Thisis an unedited draft reflectingmy persond opinions. Ezra Hauer

4. Road Grade and Safety
E. Hauer. Draft?, April 17, 2001

The purpose of this section is to summarize what the accumulated literature tells us about
the effect of grade on safety. The arrangement of this literature review is approximately
chronologicd. In section 4.1 we review the accumulated empirical evidence about how grade alone
affects safety. In section 4.2 we examine how the combination of grade and horizontal curvature
affects safety. Section 4.3 is an attempt to draw conclusions.

4.1. Grade and safety on straight road sections.

1953. The evidence available by 1971 has been assembled by Leisch & Associates (1971). The
earliest paper mentioned in thisreview of the literature is by Raff (1953) who concluded that: “ on
tangent highway sectionsthere does not appear to be any relation beween grade and accident rates.”.
He adds that: ” In these anayses the roads have been classfied only by grade, soit remains possible
that grade may have some effect on the accident rate when the appropriate other features are held
constant”. One should also add that data were pooled from 15 states and this created a difficulty
because: “It was difficult to decide how to combine the detailed data from different states. The
reporting requirements vary, and it cannot be assumed that the reporting laws arefully complied with
inevery state.” (p.22) Thisdifficulty could not be fully overcome and, at least for ‘grade’ the results
are erratic and uncertain.

1956. Bitzel using data about German freeways, reportsthe resultsin Table 1.

Tablel
Gradient [%] | Accident Rate [accidentYMVM]
0-1.9 0.75
2-3.9 1.09
4-5.9 3.06
6-8 3.39

1 Earlier drafts of this papers were prepared in the course of a project for UMA Engineering (for
the new Canadian Geometric Design Guide) and for DELCAN (in ORSAM 98).
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In this oft-quoted study the results seem quite clear. However, the indi cated increase of the accident
rate is about 40% for each percent of grade. Thisisout of line with all other study resullts.

1958. Bowman, in a study of accidents on the Ohio Turnpike, concluded that downgrades even
when lesser than 3.14% have accident rates dlightly higher than those on level sections, and that
upgrades even if less than 2% produce additiond accidents.

1961. Mullins and Keese made up continuous collisions diagrams of 54 miles of freeways in five
Texas cities using some 10,000 accident reports. Their findings are given in Table 2.

Table2
Location AccidentsMVM*
On upgrade of crest 2.33
Crest At peak of crest 1.96
On downgrade of crest 1.92
On downgrade of sag 3.57
Sag At bottom of sag 2.45
On upgrade of sag 2.39

*Million Vehicle Miles

On first examination, the results appear to be mixed. Thereisno sdf-evident simple pattern that might
be perceived to bein accord with expectations. To illustrate, note that the crest and the downgrade
that follows are the least dangerous while the downgrade part of the sag has the highest rate. One
explanation that may be consistent with thesefindings is through the link between vertical profile and
likely speed profile onit. Speedislikely to be largest on the downgrade portion of a sag where the
accident rateishighest. It then gradualy diminishes through the bottom of the sag— the upgrade part
of the sag —the upgrade part of the crest—>the peak of the crest. After the peak, average speed
beginsto increase again. Asshown in Figure 1, the observed change in accident rates (from Table 2)
seems to follow the postulated change in average speed.
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Also noteworthy is the finding by Mullins and Keese (1961) that “no apparent relationship
existed between the number of accidents and the sight distance as an independent contributing
factor.” (p.45. and Figure 17). Thisis also supported by Figure 1 here. The sight distance on crest
curvesis shortestjust ahead of the peak. Were sight distance important, this is where more accidents
would be expected to occur. However, the pesk iswhere the accident rate is seen to be the second
lowest.

1966. Hillier and Wardrop studied accidents on 55 miles of the London-Birmingham motorway.
Their results are shown as circlesin Figure 2.

