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The highway-vehicle-object simulation model, a computer model that de­
scribes an automobile arid is capable of predicting the dynamic response 
of the automobile traversing selected terrain, was used to study the be­
havior of a standard-sized automobile traversing embankment side slopes 
at various speeds and departure angles. The accelerations obtained were 
used to compute a severity index that was then compared with a similarly 
computed severity index (from actual crash data) of a vehicle impacting a 
W-beam guardrail with posts on 6¼-ft spacing. An equal-severity curve 
was then developed that can be used as a guardrail installation criterion. 

eWHEN a vehicle, traveling at a high speed, leaves the roadway and strikes a guard­
rail, a hazardous situation obviously exists. It is also hazardous when there is no 
guardrail and the vehicle must traverse the ditch. Neither event is desirable. Never­
theless, for a given type of guardrail, given ditch or embankment configuration, and 
given vehicle encroachment conditions, one situation will be less severe than the other. 

To determine the need for guardrails on embankments, many highway engineers are 
using criteria developed by Glennon and Tamburri (11) . Their study was based on a 
statistical analysis of accident information from theCalifornia state highways during 
1963 and 1964. The two basic types of guardrail in use during the time of the accidents 
were a spring-mounted curved metal plate on 10-ft post spacing and a blocked-out W­
section corrugated beam on 12-ft, 6-in. post spacing. 

The primary type of guardrail used by the Texas Highway Department (THD) is a 
W-section corrugated beam on posts spaced on 6-ft, 3-in. centers, with no block-out of 
the rail from the post. Because tbe THD guardrail system differs considerably from 
the one in use during the California study (primarily in the post spacing), it was decided 
that criteria relevant to the THP system should be developed. The objective of this 
study was, therefore, to determine where it is safer to traverse an embankment than to 
impact the THD guardrail. 

The approach of this study parallels that of Glennon and Tamburri (11) in that an 
equal-severity curve is established for determining the less severe alternative, guard­
rail or unprotected embankment. For an errant vehicle, the curve represents the com­
bination of embankment heights and slopes that are equal in severity to impacting a 
particular guardrail. The major difference of the two approaches is the basis for mea­
suring accident (guardrail impacts and embankment traversals) severity. Weighted 
severity values (11) were assigned to different occupant injury levels as determined 
from the accidentreports. In the study described here, a combination of mathematical 
models and full-scale test data was used to determine vehicle accelerations during 
guardrail impacts and embankment traversals. Vehicle accelerations served as the 
measure of severity. In establishing need criteria, we believe that mathematical 
models and test data provide more flexibility than do accident records. Much of the 
subjectivity of accident records is removed. Although the criteria developed in this 
study pertain to a particular guardrail system, the methods used in the development 
are general, and any type of guardrail or embankment configuration can be investigated. 
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ESTABLISHING GUARDRAIL NEED 

Approach 

A mathematical model of an automobile (1), denoted herein as highway-vehicle­
object simulation model (HVOSM), was used to determine the orientation and ac­
celerations of a simulated automobile traversing various embankment configurations. 
A mathematical model (9) and full-scale test data (8, 10) were used to determine the 
accelerations of an automobile impacting a guardra11 system similar to the THD sys­
tem. Accelerations at the center of gravity of the automobile were used as the mea­
sure of severity. A severity index (SI), discussed in a report by Ross and Post (2), 
served to quantify the relative severity of each event for an unrestrained occupant. 

To compare the severity of a vehicle impacting a guardrail with the severity of a 
vehicle traversing an embankment, one should use the same vehicle under the same 
encroachment conditions. These requirements were maintained as closely as possible. 
In the mathematical model studies of embankment encroachments, a 1963 Ford Galaxie 
was used. In most of the cases analyzed, a vehicle of similar size was used in the full­
scale guardrail tests. Also, in most of the reported full-scale guardrail crash tests, 
the vehicle impacted at 60 mph and a 25-deg angle. Hence, for vehicle encroachment 
conditions, a 25-deg angle of departure and a speed of 60 mph were selected. These 
encroachment conditions are the criteria recommended for the structural design of 
guardrails (14). 

A parameter study was made to evaluate the effects of encroachment conditions on 
the severity of an embankment traversal and a guardrail collision. The embankment 
in each case was a 3: 1 side slope, 20 ft in height, with a flat-bottom ditch. 

