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ABSTRACT 

The primary emphasis of this research was the development of a low
maintenance end treatment to shield the end of a concrete safety shaped 
barrier. It consists of a series of energy-absorbing rubber cyl inders that 
are reusable after an impact. The cylinders are supported by steel diaphrams, 
and thrie-beam fender panel s are used for redi rection purposes. The design 
was shown to meet recommended impact performance standards through a series of 
fu ll-sca 1 e crash tests. Costs and 1 abor to restore the treatment after most 
impacts will be considerably less than any other operational end treatment. 

Guidel ines were al so developed to identify roadway and traffic conditions 
where the concrete safety shaped barrier is warranted in 1 ieu of standard W
beam roadside guardrail. 
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I. INTRODUCTION 

Maintenance of traffic barriers on heavily traveled freeways is a major 
problem for transportation agencies. Barriers are impacted frequently and 
require a large and costly maintenance effort. Repair of barriers on such 
facilities interrupts traffic fl ow, causing del ays and increasing the 
potential for accidents that endanger both the motorists and repair crews. In 
recognition of these probl ems, highway engineers have successfully repl aced 
many metal beam median barriers with the almost maintenance-free concrete 
safety shaped barri er (CSSB). 

In recent years, interest in the use of the concrete barrier for roadside 
appl ications has grown. However, use of the CSSB for such applications 
introduces problems different from those present in median applications, 
including the determinination of how the rigid barrier should be terminated, 
where it should be used, and what type of foundation is necessary. 

Foremost of the problems associated with the use of the eSse on the 
roadside is the manner in which the barrier is terminated. When left exposed 
and untreated, the end of a rigid barrier is a severe hazard. Efforts to 
mitigate this problem have included the use of crash cushions, sloped ends, 
fl ared ends, ends buried in an earth berm or a backs10pe, and transitions to 
W-beam guardrai 1 which is then terminated with a breakaway cabl e terminal or a 
turned-down end. All of these safety treatments present some safety and/or 
ma i ntenance prob 1 ems. 

Although the crash cushion is probably the safest CSSB end treatment in 
use, crash cushion mai ntenance can be very costl y. Exi sti ng crash cushions 
use expendable energy absorbing elements to attenuate head-on impacts. Every 
head-on impact destroys one or more of the energy absorbing e1 ements. Labor 
and materials to replace damaged elements are costly, and for those end 
treatments that are impacted freq uent 1 y, repair costs du ri ng the 1 ite of a 
crash cushion can be much greater than initial costs. 

Another p rob 1 em assoc i ated with the use of the CSSB on the roads ide is 
the absence of objective guidel ines for barrier selection and deployment. 
Most studies pertaining to the need for roadside barriers have been limited to 
the analysis of whether or not a barrier shou1 d be used, with 1 ittl e or no 
consideration for the type of barrier to be used. Although Calcote (1) did 
develop a procedure for determining the most beneficial roadside barrier to be 
used at any site, the analysis was limited to flexible barriers. 

The study reported herein was undertaken to address (1) the development 
of gui del i nes for use of the CSSB on the roadsi de, and (2) the development of 
a low-maintenance end treatment for the CSSB. 
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II. GUIDELINES FOR USE OF CONCRETE SAFElY SHAPED BARRIER 

A. CSSB Versus Metal Beam Barrier 

Although the CSSB requires virtually no maintenance, metal beam guardrail 
has a lower initial cost and is generally less severe to impact than the CSSB. 
Therefore the metal beam roadside barrier is more cost beneficial at low 
traffic vol urnes due to the low impact frequency, and the CSSB is more cost 
beneficial at high traffic vol urnes. Currently a W-beam barrier on round wood 
posts is used for most roadside barrier applications in Texas. Thus, the 
primary objective of this phase of the study was to use a benefit/cost (B/C) 
analysis to determine conditions under which each barrier shoul d be used on 
the roadside. 

The B/C methodology compares the benefits derived from a safety 
improvement to the direct hi g hw ay agency costs i ncu rred as a resu 1 t of the 
improvement. Benefits are measured in terms of reductions in societal costs 
due to decreases in the number and/or severity of accidents. Direct highway 
agency costs are comprised of initial, maintenance, and repair costs of a 
proposed improvement A ratio between benefits and costs of an improvement is 
used to determine if the improvement is more cost-beneficial as shown below: 

B/C2-1 = 

where: 

B/C2_1 = benefit/cost ratio of alternative 1 compared to 2, 

SCi = societal cost of alternative i, and 

DC i = direct cost of alternative i. 

Alternative 1 is the baseline option, i.e. the W-beam guardrail, and 
alternative 2 is the CSSB. The CSSB is preferred when the benefit/cost ratio 
becomes greater than 1.0. Note that this analysis is based on the assumption 
that a W-beam barrier is warranted. 

Estjmatjon Qf Benefits ~ ~ 

Most benefits and some costs associated with a safety treatment must be 
est imated through pred i cti ons of acci dent freq uency and sev eri ty. A 
comprehensive B/C al gorithm util iz ing an encroachment probabil ity model was 
selected for use in this study (2). This model represents a significant 
improvement over most other B/C techniques in that accident severities are 
1 inked to predicted impact conditions, and impact conditions are estimated 
from real-world accident conditions. The reader should refer to Appendix IV 
for more detailed documentation of the B/C procedure. 

The general approach to this study was to first study the benefits of 
barrier use without including the effects of the ends and to later evaluate 
avai 1 abl e end treatments. Gui del ines for barrier use were developed for a 
barrier application as shown in Figure 1. The 1000 ft. length was chosen 

2 
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primarily for computational purposes and to eliminate the effects of barrier 
end treatments in the analysis. Therefore, this analysis is based on the 
assumpt i on that the benef its and costs assoc i ated with a barri er system are 
re1 ative1y insensitive to the 1 ength of the barrier. A limited sensitivity 
analysis indicated that the this assumption is true for most reasonable 
barrier lengths. All other factors being the same, the CSSB tends to be 
sl ight1y less cost beneficial as barrier length decreases. It should also be 
noted that the B/C analysis contained herein was conducted for freeway 
app1 ications only and is not app1 icab1 e to other types of highways. 

The B/C algorithm requires input data regarding basic roadside feature 
dimensions and costs, severity of impact with roadside features, cost of 
repairing the features, and impact conditions under which safety devices can 
be expected to perform acceptably. Much of the necessary barrier cost data, 
shown in Table 1, was obtained from the Texas State Department of Highways and 
Public Transportation (SDHPT). Impact severity and repair cost data, shown in 
Figures 2, 3, and 4, was estimated from crash test data as described in 
references 2 and 3. A 1 ihear re1 ationship was assumed between the severity 
index of an accident and the velocity of impact. Note that this does not 
imply a linear relationship between severity of impact and impact speed since, 
as shown in Figure 5, severity index is not linearly related to accident 
costs. 

Guide1 ines for concrete safety shaped barrier use on the roadside are 
shown in Figure 6. This figure shows that CSSB use on the roadside is not 
cost beneficial until traffic volumes reach approximately 40,000 ADT. 
Therefore, it can be concluded that CSSB use on the roadsi dei s cost 
beneficial only on urban freeways since rural freeways typically have larger 
barrier offsets and lower traffic volumes. 

Note that barrier use guidelines shown in Figure 6 recommend the use of 
CSSB barriers as much as 30 feet from the traveled way. Earlier studies have 
discouraged the deployment of rigid barriers more than 15 feet from the 
travel ed way. Early recommendations were based on expectations that impact 
angles would increase significantly as a barrier is moved further from the 
roadway. More recent accident studies indicate that changes in impact angle 
with barrier offset may not be as great as once bel ieved (1I> and that this 
question may merit further evaluation. 

Three different barrier end treatments -- 1) transition to W-beam with 
"Texas Twist" terminal; 2) TREND, a proprietary terminal (ltD; and 3) a low 
mal ntenance rubber end treatment -- were then eva1 uated to determine traffic 
and site conditions where each system is most cost beneficial. Table 2 shows 
estimated cost, severity, and performance information for each of these end 
tr-eatments. Data shown in Tab1 e 2 was obtained from supplier estimates and 
crash test resul ts. 

Guidelines for use of the three end treatments, shown in Figure 7, were 
then developed in a manner similar to guidelines for rigid barrier use on the 
roadside. As shown in this figure, the TREND first becomes cost beneficial at 
traffic volumes of 23000 ADT, and the higher cost rubber crash cushion 
terminal is not cost beneficial below 50000 ADT. 

All traffic vol umes shown in Figures 6 and 7 incl ude traffic on both 
sides of the roadway, even though roadside barriers on urban freeways are 
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Table 1. Barrier Benefit/Cost Analysis Data 

W-Beam 

Barrier Cost (S/ft) 

Performance Level (kip-ft) 

2000 lb Vehicle 
4500 lb Vehicle 

12800 lb Vehicle 
55000 lb Vehicle 

Severity Index for Impacts 
Above P.L. 

Barrier Life (years) 

Discount Rate (%) 

Functional Highway Cl ass. 

5 

Guardrail 
12.50 

48 
97 
97 
97 

7.5 

20 

4 

Freeway 

Concrete 
Barrier 
27.50 

48 
97 

161 
200 

7.5 

20 

4 

Freeway 
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Table 2. End Treatment Benefit/Cost Analysis Data 

Transition to W-Beam Reusable Rubber 
w/Texas ~ IRENQ ~ Cushion 

Cost ($) 

Severity Index for Impacts 

Below Performance Level 
Side 
End (S. I./mph) 

Above Performance Level 
Side 
End 

Performance Level 

Side (I.S.,kip-ft) 

1000 

Fig. 3 
.11 

7.5 
7.5 

2000 lb Vehicle 48 
4500 lb Vehicle 97 

12800 lb Vehicle 97 
55000 lb Vehicle 97 

End (Total K.E.,kip-ft) 
2000 lb Vehicle 200 
4500 lb Vehicle 540 

12800 lb Vehicle 540 
55000 lb Vehicle 540 

Repair Cost ($/kip-ft) 
Side (I.S.) Fig. 4 
End (Total K. E.) 2.0 

Life of Treatment (years) 20 

Discount Rate (%) 4 

Functional Highway Class Freeway 

11 

5000 

Fig. 3 
.08 

7.5 
7.5 

48 
97 
97 
97 

240 
540 
540 
540 

Fig. 4 
2.3 

20 

4 

Freeway 

13000 

Fig. 3 
.08 

7.5 
7.4 

48 
97 
97 
97 

240 
540 
540 
540 

5.0 
0.30 

20 

4 

Freeway 
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generally only exposed to traffic traveling in one direction. Further, it 
should be rioted that divisions drawn on Figures 6 and 7 mark lines where the 
benefit/cost ratio for an alternat,ive first equals 1.0. An alternative should 
not be used when its benefit/cost ratio is 1 ess than 1.0. However, it does 
not follow that all improvements hav ing a B/C greater than 1.0 can or shoul d 
be implemented. When possible, benefit/cost analysis of all safety 
improvement programs contemplated by an agency within a given time and budget 
framework should be conducted and tabulated. Those improvements having higher 
B/C ratios should be given highest priority. 

B. Foundatfon Requirements 

An examination of foundation requirements for the CSSB showed that the 
barrier could be supported by a stabilized and well compacted soil, without 
appreciabl e barrier settl ement. However, without any 1 ateral restrai nt severe 
impacts wou 1 d damage and/ or move the barri er, whether it was a conti nuous 1 y 
reinforced design or a precast segemental design. There would also be a 
potential problem of maintaining the unpaved area between the edge of the 
paved roadway and the face of the barrier. Vegetation control would be 
difficult and erosion could create further problems. In an effort to eliminate 
these potential probl ems, it is the authors' recommendation that the barrier 
be supported in a manner similar to that shown in Figure 8. 

Barrier/shoulder joints should be designed to prevent any lateral motion 
of the barrier. Lateral support elements should be designed such that any 10 
ft segment of barrier can withstand the design impact force. Appendix G of 
reference 19 describes procedures for estimating impact loads on rigid 
barriers for design impact condition. For exampl e, the design impact force 
from reference 19 corresponding to a full size automobile impacting at a speed 
of 60 mph and an angl e of 25 degress is approximatel y 32,000 1 b. Thus, 
1 ateral support el ements attached to any 10 ft. segment of concrete barrier 
should be capable of reSisting a 32,000 lb. lateral load. As an example, 
sufficient lateral restraint could be provided by I-inch, 36 ksi steel dowels 
spaced on 5 ft. centers. Precast barrier segments can be developed in a 
similar manner by designing barrier anchorage and segment joints such that any 
10 ft. segment of barrier can withstand the design load. 
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III. DEVELOPMENT OF AN END TREATMENT 

A large portion of crash cushion maintenance cost is associated with the 
repa i r or rep 1 acement of damaged components. The most effect i v e method of 
cutting repair costs is to limit component damage by eliminating sacrificial 
energy absorbing elements and strengthening other components. Maintenance 
costs can be cut further by reducing the size of the end treatment thereby 
reducing number of impacts on the cushion. 

Many concrete barrier end treatments must be pl aced very close to the 
traveled way. If a cushion 1s to have appl ication at such sites, it must b'e 
narrow ideal'ly no wider than the standard concrete barrier. Narrow crash 
cushion end treatments must perform as a crash cushion when impacted head-on 
and as a 1 ongitudi na 1 barrier when struck downstream. Therefore, the 
objective of this phase of the research was to design a low-maintenance crash 
cushion end treatment for concrete barriers that would (1) have no sacrificial 
energy absorbing elements, (2) have sufficient strength to withstand most 
impacts without damage to any components, (3) be approximatel y the same wi dth 
as the standard CSSB, and (4) meet nationally recognized safety standards (~.>. 

A. Research Approach 

Conventional crash cushions attenuate vehicular impacts through the 
collapse or crushing of energy absorbing elements. The principal task in this 
phase of the study was to develop a method of allowing a cushion to absorb 
impact energy while it collapses without damaging any components. The initial 
phase of the study involved a search for and laboratory evaluations of 
materials or devices that could absorb large amounts of energy, without 
susta in i ng any damage, wh i 1 e undergoi ng 1 arge deformati ons at high strai n 
rates. Another req u i rement of the attenuati on method was that the rati 0 of 
energy absorbed by the cushion to the energy returned to the vehicl e be low to 
prevent high-speed rebound of impacting vehicl es. 

