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ABSTRACT

A number of flexible pavement sections were constructed using limestone aggregate
as the base material. As controls for comparison, identical sections were built using gravel
base material. Evaluation was based primarily on Benkelman beam deflections. The results
indicate that there is not any significant difference in the granular equivalency of the two
aggregate types.



FOREWORD

This report describes a field study to evaluate crushed limestone as a base material.
Several test sections were constructed in which limestone was used as the base aggregate;

similar sections were constructed using a glacial aggregate gravel as the base aggregate.

The authors wish to acknowledge the contribution of V.V. Mikkelsen, former Re-
search Project Engineer, in setting up the project; of R. L. Adams, former Grading and
Base Engineer for aiding in preparation of the supplemental agreement; of G. R. Korfhage,
Research Operations Engineer for helpful comments throughout the project; of J. C. Hale,
former Research Assistant who supervised collection of data and who wrote part of the
final report; and of D. 1. Syse for his statistical analysis of the data. The assistance of per-
sonnel from District 5, including R. V. Lau, Project Engineer and R. L. Wolpern, Chief
Inspector, is also greatly appreciated. Personnel from Berghuis Construction Company and
Minnesota Valley Improvement Company were also very helpful.

Special acknowledgment goes to the Minnesota Limestone Producers Association

who contributed approximately 5,000 tons of 100 percent crushed limestone free of charge
for construction of the test sections.
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SUMMARY

OBJECTIVE

The investigation was initiated to determine if there is a signiﬁcanf difference in gran-
ular equivalency (G.E.) between crushed limestone aggregate base and gravel base material
that has not been 100 percent crushed.

SCOPE

An experimental field project was included as part of the construction of T.H. 13
southwest of Prior Lake. Four pairs of sections (eight 500-foot long sections) were built.
Both sections of each pair were designed to have equal thickness of crushed limestone and
gravel base material. Two pairs of sections were constructed with a granular subbase, and
two pairs were built without a subbase. Some of the sections were underdesigned com-
pared to the standard design for the job to accelerate the effect of traffic. This permitted
an earlier evaluation of resulting deterioration.

Testing and evaluation of the experimental sections consisted of Benkelman beam
deflection tests, condition surveys (exp. rut depths), and thickness measurements.

SUMMARY OF FINDINGS AND CONCLUSIONS

The more important findings and conclusions from this study are as follows:

1. Based on Benkelman beam deflections, there is no difference in G.E. factors for
crushed limestone and gravel base.

2. When deflection was plotted against G.E., decrease in deflection with increasing
pavement thickness occurred only up to a G.E. of about 16 inches.

3. The substitution of higher G.E. material in lieu of subbase appears to be invalid.
At this depth the full potential of the better material does not appear to be utilized.

RECOMMENDATIONS

It is recommended that 100 percent crushed limestone meeting Class 5 gradation re-
quirements continue to have the same G.E., factor as Class 5 gravel base.
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INTRODUCTION

The Minnesota Highway Department’s flexible pavement design procedure uses the
granular equivalent {G.E.) concept to define pavement structure. The granular equivalent
is a ratio of the strength of a unit thickness of any bituminous or aggregate component to
the strength of the same unit thickness of high-type aggregate base material. This high-type
base, is denoted as Minnesota Highway Department (MHD) Class 5 or 6 granular base.
Granular equivalent factors used in Minnesota have been determined primarily from ex-

perience in Minnesota and other locations.

There has been much discussion regarding the granular equivalent of 100 percent
crushed limestone as compared with material with less than 100 percent crushing. It was,
therefore, proposed that test sections be constructed on a state highway to determine the
G.E. factor of 100 percent crushed limestone base material relative to gravel base. Both
the limestone and the gravel used met the gradation requirements of MHD Class 5 aggre-
gate.

The highway selected for this project was T.H. 13 between the east junction of T.H. 19
and C.S.A.H. 8 in Scott County, which was under construction during 1971-1972. Eight
test sections were constructed for this study having various thicknesses of limestone and
gravel base material. and Class 3 subbase material. Some of the sections were underdesigned
compared to the project’s standard design to accelerate the effect of traffic. One control
section, built to conventional granular base design representative of the entire project,
was selected to serve for comparison purposes. The evaluation of these test sections was
primarily by means of Benkelman beam deflections, rut depth determinations, and visual
observations.