Embankment 

The basic geometry of each embankment investigated consisted of a 10-ft shoulder 
adjoining a side slope of b:a and height H, with a flat-bottom ditch (Fig. 1). Slopes 
(b:a) of 2: 1, 3: 1, and 6: 1 in combination with heights (H) of 10, 20, 30, and 50 ft 
were studied. In addition, a 3.25: 1 slope with a height of 20 ft and a 4: 1 slope with a 
height of 20 ft were studied. The reason for studying the latter two cases is explained 
later in the paper. 

In the 14 embankment combinations studied, the simulated automobile was placed on 
the roadway with an initial velocity and encroachment angle 01- Throughout the ma­
neuvers, the automobile was assumed to be out of control; that is, no attempt was made 
to steer the automobile. 

In most cases (Table 1), the encroachment angle and speed of the automobile in­
creased as the vehicle traversed the embankment slope. In all but the 6: 1 slope com­
binations, the automobile became completely airborne (all tires off ground) for a period 
of time after leaving the shoulder. In traversing a 2: 1 slope with a height of 10 ft, the 
automobile landed on the ditch bottom and then pitched over about its front end. For all 
other height and slope combinations, the automobile landed on the embankment slope 
after being airborne with no tendency to roll or pitch over. 

Table 1 also gives the maximum average decelerations for a 50- msec period. These 
values were obtained by studying the computer output for those times when the larger 
decelerations occurred and then, by trial and error, selecting the 50-msec period with 
the highest average deceleration. The SI was computed from data given in another re­
port~). 

Guardrail 

The types of guardrail that can be studied by the Texas Transportation Institute' s 
version of HVOSM are limited to those whose lateral resistance to vehicle penetration 
is independent of the longitudinal position of the vehicle contact point. Because the W­
section guardrail on 6-ft, 3-in. post spacing does not fall in this category, the model 
could not be applied. 

Two methods were used to investigate the severity of a guardrail collision. The 
first method was based on data from full-scale crash tests by Michie @) and Beaton (10). 
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The second method was based on results obtained by mathematical equations presented 
by Olson (9). 

A review of the literature revealed that no full-scale tests have ever been performed 
on the guardrail system now used in Texas for embankment protection. However, the 
tests conducted by Michie (8) and Beaton (10) were conducted on a guardrail system 
similar to the THD guardrail. The one di'Herence between the two systems was that 
the "as-tested" rail was, in all but one case, blocked out from the post, whereas the 
THD rail butts against the post. The difference in the collision performance of the two 
systems is subject to conjecture. The possibility for snagging in the non-blocked-out 
system appears greater, and, if so, the severity of colliding with the THD system may 
be higher. If snagging does not occur, it seems reasonable to assume that the severity 
of impact would be similar for the two systems. This assumption is based on the fact 
that the lateral resistance of the two systems is essentially the same. In any case, it 
was hypothesized that the severity of impacting the THD system would be equal to or 
greater than that of the as-tested systems. As such, the criteria may be conservative 
as to the need for the THD guardrail system; i.e., more guardrail protection may be 
required by these criteria than is needed. On the other hand, the criteria are directly 
applicable to the as-tested system (8, 10). 

The SI' s of guardrail collisions conducted by Michie (8) were computed and are given 
in Table 2. These tests were selected on the basis of belng conducted at an impact 
speed and angle of approximately 60 mph and 25 deg. Also, the vehicles used in these 
tests were similar in size and weight to the one used in the simulation studies. The SI 
was computed for longitudinal and lateral decelerations occurring over two time inter­
vals; 50 msec and 325 to 450 msec. The longer time interval was measured from the 
instant of impact to the time when the automobile becomes parallel to the centerline of 
the guardrail. The SI was computed over the longer interval so that it could be com­
pared with the work of Olson (9 ), which is presented later. As discussed in the report by 
Ross and Post (2), the tolerable deceleration limits for the two time intervals were 
based on an interpretation of the findings of Hyde (4). 

