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Condition relationships for gravel and stone ro¡ds were

determined using road condition v¡riables ofroughness number,

averege rut depth, and Clegg Impact Value (a measure of in situ
pavement strength). The studies were undertaken in
Bartholomew, Huntington, Jasper, Tippecanoe, and Warrick
Counties in Indiana. Roughness was measured at 20 mph (32

kph) over l-mi test sections using a PCA roadmeter from the

Indiana Department of Highways, Division of Research and

Training. The independent variables of roadway geometry'

materiat, and use characteristics in the regression analysis

included average road width; percentage of surface camber;

terrain (indicator or dummy variable); surface material
parameters [P200, P40, P10, D95 (in), fineness modulus, liquid
limit, and plasticity indexl; and average daily traffic volume' In
each l-mi section, one surface material sample was collected for
testing and other measurements were taken at 0.1-, 0'3-' 0.S,
0.7-, and 0.9-mi locations. Most correlation coefficients were

considered significant at ø = 0.1 during the regression analysis.

After the covariance and variance were analyzed, suitable
equations were determined for each of the three condition
variables, Two equations, including and excluding fineness

modulus as a measuÍe of coarseness of surface material, were

determined. The coefficients of the determination of the six

equations ranged from 0.52 to 0.69. The regression analysis,

combined with degree of corrugation, strength, and surface

rutting, provided a basis for the evaluation of the performance
and maintenance management of low-volume gravel and stone

roads in Indiana.

In the state of Indiana, as in many other countries with similar
levels of development, gravel and stone roads are predominant

in local highway networks. County and other local highway

agencies, often with limited resources, are responsible for their
maintenance. Road condition is usually assessed during routine

or special road inspections by applying a visual assessment and

personal judgment to recommend maintenance or major
improvements. The condition of gravel or stone roads changes

rapidly and is usually affected by a number of factors including
road materials, environmental effects, traffic volume, and

maintenance. An understanding of these factors can help

establish suitable gravel road maintenance levels and simplified
procedures for local highway agencies.

Relationships are presented between the road condition
variables of roughness number, average rut depth, Clegg

Impact Value, and unpaved road surface material and other
roadway variables. The measurements that were taken of
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corrugations and the material characteristics of corrugated,

weak, and rutted surfaces are also discussed to provide further
insight into the factors that affect the performance and

maintenance of gravel and stone roads.

STUDY LOCATION AND EXPERIMENTAL DESIGN

Unpaved roads of a variable total length were selected from five
counties in Indiana (Figure l). The statistical experimental
design adopted was a nested factorial design with unequal cells.

Roads were nested in counties and sections were nested within
roads. The unequal cells resulted from the inability ofcounties
to select the same number and length of roads (Table l).

VARIABLES ANALYZED

The three dependent variables that described road condition in
the regression analyses were as follows:

o Roughness number (RN) measured in counts per mile
using a PCA roadmeter at a measuring speed of 20 mph (32

kph),
¡ Average rut depth (ARD) measured in inches from

surface to bottom of rut, and
. Clegg Impact Value (CIV), a measure of pavement

strength using the Clegg Impact Tester (CIT).

The latter two variables were also analyzed as dependent

variables. The independent variables used in this study are

shown in Table 2 together with the limits of values that were

measured and used in later equations. Previous research on

unpaved roads also used most of these variables (1-.J).

CONSIDERATIONS FOR FIELD MEASUREMENTS

Roughness

A PCA roadmeter supplied by the Division of Research and

Training (DRT) of the Indiana Department of Highways
(IDOH) was used to assess unpaved road roughness by

divisional staff. The PCA roadmeter was chosen over the Mays

ridemeter because of frequent cable failure on the Mays meter

during initial trials. Roughness was measured at a speed of 20

mph (32 kph). This speed was selected because it reduced these

cable problems. A speed of 50 mph (80 kph) was normally used

for roughness measurements on paved roads using the PCA

roadmeter. Roughness was measured over an entire l-mi (1.6-

km) section following the normal practice by the DRT of
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FIGURE I Location of study counties in the state of Indiana.

measuring roughness on l-mi sections of the state highway
network. Instrument calibration was provided from measure-

ments by the DRT on an existing paved road section and other
measurements that related roughness at various measuring
speeds and measurements on the gravel road sections (O.