This report describes the design, construction, and evaluation of the project and
results of tests performed during the following two-year period.



PROJECT DESIGN

Test sections were established during the summer of 1971 on S.P, 7000-29, located
on T.H. 13 between the east junction T.H. 19 and C.5.A.H. 8 in Scott County. See Figure 1.
The project was designed as a 7-ton, ultimate 9-ton design.

Eight test sections, each 500 feet in length, were established in an area which, as will
be shown later, had very uniform embankment soil. The layout of the sections is shown
in Figure 2. Tapers 50 feet long were used where applicable between sections. Four test
scctions had eight inches of Class 3 subbase, two of which had eight inches of Class 5
gravel and 100 percent crushed limestone base. The other two subbase sections were de-
signed to have four inches of the two base materials, As Figure 2 shows, the other four
test sections did not employ subbase material. Two of these sections used eight inches
of the two base materials; the other two used 12 inches. All of the sections used the pro-
ject design of two inches of 2331 wearing course and one inch of 2331 bituminous road-

mix for surfacing.

A 500-foot length of roadway with the conventional granual base design represent-
ative of the entire project was selected as a control section. This design consists of two

inches of 2331 wearing course, one inch of 2321 bituminous roadmix, five inches of Class 5

gravel base and 12 inches of Class 3 subbase.
As can be seen, some of the sections were underdesigned compared to the standard

design for the project. This underdesign accelerates the effect of traffic, which permits

an earlier than normal evaluation of the resulting deterioration.
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CONSTRUCTION

Actual construction began in September, 1970, with expected completion in the
fall of 1971. During the summer of 1971, work on the project was continuously ham-
pered by rain. Normal loss of time due to rain for this area is approximately 34 days.
However, on this project the contractor lost 61 working days due to a rain-saturated grade.

A chronological summary of the construction history of the test section is as follows:

Date Type of Construction
Fall, 1970 - Summer, 1971 - Grading
September, 1971 - About 80% of required Class 3 subbase

material was applied to roadway.

October, 1971 - Contractor began placing gravel and crush-
ed limestone base material in the area
with no subbase. (About half of this
material was put down during 1971,
which served as an interiin course for

local traffic during the winter).

May, 1972 - August, 1972 - Remainder of base and subbase construc-
ted. (Base material was applied in 3-inch
lifts.)

August, 1972 - Bituminous Prime Coat (M.H.D. Spec.
No. 2358) was applied.

September 18, 1972 -1” RoadMix (M.H.D. Spec. No. 2321)
was placed using the travel plant mixing
method.

October 23-24, 1972 - The 2” bit. wearing course (M.H.D. Spec.

No. 2331) was placed. (One lane each day.)

A general observation worth noting was that the crushed limestone sections, which
were partially constructed during the fall, 1971, definitely withstood the *71 -’72 winter
better than the comparable gravel test sections. This was confirmed by both the construc-
tion project engineer and his chief inspector. They both noted that very little rutting and
few potholes developed on the limestone sections as compared to the gravel counterparts.
The gravel sections required 8 to 10 passes with the grader blade to maintain shape where-
as this maintenance on the limestone areas consisted of only two blade passes. It is the
authors’ feeling that this difference reflects the limestone’s better ability to shed water,



FIELD TESTING AND RESULTS

The evaluation of the eight test sections and one control section consisted mainly
of Benkelman beam tests, rut depth determinations, and visual observations. Additional
testing consisted of pavement structure thickness checks and routine field and laboratory
tests of the embankment and granular base material.

Embankment Data

When determining where the test sections were to be located on the project it was
first necessary to find areas with uniform embankment soils. Samples were taken at 500-
foot intervals from the embankment areas selected by the construction project engineer
as showing the most promise of uniformity. Each sample was submitted to the Central
Office laboratory for gradation, moisture-density, and stabilometer R-value tests. The results
of these tests are shown in Table 1. To summarize, the embankment is A-7-6 (AASHTO
classification) and has an average Hveem stabilometer R-value of 12.9. Texturally the

soil is classified as a clay.

