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SYNOPSIS

This report completes the research phase of the Design Project- -
Michigan Test Road, constructed in 1940 by the Michigan State Highway
Department in cooperation with the Public Roads Administration (now
Bureau of Public Roads) for the purpose of establishing certain principles
in concrete pavement desigh--in particular, those principles involved in
joint spacing and construction methods.

The report contains certain miscellaneous project information per- -
taining to soil conditions, physical properties of concrete, climate, and
traffic, which contribute to an understanding of the findings.

A total of approximately 45, 000 joint width measurements were made
on more than 850 joints during the 17-year study. Special attention has
been given to the statistical analysis of joint width movement in relation
to pavement temperature, for each test section. With this information,
it was possible to compare various sections and determine the effects on-
contraction joint width of (a) expansion joint spaecing, (b) intermediate
warping joints, and (c) contraction joint spacing. The frequency distri-
bution of individual joint width measurements is shown for short slabs with
2,700-ft expansion joint spacing.

The physical performance of the pavement sections is discussed in
terms of cracking, spalling, roughness, and joint faulting, in order to re-
late these to design factors such as joint spacing, pavement thickness and
cross section, amount of reinforcement, and load transfer features at
joints. Final observations are also given on one of the incidental studies
--stress cured concrete pavement.

Conclusions are presented in line with the Bureau of Public Roads'
major objectives in this cooperative research study.
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FINAL REPORT ON DESIGN PROJECT
MICHIGAN TEST ROCAD

In May 1940, the Michigan State Highway Department authorized con-
struction of an investigational concrete pavement project under regular
contract and construction procedure, using the Department's 1940 plans
and specifications with necessarysupplementals. The specificpurposes
of this experimental project were twofold: first, to evaluate and establish
certain fundamental designprinciples of concrete pavement construction,
and second, to determine under field conditions the effects of certain
factors on the durability of concrete, particularly in relation to scaling,

The Michigan Test Road was divided into two experimental sections,

One, designated the Design Project, was 10, 1 mi in length and coincides

generally with the Bureau of Public Roads Plan and Procedure for the
construction of experimental roads as submitied to various state high-
way organizations in 1940, but was more comprehensive in scope, The
Design Project was one of a group of six such test roads built throughout
the United States, the others being in California, KentuckyfﬁMinnesota,
Missouri, and Oregon. The other experimental section, called the Dura-
bility Project, was 7.1 mi in length and was included by the Department
in the construction of the Test Road to supplement laboratory studies on
concrete durability, especially in regard to scaling,

The purpose and scope of the entire research program were re-
ported in a bulletin titled '"The Michigan Test Road,™ published by the
Department in July 1942; subsequent to the release of this publication on
both the Design and Durability Projects, four reports devoted exclusively
to the Design Project were issued which should be noted here, The first
of these may be found in Proceedings, Highway Research Board, Vol. 20
(1940). A preliminary progress report describing only the Design Pro-
ject is included in Highway Research Board Report No. 3-B (1945), A
nine-year progress report was published by the Department in August
1950, and a ten-year report appears in Highway Research Board Report
No, 17-B (1956). A final report on the Durability Project is being pre-
pared.




Because of these earlier publications, repetition of certain basic
information purposely has been avoided in this report, except where
necessary for better understanding of the results. The reader is cau-
tioned that tables and figures presented here include some revision and
minor correction of similar materialin these earlier publications. These
revisions, however, do not substantially alter the basic principles and
conclusions. '

Due to advanced scaling of the pavement surface, resulting in rough
riding conditions, certain local areas of the Test Road were resurfaced
prior to the eventual complete resurfacing of the Design Project with
bituminous concrete in 1957, These local areas were: Sta 222+70 {o
225+10 (part of Section 10B-2) resurfaced in 1948; Sta -5+27 to 27+10
(part of Sections 4D and 4F and all of 4E) resurfaced in 1953, and Sta
38491 to 225+10 (part of Section 4D and all of Series 5 through 10) re-
surfaced in 1956. Sincethe Design Project is now completely resurfaced,
this report will be the last on that project and will summarize observa-
tional data from 17 years of service. '

It may be mentioned at this point that according to the Bureau of
Public Roads Division of Physical Research, the three most important
objectives in establishing the six experimental roads were:

"1, To determine whether expansion joints could be eliminated or
spaced at much greater intervals in plain concrete pavements
with closely spaced contraction joints, than was accepted prac-
tice at the time that this investigation was started, without
causing blowups or other detrimental effects to the pavement.

"2, To determine whether aggregate interlock could be depended
upon to prevent faulting in plain concrete pavement with closely
spaced weakened plane contraction joints and expansion joints
eliminated or spaced at long intervals,

"3. To compare the performance of reinforced concrete pavement
and plain concrete pavement of conventional designs with dif-
ferent expansion joint arrangements, " '

Therefore, in analyzing the data for presentation, the objectives a-
bove have been kept in mind, together with pertinent factors of particular
interest to the Department, such as joint design, pavement cross section, -
steel reinforcement, uniform thickness versus balanced cross section,
and pavement performance as related to construction factors. This in-
formation will be presented under the headings ''Miscellaneous Project
Information," "Joint Spacing," "Pavement Design," and "Incidental
Studies. "




MISCELLANEQUS PROJECT INFORMATION

The test areas designated as Series 1 to 12 aredescribed in Table 1,
To facilitate study of particular design features, each series has been
further divided into sections and subsections designated by letters and
numerals, respectively, During and after construction of the pavement
surface, certain important physical data were procured which might be
directly or indirectly associated with general behavior of the pavement
slabs, Such information included general soil conditions and subbase
construction operations, climatic data, physical properties of the con-
crete, and traffic conditions.