An analysis of three full-scale crash tests conducted by Beaton (10) at impact condi­
tions of approximately 60 mph and 25 deg is given in Table 3. Because no acceleration­
time data were reported by Beaton, the automobile decelerations perpendicular (<f.d and 
parallel (Gt00, ) to the guardrail were computed from the following equations developed by 
Olson~): 

v~ sin2(0) 
G ):t = -------'-----'----------

2g{AL sin (8) - B [ 1 - cos (8)) + DJ 

where 

V 1 = impact velocity, 
e = impact angle, 

AL = distance from front bumper to center of gravity, 
2B = width of vehicle (B = one-half of velficle width), 
D lateral dynamic displacement of barrier, and 
µ. = coefficient of friction between vehicle and barrier [ a value of 0.3 was used 

(Table Al, ~)]. 

(1) 

(2) 

The primary assumption in developing these equations was that the deceleration was 
constant from impact to the time in which the automobile becomes parallel to the guard­
rail. Olson (9) demonstrated that these equations were accurate within ±20 percent. 

To compute an SI we must transform the decelerations computed by Eqs. 1 and 2 to 
the decelerations along the automobile coordinate system axes. This was accomplished 
with the following two transformation equations: 

G1at = Gtt [cos(e) - µ. sin(0)] (3) 



Figure 1. Embankment geometry and 
center-of-gravity path of automobile. 
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Table 1. Simulation results on embankments of various heights and slopes. 

Automobile 
Terrain 

Angle Speed 

--

Embank- Embank- Automobile Automobile Average Deceleration 
ment ment Maximum Maximum Contacts Contacts > 50 msec 

Run 
No. 

I 
2 
3 

4 
5 
6 
7 
8 

9 
10 
11 

12 
13 
14 

Height 
(fl) 

10 
10 
10 

20 
20 
20 
20 
20 

30 
30 
30 

50 
50 
50 

Slope Roll Angle 
(b:a) (deg) 

2:1 33 
3:1 29 
6:1 II 

2: I 48 
3:1 30 
6:1 11 
3.25:1 27 
4:1 20 

2:1 47 
3: I 29 
6:1 11 

2:1 47 
a:1 29 
6:1 11 

Pitch Angle Fial Ditch Flat Ditch 
(deg) (deg) (deg) G111111 

RO" 24 60 2.6 
10 25 61 0.2 

5 29 62 0.1 

15 24 62 2.6 
12 40 62 1.3 

5 34 65 0.1 
ID 37 64 1.3 

9 30 64 

23 32 58 0.3 
13 36 66 0.4 

5 33 67 0.0 

26 66 55 7.6 
13 43 GS 1.2 

6 43 70 0.2 

Note: Encroachment speed - 60 mph, shoulder width= 10 h, encroachment angle (01' ,, 25 deg, and shoulder slope• 20: l , 

•Automobile rolled over about its front end as it contacted flat ditch after being airborne. 
bSeverity index when contact with flat ditch occurs (just prior to roll•over) , 

Table 2. Guardrail full-scale crash tests (!!) . 

Automobile 
Guardrail 

G1.t 

3.4 
0.6 
0.3 

4.9 
0.8 
0.4 
0.7 
0.5 

1.3 
0.9 
0,6 

3.4 
1.3 
0.5 

G .. • rl 

4.7 
5.3 
2,2 

6.3 
7.6 
2.8 
4.5 
3. 7 

6.8 
4.9 
3.5 

9,7 
6.4 
3.7 

Decelerations (G) 
Post Dynamic 
Embed- Displace- Impact Impact 50 msec 

Test ment ment Weight Speed Angle 
No. Post Blackout (in.) (fl) (lb) (mph) (deg) G1011 1 G11.t sr 
IOI 8- by 8-in. wood 8-in. wood 36 4.25 4,042 55 31 4.6 4.5 1.1 
103 8- by 8-in. wood 8-in. wood 36 2.64 4,123 60 22 3.1 6.1 1.3 
119 686.5 None 42 2,74 4,169 53 30 4.5 4.4 1. I 
120 688.5 1-6B8.5 42 4.05 3,813 57 28 3,9 6.6 1.4 
121 6B8.5 2-6B8.5 42 3. 10 4,478 56 27 3,6 6. 7 1.5 
!22 6B8.5 2-oBB,5 42 4.95 4,570 63 25 3.9 7.6 1.6 