Materials Characteristics of Base Materials

Average gradations and characteristics for the Class 5 gravel and limestone materials
are shown in Table 2. The limestone used in the project came from Bryan Rock Products
in Shakopee, Minnesota. The Bryan Red Rock used had a specific gravity of 2.59 and a
Los Angeles Rattle loss of 26.4 percent.

~ Thickness Checks

Test borings for thickness measurements were taken at 50 different locations in both
lanes of travel by District 5 personnel. A large variation was found between designed thick-
nesses of layers of materials and inplace thicknesses throughout the test sections. See Table
3. This can probably be attributed to the project, due to continuous rain, not being com-
pleted in the fall of 1971 as planned. Base was laid and used as an interim course through
the winter of 1971.72. Low spots developed during this period. These were filled with
aggregate material and this probably added to the variation in thickness. Nevertheless,

the analysis used the actual thickness. Thus, valid conclusions can be drawn.

9.
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Table 1. Laboratory test data of embankment material.
% Passing
No. Ne. No. No. No. No. . .

Station 3/4” 3/8” 4 10 920 40 60 100 I2\1(?0 LL. PL gﬁt CZ:y glca}s(s éﬁi};m ;::;(i):}:) %’g';'. h%%st. R-Value

335+00 100 98 96 94 90 85 80 74 679 45 21 309 37.0 C A-7-6 12 96.9 24.0 16

340+00 100 98 96 94 90 86 81 76 69.9 51 28 30.9 39.0 C A-7-6 16] 93.9 96.5 1

345+00 100 98 93 89 85 81 76 705 53 29 31.5 39.0 C A-7-6 17]

350400 100 99 98 96 92 88 83 77 714 52 24 314 40.0 C A-7-6 15] 99.5 97.6 15.5

355+00 100 99 94 89 8 81 77 73 67.6 50 26 29.6 38.0 C A-7-6 - 15]

3§0+00 100 96 87 82 79 75 71 67 62.1 50 24 27.1 35.0 & A-7-6 12] 03.5 95.8 195

365+00 100 99 93 81 78 74 71 66 61.7 48 24 27,7 34.0 C A-7-6 12]

$70+00 100 98 89 85 82 79 75 71 657 50 26 26.7 39.0 C .A-7-6 14] 99.8 57 8 198

375+00 100 99 92 88 84 81 77 72 662 52 29 292 37.0 C A-7-6 15

380+00 100 98 95 91 87 83 78 72,6 51 24 30.6 42.0 C A-7-6 15] 04.9 26.3 10.5

385+00 100 97 95 91 87 84 80 75 69.5 50 26 29.5 40.0 C A-7-6 15]

390+00 100 99 98 96 92 88 83 78 71.6 54 28 26.6 45.0 Cc A-7-6 17 93.2 27.2 14.5
Average = 129




Table 2. Material characteristics for base materials (average values).

GRADATIONS
Class. 5
MHD
Spec. 3138 Class 5 Gravel Limestone
Sieve Size % Passing % Passing % Passing
1” 100 100
3/4” 90 - 100 98 100
3/8” 50 -90 86 76
No. ¢ 35 - 80 71 52
No. 10 57 36
No. 20 35 24
No. 40 10 - 35 19 18
No. 60 14 14
No. 100 11 12
No. 200 3-10 8.9 9.2
DENSITIES
Percent Relative
Material Crushing Density* (Percent)
Class 5 Gravel 13 103
Limestone 100 102
Class 3 - 105
Field Density

*Relative Density

Benkelman Beam Testing

Class 3
% Passing

100

66
50

14

6.1

Actual Field
Density (pcf)}

= Std. Max. Density x 100 from Proctor

134.0
137.0
141.0

Benkelman beam tests (rebound procedure) were taken in the outer wheel path with

a 9-ton axle load and a 50-foot interval. All deflections were corrected to a temperature

of 800 F.