However, roughness measured in counts per mile was not
related to units such as inch per mile or quarter-car index that
were used in other studies (^/, 4, 5, n.

Terrain, CIV, Rut Depth, and Roadway Characteristics

The effect of road vertical gradient and alignment was considered
by applying a dummy or indicator variable (G) in the regression
relationships (Table 2). CIV, rut depth, and other roadway
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characteristics, such as road width and camber, were measured

at 0. l- , 0.3- , 0.5- , 0.7- , and 0.9-mi locations on each section
(ó). The CIV at each cross-section was measured at the
centerline and transversely every 2.5 ft for the entire cross-
sectional width. This procedure was first used in previous
research at Purdue University in which the highest CIV
readings occurred about 2.5 ft from the centerline (& 9). The
potential full range of CIV values on the cross-section was
included in calculating average CIV by using 2.5 ft intervals.

Road Surface Materials Sampling and Testing

A representative sample of road surface material was obtained
from each section down to a depth of 4 in (10 cm) from the
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TABLE I DISTRIBUTION OF COUNTY ROADS AND
SECTIONS IN REGRESSION ANALYSIS

CMty Road
túfiüler

NLf¡Oer 0f
Sectims

BartlElryÉw
1

2

1

3

1

1

H-ntirgton

I
2
3

4

5
6
7

E

1

1

1

I
1

3

2
2

Jõper

1

?.

3
4
5
6
1

1

2
1

I
2

z
2

Tippecaræ

1

2

4

5
6
1

2
2

2
2
1
1

Warrick

1

2

ô

5
6

1

1

1

2

2
2
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surface. Additional samples were obtained from locations with

identifiable corrugations or weak and deeply rutted surfaces. As

a result, material characteristics of corrugated and weak spots

were determined.

Gradation and liquid and plastic limits were determined for

each sample. However, all of the surface gravel samples tested

were found to be nonplastic; therefore, only the liquid limit was

used in the regression analYsis.

STATISTICAL ANALYSIS

Relationships for three dependent variables (RN' ARD' and

CII) were determined by applying analysis of variance or

covariance followed by multiple regression analysis. The results

from the analysis showed that the "county" factor was not

significant for the dependent variables of roughness and

average rut depth but was significant for CIV. As a result, the

data for all five counties were combined for roughness and

average rut depth and "county" was applied as a dummy

variable in the regression equation for CIV (6)' The coefficient

of multiple determination, R2, and the adjusted coefficient of

determination, Ro2, are presented for all the regression equa-

tions. Because the iR2value usually increases with the number of
independent variables in the equation, the .Ro2 value given in

Equation I accounts for the effect ofthe number ofindependent

variables in the equation (10).

OR CÄLCULATED FOR USE IN THE

Linits on Value DescriPrion
ln the Analysis

TABI-E 2 VARIABLES
ANALYSES

MtrASURDD

VarÍab1 e

,

l.

7.

Road width' (I.l ft)
(Independent Var.)

Surface Canber (CA Z)
(lndependenÈ Var. )

crade or TerraÍn (G)
(Dumy Var. )

So11 paraneters
Surface gravel
(i) P#2oo (7")

(1i) P#40 (7,)

(1ir) P#r0 (%)

(lv) D95 (in)

(v) FM

(v) LL

(vt ) Pl

ARD (in)
( Dependent / Indepe ndent )

ctv
( Dependent / Independent )

Average Dally Trafftc (ÀDT)
( Independent Variable)
Roughness Number
( Idependent Variable)

15.0 - 26.8

t.l - 5.ó

0orI

3.0 - I8.0

ll.0 - 35.u

I5.0 - 7l.C)

0.35 - 2.5

3.O5 - 6.7

4.8 - 2o.o

Non Plastic
0,0 - I.2

24.9 - 73.1

t4 - 282

246 - 5903

Average sectlon unPaved
roadway wldth.