Numerous chemical, pl astic, and rubber companies were contacted during 
the search, and a 1 arge number of potential energy absorbing material s was 
located. Samples were obtained for all materials having the basic properties 
of interest, including Norsorex (~), $orbothane (2), open and closed~cell 
polyurethane and polyethelene foams, and several natural and synthetic rubber 
compounds in various shapes. Spring manufacturers were al so contacted 
regarding the potential use of steel springs as an energy absorbing device. 

Sorbothane was el iminated at an early stage due to its high cost, and 
steel springs were el iminated due to the high ratio of energy absorbed to 
energy stored by the springs. Photos of the materials included in the 
eval uation process are shown in Figures 9 and 10. The second phase of the 
development invol ved the design of a prototype end treatment utilizing the 
materia 1 selected. 

B. Lab Testing of Candidate Materials 

Each of the candidate materials was subjected to a series of laboratory 
tests to determine its suitabil ity for use in a crash cushion. Initially, 
prel iminary high-speed compression tests were conducted to find any visual 
material damage that might occur during high-speed impacts. At this pOint all 
closed cell foam materials were eliminated from further consideration due to 
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FIGURE 9 FOAM SAMPLES TESTED FOR USE IN LOW MAINTENANCE 
CRASH CUSHION END TREATMENT 
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FIGURE 10 RUBBER SHAPES USED IN PRELIMINARY TESTING 
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the extensive damage resulting from a single compression test Environmental 
testing was then conducted in conjunction with static load deflection testing 
to evaluate each material's resistance to environmental degradation. Finally, 
the remaining materials were subjected to numerous high- and low-speed 
compression scale model tests in an effort to predict dynamic response of 
full-scale impact attenuation devices. 

Eny1ronmental Test1ng 

After prel iminary eval uation of all candidate material s, only Norsorex, 
open-ce 11 po 1 yu rethane and po 1 yethelene foams, and rubber compounds were 
consi dered to have the necessary properties. Although extensi ve env i ronmental 
testing information was available for most of the rubber compounds under 
consideration, simil ar data for Norsorex and the foam material s was not 
available. Further, data for ultraviolet exposure and freeze-thaw tests of the 
rubber materi a 1 s were not av ai 1 ab 1 e. Therefore a 1 imited testi ng program, 
involving ultraviolet exposure and freeze-thaw testing, was devised to examine 
the durabil ity of the candidate materials. 

Pol yurethane and pol yethel ene foams are known to degrade rapi dl y under 
exposure to ul traviol et radiation. Therefore, two fiber reinforced vinyl 
materi a 1 s were obtai-ned to evaluate thei r potenti a 1 for coveri ng the foam to 
prevent deterioration. All material s under consideration, incl uding covered 
and uncovered foams, were then exposed to high intensity ul traviol et radiation 
as shown in Figure 11. Each material sample was subjected to static 
compression testing at the start and periodically throughout the ultraviolet 
exposure test to detect any changes in the material's energy absorption 
characteristics. In addition, all samples were visually inspected and 
photographed periodically to document material changes. Samples of the foams 
and the vinyl coverings were placed outdoors in full summer sun to correl ate 
ultraviolet testing to outdoor exposure. Samples placed outdoors were 
subj ected to the same testi ng as those exposed to the high intensity 
ultraviolet lamp. 

Ultraviolet exposure testing was conducted continuously for 44 days. As 
expected, uncovered polyurethane and polyethelene foams deteriorated rapidly 
during the ultraviolet radiation testing. However, covered samples of the 
same materials showed no signs of deterioration. Although vinyl materials used 
in the testing retained their tensile strength, both materials showed signs of 
reduced ductility and tear resistance after ultraviolet exposure. Norsorex 
and all rubber compounds tested showed no evidence of damage from exposure to 
ul traviol et radiation. 

Samples exposed to the sun and those used in ultraviolet testing were 
compared both visually and through results of static compressive and tensile 
tests. This comparison showed that samples exposed to the high intensity lamp 
degraded approximately 15 times faster than samples placed in full summer sun. 
With a correlation factor of 15, 44 days of ultraviolet exposure would 
correspond to approximately 3.5 years of exposure to summer sunshine. Thus, 
vinyl covered foams can be expected to withstand 3.5 years of exposure to the 
sun with very 1 ittl e change in material properties. However, significant 
discoloration and embrittlement of the vinyl after the testing indicates that 
longer exposures could result in degradation of the vinyl's capacity to 
withstand impact loading~ 
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FIGURE 11 ULTRAVIOLET RADIATION TEST DEVICE 
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Freeze-thaw tests were al so· conducted on sampl es of the same materi al s 
used in the ultraviolet radiation testing. Test samples were moved every 12 
hours between hot and cold environment chambers held at 140 0 F and OOF, 
respectively. Static testing was again conducted periodically to observe any 
changes in stiffness of the materials. At the end of 44 complete cycles, all 
sampl es were carefully examined and photographed. No significant changes in 
stiffnesses were observed in any of the materials tested. However, visual 
inspection of Norsorex samples showed significant cracking of the outer walls 
of the cyl inders. Therefore, Norsorex was el iminated from further 
consideration in this study. 

Dynamic Testing 

High-speed dynamic compression tests were conducted on the foam and 
rubber samples under various temperature and humidity conditions. Some rubber 
samples exhibited greatly increased stiffnesses, as much as 100 percent, when 
tested at temperatures well below freezing. Temperature effects on the 
stiffness of some of the other rubber samples and all foam samples were below 
25 percent. However, some vinyl coverings on the open cell foam sampl es were 
damaged during low temperature dynamic testing. This damage appeared to be 
rel ated to the manner in which the covers were attached to the foam sampl es 
rather than the vinyl itsel f since damage was 1 imited to the seams in the 
vinyl. All samples tested at elevated temperatures exhibiteda slightlY 
reduced stiffness when compared to the tests conducted at ambient 
temperatures. 

Open-cell foams tend to absorb water under high humidity conditions. 
Therefore all materials still under consideration were tested dynamically at 
100% relative humidity. The objective of the test was to determine the 
effects of water retention on the stiffness and the energy absorbed by the 
material. From this standpoint all materials performed well with very little 
change in the stiffness or energy absorbed by the samples. However, both 
open-cell polyurethane and polyethel ene foams showed signs of damage after the 
testing. Apparently the water captured in the material ruptured a significant 
number of material cells when impacted at high speeds. Subsequent testing of 
the samples exhibited a 10 to 20 percent permanent reduction in both the 
stiffness and energy absorbed by each sampl e. Thus, al though open-cell 
polyethelene and polyurethane foams could probably be used in a crash cushion, 
rubber compounds were found to be much more durable and the foams were 
el iminated from further consideration. 

Deta i 1 s of 1 aboratory tests of the cand i date materi a 1 s, with the 
exception of the rubber compounds, are given in reference 16. Details of 
laboratory tests of the rubber materials are given in Appendix I. 

As a result of laboratory testing of all candidate energy absorbing 
materials, rubber compounds were selected as the most promising attenuation 
material for use in a low maintenance crash cushion. However, the number of 
potential shapes of rubber energy absorbing devices is virtually 1 imitl esse 
Several different rubber shapes were included in the previous laboratory 
testing as shown in Figure 8. Of the shapes tested initially, the circul ar 
cylinder appeared to absorb the most energy per pound of rubbe~ Further, the 
circular rubber cylinder has been shown to absorb large amounts of energy and 
to be resistant to damage during impact loadings when used as ship and dock 
fenders (2,8.). Therefore, a cylindrical rubber element was selected for use 
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as a reusable energy absorbing element 

Although the basic type and shape of energy absorbing medium had been 
chosen, the specific rubber compound and cylfnde~ sizes were yet to be 
selected. The response of rubber cylinders to staticall~ applied transverse 
loadings has been thoroughly studied both empirically and theoretically 
<2,8.,9.). These studies have shown that for any particul ar rubber compound the 
static stiffness of acyl inder is a function of the ratio between the out~r 
diameter (0) and the wall thickness (t). Therefore the static stiffness of 
large rubber cylinders can be estimated by measuring the stiffness of scale 
model cyl inders with simil ar O/t ratios. 

Study of the .d~n.aml~ response of rubber cy 1 i nders to transverse.· 
compression has been very 1 imited. The non 1 i near characteri stics of rubber 
and the large strains associated with the collapse of a cylinder make finite 
element dynamic analysis of this phenomenon virtually impossible. Therefore, 
an empi rical study of the dynamic force defl ection characteristics of rubber 
cyl inders was undertaken. One-fifth scal e model cyl inders in a variety of 
wall thicknesses and rubber compounds were obtained from Regal International 
of Corsicana, Texas (1.0.). Tabl e 3 shows the sizes and types of model cylinders 
tested. Figure 12 shows a photograph of the test setup used in the dynamic 
tests. Note that the test configuration all owed the sampl e to be compressed 
fully at a constant velocity. The scale model cylinders were tested in 
compression statically and at three different impact speeds (5, 30, and 75 
ft/sec). Energy absorbed by each of the samples tested is shown in Table 4. 

The energy absorbed by a rubber cyl inder during a dynamic test has three 
sources, (1) inertia, (2) elastic stiffness, and (3) damping. Upon impact a 
portion of the rubber cyl inder's mass begins to accelerate. When the cyl inder 
is comp 1 ete 1 y co 1 1 apsed, ap prox i mate 1 y one half of the cy 1 inder's mass has 
been accelerated to the the speed of the impact plate, while the other half is 
virtua.' ly stationary. The energy absorbed by the inertia of the cylinder can 
then be est imated from the impact ve 1 oc i ty and the mass of the cy 1 i nder as 
shown below. . 

EI = 1/4 m V2 

where: 

EI = energy transferred to cylinder due to inertia (in.-lb), 

m = mass of cylinder (lb-sec2/in), and 

v = velocity of impact plate (in/sec). 

Energy absorbed due to the elastic stiffness of the specimen was measured from 
static testing. Energy attributable to internal damping within the specimen 
was then estimated from results of dynamic tests as shown below. 

where: 

EO = energy attributable to internal damping (1n-lb), 
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Table 3. Scale Model Rubber Cyl i nders 

Sample Wall Hardness Materi a 1 
No. Thickness Durometer Type 

(in.) 

1 .30 50 N.R.-A 
2 .30 60 N.R.-A 
3 .30 70 N.R.-A 
4 .30 80 N.R.-A 
5 .45 50 N.R.-A 
6 .45 60 N.R.-A 
7 .45 70 N.R.-A 
8 .45 80 N.R.-A 
9 .60 50 N.R.-A 

10 .60 60 N.R.-A 
11 .60 70 N.R.-A 
12 .60 80 N.R.-A 
13 .30 85 Syntheti c 
14 .30 90 Synthetic 
15 .45 85 Synthet ic 
16 .45 90 Synthetic 
17 .60 85 Synthetic 
18 .60 90 Synthet ic 
19 1.20 50 N.R.-A 
20 1.20 60 Synthetic 
21 1.20 85 Synthetic 
22 1.20 90 Synthetic 
23 .60 Neoprene 
24 1.20 Neoprene 
25 .31 80 N.R.-B 
26 .44 80 N.R.-8 
27 .63 80 N.R.-B 
28 1.20 80 N.R.-8 
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FIGURE 12 .SCALE MODEL DYNAMIC TEST FIXTURE 



Table 4. Total Energy Absorbed by 
Model Rubber Cylinders 
(75 ft/sec Impact Speed) 

Sample Wall Hardness Measure Energy Absorption (in.-1b) 
No. Thickness (Durometer) Static Dynamic 

( in. ) 38 ft/sec 75 ft/sec 

1 0.30 50 35 836 
2 0.30 60 58 930 
3 0.30 70 95 830 
4 0.30 80 152 525 990 
5 0.45 50 85 865 
6 0.45 60 140 972 
7 0.45 70 223 1184 
8 0.45 80 330 1140 1240 
9 0.60 50 158 1730 

10 0.60 60 271 1440 
11 0.60 70 466 1760 
12 0.60 80 616 1380 1830 
13 0.60 413 2183 
14 1.20 50 453 1335 3141 
15 1.20 60 743 3797 3930 
16 1 .• 20 85 1461 4870 5560 
17 1.20 90 1536 2930 
18 1.20 1026 3273 
19 0.31 80 126 787 
20 0.44 80 322 1340 
21 0.61 80 537 2200 
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ET = total energy absorbed during dynamic test (in-lb),and 

EE = energy attributable to elastic stiffness (in-lb). 

As shown in Table 5, energy absorbed by internal damping was found to be 
approximately the same for the 30 and 75 ft/sec tests. Therefore, it can be 
concl uded that damping within the tested rubber materials is of a hysteretic 
nature and that energy absorbed by the rubber cylinders, with the exception of 
momentum transfer, is largely independent of the impact velocity. 

To estimate the energy absorbed by a full-scale cylinder, it was assumed 
that the ratio of elastic energy absorbed to damping energy absorbed was 
constant for each rubber compound and was unrelated to cylinder size or wall 
thickness. Table 6 shows estimated ratios between the static and damping 
energy levels for each rubber compound. Static force-deflection 
characteristics of large scale rubber cylinders can be estimated directly from 
tests of scale model specimens as mentioned above. Thus, elastic and damping 
energy absorption for a 28-inch diameter rubber cyl inder can be estimated as 
shown below. 

where: 

EEf= energy absorbed by a full size cyl inder attributabl e 
to elastic stiffness, 

EEs = energy absorbed by a scale model cylinder attributable 
to elastic stiffness, and 

bf = bore diameter of full size cylinder. 

bs = Bore diameter of scale model cylinder. 