Originally Benkelman beam tests were run in the outer wheel paths of both the north-

bound and southbound lanes. Testing of the northbound lane was discontinued, however,

because of lack of sight distance and difficulty of traffic control.

-11-



It was originally planned to simply compare the average Benkelman beam deflection
from each of the paired gravel and limestone sections directly. However, test borings showed
a great difference between designed and inplace thickness as well as considerable variation in
thickness within each test section. Therefore, a different method of comparison was used.

Multiple regression analysis was used as part of this method.

Measured thicknesses at various test points in the section were taken from core sam-
ples. The structure at the other test points within the sections was then determined by inter-

polation. The structure at each point was then related to the mat-temperature-corrected

deflection for that test point each time deflections were taken.

The data were divided into two parts for analysis: One analysis was carried out on
Test Sections 1 through 4, and one on Sections 5 through 8, The difference between these
sections was one of structure: Sections 1 through 4 are a surface and base structure while

Sections 5 through 8 are a surface, base and subbase structure.
The general regression equation used for Test Sections 1 through 4 is as follows:
LOG1g d 800 = Ag + A1D] +A9D9 + A3E +A4 T

where d 809 F is the mat-temperature-corrected deflection, Dy is the surface thickness,
D9 the base thickness, E the base type (limestone or gravel), T the time corresponding to
the deflection date AQ, A}, etc. are coefficients which vary for each regression analysis.
The time variable was only used when more than one date was included in the regression

un.

Results for the two years (1973 and 1974) are listed in Table 4, for Test Sections
1 through 4.

The corresponding F ratios of the coefficients of each independent variable (D1, D9, E
and T) give the level of significance to which that independent variable explains the var-
iance in the dependent variable. The higher the F ratio, the better that independent variable
explains the variation in the deflections. Thus the very low F ratios for base type (E) in
Table 3 indicate that the type of base (gravel or limestone) has little or no significant

effect on beam deflection.

No significant regression equation fit could be determined relating deflection to struc-
ture thickness for Test Sections 5 through 8. This may have been due to the confounding

effect of the additional structure, the subbase.




Table 3. Pavement structure thickness data.

Test Section

1 2 3 4 5 6 7 8
Gravel LS LS Gravel Gravel LS LS  Gravel
Mat Thickness (in.)
Design 3.0 3.0 5.0 3.0 3.0 3.0 3.0 3.0
Inplace Ave. 3.2 3.3 3.2 359 3.4 3.2 3.5 3.4
Max. 3.75 4.0 3.75 5.25 4.0 40 4.0 4.0
Min. 3.0 3.0 2.75 3.25 2.75 275 275 3.0
Base Thickness (in.)
Design 12.0 12.0 8.0 8.0 4.0 40 8.0 8.0
Inplace Ave. 12,1 11.3 7.1 8.2 3.5 3.6 6.2 6.2
Max. 15.0 1225 95 3.5 3.5 5.5 7.0 6.25
Min. 10.5 9.7 4.0 7.0 3.5 2.5 5.5 5.75
Subbase Thickness (in.)
Design 8.0 8.0 8.0 8.0
Inplace Ave. 8.9 10.0 9.0 8.5
Max. 1175 115 105 10.25
Min. 8.0 7.0 5.5 4.0
G.E. Thickness* (in.)
Design 17.5 17.5 1356 135 15.5 155 195 195
Inplace Ave. 17.9 16.25 129 15.1 16.3 16,9 19.2 18.7
Max. 20.5 18.9 15.8 17.1 17.6 188 205 19.6
Min. 16.6 16.0 9.5 14.3 15.4 155 16,6 15.5