Average crossfall
1n the section.
Gradient/Terrain
Flat/Rolling = 0
Rolllng to Hllly = i
( Independent Vars. )

Percenr passlng Á.STM

#200 sleve (.075nm)

Percent passing AST¡4

tl40 sieve (.425nn)

Percent passing ASTM

flO sieve (2.0m)

Equlvalent sieve Fize
passing 952 of Èhe
material.
Fineness ¡{odulus -
sun of cumulative
percent retained on
sieve sizes - 3/4 ín.
to #100, dfvided bY 100.

Llquld Linlt
Plastlcity lndex

Average Rut DePth

Clegg Inpact Value

Average DallY Traffic
Volune.

Roughness in Counts/Mlle
at 20 nph (32 kph)

5.

6.
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(n-t)
Ro'=l (l-R1

(n-p)

number of observations in the sample,
number of parameters, and
coefficient of multiple determination determined from
the least-squares procedure.
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Roughness Number

The negative correlation coefficients obtained imply that an
increase in CIV, the percentage of surface gravel or stone
passing a No. 40 (.425-mm) sieve (P40) and a No. l0 (2.0-mm)
sieve (Pl0) is associated with lower roughness numbers. A
higher CIV or higher in situ strength is logically related to a

higher density. As a result, it could be concluded that well-
compacted gravel or stone road surfaces would exhibit lower
roughness levels. The positive correlation coefficients imply
that gravel roads with deeper ruts, rolling to hilly vertical
alignment (G), larger sieve size passing 95 percent of material
(D95), higher fineness modulus (or coarseness), higher liquid
limit, and higher ADT would tend to have surfaces with higher
roughness numbers.

Equations 2 and 3 are the regression relationships obtained
for surface roughness. Equation 3 uses the fineness modulus
(FM) to describe surface material coarseness in place of
variables Pl0, P40, and D95. All variables used in Equations 2

to 7 have been previously defined in Table 2.

fl)

where

n=
p=
R2=

A correlation analysis between pairs ofvariables was under-
taken to determine the significant independent variables for
multiple regression analysis. Correlation coefficients for RN,
A RD, CIV, and each independent variable, as well as their level
of significance and the corresponding 95 percent confidence
interval, are shown in Table 3. Variables with population
correlation coefficients significant at a levels of less than 0. l0
were included in the regression analyses.

TABLE 3 RESULTS OF CORRELATION ANALYSIS FOR
ROUGHNESS, AVERAGE RUT DEPTH, AND CLEGG IMPACT
VALUE RELATIONSHTPS

Vsrfable Correlatfon Coef f lclents

Roughne 6 e crv

I Aue rrge Rut
Dep th

crv

Gradient
or Terraln
(Dunny Var. )

Roâd Hldth

Caober (Z)

P#200

Pf40

Pr l0

Llqutd Llnlt.

.453*.
( .001) t

.197|.65It*r
-.383*
(.03e)

-.600/-. r r4

.25 4*
(.03e)

-.029/.500
.r79

(.110)
-.r08/.438

-.057
(.348)

-.333/.228
-.115
(.2r6')

-.384/.t72
-.290*
( .022)

-.528/-.010
-. 597 t
( .001 )

- .7 52 I -.380
.495'
(.ool)

.2481.68t
.589*
(.001)

.369/.74'l
.190**
(.096)

-,096/.447
.217 tù
(.0ó7 )

-.0681.470

::
.007

(.37¡)
-.275/.288

.048
(.371)

-.2361.325
-.093

(.263'
-.365 I . t93

.046
(.377)

-.238/.323
. t23

(.1e9)
-.t641.39r

.059
(.344)

-.2261.315
.221**
( .063 )

-.064/.h73

<.äíír I

-.367 I . tsol
.52sr I

(.001) I

. rtt ,^..r-0, 
I-.404* .063

(.002)
-.órsl-.r39

- .642*
(.00r)

-.7821-.440
.682t

(.00r)
.496/.808

.666*
(.00r)

.473/.798
.315*

(.0r4)
.037 / .548

. l5l
(.15r)

-. 136 I .415

NOTES: l. Nunbers Ln parentheaes denote slgntflcance levelr Coefflclentã etgnlflcant at c -.OS
** Coefflclents slgnlflcant at c - . l0*** 95 percent confidence llnlts for the coefflclent.