Energy absorption characteristics of various sized cylinders were estimated in 
this manner for each of the materials tested. Figure 13 shows a plot of the 
estimated energy absorption capaci ty of a 28- inch diameter rubbercy 1 i nder 
constructed from compound A with an 80 d-urometer hardness (see Appendix D. 

C. Design of Prototype Crash Cushion 

Rubber has a relatively high density. As a result even thin-walled 
rubber cylinders have a relatively high mass. If components near the front of 
a crash cushion are too heavy, high momentum transfer from an impacting 
vehicle to the crash cushion will decelerate the vehicle too quickly. 
Therefore, th i n-wa 11 ed cy 1 i nders must be used at the front of the cush ion. 
Further, since the strain energy associated with the collapse of a thin-walled 
cylinder is relatively small, as shown in Figure 13, the front of the cushion 
will behave essentially as an inertial system. Thick wall cylinders can be 
used in the rear of the cushion. Energy remaining in the impacting vehicle 
aftercollapse of the thinner cylinders can be dissipated via strain energy in 
and momentum transfer to the thicker cylinders. 

In view of the aforementioned properties, a relatively hard rubber (80 
durometer) was selected for further study. This material had higher strain-



Table5·. Energy Attributable to 
Internal Damping 

Sample Wall Hardness Energy Dissipated by Internal 
No. Thi ckness (Durometer) Damping (in.-lb) 

(i n. ) 38 ft/sec 75 ft/sec 

1 0.30 50 305 
2 0.30 60 377 
3 0.30 70 235 
4 0.30 80 308 343 
5 0.45 50 75 
6 0.45 60 125 
7 0.45 70 257 
8 0.45 80 565 205 
9 0.60 50 659 

10 0.60 60 259 
11 0.60 70 384 
12 0.60 80 464 304 
13 0.60 857 
14 1.20 50 553 1177 
15 1.20 60 2472 2157 
16 1.20 85 2699 2395 
17 1.20 90 
18 1.20 734 
19 0.31 80 184 
20 0.44 80 333 
21 0.63 80 863 
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Material 

Natural Rubber A 

Natural Rubber A 

Natura 1 Rubber A 

Natural Rubber A 

Natural Rubber B 

Synthetic 

Synthetic 

Synthet-j c 

Neoprene 

Table 6. Ratio Between Damping and 
Static Energy Dissipation 

Energy Dissipation Ratio 
Durometer Damping/Static 

50 2.5 

60 1.0 

70 1.5 

80 0.6 

80 2.4 

60 2.9 

85 1.5 

90 1.5 

2.4 
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energy absorption capacity than any of the other materials considered. Table 
7 shows properties of the sel ected compound. 

A prototype end treatment was then designed consisting of a single row of 
rubber cylinders. The cylinders were supported by steel diaphragms, and 
thrie-beam fender panels were used to provide redirection capablities. The 
center of the cylinders are approximately 21 inches above the ground, 
cOinciding with the approximate center of mass of a typical automobil e. To 
meet the 21-inch height requirement the outside diameter of the cyl inders 
cou 1 d be no greater than 28 inches. Larger cy 1 i nders wou 1 d d rag the ground 
when fully collapsed, causing excessive frictional forces and creating a 
potential ramp to launch an impacting vehicl~ 

The end treatment was modeled for head-on impacts as a series of lumped 
masses and spri ngs. The pri nci p 1 es of conserv ati on of energy and momentum 
were employed to determine the impact severity of various sizes of vehicl es 
when impacting different rubber cylinder configurations as discussed in 
reference 11. This analysis procedure is based on the assumption that the 
cylinders will collapse sequentially such that one cylinder is almost 
completely collapsed before the next cylinder begins to collapse. Preliminary 
analysis revealed that an end treatment could be designed to meet safety 
criteria using 1.75-inch thick cylinders in the front of the treatment and 
4.5-inch thick cyl inders at the rear, with all cyl inders having an outside 
diameter of 28 inches. Rubber compound A with a durometer of 80 (see Appendix 
D was selected. Variations in energy absorbed by this material were less 
than 35% for temperatures between -20 0 F and 120 0 F. Further, temperature 
effects on the thin-walled cylinders in the front of the treatment are of 
little consequence since they act primarily as an inertial cushion. It was 
therefore possible to design the end treatment to perform acceptable at all 
anticipated temperatures. 

Two cyl inders having an outside diameter of 28 inches and wall 
thicknesses of 1.75 inches and 4.5 inches, respectively, were fabricated from 
80 durometer, rubber coupound A (see Appendix D. They were then tested 
statically and dynamically to verify preliminary designs. Dynamic tests 
invol ved impacting the cyl inders at rel atively low speeds with an instrumented 
cart as shown in Figure 14. The cart weighed approximately 5000 lb. The 
1.75-inch thick cylinder test results were inconclusive since the cart 
decelerated very little as the cylinder collaps,ed .. The cart impacted at about 
5 mph. Table 8 shows the estimated and measured energy absorption 
characteristics of the 28-1nch cyl inders. As shown in the table, predicted 
values based on results of the previously discussed scale model tests compared 
well with the full-scal e tests. 

Using data gathered from previously described tests, the end treatment 
design was then finalized. Details are shown in Figures 15 and 16. It 
contains six thin-wall ed <1.75 in.) cyl inders at the front and seven thick
walled (4.5 in.) cylinders at the rear. The cylinders are separated and 
supported by steel diaphragms. A rubber cylinder is placed vertically in front 
of the end treatment to capture an impacting vehicle, thus minimizing the 
potential for vehicular override or underrid~ The remaining cylinders are 
placed to allow unrestrained collapse of the cylinders. Thrie beam fender 
panels attached to the diaphragms and four 5/8-inch longitudinal cables 
provide redirectional capabilities. Fender panels are attached to the 
diaphragms with hinges to allow the panels to open outward during impact. 
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Table 7. Material Specifications for Natural Rubber A 

PROPERTY VALUE 

Durometer 50 60 70 80 
(Shore A) 

Tensile Strength 
(psi) 

3600 4145 3700 3715 

Elongation 623 670 530 596 
% 

Modulus at 
(psi) 

100% Elongation 175 245 345 615 

200% Elongation 393 560 830 1678 

300% Elongation 787 1100 1670 2668 

C omp re s s ion Set 25 25 25 
( %) 
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FIGURE 14 DYNAMIC TESTS OF FULL-SCALE RUBBER CYLINDERS 
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Wall 
Thi ckness 

(i n. ) 

1.75 

4.50 

Table 8. Energy Absorption Properties of 
Fu11~Sca1e Rubber Cylinders 

Total 
Sample 

Energy Absorbed 

Static TeSt Dynamic Test 
Outside 

. Diameter Length Measured Predi cted Measured P redi cted 
(i n. ) (i n. ) (ft-1b) (ft-lb) (ft-1b) (ft-lb) 

28 24 1995 1876 * 3000 

28 24 15030 15400 20100 24600 

*Test Data Recorder Error 
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FIGURE 16 PHOTOGRAPHS OF PROTOTYPE LOW MAINTENANCE 
END TREATMENT 
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Steel spri ngs are used to prevent the fender panel s from openi ng under wind 
loadings. Head-on impact s"everity measures for the design, predicted by a 
conservation of energy and momentum analysis, are shown in Table 9. 

The rubber"cartridges do not have sufficient elastic stiffness to 
compl etely restore the system after it has been impacted. Four 1 ightweight 
cables are attached between each diaphragm to allow the cushion to be pulled 
back into place after an impact. The end treatment is designed to sustain 
most impacts without replacement of any parts and to be restored to its 
original configuration in 1 ess than an hour. 

The prototype end treatment, shown in Figu~e 16, was constructed at a 
cost of app rox imate 1 y $20,000. However, several desi gn changes du ri ng 
construction significantly increased prototype construction costs. Futher, 
the $10,000 paid for the rubber cylinders used in the prototype cushion 
included the cost of molds necessary for manufacture of the cylinders. 
Therefore it is estimated that rubber cylinder costs can be reduced to $5,500 
per unit, and total construction costs for the low maintenance end treatment 
can be reduced to approximately $13,000. 
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TABLE 9. PREDICTED OCCUPANT IMPACT VELOCITIES 
FOR 60 MPH HEAD-ON IMPACTS 

VEHICLE LONGITUDINAL OCCUPANT 
WEIGHT IMPACT VELOCITY 
(l b) (ft/sec) 

1800 32 

2250 31 

3000 30 

4500 28 
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IV. FULL-SCALE CRASH TESTS 

Full-scal e crash testing was conducted in two phases, (1) a preliminary 
phase to evaluate performance and restorability of the design at low to 
moderate impact speeds, and (2) a compliance phase to verify the design meets 
current safety standards. Accelerometer traces from compl iance tests are 
shown in Appendix II and sequential photos of tests 3 through 6 are given in 
Appendix III 

A. Preliminary Testing 

Three preliminary full-scal e crash tests were conducted. All three tests 
invol ved a 4390 lb, 1975 Ford Torino impacting the cushion head-on. 

Tests 1 .iUld Z 

The first test was conducted at30 mph with an uninstrumented vehicle. 
The cushion performed well and stopped the vehicle in approximately 15 ft. The 
test vehicl e exhibited no tendency to vaul t over or underride the cushion. 
The vehicle rebounded off the cushion at approximately 5 mph. As shown in 
Figure 17 the test vehicl e was only 1 ightly damaged and cushion damage, shown 
in Figure 18, was limited to minor bending of some of the skid shoes under the 
stee 1 d i aph ragms. 

The end treatment was pulled back into place in less than an hour, and a 
second test was conducted at 40 mph the same day. The end treatment smoothly 
decel erated the test vehicl e over a distance of 17.5 ft and vehicle damage was 
1 ight. The vehicl e again rebounded off the cushion at approximately 5 mph. 
Some of the hinges supporting the thrie-beam fender panel s were damaged and 
the 1 egs under the 1 eading diaphragm were- bent when they contacted the 1 egs 
under the second diaphragm. Figure 19 shows the end treatment and test vehic1 e 
after the second test. 

The hinges on the front of the cushion were strengthened and the method 
of attaching the hinges to the diaphragms was improved to reduce the 
possibil ity of damage. The legs on the first diaphragm were removed and 
repl aced with a singl e 1 eg in the center such that it woul d not contact the 
legs on the second diaphragm during -impact. The test vehicle was then 
instrumented and a thi rd test was conducted at 51 mph. The test vehic1 e was 
smoothly decelerated and was pushed back out of the cushion at approximately 7 
mph. The vehicle was only moderately damaged, as shown in Figure 20. All 
occupant risk values, shown in Table 10, were well below recommended limits 
(4.). The end treatment, shown in Figure 21, was pulled back in-to pl ace in 
less than an hour and, with the exception of some of the strengthened hinges, 
was undamaged. Test 3 is summarized in Figure 22. -
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a) Test Vehicle before Test-l 

b) Test Vehicle after Test-l 

FIGURE 17. TEST VEHICLE DAMAGE FROM TEST-I, 30 ~,1PH IMPACT 
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FIGURE 18. END TREATMENT AFTER TEST-1 
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a) Test Vehicle after Test 2 

b) End Treatment after Test 2 

FIGURE 19 END TREATMENT AND TEST VEHICLE AFTER TEST 2, 
4 0 r~ PHI Iq PAC T 
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a) Vehicle before Test 3 

b) Vehicle after Test 3 

FIGURE 20 VEHICLE DAMAGE AFTER TEST 3 
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TABLE 10. SUMMARY OF CRASH TEST RESULTS 

OCCUPANT IMPACT OCCUPANT RIDEDOWN 
VEHICLE VELOCITY ACCELERATI ONS 

TEST VEHICLE IMPACT ANGLE OF POINT OF STOPPING (ft/sec) (10 ms Avg. 9 IS) 
NO. WEIGHT SPEED IMPACT IMPACT DISTANCE 

(1 b) (mph) ( deg) (ft) Long. Lat. Long. Lat. 

1 4390 30 0 Nose 15 * * * * 

2 4390 40 0 Nose 17.5 * * * * 

3 4390 51 0 Nose 22.5 22.0 * 7.7 * 

4 1810 58 0 Nose 17.5 35.5 4.2 9.0 1.5 

5 4500 57 0 Nose 23.5 26.4 N/A 14.1 N/A 

6 4420 61 25 8th Fender N/A 32.7 18.9 20.9 32.5 
Panel 

*Not Measured 
N/A - Occupant did not strike side of vehicle. 



FIGURE 21 LOW MAINTENANCE END TREATMENT AFTER TEST 3 
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0.0 sec .172 sec .343 sec .515 sec 

r L r r ( [ DL [ [ [ Pq -t---
~ 22.5ft ~ 

i:njBE--+- ----f ] 
Tes t No................. 2346- 3 
Date •••••••••••••••••••• 7-19-85 
Installation 

Drawing No •••••••••• LMET 1-5 
(Figure 13) 

Maximum crush ft(m) ••••• 22.5(6.86) 
Vehicle 

Model ••••••••••••••• 1975 Ford 
Grand Torino 

Mass lb(Kg) ••••••••• 4390(1991) 
Speed mph(Kph) 

Impact •••••••••••••• 51(82.1) 
Exit •••••••••••••••• -7(-11.3) 

Angle deg 
Impact •...••.......•.•..•........ 0 

Occupant Impact velocity fps(m/s) 
Forward •••••••••••••••••••••••••• 22(6.71) 
La te ra 1 • • • • • • • • • • • • • • • • • • • • • • • • •• * 

Occupant ridedown accelerations gls 
F 0 rw a rd .••....•.•..•.•... 0 • • • • • •• 7. 7 
La tera 1 •••••••••••••••••••••••••• * 

Vehicle damage 
TAD ••••.••••..•.•••••••••..•••••• 12-FD-l 
VDI ••••• '. . • • • • . . • • . • . • • • . • • • • . • .• 12 FCMW 1 

Fi gure 22'. Summa ry of Tes t 3 



B. NCHRP 230 Compliance Testing 

NCHRP Report 230 (!) recommends that four full-scale crash tests be 
conducted to evaluate an end treatment In one of these tests an 1800 lb car 
is to impact the middl e of the end treatment at 60 mph and 15 deg. Standard 
thrie-beam barriers and cable supported narrow end treatments utilizing thrie
beam fender panel s have performed well under these test conditions (lL12). 
It was therefpre concl uded that this test was unnecessary, and it was 
eliminated from the matrix. 

