MASH are: 

preferred 15 g, and maximum 20.49 g. In the impact shear test (Figure 7-22), the maximum value 

was 17.1 g which is less than the MASH 20.49 g limit and therefore acceptable. For the OIV, 

MASH specifies a preferred limit of 10 ft/s and a maximum of 16 ft/s. In the test (Figure 7-23), 

the maximum value was 16.7 ft/s which is just 4% higher than allowed. In Figure 7-13, it can be 

noted that while the majority of the FRP pipe section was cleanly severed by the steel cutting 

surfaces, fibers located along the side walls of the section were not cut, but were instead broken 

by a combination of tension and flexure (fragments of the broken fibers can be seen extending 

from the shear plane). Additional section resistance associated with breaking (rather than cutting) 

these side fibers increased the impact forces and ridedown acceleration levels during the test. 

Table 7-4 displays a summary of all the values important impact shear test results described 

earlier. 

Importantly, the fibers in question are located near what would be the neutral axis of the 

pipe under flexural wind loading conditions. As such, these fibers do not contribute significantly 

to the flexural capacity of the section and can be pre-cut to improve breakaway performance 

without adversely affecting wind load capacity. Hence, design modifications to both the FRP 

section and the steel cutting surfaces in the breakaway connection system have being made to 

improve the ridedown acceleration and OIV results and to produce a hybrid breakaway system 

that complies with MASH specifications. 
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Figure 7-22.  Back block c.g. acceleration-time history using 10 (ms) moving average technique. 

 
Figure 7-23.  Back block c.g. relative velocity-time history from trapezoidal integration of 

acceleration-time data. 

 
Figure 7-24.  Back block c.g. relative displacement-time history from double trapezoidal 

integration of acceleration-time data. 

Time (s)

A
cc

el
er

at
io

n
 (

g
)

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45
-20

-15

-10

-5

0

5

Time (s)

R
el

at
iv

e 
v

el
o

ci
ty

 (
ft

/s
)

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45
-20

-16

-12

-8

-4

0

Time (s)

D
is

p
la

ce
m

en
t 

(f
t)

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45
0

2

4

6

8

10



 

95 

Table 7-4.  FRP octagonal section experimental impact shear test results. 

Maximum impact force 42.042 (kip) 

Maximum occupant deceleration 17.133 (g) 

Occupant impact velocity (OIV) 16.704 (ft/s) 

Occupant displacement (from MASH; 2009) 2 (ft) 
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CHAPTER 8 

SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 

8.1 Introduction 

In this study, the UF/FDOT crushable nose and a hybrid breakaway connection were 

developed. For the UF/FDOT crushable nose, a new vehicle impact behavior was replicated due 

to a modification in the specifications, and several improvements to prior surrogate vehicles were 

made. For the hybrid breakaway connection, the implementation of an FRP post with the 

combination of  steel blades was shown to be effective and positive results are highly promising. 

8.2 UF/FDOT Crushable Nose 

The most important finding related to the development of the UF/FDOT crushable nose 

was the high stresses behavior of the deformable material used to reproduce vehicle impact 

characteristics. By performing laboratory experimental testing on aluminum honeycomb 

cartridges, high energy absorption capabilities were found which were not described in literature. 

Understanding the physical compression behavior of the material, lead to the 

development of accurate cartridge stiffness calculations. Two FEA models (a high resolution and 

a simplified model) allowed the acquisition of accurate simulation results that helped with the 

design of the validated UF/FDOT crushable nose. 

The development of cartridges that change cross sectional area throughout their 

compression (trapezoidal and triangular cartridge geometries) was an important design 

improvement from previous surrogate vehicles. This allowed a smooth transition of forces 

between the different cartridges aligned in series that formed the new surrogate vehicle. 

Furthermore, it gives the capability of accurate reproduction for any vehicle impact behavior of 

ascending force needed to be design, avoiding piecewise constant (step-function) approximations 

seen in prior surrogate vehicles. 
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The UF/FDOT surrogate vehicle possesses the same essential properties as the 2006 Kia 

Rio vehicle; therefore, it was permitted to be used to test the breakaway connection developed. 