Rut Depth

(.33s)
-.2221.338

.080
( .292)

-.206/.353
.080

(.432)
-.2061.353

-. 008
(.479)

- .289 I .27 4

.07 6
(.303)

-.2101.350
. 081

(.2e1 )
-.205/.354
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RN= 4595.23 - 66.03 Pt0 - 3'7.35 CIV + 7.36 ADT
+ 603.5 G - 89.62 LL + 85.02P40 + 880.00 D95 (2)

R2 = 0.649 Rr2 = o'589

RN = - 547.87 + 1300.94 FM - 60.60 CIV + 8.24 ADT
+ 633.08 G + I 14.09 P200 - 155.53 LL (3)

R2 = 0.ó86 Roz = o'641

The relative significance of the added contribution of each

variable to the total R2 is shown in Table 4. All of the'¡ariables,

significant at a = 0. 10, in both equations make contributions to

the rR2.

Average Rut DePth

From the correlation analysis, ARD showed a negative cor-

relation with P40 and P 10. This implies that larger quantities of
smaller coarse sizes (P40 and P 1 0) and the sand sizes contribute

to decreasing average rut depth. On the contrary, ARD tends to

increase with increasing coarse sizes as represented by D95,

higher values of fineness modulus that represent an overall

coarseness, and increasing liquid limit. The tendency to rut
more with coarser material is usually the result of instability in
the material created by lack of adequate soil binder or smaller

aggregate sizes that provide a keying function. Surface material

deficient in smaller sizes is usually less dense and easily

dispersed by vehicles. Coarser surfacing materials facilitate

surface moisture penetration and also retain moisture for
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longer periods of time. The moisture retained would affect

finer, moisture-susceptible materials underneath the coarser

surfacing, which would tend to rut under traffic. Although
ADTwas not significant atû = 0. 10, thelowpositivecorrelation
shows only a slight tendency for ARD to increase or decrease

with traffic volume.
Equations 4 and 5 describe relationships for ARD obtained

from multiple regression analyses. In Equation 5, the fineness

modulus replaces variables D95, Pl0, and P40 to describe the

coarseness of the surface material.

ARD = -.018 + 0.457 D95 + .014 P200 - .010 P10
+ 0.00r lDr+ 0.008 P40 - .009 LL - .02 G (4)

R2 = 0.577 Ro2 = o'504

ARD = -1.315 + 0.358 FM + 0.019 P200 +0.001 ADT
- 0.0162 LL - 0.039 G (5)

Rz = 0.517 Ro2 = o'46

The significance of the contribution to ,R2 made by the

addition of each variable is shown in Table 5. In Equation 4,

variables Dgs, P200, and, PlT make contributions to the -R2

significant at q = 0. l0 and explain up to 54.5 percent of the R2.

For Equation 5, variables D95, P200, and ADTexplain about

54. I percent of R2. The rut depth values measured in the field

were generally low; several locations registered zero rut depths.

Therefore, average rut depth can only be predicted within a

narrow range of values obtained in the field.

TABLE 4 CONTRIBUTIONS TO R2 VALUE BY VARIABLES IN THE
ROUGHNESS EQUÀTIONS

IndependenE Variables in Equation 2 I
I

Variable n2 ta2
Change

P#10

ctv
ADT

G

LL

PlÍ40
D95

.5968

.6849

.7146

.7 406

.1 636

.7875

.8055

.3562

.469 1

.5106

.5485

.5830

.6202

.6489

.35b2

. r t29

.04t5

.037 9

.0345

,037 2

.0286

.000

.003

.057

.061

.066

.049

.075

Independent Variables in Equation 3

Variable n2
Change

Slgnificance

.000I

2

3

4

5

Ft"l

CIV

ADT

G

P 11 200

.5887 .3466

.6998 .4897

.7383 .5451

.7608 .5788

.182t .61 l6

.3466

.14ll

.u554

.0338

.0328

,00I
.0'¿4

.061

.063

ri___ :1_ _ '::_' 'iii .iii -- --:il -L
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TABLE 5 CONTRIBUTIONS TO R2 V,A,LUE BY VARIABLES
AVERAGE RUT DEPTH EQUATIONS