Analysis of Test 3 showed that the hinges were being subjected to 
relatively high inertia forces as the fender panels were accelerated at 
approximately 200 G's. The hinges were again redesigned. The new hinges were 
fabricated from 3/4-inch steel pipe, 3/4-inch steel rod, and 1I8-inch steel 
pl ate. Compl iance testing was then begun with a 1979 Honda weighing 1810 lb. 
impacting the end treatment at 58 mph and zero degrees. The center of the 
test vehicl e was offset 16 inches from the center of the end treatment. The 
test vehicl e was smoothly decel erated to a stop over a distance of 
approximately 17 ft As the front of the car came to a stop, the rear began 
to spin around. As shown in Figure 23, the vehicle was yawed approximately 
90 degrees from its original direction of travel when it stopped. Figure 24 
summarizes results from Test 4. 

Analysis of the test showed the redesigned hinges contacted adjacent 
fender panels and prevented the front five cylinders from collapsing 
completely. As a result, the longitudinal occupant impact velocity was 35.7 
ftl sec, w hi 1 e the recommended val ue is 30 ftl sec and the max i mum a 11 ow ab 1 e 
value is 40 ft/sec. If the hinges had not prevented the front cylinders from 
collapsing completely, the test vehicle would have traveled approximately 2.5 
in. further between impacts with each diaphragm and the occupant impact 
velocity would have been lower. There would have been very little additional 
speed reduction between diaphragms since, as discussed previously, the front 
of the end treatment behaves as an inertial cushion. The longitudinal occupant 
impact velocity can be estimated for this condition by integrating the 
vehicl e's deceleration and adding 2.5 inches of free travel (no acceleration) 
after coll apsing each cyl inder. The predicted occupant "impact velocity from 
this type of analysis is approximately 31 ft/sec. 

As shown in Table 10, all other severity measures were within recommended 
1 imits (!). No components on the crash cushion were damaged, and it was 
restored to its original condition with less than four man-hours of labor. 
After the fou rth test the hinges were notched to a 11 ow fu 11 compress i on of 
each cy 1 i nder. 

The fifth test invol ved a 1978 Mercury Grand Marquis, weighing 4500 1 b, 
impacting the treatment head-on at 57 mph. The end treatment performed well 
and brought the vehicl e to rest over a distance of approximately 23 ft All 
measures of occupant risk were below recommended limits as shown in Table 10. 
The vehicle rebound velocity of 10.5 mph is not substantially higher than exit 
velocities measured from tests of the GREAT (l3...tl4). Figure 25 summarizes the" 
resul ts of Test 5. 
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a) Test vehicle and End Treatment after Test 4 

b) End Treatment after Restoration 

FIGURE 23 VEHICLE AND EI~D TREAH'lENT DA[~AGE AFTER TEST 4 
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a 

.691 sec .391 sec .196 sec .060 sec 

11.0 f~ 

=-~I:~([~~~·· ~I-J __ ------
~f" 17.5 ft -I 

[ [ [ [ [ [ e=r [ [ [ cql-----J+---
Test No ••••••••••••••••• 2346-4 
Date ......•.•.•.••.••••• 7-26-85 
Installation 

Drawing No •••••••••• LMET 1-5 
(Figure l3) 

Maximum crush ft(m) ••••• 17.5(5.33) 
Vehicle 

Model ••••••••••••••• 1979 Honda Civic 
Mass lb(Kg) ••••••••• 1810(821) 

Speed mph(Kph 
Impact •••••••••••••• 58(93.3) 

Figure 24 Summary of Test 4 

Angle deg 
Impact •••••••••••••••••••••••••• 0 

Occupant impact velocity fps(m/s) 
Forward ••••••••••••••••••••••••• 35.5(10.82) 
Lateral ••••••••••••••••••••••••• 4.2(1.28) 

Occupant ridedown accelerations gls 
Forward .•.•........•..•..•..•.•• 9.0 
Lateral ••••••••••••••••••••••••• 1.5 

Vehicle damage 
TAD ••..•.••....•.•.•..•.•.....•• I1-FL-4 
VOl ••••••••••••••••••••••••••••• 11FLMW3 



0.0 sec .126 sec .405 sec .712 sec 

--il.[ ___ r~[~11 ~r~[ ~k~;i.[ ~[~. ~[~[:.....' ~ib;;;::L[~ - t---
~ 23.5 ft ~'-. ----" 

II " 

Test No ••••••••••••••••• 2346-5 
Date .....••••••••••••••• 7-30-85 
Installation 

Drawing No •••••••••• LMET-(1-5) 
(Figure 13) 

Maximum crush ft(m) ...•• 23.5(7.16) 
Vehicle 

Model •.••••••••••••• 1978 Mercury 
Grand Marquis 

Mass lb(Kg) ••••••••• 4500(2041) 
Speed mph(Kph) 

Impact ••••.••••••••• 57(91.7) 
Exit •••••••••••••••• -10.5(-16.9) 

r-----, 

Fi gure 25 Summary of Test 5 

----f--r 
Angle deg 

Impact ••.•..••.••••.•.•••..••••. 0 
Occupant impact velocity fps(m/s) 

Forward ••••..••••••.••.•.•.••••• 26.4(8.05) 
Lateral .•.•••••.•.•••.••••••••.• N/A 

Occupant ridedown accelerations g's 
Forward •.••..••••••.•..•.•.••••. 14.1 
Lateral ••••••••.••••••••...••••• N/A 

Vehicle damage 
TAD ••..••..•.•.....•.........•.. 12-FD-4 
VDl. • • • • • • • • • • • • • • • • • • • • • • • • • • •• 12FCMWI 



The end treatment and test vehicl e were damaged moderately as shown in 
Figure 26. One of the redirectional cables snagged on a diaphragm and was 
broken and one of the lightweight restoration cables was cut. As a result, 
the cushion could not be pulled back into position as in previous tests. In 
addition, there was minor damage to several of the hinges and the 1 egs under 
the diaphragms. There was still minor contact between the 3/4-inch rods on the 
hinges and the fender panels. It was concluded that the hinges should be 
repl aced with a fl at pl ate design as shown in the construction drawings on 
Figure IS. This design will have strength· sl ightly greater than the hinges 
used in the compliance testing and should eliminate all contact between 
adj acent diaphragms. 

Repair of the end treatment was accomplished by replacing two SIB-inch 
diameter lateral restraint cables and two 1/4-inch diameter restoration 
cabl es. It shoul d be noted that the damaged 1 ateral restraint cabl es were old 
and may have been frayed or damaged during previous tests. However, it is 
recommended that all 1 ateral restrajnt cabl es be visually inspected after 
severe acci dents. 

Analysis of test films indicates that all of the test vehicle's rebound 
energy originated from the large diameter cylinders at the rear of the 
treatment. If the 10.5 mph exit velocity is a Significant concern, vehicl e 
rebound can be virtually eliminated by placing displacement limiting devices 
on the redirectional cables at the sixth diaphragm. These devices would al low 
the diaphragms to be freely pushed backward during impact, but would limit any 
rebound motion of the diaphragm after the vehicle stopped. 

The final test involved a 4420 lb Ford Ltd impacting the end treatment at 
61 mph and an encroachment angl e of 25 deg. The center of the test vehicl e 
was directed at the center of the concrete barrier end. This is bel ieved to 
be a critical set of side impact conditions and is intended to determine if 
the vehicl e will snag on the end of the concrete barrier. Figure 27 gives a 
summary of Test 6. 

Upon impact the end treatment deflected laterally approximately 2 ft. As 
the vehicle was being redirected the anchor bolts supporting the concrete 
barrier fractured, allowing the concrete barrier to slide laterally 
approximately 5 inches. As the concrete barrier deflected, it also tilted 
away from the impacti ng veh icl e exposi ng the lower surface of the barrier. As 
a result both of the left side wheels on the test vehicle contacted the lower 
surface of the concrete barrier. This generated relatively high impact 
forces on the car and the 33 ft/sec change in vehicle velocity was higher than 
the recommended limit of 22 ft/sec. Although barrier anchorage for field 
installations would likely be more substantial and eliminate the 
aforementioned problem, it is recommended that the barrier end be transitioned 
to a vertical wall. The vertical face of the barrier shoul d be set back at 
least 6 inches from the face of the end treatment to further reduce the 
likelihood of such an occurrence. 

The end treatment was not damaged heavily for a test of this severity as 
shown in Figure 2B. Repair would have been limited to the replacement of the 
last diaphragm, two thrie-beam fender panels, one wood block-out on the face 
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a) Test Vehicle Damage 

b) End Treatment Damage 

FIGURE 26 lEST VEHICLE AND END TREATMENT AFTER TEST 5 
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.334 sec .267 sec 

Test No ••••••••••••••••• 2346-6 
Date .••••••••.•••••••••. 8-6-85 
Installation 

Drawing No •••••••••• LMET-(1-5) 
(Fi gure 13) 

Maximum crush ft(m) ••••• 
Vehicle 

* 
Model ••••••••••••••• 1978 Ford Ltd 
Mass lb(Kg) ••••••••• 4420(2005) 

Speed mph(Kph) 
Impact •••••••••••••• 61(98.2) 
Exit •••••••••••••••• 36(57.9) 

.134 sec 

\ 

Angle deg 

J, 
25.0 

Impact .•••••••.••••••••.••..•..• 25.0 
Exit •••••••••••••••••••••••••••• 10.5 

0.0 sec 

Occupant impact velocity fps(m/s) 
Forward ••••••••••••••••••••••••• 32.7(9.97) 
Lateral ••••••••••••••••••••••••• 18.9(5.76) 

Occupant ridedown accelerations g's 
For\'1ard ....•....•••.•••.•.••..•• 20.9 
Lateral •.•.•.••.••••.•••••••.••• 32.5 

Vehicle damage 
TAD ••••••••••••••••••••••••••••• l1-LD-7 
VOl ••••••••••••••••••••••••••••• 11LYES2 

Fi gure 27 Summary of Test 6 



FIGURE 28 Lm~ MAINTENANCE ErJD TREATMENT AFTER TEST 6 
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of the concrete barrier, and one redirectional cable. No rubber cylinders 
showed any sign of damage. As ir most impacts of this severity, the test 
vehicle, shown in Figure 29, sustained considerable damage. 
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FIGURE 29 TEST VEHICLE DAMAGE AFTER TEST 6 
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V. CONa..USIONS AND REC<M4ENDATIONS 

Three major problems associated with the use of concrete safety shaped 
barriers on the roadside have been addressed, including (1) guidelines for the 
use of concrete barrier on the roadside, (2) analysis of concrete barrier 
footing requirements, and (3) development of a low maintenance crash cushion 
end treatment for roadside concrete barriers. 

A benefit/cost analysis procedure was used to compare the benefits and 
costs associated with the use of W-beam guardrail and the concrete safety 
shaped barrier on the roadside. Figure 6 shows the resulting guidelines. 

To support the concrete barrier on the roadside, it is recommended that a 
paved shoulder be used. It should be of sufficient width to provide the 
necessary shoulder width.and. support the barrier. This will minimize problems 
with roadway drainage and vegetation control. Recommendations are also 
presented regarding barrier anchorage to prevent lateral movement during 
veh icul ar impacts. 

A low maintenance end treatment for concrete barriers has been 
successfully designed and crash tested. The cushion (1) has no sacrificial 
energy absorbing elements, (2) has sufficient strength to withstand most 
impacts without damage to any components, (3) is not significantly wider than 
the standard concrete safety shaped barrier, and (4) has been shown to meet 
nationally recognized safety standards (~). Rubber cyl inder energy absorbing 
elements used in the design have withstood six relatively severe crash tests 
with 1 ittl e damage. 

The end treatment described herein represents a significant step toward 
reducing maintenance costs associated with such devices. It is not damaged 
during impacts with small cars traveling at speeds up to 60 mph and large cars 
traveling at speeds up to 50 mph. For these accidents the end treatment can 
be repaired in less than an hour and the total repair costs are usually below 
$100. These impact conditions include over 95% of expected head-on accidents 
(15.). Further, even rel at; vel y severe si de impacts do not cause maj or damage 
to the system. Finally, the design concepts proven in this study can probably 
be adapted to conventional crash cushions with a similar reduction in 
maintenance costs. 

Finally, it is recommended that the end treatment developed in this study 
be installed on an experimental basis at several locations to examine its in
service performance. Minor design improvements discussed previously and shown 
in Figure 15 should be incorporated into field designs. Subject to its 
acceptabl e fiel d performance, the end treatment can then be installed as an 
operat i ona 1 sy stem. 

58 





REFERENCES 

1. Cal cote L. R.,"Development of a Cost-Effecti veness Model for Guard ra 11 
Sel ection", FHWA Report No. FHW.A-RD-78-74, January, 1980 

2. Sicking, Dean L., and Ross, Hayes E. Jr., "Benefit/Cost Analysis of 
R 0 ads ide S a f e t y A 1 t ern at i v e s " , I.r.A.n~Jl.Q.r.:t.A.:tj.Qll ~.e.A.I:~.h ~~ 
Transportation Research Board, Washington D. C., (in publication) 

3. Ross, Hayes E. Jr., and Sicking, Dean L., "Guidel ines for Use of 
Temporary Barriers in Work Zones", Final Report on Contract DOT-FH-9688, 
Texas Transportation Institute, Texas A&M University System, College 
Station, Texas, July 1983. 

4. Michie, Jarvis, D., "Recommended Procedures for the Safety 
Performance Eval uation of Highway Appurtenances," National 
Cooperative Highway Research Program Report 230, March 1981. 

5. Norsorex, Registered Trade Mark of Cdf Chimie S. ~, Paris, France. 

6. Sorbothane, Hamilton Kent, Division of BTR Inc., Kent, Ohio. 

7. "Marine Dock Fenders", Goodyear Industrial Products Division, Akron, 
Ohio. 