* Assuming G.E. factor of 1.0 for both crushed stone and glacial aggregate.
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Table 4. Results of multiple regression analysis on data from Test Section 1 through 4.
LOG1g d=Ag + A1 D] +A2Dg + AsE + A4T
Date of Correlation
Deflection Coeff. Level of
Testing Coeff. F. Ratio (r) S.E. Significance
B/3/7% 2.20551 .63 19%
— .04892 (D3) 4.75 5%
— .03077 (D2) 49.10 1%
— 03347 (E) 2.78 10%
4{12/73 2.22517 .58 20%
— .05832 (D7) 7.32 1%
— .02615 (Do) 38.44 1%
— 02646 (E) 1.89 Not Significant
4/12/73 245202 .68 31%
6/14/73 - .08832 (D) 23,13 1%
9/14/73 — .03829 (D9) 113.10 1%
— .02287 (E) 1.94 Not Significant
— .06665 (T) 52.33 1%
3/12/74 2.34004 .68 19%
—.10998 (D7) 13.48 1%
— .02635 (D9) 17.44 1%
— .00978 (E) 0771 Not Significant
6/12{74 2.53010 .79 26/
— .10091 (Dy) 9.46 1%
— .04073 (D2) 34.77 1%
— .05784 (E) 2.25 Not Significant
3/12/74 2.38081 .66 31%
6/12/74 — 09402 (Do) 17.66 1%
8/20/74 — .03456 (D2) 53.48 1%
03439 (E) 1.70 Not Significant
.00288 (T) 047 Not Signficant

_14-
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Graphs were drawn plotting Benkelman beam deflection versus granular equivalance
for both the gravel and crushed limestone sections, assuming a G.E. of 1.0 for both materials.
Test Sections 1 through 4 (without subbase) are represented in Figures 3 through 5 while
Test Sections 5 through 8 (with subbase) are shown in Figures 6 through 8. Only the 1973
data are shown since results were similar the following year. All the graphs show that the
assurnption, there i1s no advantage of limestone over gravel or vice-versa, is correct. Figures
3 through 5 illustrate that up to a G.E. of about 16 inches, deflection decreases with a cor-
responsing increase in structure. It is interesting to note, however, that deflection essentially
remains constant beyond a G.E. structure of 16 to 17 inches. The plots in Figures 6 through
8 illustrate the same relationship beyond the 16 to 17 inch Ievel of G.E. structure. De-
flection stays relatively constant with an increase in structure. This indicates that either
beyond a certain thickness of base and subbase the full potential of the material is not
utilized or that Benkelman beam deflections are not as good a “predictor of performance”

for the thicker structures as they are for the thinner ones.

Traffic

A traffic survey was taken in August, 1973 in both lanes of travel. This consisted of
obtaining total volume with machine sets (48 hours). The technique used to obtain volume
{ADT) was the same basis on which flow map ADT’s are determined. In fact, the results
of this survey were used for the 1974 Flow Map.

Truck Weights - Truck weights were obtained on September 10 and 11, 1973 in both north-
bound lane and southbound lane. It is felt that a good representation of truck weights was
obtained. The scales were set up in the northbound lane on the first day of the survey and the
trucks weighed were found to be “heavier than normal” especially the grain trucks which
were apparently headed for Shakopee. Many trucks probably used this section of T.H. 13
to avoid the permanent scale site on I-35. The next day, when the weighing crew was set
up in the southbound lane, they observed that hardly any of the larger trucks were headed
in the northbound direction. This reluctance of the truck drivers to be stopped and weighed
may also have influenced the southbound weights. They were probably the same trucks
on their way back from the elevators at Savage and Shakopee, so they would have known
of the crew the day before or they might have received the ‘“‘message”. However, a general
impression from the weighing crew who observed the traffic on the two days was that if
scales had been set up in other directions the same day, southbound lane weights might

have been slightly heavier but not to a significant degree.

The most note worthy difference between the two directions of travel was the weights
of the 5-axle semi-trailer (grain-type truck) (Vehicle Type 8) and the trucks with double
bottoms (Vehicle Type 10). Based on the weights taken for the 5-axle semi-trailers (Vehicle
Type 8) the northbound lane N18 factor is 2.4 times that for the southbound lane as shown
below. The N18 factor represents the average damaging effect of each vehicle type on the

pavement.