Independent Variables ln Equatlon

Varlable R2 R2
Change

Slgnificance

D95

P 11200

P/lr0

ADT

Pll40

0

o37

087

168

377

553

7 8r

.6820 .4652 .4652

.7168 .5r38 .04862

. 7380 .5447 .0309

.75rr .5641 .0195

.7563 .572t .0079

.7587 ,5757 .0036

.7593 .5765 .0008
LL

G

Step Var I ab 1e

IndependenÈ Varlables in Equation 5

R2 R2
Chânge

Slgnlficance

Clegg Irnpact Value

The percentage of materials passing a No. 200 (.075-mm) sieve
(P200) and the average road width, I/,were two variables that
had correlation coefficients significant at a = 0. l0 with CIV.
This implies that gravel road sections with wider roadways and
roads with a higher proportion of fines (P200) would usually
exhibit higher CIVs. The latter is generally true because
sufficient fines are required to obtain denser material with a

higher CIV when compacted.
Although CIV did not show a significant correlation with

ADT, average road width had a positive correlation of 0.22with
ADT significant at q = 0.06. This level of correlation is only a
slight indication that roads with higher ADT are wider. Because
most gravel and stone roads in Indiana are not usually rolled
after regraveling, but are allowed to be compacted by traffic, the
wider roads with potentially higher traffic volumes may exhibit
higher CIVs. This factor, however, requires further investigation.

Because "county" was significant at ø = 0.05 in the analysis of
covariance, dummy or indicator variables Zl, 22, 23, and 24
were introduced into the regression. The relationships derived
for CIV are presented in the following equations.

CIV = 20.203 + 8.351 Zl - 14.345 22 - 12.330 23
- 1.359 ty - 5.645 24 + 0.t43 p200 (6)

R2 = 0.681 Ro2 = 0.635

.0

.037

. I08

.264

.577

.743

The significance of contributions made by the various
independent variables to the R2 obtained for each equation is

shown in Table 6. In Equation 6, apart from county variables,
road width makes a significant contribution to the R2coefficient.
However, in Equation 7, the fineness modulus (FM), P200, and
road width (l4t) make a total contribution to R2 of 68.4 percent
if county variable 22 is included. Both equations are, however,
applicable to the study areas only because the "county"
variables are used.

DISCUSSION

Grading

In previous research in Kenya and Brazil, the number of days
since the last grading or the cumulative traffic volume since the
last grading were used as independent variables (1, 2, 4, 5). ln
this research, little variation was found in the data obtained to
determine the number of days since last grading in any county.
The differences between counties did not significantly affect
relationships with road condition variables also; the grading
variable was therefore omitted.

General county maintenance practice has been to avoid
grading when the surface crust is well developed. Some study
roads had not been graded for over 70 days and no significant
effects on road condition were detected. Nevertheless, evidence
from one road section that was graded the day of the
measurements showed substantial reductions in roughness with
grading. The average roughness on a lane in the same direction
on four, unbladed l-mi sections was 1,944 counts/ mi compared
to 741 on the opposite bladed lane, which is a 62 percent

I

2

3

4

6

D95

P 11200

ADT

FM

LL

.4652

.0486

.027 4

.0r30

.0033

. 0012

.6820 .4652

.7t68 .5138

.7356 .5412

.7444 .554r

.7466 .5574

.7474 .5586
__l

- 2.235 + 14.506 Z1 + 4.452 FM
- 1.003 w -7.960 22 - 4.875 24
+ .003 A DT

R2 = 0.694 Rot

+ 0.604 P200
- 4.071 23

= 0.633

CIV =

(7)
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reduction. Roughness on another l-mi ( 1.6-km) section dropped
by 52 percent to 1,076 counts/mi from2,246 counts/mi after
grading. On a l-mi section, half of which had been graded, the
average reduction in roughness was 24 percent from 1,974 to
1,501 counts/mi. This indicates that on the day of grading,
roughness values are likely to fall by about 50 percent on a
typical gravel or stone road.

These observations confirm results published by Carmichael
et al. for similar measurements on gravel roads in Bolivia (11).