Note: Rail height= 27 in. and post spacing= 6 ft, 3 in. All rail members tested were steel W-beam. 
1Gx L • 7 end Gv L .. 5 (Appendix 8, 2.), bGx L • 6 end Gv L • 4 (Appendix B, 2.), 

SI 

I.I' 
0.9 
0.4 

1.5 
1.3 
0.5 
0,8 
0,6 

1.2 
0,8 
0.6 

2.1 
1.1 
0.6 

325 to 450 msec 

G1on1 G1._t SI' 

2.9 3.1 0.9 
2.2 3.3 0.9 
2 .3 2 .7 0,8 
2.9 3,5 1.0 
1.9 3.3 0.9 
2.3 3.9 1.0 



G,ong = G1at [sin(0) - µ. cos(0)] 
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(4) 

Observations of high-speed photography show that, for the time interval between 
impact and maximum guardrail displacement (dynamic displacement), the heading angle 
of the automobile changes only slightly. It is during this interval that the maximum 
deceleration usually occurs. Therefore, in applying the preceding transformation equa­
tions, the initial impact angle was used. 

A comparison of the SI' s computed for the California tests in Table 3 with those in 
Table 2 further demonstrates that the mathematical equations presented by Olson (9) 
provide reasonable results. Equations 1 through 4 were used to predict the severity 
of guardrail collisions for various impact speeds and angles, as described later in this 
paper. 

Comparison of Relative Severities 

The SI's of embankment traversals (Table 1) are shown in Figure 2. Superimposed 
on the figure is the range of SI's for impacts with the guardrail from Tables 2 and 3. 
The range of SI' s shown in Figure 2 for the guardrail was based on accelerations 
averaged over the longer time duration. 

It was anticipated that the SI would increase as the embankment height increased for 
a given slope. However, this was not always the case, as shown in Figure 2. Two good 
examples of this anomaly were the SI' s for a 2: 1 slope with a 20-ft fill height and for a 
3: 1 slope with a 20-ft fill height (runs 4 and 5, Table 1). Both values were considerably 
higher than anticipated. Examination of the output from runs 4 and 5 showed that, when 
the vehicle reached the flat- bottom ditch, both the front and rear bumpers of the auto­
mobile simultaneously contacted and penetrated the terrain, causing large resistive 
forces. In other runs, front and rear bumper contact did not occur simultaneously; 
hence, the effect of bumper contact on the SI was not as pronounced. 

Additional runs (runs 7 and 8, Table 1) were made on a 20-ft fill height to determine 
the variation of the SI between a 3: 1 and 6: 1 slope because of the large difference in the 
index between these slopes. As seen in Figure 2, flattening the slope from a 3: 1 to a 
3.25: 1 and to a 4: 1 resulted in a considerable reduction in the SI. A sharp transition 
was therefore found to exist in the SI at a slope of about 3: 1 for the 20-ft embankment 
height. As discussed, both front and rear bumper contact occurred simultaneously for 
the 2: 1 and 3: 1 slopes on a 20-ft fill height, and, as a consequence, the forces and ac­
celerations were greatly increased. Front and rear bumper contact did not occur si­
multaneously for the 3.25: 1 and 4: 1 slopes. Vehicle attitude during initial contact with 
the ditch is therefore a significant factor influencing the relative severity of an em­
bankment traversal. 

Table 4 gives those combinations of embankment slope (measured as a ratio and in 
degrees) and height that are equal in severity to the upper bound, average, and lower 
bound guardrail severities. Each combination represents the intersection point of a 
given embankment height curve with a given guardrail severity line shown in Figure 2. 
For example, traversal of an embankment with a 3.14: 1 (or 18-deg) slope, 20 ft in 
height, is equal in severity to an automobile impacting the guardrail, based on the 
average guardrail severity. 

Equal-severity curves based on the upper and lower bound of guardrail severities 
are shown in Figure 3. The coordinates of the four points from which each curve was 
drawn were taken from Table 4. As shown in Figure 3, a line through a slope equal to 
3: 1 (dotted line) appears to be an average equal-severity curve. By the average curve, 
an embankment with a slope steeper than 3: 1 should be protected, and, conversely, 
slopes flatter than 3: 1 would not need guardrail protection. 