-15-
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vV.T. 8

N18 Factor Number Trucks Weighed Percent Loaded
Northbound Lane 1.09 11 73 percent
Southbound Lane 0.44 18 22 percent
1971 Statewide 0 0.81 951 —

Average

An even greater difference in N18 factors was found for the double bottoms (V.T. 10)

V.T. 10

N18 Factor Number Trucks Weighed Percent Loaded
Northbound Lane 2.53 15 100 percent
Southbound Lane 0.06 3 0 percent

Volume and Distribution - The total volumes obtained for the two directions were essentially

the same (650 SB vs. 700 NB). It is interesting to note that about twice as many 5-axle
semis travel in the southbound lane as in the northbound lane (70 vs. 36). This amounts
to 11 percent of the total traffic stream in the southbound lane vs. 5 percent in the north-
bound lane. However, the opposite was true for V.T. 10; there were 19 trucks (3 percent)
in the northbound lane and 12 trucks (2 percent) in the southbound.

Even though volumes are essentially the same in the two directions and the southbound
lane has twice as many b-axle semis, the difference in the truck weights makes itself evident
in the sigma N18 values (the total number of equivalent 18 kip single axle loads to which
the pavement has been subjected to date).

Assuming no change in the N18 factors, the = N18 through 1974 is almost twice as
large for the northbound lane as for the southbound lane. Looking at 20 year values (normal
design life) we get the following:

1993 SN18

Nerthbound Lane 903,863
Southbound Lane 457 445

.99.



Rut Depth Determinations

Rut depths were measured in the outer wheel track in both the northbound and south-
bound lanes at 50-ft. intervals in October 1973. These results are shown in Table 5. The rut
depths were consistently deeper in the northbound lane, due to the heavier trucks. There
was no relationship between rut depth and granuiar equivalent. The variations in thickness

made it impossible to check any differences in rut depths between limestone and gravel.

Pavement Surface Condition Surveys

Surface condition surveys were taken periodically. Cracking developed only in Test
Section 3. A small failure area was first noted in the southbound lane in August, 1973.
By October this area was about 50 feet long and was patched. A portion of the patched
area is shown in Figure 9. A failure area 3 feet wide and 50 feet long developed in the
northbound lane during the fall of 1973. This area was subsequently patched and is shown
in Figure 10. Both areas of failure started with longitudinal cracking and severe rutting and
shoving in the outer wheel track.

It must be pointed out that Test Section 3 was not constructed as thick as had been
designed. The average G.E. of this section was only 12.9 inches while that of the second
thinnest section was 15.1. Therefore, the failures do not indicate inferiority of the lime-
stone as compared to the gravel.

Table 5. Rut depths measured October 12, 1973.

TS & Lane Ave. Rut Depth (in.) Max. RD (in.} Ave. G.E. (in.)
1 NB 21 25 17.6
1SB 14 .20 18.2
2 NB 27 35 17.5
2SB 17 .20 17.3
3 NB .35 90 13.6
3 8B .26 .35 12.3
4 NB ' 12 20 14.9
4 SB .10 .10 15.2
5 NB .13 .25 15.9
5 5B .09 .10 16.6
6 NB 21 30 16.9
6 SB .16 .25 16.9
7NB 21 .25 15.3
7SB .16 20 19.0
8 NB .22 25 19.0
8 SB 20 .30 18.3
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Figure 10. Patched failure area in northbound lane of thin limestone base section
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SUMMARY OF FINDINGS AND CONCLUSIONS
Some of the more important findings and conclusions from this study are as follows:
1. Based on the results of Benkelman beam deflections, neither crushed limestone or
gravel (both meeting MHD Class 5 gradation specs.) provides a greater G.E. factor

than the other.

2. A decrease in deflection occurred as pavement structure increased up to a G.E.

of about 16 inches. Beyond this point, deflection remained essentially constant.

3. Crushed limestone withstood the winter of 1971-72 as an interim wearing course
better than the gravel.

4. Rut depths in the northbound lane were greater than in the southbound. This was

attributed to loaded grain trucks headed toward the elevators at Savage and
Shakopee.

5. The substitution of higher G.E. material in lieu of subbase appears to be invalid.
At this depth the full potential of the better material does not appear to be util-
ized.
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RECOMMENDATIONS

It is recommended that 100 percent crushed limestone meeting MHD Class 5 grad-

ation requirements continue to have the same G.E. factor as Class 5 gravel base.
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