During the dry season in Bolivia, which is similar to summer
conditions in Indiana, same-day reductions in roughness

measured with the Mays ridemeter were between 4l percent and
52 percent. In the wet season in Bolivia, however, same-day
reductions were reported between I and 38 percent. Roughness
generally returned to original levels, or higher, about 20 days
after grading in Bolivia.

Surf¡ce Material Characteristics

In the absence of a maintenance variable such as grading,
surface material characteristics of gradation and liquid limit
explain between 35 and 52 percent of the variability in the road
condition variables of roughness, average rut depth, and
pavement strength (CIV). Average material characteristics
identified on roads in the five counties studied are presented in
Table 7 and Figures 2 to 6.

Gradation specifications for No. 53 and No. 73 crushed stone

that are recommended for base construction and gravel or stone
road surface courses in Indiana are also shown in Figures 2 to 6.

Indiana specifications state that in addition to the gradation

6I

TABLEó CONTRIBUTIONSTO R2VALUEBYVARIABLESIN THD
CLEGG IMPACT VALUE EQUATIONS

T--- - . ---T
I 

tndependenl Variables in Equatlon t 
II----_---.-T

l 
tr"o Variable * *2 

.nïl*" 
sisnificance 

i| ---+
I r zt .6s27 .47s8 .47ss .o I

l, z2 .t5ir .5701 .0864 .oo2 
i

14 z3 .7839 .6145 .0444 ,,.t29 
|

I 
r ,, .8r6b .6668 .0523 .otz 

I

I o z4 .8243 .61s5 . o l 28 .205 I

l, P#2oo .8250 .6806 .00rr .708 If--
I tndependent Variables in Equatlon 7 

i+---- - l-

l 
rr"o variabLe * *' 

.ri: 
sisnifi""n"" ]t- i:- itt

it zI 3.3511 .he¿7 .4798 .u 
i

12 ÍM .7743 .5996 . rr98 ,0ol 
I

I 
, P*zoo , Bo23 . 64 36 .t)440 .t)23 

i

14 l,i .8156 .6652 .0216 .I00 
I

lr z2 .8276 .684e .ole, .ro8 
|

lo z4 .8317 .6st7 .0068 .34r I

I 
t z3 .Bi3r .6s40 .0023 .5Br 

I

l:- ii: _liii :6e42 ::ii' .:ii i

band, the fraction passing a No. 200 sieve should not exceed

two-thirds of the fraction passing the No. 30 sieve. Liquid limit
should not exceed 25 (35 if slag) and the plasticity index should
not exceed 5. When used as unsurfaced gravel or stone base, the
amount passing a No. 200 sieve should be between 5 and l2
percent and the plasticity index should not exceed 7. Although
not stated specifically, the grading ranges limit top sizes of the
required material to less than 1.5 in.for No.53 stone or
aggregate and less than I in for No. 73.

Indiana counties have often adopted less stringent material
specifications for gravel and stone roads for economic reasons.

The study counties appear to have differing practices regarding
material used on unpaved roads (Table 7 and Figures 2 to ó).

Some counties allow maximum aggregate sizes greater than 2 or
3 in, whereas other counties have adopted fine gradation
requirements. However, in some cases the finer gradation is

partly a result of the effect of traffic abrasion.
The facility with which a surfacing material develops a crust

appears to be important to the amount of roughness. The lowest
average roughness value of 959 counts/mi was measured on
unpaved roads in Huntington County followed by 2,019 and
2,819 counts/mi on roads in Tippecanoe and Jasper counties,
respectively. Using the CIV as a relative measure of crust
development, Huntington County roads exhibited the highest
average CIV of 57, whereas Tippecanoe and Jasper counties
had the lowest average values of 35 and 33, respectively. lt is

likely that the well-developed surface crust found on most
gravel roads in Huntington County contributed to the better
road performance compared to the other four counties.
Huntington and Tippecanoe counties apply crushed limestone

of No. 53 or No. 73 specifications to unpaved road surfaces.
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TABLE ? SUMMARY OF AVERAGE COUNTY ROAD SURFACE GRAVEL AND CROSS.SECTIONAL
CHARACTERISTICS'

Varlable
Descrlpt lon

H6tertal Property or Crose-Sectlonel Charecterfstlc
by Study CountY

Bartholonew Huntlngton Jaaper Tlppecanoe Warrlck

Nunber. of SectlonB
of Road

Flneness
Hodulue
Llquld Llnl t
(Range)

Roughness
(counts/lrfle)

Roadway
IJldth (1n.)