It is difficult to establish from their -
data whether the underlying relationship is
best represented by a straight linesuch as A,
or a non-linear function such as B. Yet this
may be the main issue at hand. If aline such
as A represents the underlying phenomenon,
then the excess accidents on the downgrade
lanes of aroad section isexactly offset by the
accident savings on the upgrade lanes. If so, u '
the safety effect of grade is nil (as has been <% 1% Grﬂf[%] L. 2%
claimed by Raff). If, on the other hand, curve
B represents the true relationship, then the
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beneficial effect of the upgrade. Also, if B is approximately correct, then the larger the grade the
larger its detrimental effect asisillustrated in Table 3 which has been prepared using curve B.

Table3
Gradient _ Uphill I_Downhill _Average
AccidentsMVM* [ AccidentsMVM [AccidentsMVM

0% 0.43 0.43 0.43
0.5% 0.38 0.50 0.44

1% 0.34 0.59 0.47
1.5% 0.31 0.71 0.51

2% 0.29 0.91 0.60

* Million Vehicle Miles

Thereationship in the last column is 1/(2.3-0.156xg?) where g is the grade in percent and does not
exceed 2%. Usng this equation the Accident M odification Factorsin Table 4 are obtained.

Table4. AMFsbased on Curve B in Figure 2.

From\To| 0.50% [ 0.75% | 1.00% | 1.25% | 1.50% | 1.75% | 2.00%
0.50% | 1.00 1.02 1.05 1.10 1.16 1.24 1.35
0.75% | 0.98 1.00 1.03 1.08 1.14 121 1.32
1.00% | 0.95 0.97 1.00 1.04 1.10 1.18 1.28
1.25% | 0.91 0.93 0.96 1.00 1.06 1.13 1.23
1.50% | 0.86 0.88 0.91 0.95 1.00 1.07 1.16
1.75% | 0.81 0.82 0.85 0.89 0.93 1.00 1.09
2.00% | 0.74 0.76 0.78 0.82 0.86 0.92 1.00

Thus, e.g., an increase in grade from 1% to 2% will increase accidents by afactor of 1.28.

Hillier and Wardrop explain that: “ Gradient would be expected to effect accident rates for
several reasons, the most important being its effect on speed.” This is consistent with our
interpretation of the results by Mullins and Keese (1961). However, if it is true that the effect of grade
on safety is mediated through speed, that is, if grade influences speed and speed influences safety,
then it is unlikely to be useful to examine the simple relationship between grade and accident rate.
Surely a short and a long road section which have the same grade will have a different effects on
speed. Therefore, in spite of the grade being the same, they are likely to differ in their safety. Also,
while the bottom of the sag and the peak of the crest will tend to be nearly horizontd, the average
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speed in the sag is likely to be larger than at the crest. This is why, if the *speed explanation’ is
correct, widely different accident rates can be expected on crests andin sags.

1968. In an examination of a Chicago expressway (by Crosstown Associates, 1968) the resultsin
Table 5 were obtained for straight road sections.

Table5. Accident rates on straight road sections

AccidentsMVM
Up-grade 1.87
+0.5% 1.10
Down-grade 2.49

Unlike the datain Figure 2, here the upgrade has a higher accident rate than nearly level sections. This
finding too, may be consistent with the ‘ speed explanation’ since nearly horizontal sections at the
bottom of sags may be expected to have more accidents than upgrades.

1976. An OECD publication (OECD, 1976, p.26)) citing evidencein Leisch et al. (1971) claims that
accident involvement tends to be higher at crest and sags. My reading of the same reference leads
meto conclude that while accident ratesin sags are higher than onlong and level road sections, the

same is not true for crests. The OECD report says that what they claim “is mainly due to speed
variations. Sow moving vehicles on upgrades spread the traffic speed distribution and thus represent
apotentid hazard while, in a similar manner, faster moving vehicles on steep downgrades are more
likely to be involved in accidents. These situations are made more critical by the geometric sight
restriction introduced at crests of vertical curves and by vehicles slowing beyond the sags.” The
speculation in the quote rests on belief that theaccident rate at crests is significantly higher than usual.
There is little evidence to support this speculation. Thus, e.g., Fitzpatrick (1997, p. 1) finds that
“Crash rates on rural two-lane highways with limited stopping sight distance (at crest curves) are
similar to the crash rates on all rural highways.” The speculation that ‘ speed variation’ causes high
accident rates at crests has, at present, only weak support in fact.