Large savings in material costs related to impact tests was accomplished having virtually the 

same impact load of a market car due to the findings and developments achieved during this 

project. It is therefore recommended that future developments of surrogate vehicles use the 

improvements achieved in this study to obtain similar or better returns. 

8.3 Hybrid Breakaway Connection 

The purpose of the alternative multi-post ground sign breakaway connection development 

was to reduce the weight of the sign posts build in Florida. By achieving this goal, a reduction of 

inertial forces at impact would be perceived. The use of FRP material was critical in order to 

achieve this goal, as well as the implementation of steel blades that enhance the failure of these 

posts. The combination of these two materials was demonstrated to work, avoiding the failure 

mechanism of typical FRP posts which do not breakaway, decelerating the occupants of a 

vehicle dramatically. 

Unfortunately the results of the last test did not satisfy the OIV requirements of the 

design standard MASH by 4%. It is expected that a modifications to the FRP cross section would 

decrease the moment capacity by less than the extra 30% of excess capacity. The impact shear 

resistance of the system would also be reduced, allowing the OIV requirement to fold into the 

accepted range by MASH and have a hybrid breakaway connection that possessed performance 

characteristics which are better than could be achieved using solely steel or FRP. 

  



 

98 

APPENDIX A 

FABRICATION DRAWINGS FOR IMPACT-BLOCK 

Presented in this appendix are fabrication drawings for the UF/FDOT 1100 kg impact-

block. 
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APPENDIX B 

FABRICATION DRAWINGS FOR CRUSHABLE-NOSE 

Presented in this appendix are fabrication drawings for the UF/FDOT crushable-nose that 

attaches to the UF/FDOT 1100 kg impact-block. 
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APPENDIX C 

CALCULATION OF POST STRENGTH REQUIRED FOR WIND LOADING 

Presented in this appendix are the procedures that were used in this study to calculate the 

sign post strengths (flexure, shear, axial) needed to resist the combination of code-specified 

equivalent-static wind load and self-weight (gravity load). 
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APPENDIX D 

CALCULATION OF POST FLEXURAL STRENGTH FROM TEST DATA 

Presented in this appendix are the calculation procedures that were used to convert static 

flexural test data into a corresponding flexural strength (capacity). 
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APPENDIX E 

FABRICATION DRAWINGS FOR HYBRID BREAKAWAY CONNECTION 

Presented in this appendix are fabrication drawings for the UF/FDOT hybrid breakaway 

connection system. 
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APPENDIX F 

FRP POST STATIC SHEAR TESTING 

Presented in this appendix are the test procedures and results obtained from static shear 

testing of the unmodified octagonal FRP post section. 

 

A static shear test was carried out in the University of Florida, Civil and Coastal 

Engineering Structures Laboratory on August 13, 2013. The size of the specimen tested was 3ft 

long. Technical drawings of the test setup can be found in Appendix C of this document. 

 

The following instruments were used to record data during testing 

 Tinius Olsen testing machine with integrated data collection 

o Position rate of 0.5 in/s 

o Collection data frequency of 2.7 Hz 
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Figure F.1. Schematic of static double shear test setup 
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Figure F.2. Static double shear test setup 

 

  

 
Figure F.3. Section deformation during static double shear test 
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Figure F.4. Static double shear test results 
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APPENDIX G 

MANUFACTURER SPECIFIED PROPERTIES OF FRP POST  

Presented in this appendix are design properties (material properties, section properties, 

etc.) of the FRP post section as specified by the product manufacturer (Creative Pultrusions).  
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APPENDIX H 

GEOMETRIC DIMENSIONS OF FRP POST 

Presented in this appendix are geometric dimensions of the FRP post section as specified 

by the product manufacturer (Creative Pultrusions). 
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APPENDIX I 

CALCULATION OF FRP POST FUNDAMENTAL FREQUENCY 

Presented in this appendix is the calculation of fundamental frequency of the proposed 

sign post system (to determine whether the system can be considered ‘rigid’ per AASHTO 

2001). 
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