8. "Mari ne Fenderi ng Systems", Uni royal Inc., Marine Fender 
Mishawaka, Ind. 

Systems, 

9. P. K. Freak 1 ey and A. R. Payne, I~.Q.ry. .An.d f.r~.:t~ .Q1 ~.n.u.r::~ ll.:t.b 
Rubber, Applied Science Publishers LTD, London, 1978. 

10 •. Regal International, Inc., P. O. Box 1237, Corsicana, Texas 

11. Si ck i ng, D. L., and Ross, Hayes E. Jr., "An End Treatment for Narrow 
Objects," Transportation Research Record ~ Transportation Research 
Board, Washington D •. C., 1983. 

12. Ivey, D. L., Robertson, R. G., and Buth, C. E., "Test and Eval uation 
of W-Beam and Thrie-Beam Guardrail s," Texas A&M Research Foundat10n, 
Texas A&M University System, March 1982. 

13. "Impact Attenuators, A Current Engineering Evaluation", Test Report for 
Test No. 1625-C-01-84, FHWA Contract No. DTFH61-83-C-00140, Ensco Inc., 
Spri ngfiel d, V A, Sept., 1984. 

14. "Impact Attenuators, A Current Engineering Eval uation", Test Report for 
Test No. 1625-C-02-84, FHWA Contract No. DTFH61-83-C-00140, Ensco Inc., 
Springfiel d, V A, Sept., 1984. 

59 



15. Mak, King K., Sicking, D. L., and Ross, H. E. Jr., "Real World Impact 
Conditions", I.r:..an.s-RQr.:t..a.:t1.Q.n B.wi~..a.r:~.b fu:l~.Ql:.Q, Transportaion Research 
Board, Washington D. C., (in publ ication) 

16. Buffington, J. Damon, "Sel ection of a Sel f-Restoring Energy Absorbing 
Medium for a Highway Safety Crash Cushion", Texas A&M University Dept. of 
Civil Engineering, College Station, Texas, November, 1983. 

17. Mak, King K., Mason, Robert L., "Accident Analysis - Breakaway and 
Nonbreakaway Pol es Incl uding Sign and Li ght Standards Along Hi ghw ays", 
Final Report, FHWA Contract DOT-HS-S-01266, Southwest Research Institute, 
San Antonio, Tx., August 1980. 

18. Energy Absorption Systems Inc., One IBM Plaza, Chicago, Ill. 

19. "Guide for Selecting, Locating, and Designing Traffic Barriers", 
American Association of State Highway and Transportation Officials, 1977. 

60 



APPENDIX I. TESTING OF RUBBER CYLINDERS 

Mr. William Gaugler, research assistant under the supervision of the 

authors, conducted an in-depth laboratory study of rubber cylinders. 

Appendix I is a copy of Mr. Gaugler's research report, prepared in partial 

fulfillment of his M.E. degree requirements in Civil Engineering at Texas 

A&M University. 
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INTROOOCT ION 

The concreTe safeTY shaped barrier has beglJn To be lJsed as a 

permanenT roadside barrier. AITholJgh iT has proven to be a low 

ma i ntenance barr i er, the exposed end poses a ser i OlJS hazard TO 

the motorisT. Several end Treatments have been developed for This 

barrier. The end treatmenTs primari Iy consiST of inerTial or 

energy absorbing crash clJshions which have costly sacrificial 

components That are destroyed dlJring impacts. A study was 

undertaken to develop a crash cush ion/end treatment for concreTe 

barr i ers ThaT does nOT have sacr if ic i a I componenTs. IT \~as 

dec i ded to evaluate the potenti a I of us i n9 rlJbber as an energy 

absorbing median in a proposed end treatment shown in FiglJre 1. 

The chosen shape would have to satisfy energy absorption criTeria 

for impacT loading, ease of design and construction for futlJre 

use, as well as economy in manlJfactur i ng. A cy Ii nder was chosen 

as the shape that best meT these criteria. 

The obj ect i ve of th i s phase of the stlJdy was TO deTerm i ne the 

STatic and dynamic response of hoi low, circular cyl inders loaded 

in radial compression. Also, incllJded in this report are atTempts 

to model The behavior of the rlJbber cyl inders. Two viscoelasTic 

behavior models were used for this part of the project. 

THE MATER IAL 

Rubber was chosen as the Test mater i a I becarJse of its energy 

absorbing characteristics. r\atural rlJbber has good mechanical 

properties, high elasTicity, and low hysteresis and is one of the 

most versati Ie of the general PlJrpose elastomers (1). t .. lechanical 
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properties such as elongation, modulus of elasticity,hardness, 

and tear and abrasion r~sistance are important for this 

patticular use of rubber and can easi Iy be modified by changing 

the particular compound of rubber being used. Elasticity affects 

the rebound characteristics and energy absorbing capabilities of 

the crash cushion. Natural rubber's resitance to oxidation and 

ozone attack is poor, although this m~y be overcome by additives 

for most appl ications. Ozone attack is a surface condition that 

effects the appearance, but not the performance, of rubber over 

time. 

The samples tested were one fifth scale models of the 

cylinders used in a preliminary design'- A I I sam pies had an 

outside diameter of 4.8 in. and a length of 4.8 in. The 

cyl inders had wal I thicknesses ranging from .3 in. to 1.2 in. and 

dtJrometer read i ngs from 50 to 90. The four wal I thicknesses are 

illustrated in Figure 2. Four compounds of rubber were tested, 

two natura I rubbers, a synthet ic rubber, and a neoprene. Table 

is a sample matrix showing the wall thickness, hardness and 

material type for each cyl inder. Table 2 gives the material 

specifications for several hardness ratings of natural rubber A. 

TEST' NG 

Selecting and determining the best test procedures were 

critical in meeting the objectives of the project. Generally, 

test i ng was d i vi ded into three phases. The first phase cons i sted 

of static, closed loop, and high rate dynamic testing. The second 

phase consisted of high a~d low rate tests, frozen sample tests, 

and accelerometer tests. The third phase consisted of the static 
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Figure 1-2. - Illustration of Various Wall Thicknesses 
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TABLE 1-1 Samp I e ~I atr i x 

Samp I e v~a I I Hardness Material 
t\h. Thickness ( in) DlJrometer Type 

------ --------- --------- --------
1 .30 50 N.R.-A 
2 .30 60 N.R. -A 
3 .30 70 N.R.-A 
4 .30 80 N.R.-A 
5 .45 50 N. R.-A 
6 .45 60 N.R.-A 
7 .45 70 N.R.-A 
8 .45 80 N.R.-A 
9 .60 50 N.R.-A 

10 .60 60 N.H.-A 
11 .60 70 N.R. -A 
12 .60 80 N.R.-A 
13 .30 85 Synthetic 
14 .30 90 Synthetic 
15 .45 85 Synthetic 
16 .45 90 Synthetic 
17 .60 85 Synthetic 
1 e .60 90 Synthetic 
1 9 1.20 50 N.R.-A 
20 1.20 60 Synthetic 
21 1.20 85 Synthetic 
22 1.20 90 Synthetic 
23 .60 Neoprene 
24 1.20 Neoprene 
25 .31 80 N.R. -B 
26 .44 80 N.R. -8 
27 .63 80 N. R.-6 
28 1.20 80 r:. R.-6 
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and dynam i c test i ng of fu I I sca I e cy I i nders. 

The static tests of scale model cyl inders were run on an 

Instron testing machine. The samples were compressed to 90% of 

the inside diameter, and load deflection data were recorded. The 

samp I es were loaded at a rate of one inch per minute. The energy 

absorbed by the cyl inder during static testing was calculated as 

the area under the force-def I ect ion curve. 

The closed loop test was conducted on the Material Testing 

System (MTS) hydrau I i chi gh rate test mach i ne, as were a I I of 

the dynam i c tests. The system inc I uded an ~1TS load frame, a 

digital function generator, a counter and display panel, a high 

rate control panel, and a transducer conditioner. The data was 

p lotted us i ng a HP 9845 computer and HP 9872 plotter. The I'HS is 

capab I e of a maximum load of 20000 pounds in tens ion or 

compression. The system is capable of being operated in stroke 

control, strain control, or high rate modes: The velocity of the 

ram in the high rate mode is contra I I ed by vary i ng the f low rate 

of the hydrau Ii c flu i d through the systen. The movenent of the 

ram is control led by the high rate control panel when the system 

is being operated in the strain control or stroke control modes. 

In the closed loop test, a stroke control test, the impact 

plate is initially in contact with the sample, and the sample is 

loaded at a rate of about 17.5 in/sec. In this test the ram 

compresses a specified length and returns at a constant velocity. 

The load def I ect ion data is recorded on the down and up strokes. 

The inertia effects of the systen were found to be repeatable and 

were subtracted from the test data automat i ca I I Y by the 
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TABLE 1-2 ,- fvlaterial. Specifications for Natural Rubber A 

PROPERTY VALUE 

DlJrometer 50 60 70 80 
(Shore A) 

Tens i I e Strength 3600 4145 3700 3715 
( ps i ) 

Elongation 623 670 530 596 
( % ) 

fvlodu Ius at 
(ps i ) 

100% Elongation 175 245 345 615 

200% Elongation 393 560 830 1678 

300% Elongation 787 1100 1670 2668 

Compress ion Set 25 25 25 
( % ) 
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transducer cond i tioner. The test data were used in the 

viscoelastic behavior models (see page;22). The closed loop test 

conf i gurat ion is shown in Figure 3. 

High rate impact loading was also performed during Phase lof 

the testing. As shown in Figure 4 the load cel I was placed below 

the support frame for the Phase I tests, and the samp I e was 

compressed unti I the support pegs were sheared off. The support 

pegs were used to provide a fai lure mechanism that would allow 

the ram to compress the cyl inder with a constant velocity without 

fear of damag i ng the load cel I. The pegs were des i gned to fa i I at 

a load that wou I d fu I I Y compress a I I of the test sanp I es. The 

samples were loaded at approximately 950 in/sec and force 

deflection data was gathered. However, the location of the load 

cell proved to be a problem during the high rate loading. 

Accel eration of the support frane was detected by the load cell. 

The support frame accel erat ions were caused by an upward movement 

of the entire ~1TS frame duri ng the downward stroke of the ran. 

Further, because of the 45 I b wei ght of the support frame the 

inertia effects of the system overrode the test data. The inertia 

curves were not repeatab I e because the accel erations of the ran 

and frame were found to be inconsistent. Reducing the impact- speed 

to 450 in/sec did not solve this problem. These difficulties led 

to the second phase of the testing. 

Phase I I testing consisted of high and low rate testing of 

the natural rubber and neoprene sanples, as well as testing of 

frozen samples. In Phase II the load cell was placed above the 

impact plate to avoid the problems associated with Phase 

testi ng, and the inertia data gathered in Phase I I were 
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reasonab I Y cons i stent. I\atura I rubber and neoprene samp I es were 

impacted at 450 in/sec and 950 in/sec dlJring this phase. 

In addition to the high and low rate testing of Phase II an 

accel erometer was attached to the load ce I I to measure the 

acceleration of the impact plate. These tests were run in an 

effort to measure the inert i a effects of the systan, and they 

consisted of running a high rate test without a sample or support 

plate in position. Gy measuring the force and acceleration at 

each time step the mass below the load cel I may be calculated 

from the relationship force equals mass times acceleration. If 

the mass below the load cel I can be calculated, then the inertia 

effects of the systan can be subtracted from the test resu Its. 

The accelerometer was also used to gather acceleration dcta on 

the sanples. However, the accelerometer was operating in its 

upper, I imits of acceptable accelerations and was damaged during 

th is test i ng. The data gathered was not used to determ i ne the 

energy absorbing characteristics of the cyl inders. 

Data from the accelerometer tests indicated that the 

acceleration of the ram was consistent when the high rate test 

machine was the only hydraulic test systan in operation, and an 

inert i a test was conducted after every th i rd or fourth samp I e was 

tested. This was done to verify the consistency of the inertial 

effects. 

Static testing of the ful I scale cyl inders was conducted 

using a hydraul ic jack in conjunction with an electronic load 

cell. As the cy Ii nder was compressed the def I ections \vere 

measured manually and the load was recorded. Ani I IIJ s tr at ion 0 f 
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the test configuration is shown in Figure 5. 

Er-.ERGY CALCULAT IONS AND SCALE MODEll NG 

Data gathered from the dynamic testing is the total amount 

of energy imparted on the samp I e by the to'iTS. The purpose of the 

d Y nam i c test i ng is to determ i ne the amou nt 0 f energ y th at a 

cylinder will absorb during dynamic loading. This may be 

calculated using the fol lowing equation. 

DE = El - E - E Eq-l 
t is 

where, 

DE = the amounT of energy absorbed by the samp I e from 

dynamic loading 

E I = The apparent energy imparted to the sampl e by 'the 

MTS as determined from the load cell outp~t~ 

E = inertial energy of Theto'1TS 
t 

E = energy associated with the inertia of The sample 
is 

Energy due to The i nerti a of The to'1TS system may be obtai ned 

by fir i ng The load ce I I wiThouT a samp I e or supporT p I ate j n 

place. v/hen This is done the load cell measures a force That is 

approximaTel y equa I to the mass of the impaCT p I ate times its 

acceleration. The energy due TO the inertia of the system is 

subTr acted from the apparenT energy imparted on the samp Ie. 

i'/hen the ram in i T i a I I Y contacTs the samp I e the inert i a of the 

system may be accurately represented by the data obtained from· a 
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dry fir i n9 of the ram because the on I y mass that is mov i ng is the 

impact plate. The mass that is being accelerated once the plate 

contacts the cy I i nder is cont i nuous I y i ncreas i ng with time. At 

the instant the support pegs fail the entire sample is moving at 

the velocity of the ram, and the kinetic energy of the system now 

inc ludes the mass of the rubber cy I i nder as we I I as the mass of 

the impact plate. The kinetic energy associated with movement of 

the sample's mass is cal led the inertial energy of the sample 

(E ). To calculate the kinetic energy of the sample at any given 
is 

time the amount of mass in contact with the ram and the velocity 

of that mass must be known. Si nce the deformation behav ior cou I d 

not be determined within the scope of the study a constant value 

of one ha I f the mass of the samp I e was assumed to be travel i ng at 

the velocity of the ram at the instant the pegs began to shear. 