1964. Following Leisch et a (1971), the next review of the literature isby Roy Jorgensen Associates
(1978). Two studies (in addition to those dready reviewed) are mentionedin this review. Thefirst
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study is by Vostrez and Lundy (1964). For straight freeway sections in California the results are
givenin Table 6.
Table 6. AccidentsMVM for Cdifornia Freeway Sections.

4%-5% trucks | 11% trucks
Straight, Level 0.84 112
Straight, Up-grade 0.71 151
Straight, Down-grade 1.07 1.29

As in earlier evidence, down-grade sections have higher accident rates than straight level
sections. The new factor in this study is the proportion of trucks. The indication is that when the
proportion of dower moving vehiclesislarge, the accdent rate on the upgrade aso tends to be large.

1969. The second study identified in Roy Jorgensen Associates (1978) is by Cirillo et al. (1969).
Thisis afirst study recognizing that accident occurrence is affected by many road features such as
road width, horizontal curvature, grade, sight distance and many others. Since these tend to be
corrdated (e.g. wide lanes and shoulders often go with mild grades), single variable tabulation such
asthose given above, are subject to confounding. That is, what seems to be the effect of grade may
be a reflection of an entirely different variable that is correlated with grade (e.g., large grade and
narrow shoulders). Thus, unlessthe effect of dl important vaiablesis properly accounted for, studies
arenot likely to yield credible results. Multivariable statistical models and analysis intend to account
for the effect of many variables @ once. Cirillo et a. found that grade was an statistically significant
variablein one of two such models. According to this model, annual accidents increase by 0.01 for
each 1000 vpd for each % of grade.

1978. Thenext study isby Dunlap et al. (1978). The intent was to study the combined influence of
grade and horizonta curvature on skiddng. Although an indication of a possible combined influence
was found, the study yielded useful dataabout the relationship between grade and accident rate on
the Ohio and Pennsylvania turnpikes as shown in Figure 3.
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It appears that on both facilities accident rate increases with the downgrade slope. However, there
is no noticeable change of accident rate with the upgrade 9 ope.

1982. Thereview by Roy Jorgensen and Associates (1978) was followed by the publication of the
Synthesis (1982). Thisreview document furnishes no new evidence based on data. The Synthesiswas
followed by another review of the literature on the subject of the relationship between alignment
design and safety (Zegeer et d., 1992). It too givesno additiond information about the safety effect
of grade, except for mentioning a study by Zador et al. (1987) which pertains to safety on sharp
curves preceded by downgrades which will be reviewed in section 2. Thus, it appears that the
momentum of research on this matter that produced valuable information till about 1970 cameto a
halt.

1990. Hedman (p. 231) mentionsa study by Bride et d. (1980) that found that “ Grades of. 2.5%
and 4% increaseaccidentsby 10% and 20% respectively, compared to near horizonta roads.” From
X%°=1.10, X=1.038. From X*=1.20, X=1.046. Thus, the Swedish results point to an AMF of 1.044.

1994. Two additional multivariate Satistica models have been identified. Li et al. (1994), using data
for 560 km of the British Columbia provincia primary two-lane highway system calibrated a
multivariate model for fatal+injury accidents in which grade is one of the variables. Based on their
model, the accident modification functionis:
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AMF(A g0 = 1+0.136 Ay v Accid/km

To illustrate, if the designer contemplates a decrease of agrade from 2.3% to 2.1% (A, gxe=-0.2%)
on aroad which at a grade of 2.3% is expected to have 1.7 accident/km, AMF(-0.2)=1+0.136x(-
0.2)V'1.7=0.979. That is, the safety gain is a reduction from 1.7 to 1.7x0.979=1.66 accidents’km.
According to this a change of 1% in grade results in a change of approximately 10% in accident
frequency.