Embankment heights of less than 10 ft were not investigated. Nevertheless, it seems 
reasonable to assume that a line through a 3: 1 slope can also be used as the equal­
severity curve for heights of 10 ft or less. Implementation of the criteria would be 
simplified in so doing. 

For comparison with this study, other equal-severity curves are shown in Figure 4. 
The relation established by Glennon and Tamburri (!!) was based on a statistical anal-
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Table 3. Guardrail full-scale crash tests ll.Q). 

Automobile 
Guardrail 

Average Decelerations of 275 to 300 
Wood Post Dynamic msec 
Post Post Embed- Rail Displace- Impact Impact 

Test Blockout Spacing ment Height ment• Weight Speed Angle Gf.t Gfoa, G1 .. , 
No. (in.) (in.) (in.) (in.) (It) (lb) (mph) (deg) (Eq. 1) (Eq. 2) (Eq, 3) 

106 8 6-3 41 30 2.45 4,570 60 26 3.9 1.2 3.1 
107 8 6-3 36 27 2.10 4,570 60 25 4.2 1.3 3.3 
108 8 6-3 35 24 2.10 4,570 59 26 4. 1 1.2 3.2 

Note: AL• 7.95 ft and 2B = 6.5 h. All rail membe~ tested were steel W·be11m, and posts (with 6(8.2 rubbing rail) were 8- by 8-in. wood 

•oynemic displacement taken as 1.4 times permanent set (fil , 

Figure 2. Severity comparison of automobile traversing embankment and colliding 
with guardrail. 
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Table 4. Equal severity combinations. 

Embankment Slope at Intersection of Guardrail and 
Embankment SI Curves• 

Embank-
ment Upper Bound Average Lower Bound 
Height 
(It) b:a Deg b:a Deg b:a 

10 2.42:1 22 2.92: 1 19 3.50: 1 
20 2.88: 1 19 3.14:1 18 3.44:1 
30 2.42: 1 22 2.65: I 21 3.02:1 
50 3.34: 1 17 3. 75: 1 15 4.26: I 

Note: For upper bound SI - 1.0, for average SI= 0.9, and for lower bound SI = 0 B. 
8 Va1ues obtained from Figure 2. 

Deg 

16 
16 
18 
13 

G"•• 
(Eq. 4) SI 

2.7 0,9 
2.9 1.0 
2.8 0.9 



Figure 3. Warrant for guardrails on embankments. 
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ysis of accident information compiled on the California highways during the years of 
1963 and 1964. Their work is currently used by many highway engineers. 

As evident in Figure 4, the relation established by Glennon and Tamburri generally 
agrees with the relation established in this study. The differences existing between 
these two independently established curves are attributed to the following: The condi­
tions of encroachment of 60 mph and 25 deg investigated in this study are probably 

, more severe than those conditions occurring in the majority of the accidents statisti­
cally analyzed, and the Texas guardrail system is stiffer than that used at the time of 
the accidents because of a smaller post spacing. 

A guide to determine if a guardrail is needed on roadway embankments was also 
presented by Tutt (12) apd is shown in Figure 4. As in the criteria presented by Tutt, 
engineering judgment must be used in applying the results of this study. Where a 
hazardous condition exists along or at the bottom of the embankment, a guardrail may 
be warranted in the immediate vicinity of the hazard. It is also noted that the safer 
option (guardrail versus no guardrail) determined by use of this criterion will not neces­
sarily ensure a safe situation; i.e., severe injuries may still occur. This approach 
will, however, provide an objective means of selecting the safer of two hazardous situa­
tions. 

PARAMETER STUDY OF ENCROACHMENT CONDITIONS 

In previous sections, severity values for automobiles traversing different embank­
ment heights and slopes and automobiles colliding with guardrails were presented. The 
encroachment conditions were a speed of 60 mph and an angle of 25 deg. The effects 
of the encroachment conditions on the vehicle's behavior and the severity of the event 
were determined by making a series of runs where the speed and encroachment angle 
were varied. An embankment having a 3: 1 slope and a 20-ft height was selected for 
the study. 

The majority of full-scale crash tests on a guardrail have been conducted at an im­
pact speed of 60 mph and an angle of 25 deg. Prediction of the severity of guardrail 
damage for different conditions of impact was made by using the mathematical equations 
developed by Olson (9). It was shown earlier that t11ese equations, Eqs . 1 and 2, com­
pare favorably with measru·ed accelerometer information. 