Canber (l)
( Range )

5

4.4

t3
( 12.5-14)

2858

16.3 (o.g)l

3.4 (.7)l
(2.3-4 .7 )

t2
3.5

l3
(r2-r4)

958

r9.2 (r.s)

2.8 (.e)
( t.4-4.7 )

l2
4.0

ll
(7-15)

28r9

19. r (2.3)

2.8 (.9)
(.8-4.1)

l2
3.9

t2
(7-17)

20L2

l9.r (r.6)

4.5 (l)
(2-6\

9

4.9

L7
( r4-20)

33ó9

20.4 (3.8)

3.84 (1.4)
(.6-6.2)

I
I

NOTES

l. Nunbere tn parentheses are atanderd devlatlon velues
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Jasper County practiced the application of much coarser No. 5

crushed stone after the spring thaw to weakened areas and No.
73 aggregate at other times.

Both Bartholomew and Warrick counties in the southern
part of the state use materials that are, on the whole, coarser

than Indiana No. 53 or No. 73 aggregate. Warrick County
applies No. 5 crushed limestone (Figure 5), whereas

Bartholomew County applies No. 8 or No. 9 crushed limestone
(Figure 6). Roads in those two counties had the highest average

roughness of 2,858 and 3,3ó9 counts/mi, respectively. The

average CIV in both counties was 44. ln Warrick County, some

existing roads had been reconstructed as part of coal mining
operations using coarse crushed rock.
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FIGURE 2 Surface gravel gradation characteristics in Huntington County'
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No materials tested had a liquid limit above the recommended

upper limit of 25 (35 for slag) (12).ln order to gain further
insight on road condition effects, surface material and other
characteristics of corrugated, weak, and rutted road surfaces

are discussed in the following sections.

Characteristics of Weakened and Rutted Sections

Gradation characteristics of four weak surface areas identified
on two roads in Jasper County (250E and Division Road) and

two roads in Tippecanoe County (850W and 13005) are

presented in Figures 3 and 4, respectively. The CIV values
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of surfacing as a result of inadequate crust development can

also expose a fine-grain subgrade to the detrimental effects of
moisture. Moisture-sensitive subgrades combined with poor

drainage likewise create weakened conditions'

Characteristics of Corrugated Surfaces

Corrugation or washboarding is a common type of gravel road

distress; therefore, an understanding of its formation is essential

in gravel road maintenance. Material gradation lines are
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FIGURE 3 Surface gravel gradationcharacteristicsinJ¡sper County.
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FIGURE 4 Surface gravel gradation characteristics in Tippecanoe County'

measured on these sections were 17, 25, 8, and 10, respectively.

These CIV values were much lower than values measured on

any road section that performed satisfactorily.
Weakened and rutting areas can also be identified by other

characteristics. In the case of one road in Jasper County and

another in Tippecanoe County, the surface material was loose

and coarser than the county average. The surface exhibited a

low CIV and rutting. Little compaction had taken place and the

surfaces were prone to failure.
Weak areas can develop in cases in which the surface material

is finer than average and is therefore sensitive to moisture. Loss
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presented in Figures 2 and 3 for two separate road locations
with serious corrugation problems in Huntington and Jasper
County, respectively. In both cases, the materials have coarser
gradations compared to their county average although both
gradations are on the finer side of the Indiana-specified
gradation band. General characteristics of the corrugations
measured are presented in Table 8. The characteristics include
wavelength, or the distance between crests or troughs of
corrugations; the depth from the top of the crest to the bottom
ofthe trough; the CIV on the top ofthe crest and on the trough
bottom; and a description of the location of the road in which
corrugation occurred.