1995. Miaou (1995) using data from 11,539 road sections and 6680 single-vehicle-off-the-road
accidents in Utah finds that

AMF(Ay o) = E°F %% 110,081%A 4 e

That is, a decreasing the grade by 1% diminishes the number of accidents by 8.1 %. This value is
likely to be used in the IHSDM (Interactive Highway Safety Design Model).

4.2. Grade and horizontal curvaturein combination.

1953. For two lane roads with volumes up to 10,000 vpd, Raff (1953, Table 21) givesthe results
in Figure 4.

F |
-
<!
E Aragle=3%y =
-
T} -
G ™
. Grada=<3%
[+
< 9
|:| -
0 4 g 12

Degrea of curve

Figure4

C:\WORK\PROJECTS\UMAGDM\Vertical alignment\litrevgrade.wpd 4 8



Theresult is congstent with what we know to be the effect of degree of curve on accidents rates and
also with Raff’ sfinding for tangent sections, namely that grade has no effect on the accident rate.

1956. Using datafrom German expressways, Bitzd (1956) gives the resultsin Figure 5.
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Note that this study doesnot represent upgrades and downgrades separately. It seems clear
from Figure 5, that on curves, as on tangents, the larger the gradient the higher the accident rate .
Also, for any given gradient, the larger the degree of curve, the higher the accident rate. Were the
curves parallel one would conclude that a unit increase in gradient adds the same amount to the
accident rate, irrespective of the degree of curve D. Except for the two low points at the average
gradient of 3%, the datain Figure 5 are not inconsistent with this hypothesis. Were the curvesfanning
out uniformly, one might conclude that a unit increase in the gradient multiplies the accident rate by
the same proportion irrespective of the degree of curve. Thistoo is atenable hypothesisin view of
the data in Figure 5. Thus, the data in figure 5 do not give a clear indication of some special
interaction between gradient and curvature. They only show that accidents increase with degree of

curve and acddentsincrease with grade and the two effects are merdy superimposed without being
reinforced.

1964. Next comesthe study of Californiafreeways by Vostrez and Lundy (1964). Theresults are
shownin Table7.
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Table 7. AccidentsMVM for California Freeway Sections

4%-5% trucks [ 11% trucks
Straight, Level 0.84 112
Straight, Up-grade 0.71 151
Straight, Down-grade 1.07 1.29
Curved, Level 0.86 1.83
Curved, Up-grade 1.78 1.69
Curved, Down-grade 2.10 1.88

On straight road sections the % trucks seemed to have a clear effect. This clarity vanishes when
curved sections are conddered. Rather than seeking ad-hoc explications w hy trucks matter on straight
upgrades but not on curved ones, one iswell advised to ascribe this anomaly to the af orementioned
inadequacies of univariate tables - there are other i mportant variables that may explain these numbers

and these were not accounted for.

1966. The results by Hillier and Wardrop
(1966) for straight sections of the London-
Birmingham Motorway were presented
earlier. However, as shown in figure 6, for
curved sections the results were different.
The data here are for sections with three
lanes in each direction and asphalt pavement.
While on downgrade sections the presence of
a curve does not seem to matter, thereisan
indication that on upgrade sections where a
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curve bendsright?, the acdident rateis unusualy high. Since the reference does not give the precision
of the data pointsin figure 6, it is difficult tojudge how reliable thisfindingis.

1968. The comparison of straight and curved road sections based on data from the Chicago
Expressway system (Crosstown Associates, 1968) isgiven in Table 8.

Table8
Curved Roadway Straight Roadways
AccidentsMVM AccidentsMVM
Level 2.29 1.10
Upgrades 2.25 1.87
Downgrades 2.56 2.49

It appears, asis usual, that curvature affects safety and grade affects safety. However, there isno
intimation here that the combination of grade and curvature presents an unusual hazard.

1978. The influence of the combined grade and horizontal curvature on accidents was studied by
Dunlap et al. (1978). They conclude that : “The analysis of the turnpike accident data shows no
evidence of effectsthat can be attributed to grades and curvesin combination. p.4”.