Before Eq. 1 could be used, a method was needed to estimate t he dynamic displace­
m~nls D oI a guardrail for various conditions cf impact. This ,v~1-s don~ by ~~Anm~ing 
that the displacement of a guardrail is proportional to the loss in kinetic energy of an 
automobile as it is being redirected. The kinetic energy KE expended by a guardrail 
from the instant of impact to the time when the automobile is parallel to the guardrail 
was approximated as follows: 

(5) 

Note that V1 sin e is the component of vehicle velocity normal to the guardrail. 
Equation 5 does not account for the kinetic energy expended by changes in the ver­

tical and longitudinal velocity components. The C-coefficient is the portion of the ki­
netic energy of the vehicle expended by the guardrail. The remainder of the energy of 
impact is expended primarily in sheet metal crushing of the automobile. 

Using information from full-scale crash tests, we approximated the dynamic dis­
placement of a guardrail as follows: 

(~)teat 
D 

selected 
condition a 



Therefore, assuming Ct .. t = c,.1eoted cond!tiono 

(D) 
• eleoted 
oondi t1 ona [ 

D J [wv2 
sin

2 (a)] I selected. 
WV~ sin2 (0) toot oondtttono 
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(6) 

The values used for the test parameters in Eq. 6 were selected from the tests on the 
California guardrail system (8- by 8-in. wood posts), as given in Table 3. The test 
values used were W = 4,570 lb, D = 2.37 ft (average of 4 tests), V, = 60 mph= 88 ft/sec, 
e = 25 deg, and (sin 25 deg) = 0.423. Thus 

[ 
D ] [ 2.37 ] wv: s in3 (0) toot = (4, 570)(88)2 (0.423)2 

Equation 6 was thus reduced to 

sec 3 

3.74 x 10-7 lb - ft 

{D) • ol ootod 
conditions 

(3.74 X 10-7)(W vf sin2 0).o1.otod 
condlt ion a 

(7) 

The properties of the automobile simulated in HVOSM (1963 Ford Galaxie), which 
are needed in Eqs. 1 through 4 and Eq. 7, were as follows: W = 4,750 lb, AL = 81. 52 in., 
B = 39.50 in., andµ= 0.3. Substitution of the preceding value of W into Eq. 7 gives 

(D) ••looted = (1. 78 X 10-3)(V~ sin2 a) ••looted 
oondtt tans co,nd.1 ttona 

(8) 

In Table 5, values for v, and a were inserted in Eq. 8 to compute the guardrail dy­
namic displacements. 

The duration .:lT of the guardrail impact was estimated by using Eq. 9. 

fil = V 1 sin 0 

g Gtat 
(9) 

The numerator and denominator of the right-hand side of Eq. 9 are respectively the 
component of vehicle velocity normal to the guardrail and vehicle acceleration normal 
to the guardrail. 

The computed decelerations and SI' s for an automobile redirected by a guardrail for 
various encroachment conditions are given in Table 5. The tolerable accelerations 
used to compute the SI's were for the 225- to 450-msec duration (Table Bl, 2). 

Table 6 gives the results of the parameter study on the selected embankment (3: 1 
side slope, 20 ft in height). The dynamic behavior of an automobile at speeds of 50, 
60, and 70 mph and encroachment angles of 10, 17. 5, and 2 5 deg were investigated by 
using HVOSM. 

SI curves for guardrail and the typical embankment as a function of encroachment 
conditions are shown in Figure 5. The severity curve for the 25-degencroachment angle 
shows a sharp decrease as the speed of the automobile increases from 60 to 70 mph. 
Intuitively, this phenomenon appears incorrect. However, as discussed in a previous 
section, at 60 mph the front and rear bumpers of the automobile contacted the ditch 
bottom simultaneously, causing high resistive forces and accelerations. At 70 mph, 
front and rear bumper contact did not occur simultaneously, and the resistive forces 
were lower. For comparative purposes, the SI for a 3.25: 1 slope and encroachment 
conditions of 60 mph and 25 deg (run 7, Table 1) is shown in Figure 5. 