40 50

Wavelengths measured on corrugations varied from a low of
l7 in (432 mm) to a high of 48 in (1220 mm), whereas depths
varied from about 5/8 in (16 mm) to l-ll4 in (32 mm) in
different locations. From a review of past research studies on
corrugations, Heath and Robinson reported a range of wave-
lengths between l2 in (300 mm) and 49 in (1250 mm) (13). The
current study results also showed that shorter wavelengths may
be associated with finer gravel materials and longer wavelengths
with coarser materials. All material types are, however,
susceptible to corrugation. Nevertheless, gravel and crushed
rock with inadequate, nonplastic, or lost soil binder fines have
been widely reported as susceptible to corrugation (i,3-16).
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Because most surface materials found on Indiana county gravel

roads were nonplastic and deficient in soil binder, corrugations

are likely to be a continuing problem.

Locations and conditions on roads prone to corrugations

include a downslope leading to an intersection and sloping road

sections not near major intersections. In the latter case, the

presence of a driveway accentuated the problem. This implies

that gravel road locations in which vehicles are likely to
decelerate and accelerate, usually to and from a stopped

position, are likely to develop corrugations. The rate at which

corrugations form, however, depends on the traffic volume.

The l-mi-grid local road network layout in Indiana, which

requires frequent stops at intersections, provides the right
conditions for formation of corrugations. Therefore, particular

attention needs to be paid to maintenance of sections of road

near intersections, on sloped sections, and sections with many

driveways.
Previous studies have attributed the principal vehicle-related

causes of corrugation to vehicle oscillation, and have suggested

modifications to vehicle design to reduce this problem (/3)' The

vehicle oscillation phenomenon could explain the differences in

the CIV values on the crests and troughs of the corrugation

waves measured in the current study. Both crests and troughs of
corrugations in Table 8 exhibit equally high CIV values

depending on which location is compacted the most by vehicle

oscillation. The gravel or stone of uncompacted gravel material,

such as that used by Indiana counties, is likely to be shoved and

later compacted by decelerating or accelerating vehicles'

Recommended maintenance to improve corrugated gravel

and stone road surfaces in the literature includes the application

of granular materials with clay/ silt binder, chemical treatment,

watering, and more frequent maintenance consisting mainly of
dragging or grading (/3). Most Indiana counties increase the

frequency of grading operations to overcome the problem of
corrugations. However, based on this study, a review ofcounty
material use practices would be beneficial. An increase in the

binder content in the surface gravel material could improve the

TABLE 8 SUMMARY OF AVERAGE CORRUGATION CHARACTERISTICS OF
SELECTED ROAD SECTIONS IN THREE STUDY COUNTIES

1 LOCATION DESCRIPTICN

INT - lntersectlm ; S- - SloPe .;

DW - L@Um r€ar drlvswa)rs
9-C - Dot¡rslope þefore a cune

general performance of gravel roads, especially near intersec-

tions and on slopes. Stones above I in. in size that may inhibit
effective traffic compaction of the surface gravel and increase

roughness should be avoided.

CONCLUSIONS

The results of the analysis presented in this paper show that
material gradation properties represented by the percentage

passing ASTM No. l0 and No. 40 sieves, sieve size passing 95

percent of the material, fineness modulus, and liquid limit are

all significantly correlated with both roughness and average rut
depth. However, average rut depth, road surface strength

measured by the CIV, and the sloping characteristics of the road

were also found to have significant correlation with roughness'

There was a significant difference between the strength of the

gravel surface courses in the countiës studied. Average road

width and the percentage of material passing a No. 200 sieve

were also imPortant variables.

Although counties usually apply surface gravel without
rolling, the research results showed that well-compacted roads

were less rough. If lowering roughness is considered important

by local authorities, then it may be justified to roll the surface

gravel immediately after application and before it significantly

varies from an optimum moisture content. The higher density

should facilitate the formation of a surface crust during drier

weather. Such surface materials should contain an adequate

soil binder to perform well.

Material properties provide some explanation for the forma-

tion of corrugations and ruts, and measured gravel and stone

road surface condition such as roughness, average rut depth,

and strength. Blading or grading can reduce roughness by over

50 percent. However, the frequency of grading should be

increased on gravel roads at sloping locations with many

driveways or sections near major intersections in which cor-

rugations are likelY to occur.
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Although test sections of I mi (1.6 km) were used in this
study, the results varied signilìcantly within a section. Additional
data would improve the accuracy of the results.
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