1987. Zador et d. collected data on curvature agrade at Sites of fatal single-vehicle rollover crashes
in New Mexico and Georgia. Two sets of ‘comparison sites were used. In one set were road
sections located one mile upstream of the crash sSte; in the other were 300 Sites selected at random
in each State. The authors find that sites with sharp left hand curves in combination with steep
downgrades are highly over-represented amongst siteswith fatal roll-over crashes.

1988. Matthews and Barnes assembled a database including all curves on the 2000 km long state
highway in New Zealand. Among other variables, the curve radii and road gradients were recorded.

2 Inthe original paper, he finding is for ‘left hand bends' . Sincein the UK the driving ison the
left side of the road, | have converted thefinding to conditions where drivingis on the right sde
of theroad.
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Accident countsfor 5 yearswere used. The results (based on Table 1, p. 116) are shown in Figure
1.
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The numbers below the points give the count of accidentsfrom which the accident rate has
been calculated. This should allow the reader to assess the precision of each point. Several
observations follow. Firt, it is clear that the point at 0% grade (actualy + 1%) does not beong to
the general trend. Thisis most likely due to the fact that this data point lumps sag and crest curv e
sections. As noted earlier, accident rates at sags and crests are very different and should not be
conddered similar. Only nearly level road sectionsthat are neither crests nor sags should be usedin
this kind of plot. Second, it is also apparent that the accident rate increases with the gradient on
down-grades and that the increase is quite steep. A 10% increase in accidents for every 1%
stegpening of the downgradeisindicated. It isnot very clear whether the accident rateincreases with
the upgrade dlope. Third, it is clear that larger radius curves have a smaller accident rate than short
radius curves. This, however, is nothing new. Without further analysis one can not say whether there
is something to the combination of curvature and grade.

4.3. Summary.

The grade (gradient, dope) of aroad islikely to affect safety by various mechanisms. Vehicles
tend to slow down going up-grade and speed up going down the grade. Speed is known to affect
accident severity. The more severe an accident, themorelikely itis to be reported to the police and
thusto enter the officia gatigtics. It follows that the number of reported accidents depends on speed
and thereby on grade. In addition, it is possible that thefrequency of accident occurrenceincreases
when the diversity of speed increases. Since road grade affectsthediversity of speeds, it may affect
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accident frequency. Also, grade affects braking distance. Thistoo may have an effect on accident
frequency and severity. Grade also influences the rate at which water drains from the pavement
surface and thusmay have an effect on safety.

The existence of severd diverse mechanisms workingin consort means that thefina outcome
(accidents) may be a complex superposition of many processes. For some processes (e.g., drainage)
the ditinction between up-grade and down-grade isimmaterid. For other processes (e.g., the change
in average speed) the distinction between up and down-grade is crucial. Nor can one hope to
adequately understand, describe, or predict the safety effect of agradewithout considering the length
over which the grade prevails. While speed may be unaffected by a short downgrade it may be
significantly affected by alonger one. Y et, there may be no distinction in this respect between 1 km
and a 10 km downgrade. Furthermore, while the grade on acrest or in asag may be similar, the speed
digribution at the two locationsis likely to be very different. In short, the safety effect of grade can
be understood only in the context of the road profile and its influence on the speed distribution
profile.

At present our understanding of how grade affects safety isonly rudimentary. Even so, good
practiceisto use at any time the best available knowledge. With this purpose in mind, the following
observations are offered.

. All studies using data from divided roads concluded that accident frequency increases with
gradient on downgrades. Some studies concluded that the same istrue for upgrades, while
other sudies concluded to the contrary. Estimates of thejoint effect (up-grade & downgrade)
vary. Useof AMF (+1% increase in grade)=1.08 has been recommended for two lane roads
mainly in view of results by Miaou. Thus, increasing the gradient from, say, 2.0% to 2.5% is
expected to increase accident frequency by amultiplication factor of 1.08°°=1.04. An increase
from 2.0 to 3.7% is likely to increase the accident frequency by afactor 1.08%=1.14.