It can be seen in Figure 5 that, for a 17.5-deg angle of encroachment or less, em­
bankment severity is less than guardrail severity at all speeds. This suggests that the 
criteria shown in Figure 3 may require more guardrail than needed for most accident 
situations because the encroachment angle of most errant vehicles is less than 25 deg. 
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Table 5. Computed guardrail severity indexes. 

Guardrail Time 
Impact Impact Dyn11mto or. ,, Duration, 
Speed Angle DIHpl:tca - at .. , Eq. 2 Eq. 9 Giea, G1•t 
(mph) (deg) mcnt ((t) (Eq. 1) (~ g 0,3) (meec) (Eq. 3) (Eq. 4) SI 

50 10,0 0.29 1.8 0.5 224 0.8 1. 7 0.4 
50 17.5 0.86 2.8 0.8 249 1.6 2.4 0.7 
50 25.0 1. 71 3. 5 1.1 276 2.1 2.7 O.B 

60 10.0 0.41 2.4 0.7 202 1.1 2.2 0.6 
60 17.5 1.25 3.5 1.0 237 2.0 3.0 0.B 
60 25,0 2.47 4.3 1.3 271 3.0 3.3 1.0 

70 10.0 0. 57 2.9 0.9 191 1.4 2. 7 0. 7 
70 17.5 1.70 4.1 1.2 233 2.4 3,6 1.0 
70 25.0 3.35 4.9 1.5 273 3.4 3.9 1.1 

Figure 5. Guardrail and embankment severity as function of encroachment 
speed and angle. 
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Table 6. Simulation results on 20-ft and 3: 1 slope embankment. 

Automobile 
Terrain 

Angle 
Embank- Embank- Encroach- Encroach- Maximum Maximum Automobile 
ment ment ment ment Roll Pitch Contacts 

Run Height Slope Speed Angle Angle Angle Flat Ditch 
No. (ft) (b:a) (mph) (deg) (deg) (deg) (deg ) 

15 20 3:1 50 10.0 22 8 26 
16 20 3:1 50 17.5 25 10 29 
17 20 3:1 50 25.0 27 12 35 
18 20 3:1 60 10.0 23 7 23 
19 20 3: 1 60 17.5 27 9 26 

5 20 3:1 60 25.0 30 12 40 
20 20 3:1 70 10.0 25 6 19 
21 20 3:1 70 17.5 31 9 26 
22 20 3:1 70 25.0 32 16 37 

Note: Shoulder width • 10 ft and shoulder slope - 20: L 

Speed 
Automobile Average Decelerations 
Contacts >50 msec 
Flat Ditch 
(mph) G1oa1 G1.t Gv,rt SI 

55 0.6 0.5 2.2 0.4 
55 0.8 0.8 2.2 0,4 
54 1.3 0.8 2.9 0.5 
64 0.6 0.5 2.6 0.5 
64 0.9 1.0 2.4 0.5 
62 1.3 0.8 7.6 1.3 
74 0.5 0.6 2.2 0.4 
73 1.2 1.1 3.5 0.7 
69 0.1 1.5 6.1 1.1 
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CONCLUSIONS 

The paper supports the following conclusions: 

1. Criteria are presented for making objective decisions on the need for guardrail 
protection for embankments. The guardrail system for which these criteria are ap­
plicable is the steel W-beam supported on a post spaced at 6-ft, 3-in. centers. The 
criteria show that, for side slopes flatter than 3: 1 and fill heights 40 ft or less, guard­
rail protection is not warranted. 

2. The criteria referred to in conclusion 1 were based on an automobile encroach­
ment condition of 25-deg departure angle and 60-mph speed. The effects of vehicle 
encroachment speed and angle o·n the severity of both guardrail impacts and embank­
ment traversals were studied. It was concluded that, for speeds of 50, 60, and 70 mph 
and for shallow encroachment angles (less than 17. 5 deg), a collision with the guardrail 
(as described in conclusion 1) is higher in severity than traversing a 3: 1 embankment 
with a 20-ft fill height. However, as the speed and angle of departure increase, the 
severity of traversing the embankment approaches that of striking the guardrail. 

3. The analysis techniques used in this study, consisting of both mathematical models 
and full-scale tests, could be used to develop need criteria for various types of guard­
rail and for various encroachment conditions. 
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