To re I ate test resu Its from the sma I I . cy Ii nders to the 

results from the ful I scalecyl inders a scale model ing procedure 

was used. The procedure involved measurtng the energy absorbed 

by the small cyl inders in static and dynamic tests. The ratio of 

the dynamic energy absorbed to the static energy absorbed was 

defined as the dynamic magnification factor <O·IF), and it was 

assumed to rema inconstant for a given diameter to wa I I th i ckness 

ratio. According to theory and publ ished experimental results the 

slope of the static force-deflection curve is constant for a 

given diameter to wall thickness ratio (~). An example of the 

procedure is shown below. 
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EXAMPLE: SCALE MODEL I~G PROCEOUkE 

Req I d: ComplJte the amount of energy absorbed by a cy I i nder' that 

has a 28 in. outside diameter, 1.75 in. wall thickness, 

and is 24 in. 100ig. 

Sol'n: 1) CalclJlate the shape factor as 

o = 28 = 16 
T 1:"75 

2) t-leaslJre the static and dynamic response of acyl inder 

WiTh the same shape factor (0=4.8 in, T=.30 in) 

The static energy absorbed, SE = 152 in-Ib 

The dynamic energy absorbed, DE = 495 in-Ib 

3> CalclJlate the dynamic magnification factor ([JvIF) and 

the static stiffness from the test reslJlts. 

Q.1F = DE = 495 = 3.3 
Sf 152 

The static stiffness can be measlJred from the force-

def1ection ClJrve as k=15 Ib/in. 

4) CalclJlate the deflection of the large cyl inder as 

x = D - 2T 

= 28 - 2(1.75) = 24~5 i.n 

5) Ca I CIJ late the pred i cted staT i c energy absorbed by the 

large cylinder as 
2 

SE = 1kx (LU 
2 IS 

where LL = length of large cyl inder qnd 

LS = length of smal I cyl inder 
2 . 

SE = f( 15)( 24.5) (24) = 22510 in-I b 
'2 4.8 
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RESULTS 

6) Calculate the predicted dynamic energy absorbed as 

DE = SE * !J.1F 

= 22510(3.3) = 74280 in-Ib 

The closed loop test resu I ts were stud i ed with the purpose of 

trying to obtain a better overall understanding of the behavior 

of the cylinders. This was primarily done using the viscoelastic 

behavior models that were developed. These models were used in an 

attempt to estimate the dynamic response of the cyHnders. These 

mode I s wi I I be discussed in greater detai I later, . but genera I I Y 

they . were unsuccesfu I I because the behav ior was found to depend 

on several factors. 

Other Phase I testing included static testing on an Instron. 

The data were used to determine the static stiffness and static 

energy absorbed. The static energy absorbed by the sample may be 

directly calculated from the Instron test results as the area 

lJ nder the force-def I ect ion curve. Table 3 summarizes the static 

test results, and the force-deflection curves are plotted in 

Appendix A. The high rate test data gathered in Phase was 

somewhaterrat i c because of the prob I ems assoc i ated with the test 

configuration. The data was not used because of this problem. 

With the load cel I placed on top of the impact .plate and the 

support frame· secured to the MTS the data co I I ected dur i ng Phase 
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TABLE 1-3 Static Test ReslJ'!ts 

Sanp I e 
Wall 

Thickness Hardness Static Energy Absorbed ( in-I b) 
( in) ( dlJrometer ) Unfrozen Frozen 

.30 50 35 

.30 60 58 

.30 70 95 

.30 80 1'52 182 

.30 85 206 

.30 90 717 

.45 50 85 
.• 45 60 140 

.45 70 223 

.45 80 330 443 . 

.45 85 344 

.45 90 1308 

.60 50 158 467 

.60 60 271 

.60 70 466 562 

.60 80 616 837 

.60 85 619 

.60 90 1963 
.• 60 N 413 

1.20 50 453 
1.20 60 743 
1.20 85 1631 
1.20 80 1536 1953 
1.20 90 2494 
1.20 N 1026 

.31 80 126 155 

.44 80 322 378 

.63 80 537 691 
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II TeSTing produced a repeaTable inerTia curve. The acceleromeTer 

was used TO measlJreaccel eraT ion daTa of The samp I es, however The 

accel eromeTer broke shorT I y afTer Th is TeST i ng began and The daTa 

was nOT IJsed. 

The force-def I ection clJrves ThaT were p lOTTed from ~ITS daTa 

clearly indicaTe The point of conTacT and poinT when The slJPporT 

pins began TO shear. Figure 6 shows a samp I e of OIJTPIJT from The 

high rate TeSTing performed in Phase J I. The load deflecTion 

ClJrves were inTegraTed TO calclJlaTe The amolJnT of energy absorbed 

by The sample. The inTegraTion procedlJre calculaTed The energy 

absorbed by The samp I e as The area under The force-def I eCT ion 

curve while subTracTing The inerTia effecTs as shown in EquaTion-

1. Plots of energy absorbed and deflecTion were made for The 

samp I es. Tab I e 4 gives a summary of The dynam i c tesTi ng 

performed aT room TemperaTure, and The resu I TS are ploTTed in 

Appendix C. 

For These cyl inders 

condiTions They musT 

TO per!orm lJnder The 

be able· TO wiThsTand 

desired service 

eXTremes in 

Temperature. For th is app I i caT ion high temperaTures are less 

cr iT ica I than low ones • When The TemperaTure goes be low The 

britTleness TemperaTure, or glass TemperaTure, of The compound 

The sample can shaTTer on impact. Also, prior TO reaching the 

br iTT I eness temperaTure a samp I e of naTura I or synTheT i c rubber 

wi I I exhibiT a marked increase in sTiffness. This increase in 

sTI ffness means ThaT a greaTer percenTage of The energy 

dissipaTed in a col I iSion wi I I be absorbed by The impacTin~ 

vehicle. 
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TABLE 1-4 - Summary of Dynam i c Tests 

Samp I e 
~~a I I \ Dynamic Static 

Thickness Hardness Energy Energy D'·iF 
( in) ( durometer ) ( in-I b) ( in-I b) 

.30 50 340 35 9. 7 

.30 60 435 58 7.5 

.30 70 330 95 3.5 

.30 80 495 152 3.3 

.45 50 160 85 1. 9 

.45 60 265 140 1. 9 

.45 70 480 223 2.2 

.45 80 535 330 1.6 

.60 50 817 158 5.2 

.60 60 530 271 2.0 

.60 70 850 466 1.8 

.60 80 920 616 1.5 

.60 N 1270 413 3. 1 

1.20 50 1630 453 3.6 
1.20 60 2900 743 3.9 
1.20 80 1310 1536 0.9 
1.20 85 4026 1631 2.5 
1.20 f\i 1760 1026 1. 7 

.31 80 310 126 2.5 

.44 80 655 322 2.0 

.63 80 1400 537 2.6 
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Static and dynamic testing was performed on seven cylinders 

that were stored for three days at zero degrees Farenheit. The 

seven cylinders were made of two natural rubber· compounds. 

Compound B is supposed to be less sens it i ve to co I d tenperatures 

than compound A. This is supported in Table 5 which summarizes 

the static testing of the frozen samples. I-bwever, the dynam i c 

te~t results, shown in Table 6, indicate a mixed performance of 

the two sample~. 

Severa I samp I es were impacted at about 30 mph dur i ng Phase 

J J of the testing. The results of these tests are tabulated in 

Table 7. The table also shows the results of the high rate· 

loading for comparison. 

The results of the static testing of theful ~ size cyl inders 

are shown in Table 8. The average energy absorbed by the thin 

wal I cyl inder was 23910 in-Ib, w.hi Ie the thicK wal I cyl inder 

absorbed 180360 in-Ibs. on average. The thick wal I cyl inder 

absorbed 231600 in-Ibs. of energy in a ful I scale dynamic test. 

The cy Ii nder was impacted with a 5200 I bs cart travel i ng at about 

10 mph. The force-deflection curves for the full scale static 

tests are plotted in Appendix B. 

MODELING 

For a. material to realize its full potential of use in 

eng i neer i ng the des i gner must have some way of bei ng ab I e to 

predict the behavior of that material. A secondary odjective of 

this project was to develop a mathmatical model that would 

sufficiently predict the behavior of the test cyl inders. With 

this goal in mind two viscoelastic behavior models 
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TABLEI-S-' - Summary of Frozen, Static Testi ng 

Sampl e 
Wall Energy Absorbed 

Thickness Hardness Unfrozen Frozen % Change· 
( j n ) ( durometer ) (in-Ib) ( j n-I b) 

.30 80 152 182 19. 7 

.45 80 330 443 34.2 

.60 80 616 837 35.9 

.31 80 126 155 23.0 

.44 80 322 378 17.4 

.63 80 537 691 28.7 

1.20 80 1536 1953 27.2 
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TABLE 1-6 - Summary of Frozen, Oynam ic Testi n9 

Sarnp Ie 
Wall 

Thickness 
( in) 

., 
.30 

.45 

.60 

.31 

.44 

.63 

1.20 

Hardness 
( durometer ) 

&0 

80 

80 

80 

80 

80 

80 

Energy Absorbed 
Unfrozen Frozen ~ Change 

( i n- I b ) ( i n- I b ) 

575 475 ( 17.4) 

755 1425 88.7 

1140 1750 53.5 

310 405 30.6 

655 545 ( 16.8) 

1400 2310 65.0 

1310 2530 93. 1 
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TABLE 1-7:- Compar i son of reSlJ Its for high and low rate 
dynamic testing. 

Samp I e 
Wall Dynamic 

Thickness hardness Velocity Def I ection Energy 
( in) ( dlJrometer ) ( i'n/sec) ( in) ( in-I b) 

.30 80 450 3.75 ··460 
950 . 3.75 495 

.45 80 450 3.50 895 
950 3.50 535 

.60 80 450 3.25 1080 
950 3.25 920 

1.20 50 450 2.00 1006 
950 2.00 1630 

1.20 60 450 2.00 3215 
950 2.00 2900 

1.20 85 450 2.00 4330 
950 2.00 4026 
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TABLE 1-8 - FIJ II Scale Static Test f<f.~SIl Its and 
Scale Hodel ing PredicTions 

Sarnple 

\Ia I I ClltS i de 
Th i ck ness lJ i am etf?r Length '·/1 eaSllr ed Pr en i cfed 

stat icE neruy 
f·1 eaSlJr ed Pr ed i cted 

lJynarll ic energy 

(in) (in) (in) ( i n- I b ) (i n- I h ) ( i n- I b ) (i n- I b ) 

1. 75 2B 24 23940 22~10 742LO 

1. 75 28 24 23BUO 22510 742130 

4.JO . L El 24 1{i0360 134640 ·23HiOO 215400 
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deve loped. 

When the brittleness temperature is below service conditions 

elastomers can have both elastic strain and viscous flow (2). 

this condition is generally refered to as viscoelasticity. In the 

simplest situation, known as the ~Iaxwell model, the behavior of 

rubber may be rep~esented by a mass supported by a spring and 

dashpot in parallel. The governing equation of motion for this 

mode lis 

F = kx + cv + ma Eq-2 

where, F = the app lied force 

k = the spring constant 

c = the damp i ng coefficient 

m = the mass of the samp I e 
I 

x = d i sp I acement of the impact plate 

v = velocity of the impact p I ate 

a = acceleration of the impact p I ate. 

Integration of the force over the length of the compression 

stroke will produce the work done wh i I e compress i ng the samp I e. 

The derivation of Eq-2 is given in Appendix D. Examination of Eq-

2 indicates that the behavior of the sample depends on several 

propert i es. 

By rearranging Eq-2, the damping coefficient was computed at 

each time step using the data from the dynamic tests. An averag~ 

value for the damping coefficient was calculated for the 

samp I es, and relationships between damping coefficient and 
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velocity or displacemenT were complJTed.viith a known relationship 

for the danping coefficient the deflection data were used to 

calculate an appl ied force. This predicTed force was integraTed 

over the I ength of the sTroke to compute an eST imaTed va lue for 

the energy imparted on the samp I e. Predicting the amount of 

energy absorbed by a sanple using The t,laxwell model produced 

.-. 
results thaT were not reasonable when compared to tesT results. 

Because of The poor resu Its obta i ned us i ng the Maxwe I I mode I 

a more sophisTicaTed mass-spring-dashpot model was developed. In 

th is mode I the cy I i nder was represenTed by four lumped masses 

conneCTed by weighTless rods. A complete derivaTion of this model 

is given in Appendix D. Although the governing equation is 

somewhaT more compl icated than The one for .The (I.!axwell model, the 

basic form is the same. Also, similar results were obtained when 

trying to predict the amo,unt of energy That the cyl inders would 

absorb. It was conc luded That the behav ior of the cy Ii nders was 

more compl icated than That which could be predicted using simple, 

viscoelastic models. 

CON:LUS/ONS 

A . method of testing and measuring the response of The rubber 

cyl inders to static and dynamic loading was developed during the 

project. Using the MTS data in conjunction W!,t~ the static load-

def I ect ion data the amounT of energy absorbed by the sanp I e due 

to dynamic loading only may calculated after accounting for the 

inertial effects involved • 

. Tests on numerous samp I es were condUCTed at high and low 

rates. The fi ndi ngs from these tests, in general, 'I ndicate for a 
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given durometer read i ng the th i cker wa I I samp I es wi I I absorb more 

energy than the thin wal I samples, and for a given wal I thickness 

the higher durometer samp I es requ ire more energy to compress than 

the samp I es with a lower hardness. A I so, severa I samp I es were 

frozen and tested to measure the effects that subfreez i ng 

temperatures wou I d have on the sti ffness and energy absorb i ng 

capabilities of the cylinders. The frozen sample testing 

i nd i cated that a natura I rubber compound wou I d perform best under 

cold temperatures.·A scale model ing procedure was developed to 

predict the amount of energy a full size cyl inder would absorb. 