. | tend to disregard the results of the one study of two lane roads (Raff, 1953) that did not find
any effect of grade on safety for three reasons. First, the pooling of data from different states
has been regarded as a handicap by the author and resulted in erratic findings. Second, Raff
did not find a grade effect even on divided roads. Third, thereisno logical reasons for which
the adverse effect of grade should be confined to divided roads. On the contrary, one may
expect that overtaking on upgrades of two lane roads be an additional hazard.
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. Researchers looked for deterioration in safety on crests of vertical curves and found none.
This may be an indication that vertical curves on existing highway are well built so that no
datawas available for very substandard crest curves. In any case, collisions with fixed objects
on the pavement are vanishingly few.

. The literature abounds with hints that thereis an important interaction between grade and
curvature. What seemsto betrueisthat downgrades cause an increasein accidents and large
horizonta curvature aso causes such an increase. When a sharp curve follows a downgrade,
the two effectsare added. | did not find any convincing evidence of an important effect over
and above this superpostion. Thereis, however, anindicat ion that when aright curve follows
an upgrade there are unusually many accidents, perhaps due to sight distance limitations.
There is also an indication that when a left curve follows a downgrade, unusually many
vehicles run-off-the road.
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4. Grade.

Y ear/ Method | Size Accident modification Acc. Conf. | Conditions Comments
Ref. functions type rating
Raff CIS 15 states “on tangent highway sections there | all 0.5 Sample from 15 Pooled data does not allow
1953 Uni and does not appear to be any reation states any inferences

bi- between grade and accident rates.

variate
Bitzd, C/s German 0%-2% 2%-4% 4%-6% 6%-8% al 0.5 Out of linewith other
1956 Uni- Freeways 1.00 1.45 4.08 4,52 results. Most likely due to

variate confounding with other
Mullins& | C/S 54 miles of AccidentYMVM seem to vary as All 15 Texascities
Keesg, collision | freeway, speed varies. diminish from sag
1961 diagrams | 10,000 towards crest and then increase

accidents towards sag.
Hillier & C/s 55 miles of If curve B then Injury 2 London to Differentiates between
Wardrop, aong motor-way 0% 05% 1% 15% 2.0% Birmingham upgrade and downgrade
1966 oneroad 1.001.02 109 119 139 Straight sections
AMF=(1-0.068x%grade?)*
Crosstown | C/S Chicago AccidentsMVM All 1
Associates | Along Expressway | Upgrade 1.87
1968 freeway +/- 0.5% 1.10
Downgrade 2.49
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Year/ Method Size Accident modification functions Acc. Conf. Conditions Comments
Ref. type rating
Vostrez & | CIS AccidentsMVM All 15 Straight freeway | When proportion of truck is
Lundy, accident 4-5% trucks 11% trucks sectionsin large, upgrade accident rate
1964 rate Leved 0.84 112 Cdlifornia grows
Upgrade 0.71 151
Down grade 1.07 1.29
Cirillo C/s Interstate Grade was significant in one of two al 1
1969 Multivar | system models.
iate Annua accidentsincrease by 0.01 for
regressio each 1000 ADT for each 1% of grade
n
Dunlap et | Ohioand Accident rateincreaseswith downrade al 15
a., 1978 Pennsylv and remains constant with upgrade.
ania AMF isabout 1.10/%grade
turnpikes
Hedman, C/s Swedish Study by Brude at al. ? ?
1990 roads. AMF = 1.044/%grade
C/S 163 sections | AMF(Aggate)=1+0.136 Ayyd | Fat+InjS 2 Mode equation includes
Lietal. Multi- 560 km Y Accid/km EVD* ADT in additive form. This
1994 variate Ex.: Increase of grade from2% to 3% isillogical.
when 0.6 accid/km,
AMF=1+0.136/.0=1.23
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Miaou C/s 11539 road 0.919+0.009 All roads Single mainly rural Lane width is not included
1995 Multi- sections for 1% veh.. two-lane but in variables.
variate 1985-92 0.960+0.015 Speed limit=55 off-the including HPM S Sgctlon Iength |sv§r|_able
Utah road 2,6,7,89 with negative coefficient
for 1% mph : .
6680 SV. Non-intersection
0.892+0.013 for | Speed limit<55 accident
1% mph
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