In addition, two attempts were made to mathematically model 

the behavior of the cyl inders. Two simple viscoelastic models 

consisting of mass, spring, and dashpot combinations were 

derived. The results of this portion of the study indicated that 

the behavior of the cyl inders could not be accurately predicted 

usi ng s imp I e vi scoe last i c model s. 
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MAXWEll MODEL 

\lhen the brittleness temperature is below service conditions 

an elastomer can have both elastic strain and viscous flm~. In 

the sir.lplest situation, known as the t,laxwell model, the behavior 

of the elastomer may be represented by a mass supported by a 

spring and dashpot acting in paral lei as shown. 

F -I 

f\ free body diagram of the mass looks I ike, 

F G~~ ---..IJ~. m 
~Rs 

~" 

Define f~ as the total reaction that is resisting the 8ppl ied 

force, F, 

R = Rd + Rs 

v/here, Rd • = ex = the force in the dashpot 

Rs = kx = the force in the spring 
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Sur,;ming forces in the horizontal direction for the free bo(Jy 

diagram on the preceding page, 

EQ-l F = kx + cx +r;]x 

Equation is the governing equation of motion for the 

~;axwell model. The equation may be integrated over the length of 

the cort1pression stroke to calculate the amount of v/ork done in 

corllpress i ng the sarap Ie. 

C()1PLEX MODEL 

The second model may be derived using a dynamic annlysis 

approach like the! 'aXHe I I mode I, hm;,ever an energy approach \J i I I 

be used instead. In th i s mode I the cy I i nder is representf1d by 

fOlJr IlJmped masses connected byrnass I ess rods. r, schernat i c of 

tile mode lis sho\vn be 10vI • 

T" 

where, F = force appl ied by the load CAl I 

k = spring constant 

c = damping coefficient 

R = r03ct i on at th(-~ base of thl-} sarolp I (1 
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x = verticol distance traveled by thE) top 
of the sar.lp I e 

y = vertical distance traveled by m 
2 

z = horizontal distance traveled by m 
2 

Since al I of the potenTial energy is stored in the compressed 

spring, the internal ener9Y of the system !;18Y be represE::'!nted by 

EQ-2 
2 

V = • 5k x 

and the kinetic energy of the system, T, may be calculat~d by 

EQ-3 T = .51:) X + 2 (.5m y)+ 2 (.5r.1 z) 
1 2 2 

.... 'h i ch may be red uced to 
2 2 2 

T = .5m x + m y + m z 
1 2 2 

To reduco the equation furTher assur.le y = .5x and noting That 

~ 
z = [ D1. + x(L1. - D"&.) - .25X

2
] - 0 

The total energy of the system, E, may be \vritTen in terr:s of x 

E = T< x) + V ( x) 

f\pplyiny partial diffE:rentiation to get TO Lagrange's equaTion of 

!,I()tion (3), 

where, ~i = F - cv 
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f\fter differentiation, the equation of motion looks I ike 
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Appendix IV. Benefit/Cost Model 

Appendix IV is a copy of reference 2 and is included as a description of 
the formulation of the benefit/cost model used in the development of 
guidelines for the use of concrete barriers on the roads1d~ 
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ABSTRACT 

In recent years, benefit/cost (B/C) analysis procedures have been 

widely accepted as a national method for evaluating safety treatment 

alternatives. Most analysis methods employed to date have significant 

limitations, overstate the severity of accidents, and are cumbersome to 

use. An advanced B/C analysis model that incorporates numerous 

modifications to enhance versatility and improve determination of accident 

severity is described. Basic encroachment data on which the model is 

based is presented and the applications and limitations of the model are 

discussed. An example of the use of the model to develop general barrier 

use guidelines is also included. 

INTRODUCTION 

H"ighway engineers have always faced the difficult problem of 

determi ni ng when and where safety features shoul d be used. Until 

recently, safety feature use guidelines were based primarily on the 

relative hazard of the possible alternatives. For example, if a 

high-speed traversal of a roadside slope was thought to pe more hazardous 

than a similar impact with a roadside barrier, the barrier was deemed to 

be necessary. No consideration was given to the probability that a 

high-speed accident would occur. This led highway agencies to invest 

large sums of money to erect guardrai 1 at sites where there was 1 ittle or 

no probability of the occurrence of a severe accident. 

When safety improvement programs gained higher priority, safety 

projects began to compete with construct ion and other projects for highway 

agency funds. Therefore, it became necessary to evaluate the relative· 

merits of all projects. A benefit/cost (B/C) analysis procedure for 
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studying safety improvements was then developed to determi ne the benefits 

obtained from each dollar spent on safety improvement (1). The 1977 

AASHTO barrier guide presented highway engineers with a "simplified" B/C 

analysis procedure ev. Accident severities were estimated by highway 

safety professionals including accident investigators, highway engineers, 

and researchers. Severities derived in this manner have been found to be 

representative of high~speed accidents. As a result, all predicted 

accidents were by default assumed to involve high~impact speeds, and the 

procedure overstated the severity of many types of acci dents. Therefore, 

the technique frequently led to the use of safety appurtenances at sites 

where such devices were not warranted. In these cases, accidents 

involving the safety treatment occur more frequently and are more severe 

than accidents at similar untreated sites. 

Efforts to further refine the B/C analysis technique have led 

researchers to develop relatively sophisticated algorithms (1,±,~). 

Although these programs do a better job of properly accounting for all of 

the costs associated with a safety improvement, the procedures have 

significant limitations, generally continue to overstate the severity of 

most accidents that are predicted to occur, and are very difficult to use. 

In an effort to resolve some of the problems associated with existing 

warranting procedures, an advanced B/C analysis algorithm was developed. 

Major improvements have been made in the algorithm to improve the 

versatility of the procedure and the determination of the severity 

associ ated with predi cted accidents. Further, the al gorithm has been 

coded for use with micro-computers to reduce implementation problems. 
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BENEFIT/COST METHODOLOGY 

The benefit/cost methodology compares the benefits derived from a 

safety improvement to the direct highway agency costs incurred as a result 

of the improvement. Benefits are measured in terms of reductions in 

societal costs due to decreases in the number and/or severity of 

acci dents. Direct highway agency costs are comprised of initial, 

maintenance, and accident repair costs of a proposed improvement. A ratio· 

between the benefits and costs of an improvement is used to determine if 

the improvement is cost beneficial as shown below: 

( 1 ) 

where: 

BC2-1 = B/C ratio of alternative 1 compared to alternative 2 

SCi = annualized societal cost of alternative i 

DCi = annualized direct cost of alternative i 

For the equation formulated above, alternative 2 is normally considered to 

be an improvement relative to alternative 1. When the B/C ratio for a 

safety improvement is below 1.0, the improvement should not normally be 

implemented. However, budgetary limitations prevent funding of all 

projects that have a B/C of 1.0 or more. Ideally, a highway agency can 

use a B/C approach to analyze all proposed projects, including safety 

improvements, rehabilitation, new construction, etc., to determine the 

optimum use of available funding. 
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ACCIDENT PREDICTION MODEL 

Most benefits and some costs associated with a safety improvement are 

directly related to the number and severity of accidents that will occur 

at the site under consideration. Thus, accident prediction is critical to 

the ana lysis of the need for safety improvements. Although some authors 

have attempted to use acci dent data to predi ct acci dent frequency and 

severity, to date these efforts have met with limited success due to poor 

qual ity and/or sma 11 acci dent data bases. Current ly, the best avai 1 ab le 

methods for predicting accident frequency and severity are based on 

encroachment probability models. 

An encroachment probability model is based on the concept that the 

number of run-off-the-road accidents occurring at a given site can be 

related to the number of vehicles that inadvertently leave the roadway at 

that site. Further, it is assumed that the frequency and nature of 

uncontrolled encroachments can be related to roadway and traffic 

characteristics. Thus the goal of an encroachment probability model is to 

relate roadway and traffic characteristics to the expected accident 

frequency at any site. 

The general approach in calculating accident frequency is to determine 

the region along the roadway, or hazard envelope, within which a vehicle 

leaving the travelway at a prescribed angle will impact the hazard. A 

typical hazard envelope is shown in Figure 1. Note that the hazard 

envelope is divided into three basic ranges. The first encroachment range 

corresponds with accidents involving the side of the hazard parallel to 

the roadway and is the same length as the hazard. The second range 

corresponds to impacts on the corner of the hazard between the two exposed 

faces and is a function of the effective width of the vehicle. Accident 
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analysis studies have shown that many vehicles involved in roadside 

accidents are not tracking (.§.,.Z). Therefore the effective vehicle width 

used in the encroachment algorithm is the average of the vehicle width and 

length. The third encroachment range corresponds to vehicles impacting 

the side of the hazard and is a function of the width of the hazard. 

As shown in Figure 1, uncontrolled vehicles are assumed to encroach 

along a straight path. The probability that a vehicle of a particular 

size will leave the traveled way within a specific encroachment range at a 
prescribed angle and speed is merely the length of the range in miles 

times the probability of a vehicle encroaching under the given conditions. 

where 

P (E W ,2IE) = V,S 

P(w)P(E v aIE)(We/sinS)/5280 , (2) 

The probability that a vehicle of size w will encroach at 

speed v and angle S into encroachment range'2, given that 

an encroachment has occurred. 

P(w) = The probability that an encroaching vehicle will be of 

size w. 

p(E v,slE) = The probability that an encroaching vehicle will be 

traveling at speed v and encroaching at angle a. 
We = Effective vehicle width (1/2 vehicle width + 1/2 vehicle 

length) (ft) 

Note that this probability is based on the assumption that vehicles 

encroach randomly within the area of interest. 

When a vehicle leaves the travelway within the hazard envelope, there 

is some probability that the vehicle will stop or steer back to the 
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roadway before "impacting the hazard. Therefore, the probabil ity of 

entering the hazard envelope must be modified by the probabil ity of a 

vehicle encroaching far enough laterally to reach the obstacle. The 

probability that an encroaching vehicle will impact the corner of the 

hazard is 

P (w) P(Ev 8)( 1 /5280)( sees csca. N P (LE)( a+j -1/2))) 
, J=l (3) 

where 

p(CW,2~) = probability that a vehicle of size w encroaching at speed v,a 
v and angle a will impact hazard within range 2, given 

that an encroachment has occurred. 

a = distance from travelway to fixed object (ft). 

P(LE)(a+ ••• )) = probability that the lateral extent of encroachment is 

greater than or equal to a+ ••• 

N = We x cos 8 ( ft) 

The probability that an encroaching vehicle will impact with a single 

hazard is merely the sum of the probabilities of impacts within each 

encroachment range. 

For most circumstances of interest, two or more hazards are present at 

one location. For these situations the hazard envelopes can overlap and 

create a complex geometric problem as shown in Figure 2. This figure 

shows a rectangular hazard shielded by guardrail. Some vehicles 

encroaching within this region will impact the longitudinal barrier and be 

redirected, while other accidents will involve vehicles going behind or 

through the barrier and impacting the protected hazard. Hazard envelopes 

for multiple hazard locations can be described if the relative locations 

and the geometry of all hazards are known. Figure 2 shows nine 

encroachment ranges comparing the overlapping hazard envelopes of the two 
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hazards. Each encroachment range describes a unique combination of hazard 

faces which an encroaching vehicle would contact. For example, a vehicle 

with sufficient speed to penetrate the barrier, leaving the roadway within 

encroachment range 7, would first contact the longitudinal face of the 

barrier and then the longitudinal face of the hazard. 

The encroachment probabil ity model developed under this study uses 

hazard locations and geometry to determine the limits of all encroachment 

ranges and the lateral distances to each hazard within the range. The 

model then calculates the probability of a collision within each 

encroachment range in a manner analogous to that given in equation 3 as 

shown below: 

( W,i l w ) 
P CV,8 Ev,9 (4) 

where 

P(C~;~IEV~ ) = Probability that a vehicle of size w leaving the 

roadway at speed v and angle 9 will impact the first 

hazard within encroachment range i given that an 

encroachment has occurred i nvol vi ng .v, s ,w, speed v, 

and angle 9. 

li = length of encroachment range i. 

YE l' = lateral di stance from end of encroachment range i to 
1 

first hazard within the range. 

YBl . = lateral distance from beginning of encroachment range 
1 

i to first hazard within the range. 

The total accident costs for any site can then be determined by 

multiplying the collision probability from equation 4 by the encroachment 
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frequency and the acci dent cos t of the p redi cted acci dent and summi ng 

overall possible accident types. 

where 

= L: L: L: L: P(C w,; E W ) AC w,; E
f w v 9 v,S v,S v,8 

AAC (5) 

AAC = Annual accident costs arising from run-off-road 

traffic accidents within the region of interest 

($/yr). 

E f = Uncontrolled encroachment frequency (Enc/mi /yr). 
L: 
W 

r 
v 
E 
9 
L: 
i 

= Summation over all encroachment vehicle sizes. 

= Summation over all encroachment velocities. 

= Summation over all encroachment angles. 

= Summation over all encroachment ranges. 

ACw ,i == 
v,S Accident costs associated with an accident involving a 

vehicle of size w, impacting hazard i at speed v and 

angl ea. 

The above equation is based on the probability of the encroaching vehicle 

impacting the first hazard within encroachment range i. For some 

predicted accidents, the impacting vehicle will penetrate the first hazard 

within the encroachment range. For example, longitudinal barriers have a 

performance level beyond which vehicle restraint cannot be assured. When 

a vehicle is predicted to penetrate the first hazard within the range, it 

is assumed that the vehicle will impact the next hazard within the range. 

Accident costs shown above were calculated for traffic moving in only 

one di rect ion. A very similar procedure was developed for use on 

two-lane, two~way highways. In this application, the accident prediction 
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algorithm is used twice. The procedure is first used to determine the 

costs of accidents resulting from vehicles leaving the right side of the 

roadway. Then accident costs are developed in an analogous procedure for 

accidents involving vehicles· leaving the left side of the roadway. 

Encroachments from the right side lane have been shown to comprise 

approximately 65% of all encroachments (~,~). For two-lane roadways, the 

remaining encroachments must originate from the left side of the 

travelway. 

Encroachment Characteristics 

The accident prediction model described above requires a knowledge of 

certai n characteri sti cs of uncontroll ed encroachments i ncl udi ng frequency, 

speed, angle, and lateral movement. Very little pure encroachment data is 

currently available. The 1 argest data base contai ni ng pure encroachment 

information was collected on Canad-ian highways by Cooper (2.). Unlike 

other efforts (lQ), this study involved highways with operating speeds in 

the same range as most U.S .hi ghways today. Therefore findings from 

Cooper (~) were used to determine both encroachment frequency and lateral 

movement i nformat i on. Cooper collected encroachment frequency data on 

re 1 at he ly s tra i ght, fl at sect ions of roadways in two. different classes, 

four-lane divided and two-lane, two-way. These data included both 

controlled and uncontrolled encroachments. Accident data have been used 

to adjust encroachment frequencies from Cooper to eliminate controlled 

encroachments (!!.,l~). The adjusted encroachment frequency curves are 

shown in Figure 3. Accident data have also been used to develop 

encroachment frequency adjustment factors, shown in Table 1, to account 

for the effects of vertical or horizontal curvature on encroachment 

frequency C!]). 
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Roadway 
Curvature 
(degrees) 

0-3 

3.01-6 

,. 6 

TABLE 1. ENCROACHMENT FREQUENCY ADJlISTMENTFACTORS 
FOR HORIZONTAL AND VERTICAL ALIGNMENT (1I) 

ENCROACHMENT LOCATION WITH RESPECT TO CURVE 

Inside Outside 

Uphi 11 or Moderate Steeper Uphi 11 or Moderate 
Downhill Downhi 11 Oownhi 11 
Grade Grade Grade 

( '> - 2%) (~ - 2%) (> - 2%) 

1.00 0.80 1.00 

1.24 2.06 2.76 

1.98 4.00 4.42 
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Cooper also collected lateral extent of encroachment information. 

Latera 1 extent of encroachment i nformat i on from other sources is 

considered to be unrepresentative of modern accident characteristics since 

it involved either high-speed traffic (speed limit of 70 mph) (10) or was 

collected from accident data (~). Distributions of lateral vehicle 

movement developed from Cooper's data show very few vehicles encroaching . 

less than 10 ft before returning to the roadway. Many of the highways 

studied had paved or graveled shoulders that tend to hide evidence of 

encroachments with short lateral extent. Lateral extent of movement data 

from Cooper has been adjusted by curve fitting the data points beyond 12 

ft (the widest shoulder width in the study) to eliminate the effects of 

paved shoulders. Figure 4 shows both the raw and adjusted lateral extent 

of movement distributions from reference 9. Note that for very short 

encroachments, the probability of lateral encroachment is greater than 1. 

Thus, the curve in Figure 4 serves as an adjustment for the encroachments 

of short lateral extent that were not detected in the encroachment study. 

No pure encroachment data published to date have contained any 

information regarding encroachment speed. Encroachment velocity and angle 

are known to be related. Therefore encroachment angle data are believed 

to be of little value without accompanying speed data. The best available 

method of estimating combined impact speed and angle distributions is 

through computer reconstruction of traffic accidents ([,1.1). Table 2 

shows the distribution of freeway encroachment speeds and angles developed 

from references 7 and 14. Although impact speed distributions developed 

from accident data are biased toward high impact speeds, accident 

severities from these distributions are more representative of real-world 

accidents than severity estimates based solely on high-speed impacts. 
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TABLE 2. COMBINED IMPACT VELOCITY AND ANGLE DISTRIBUTIONS 
FRQr.1 ACC IDENT STUD I E S (2.,]i) 

Speed 
(mph) 

< 20 

20-30 

30-40 

40-50 

50-60 

> 60 

Tota 1 

<5 

.0429 

.0268 

.0168 

.0093 

.0044 

.0035 

.104 

COMBINED : GAMMA FUNCTION PROBABILITIES 

Angle (degrees) 

5-15 15-25 25-35 35-45 

.1862 .1163 .0466 .0157 

.1163 .0726 .0291 .0098 

.0732 .0458 .0183 .0062 

.0392 .0245 .0098 .0033 

.0191 .0119 .0048 .0016 

.0152 .0095 .0038 .0013 

.4490 .2810 .1120 .1790 
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> 45 Total 

.0067 .414 

.0042 .259 

.0026 .163 

.0014 .088 

.0007 .043 

.0005 .034 

.016 



Distributions such as the ones shown in Table 2 have been de,veloped for a 

variety of functional classes of highways. The procedure described her.ein 

utilizes the appropriate distribution based on the functional class of 

highway under consideration. 

Although small vehicles have, been shown to be overrepresented in 

reported accident data, it is believed that much ~f this over

representation is the result of reduced crashworthiness of small mobiles 

rather than an increased encroachment probability. Little data are 

currently available to'relate encroachment probability to vehicle size. 

Therefore it has been assumed that encroachment rates are independent of 

vehicle size,and that the probability of an encroaching vehicle b~ing of a, 

particular size is equal to the decimal fraction of vehicles of that size 

in the traffic stream. 

Accident Costs and Performance Levels 

Accident costs of primary interest in a benefit/cost analysis are the 

societal costs resulting from occupant injury and veh'icle damage and the 

di rect hoi ghway agency costsari sing from damage to hoi ghway faci 1 iti es. ' 

Societal, and direct costs are strongly related to the performance of the 

highway appurtenance impacted. For example, if a barrier contains and 

redirects an impacting vehicle, the expected societal costs will normally 

be well below those of an accident involving barrier penetration. Thus 

the performance level of a safety device must be defined before accident 

costs can be determined. 

The impact performance of highway appurtenances is generally believed 

to be limited by the degree of impact loading the device can safely 
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withstand or attenuate. For barri ers, the degree of 1 oadi ng has been 

shown to be related to the impact severity (IS) as defined below 

(!?,Ji,Q) : 

IS = 1/2 m(V sin9)2 

where: 

IS = impact severity (ft-lb) 

m = vehiCle mass (lb-sec2) 

V = vehicle impact ve1ucity (ft/sec) 

(6) 

e- vehicle impact angle (angle between resultant velocity vector 

and face of barrier) (deg) 

For the benefit/cost algorithm described herein, the performance level for 

barriers is measured in terms of impact severity. For other devices, such 

as crash cushions, performance level is measured in terms of total kinetic 

energy of the impacting vehicle. 

Societal costs have traditionally been linked to the severity or 

probabil tty of injury to vehicle occupants through a severity index 

scale. This scale was first developed in the mid-1970's (~) and has since 

been updated to refl ect current cost fi gures (]1). Tab 1 e 3 shows the 

. severity index scale from reference 16. 

Crash testing and simulations have been used to estimate impact 

severities of many. common highway hazards in terms of vehicle 

accelerations and damage. Vehicle accelerations have been linked to 

occupant injury by comparing damage to crash test vehicles and damage to 

vehicles involved in traffic accidents (~) •. Procedures from reference 18 

can be used to estimate crash test injury probabilities from measured 

IV:'19 



TABLE 3. SEVERITY INDEX SCALE 

Severi ty % PDO % Injury % Fatal Societal Cost 
Index Acci dents* Accidents Accidents per Accident 

0 100 0 0 1,600 

1 85 15 0 3,450 

2 70 30 0 5,500 

3 55 45 0 7,500 

4 40 59 1 15,800 

5 30 65 5 42,400 

6 20 68 12 87,900 

7 10 60 30 203,000 

8 0 40 60 393,000 

9 0 21 79 513,000 

10 0 5 95 614,000 

*PDO refers to those accidents where property damage only is involved. 
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vehicle accelerations. However, crash testing is normally conducted at 

speeds near 60 mph. A large gap therefore exists in severity indices data 

for roadside features at speeds less than 60 mph. In the absence of test 

data, the researchers have assumed a linear relationship between the 

severity index, as shown in Table 3, and impact speed. It should be noted 

that 1 inearity is assumed between severity index and impact speed, not 

severity per see As can be seen in Table 3, accident costs increase 

exponentially as the severity index increases. Figure 5 shows severity 

. indices of W-beam guardrail accidents derived from measured crash test 

accelerations. Crash test data used in the development of Figure 5 was 

collected from tests involving full-size, subcompact, and mini-size 

vehicles. Note that most crash tests involve impact angles of 15 and 25 

degrees. Therefore, severity indices for other impact angles must be 

interpolated and extrapolated from curves shown in Figure 4. 

Costs ari sing from damage to a hi ghway appurtenance are genera 11y 

believed to be proportional to the degree of impact loading on the 

appurtenance. References 16 and 17 have shown that IS is approximately 

proportional to the degree of barrier loading and it follows that barrier 

repair costs should be roughly proportional to IS. Figure 6 shows repair 

costs for W-beam guardrail est imated from crash test resu1 ts. Repai r 

costs of, other safety appurtenances are assumed to be roughly proportional 

to the total kinetic energy of the impacting vehicle. More detai 1 ed 

descriptions of performance level and accident cost determination can be 

found in reference 5. 

Improvements to the Benefit/Cost Model 

The benefit/cost model described herein has incorporated most of the 

improvements found in all previous models. Additional modifications have 
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been added to improve accuracy and enhance capabil ity of the al gorithm 

including: shielding of one obstacle by another, accident cost and 

appurtenance repair as a function of accident impact conditions, use of 

reconstructed accidents to predict impact conditions, and relating 

appurtenance performance to impact conditions. 

Applications and limitations 

The encroachment probability model on which the benefit/cost model is 

based is general in nature and can therefore be used to study a wide 

var'iety of highway conditions. These models are well suited for use in 

developing general safety treatment guidelines or policies (~). 

For example, a common problem faced by many highway engineers is how 

to safely treat the slope hazard at deep fill sections. In such cases an 

engineer must determine whether or not to place the slope breakpoint away 

from the' shoulder by increasing the amount of fill material and to use a 

barrier to shield the slope. Safety treatment alternatives for deep fill 

sections, shown in Figures 7 and 8, include increasing the available 

recovery area by moving the slope breakpoint away from the travelway and 

using W-beam guardrail to shield the slope. Typical cost and severity 

data for safety treatments of a 20 ft deep fill section are shown below. 

(Note that for this example the severity of a 60 mph encroachment onto a 

deep 1-1/2:1 slope is estimated to correspond to a severity index of 8.0. 

Impact severit i es for other speeds are estimated based on the assumed 

1 inear rel at'ionship between impact speed and severity index discussed 

previously. Further, the severity of impact with steep roadside slopes is 

assumed to be relative independent of impact angle.) 
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Safety Alternative Costs 

W-Beam Barrier 15 $/ft 

Repair Costs 

Performance Level 

Cost of Additional Fill 

7.8 $/ft-kip (IS) 

(See Figure 6) 

97 kip-ft 

5 $/yd (in place) 

Accident Severity Indices 

W~Beam Barrier 

Impacts below PL Figure 5 

Impacts above PL SI = 7.0 

1.5: 1 Slope SI = 0.133 x impact velocity (mph) 

Additional input data sources and highway descriptors were assumed to be 

as follows: 

Variable 

Accident Costs 

Discount Rate 

Project Ouration 

Roadway Alignment 

Functional Highway Class 

Type of Hi ghway 

Encroachment Speeds and Angles 

Lateral Vehicle Movement 

Assumed Value or Source 

Table 3 

4% 

20 years 

Straight, flat 

Freeway 

Four lane, divided 

Table 2 

Figure 4 

The benefit/cost model was then used to determi ne the re 1 at i ve benefits 

and costs for barrier protected and unprotected slopes with the slope 
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breakpoint offset 3, 15, 30, and 45 ft from the traveled way. The most 

cost beneficial alternative was determined for a wide variety of fill 

section lengths and traffic volumes. General guidelines for safety 

treatment of deep fill sections were then developed as shown in Figure 9. 

Another application of the benefit/cost analysis algorithm described 

herein is in the study of special or new safety appurtenances and unusual 

sites. General guidelines, such as those shown in Figure 9, cannot be 

applied to all situations. Further, some safety appurtenances are 

designed for special sites that cannot be generalized. Highway engineers 

ha ve expressed a need for a method of studyi ng these speci a 1 s ituat ions 

whenever they arise. Finally, this algorithm provides for the first time 

an objective method for determining optimum barrier flare rates and 

optimum barrier runout lengths in front of fixed hazards. 

Limitations 

As shown in the foregoing discussion, encroachment models have been 

developed to study accident frequencies of roadside hazards. These models 

are not designed to examine other types of accidents such as multiple 

vehicle accidents. Therefore, this technique cannot be used to study most 

safety treatments at i ntersecti ons or to determi ne warrants for medi an 

barrier applications. 

Another limitation of encroachment probability models is in the 

determination of accident severity based on pred-icted impact conditions. 

Accident severity is a very important factor in determining the total 

accident costs of a safety alternative. There is still only a tenuous 

link between impact conditions and accident severity. Further, accident 

severities of some hazards,such as dropoffs and roadside slopes, are very 
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diffi cul t to quant ify. Thus, the model has a limited value in the 

analysis of problems in which the severity of potential accidents cannot 

be estimated. 

Conclusions 

The benefit/cost procedures described herein represent a significant 

improvement over existing procedures in the accuracy and versatility of 

analysis of the need for safety improvements. The technique is based on 

the best accident, encroachment, and impact severity information currently 

available. When better data become available, it should be incorporated 

into the procedures. The computer model can be used to develop general 

roadside safety appurtenance use guidelines. FHWA has adopted the model 

for developing barrier use guidelines for the update to the 1977 Barrier 

Guide. 

Microcomputer versions of this program should allow practicing 

hi ghway engi neers to app ly these procedures without the diff"i culty 

associ ated with mos t other methods. Therefore this benefit/cost model 

should allow more potential safety improvement projects to be analyzed 

in terms of the expected benefits and costs, thereby resulting in a more 

efficient application of available highway improvement dollars. 
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