General Soil Conditions

The subgrade materials were primarily well-drained sandy or grav-
elly soils with the exception of two areas, from Sta 838+00 to 129+99 and
from Sta 170+00 to 225406, where it was necessary o construct a 12-in,
sand subbase over existing subgrade material, Although, in general,
granular subbase and subgrade materials fell into Bureauof Public Roads
goil clagsification A-3, subgrade soil material between the stations cited .
met Bureau classifications for A-4 and A-6 soils, The physical pro-
perties of granular subgrade and subbase soil materials from four rep-
resentative locations are given in Table 2. When concrete was placed,
soil density at a point 9 in. below the bottom of the slab ranged from 103
to 113 1b per cu ft. Moisture content of the soil at that time varied from
4.2 to 7.6 percent of the soil's dry weight.

Subgrade performance has been satisfactory throughout the project
with the exceptionof several frost heave areas which developed in Series
6 and 9. The effect of frost heave on slab performance was discussed in
the 10-year report on the Design Project.

Physical Properties of the Concrete

Certain physical properties of the concrete are given in Table 3,
such as weightper cuft, consisfency, compressive and flexural strength,
modulus of elasticity, and coefficient of thermal expansion.




TABLE 1

SUMMARY OF TEST AREAS - DESIGN PROJECT

Teat Area Joint Spacing Load Transter Fllier
Deaignaticn in Feet Type and Sezl
Length Pav't . . Expan- | Con- Expznsion
Serten | Section | Subhoection | of Section | Thickness Reinf E:q.mm CUI"h Warplsg | gion | trmction | Warping Joint Spacial Factors Under Study
infL inches Ib/106 aq ft sion | iraction T (2) ) (4)
L] - 1 600 9-7-9 60 120 80 30 DB.1 DB R 1
i A 3 360 9-7-8 69 120 &0 30 DB-1 DB R 1 Jolnt Spacing
B 3 720 9-7-g 89 240 80 30 DB-1 DB R i Jolnt Deaign
[+ 3 1440 9-7.9 60 480 60 80 TE DB R i Reinforcement
D z 1800 8-1-8 - §0 " 800 50 T DB-1 DB R 3 Expansion Space
E 1 1800 9-7.9 [i11] 1800 80 30 DB-1 - DB R 1
F 1 2700 9-1-g 80 2700 60 a0 DB-1 DB R 1
2 F 1 2700 9-7-9 T © 2706 30 15 DB-1 DB R 1 Joint Spacing
E 1 1809 9-T-8 a7 1800 30 15 DB.1 TB ‘R 1 Joint Design
D 2 1800 9-1-9 .87 200 30 15 DB-1 DB R 1 Reinforoement
(ol 3 1449 9-7-8 37 480 1) 15 TE B R 1 Expanaicn Space
B 3 720 9~T-9 37 240 30 15 DB-1 DB R 1
A 3 360 9=7-9 37 120 a0 16 DB-1 DB R 1
3 A 3 360 9-7.9 None 120 20 None DB-1 DB None 1 Joint Spacing
B 3 720 9-7-9 None 240 20 Nona DB-1 DB. None i Reinforoement
[} 3 1440 9-7-9 None 480 20 None DB-1 DB None i Contraction Joinia With and
D 2 1300 8-7-9 None 900 20 None DB-1 DB None 13 Without Load Transfer Devices
E 1 1890 8-7-5 None 1800 20 None DB-1 None HNone 1 Expansicn Space
F 1 2700 9-7-9 Nona 2700 20 None DB-1 DB None 3
4 F. 1 2760 9.7-9 None 27090 10 None DB-1 B Nong 2 Joint Spacing
E 1 1806 9-7-9 None 1800 10 HNone DB-1 None None 2 Heinforoement
D 2 180G 8-7-9 None 800 10 None DB-1 DB None 2 Contraction Joints With and
C 3 1440 9-7-9 None 480 10 None DB-1 T3 None 2 Without Load Transfer Devices
B 3 T2e 9-7-9 None 240 10 None DB-1 DB None 2 Expansicn Space
A k] 360 8-7-9 None 129 10 None DB-1 B None 2
5 A a 360 9.7-9 ki 120 a0 None DB-1 1B None 3 Contractlon Joint Design
B 3 360 9-7-9 37 120 a0 None DB-1 2A None 3 Reinforcement
C 3 360 8-7-9 37 189 a0 Neona DB-1 2B None 3
D 3 360 9-7-9 37 120 30 None DB-1 3 None 3
E 3 3606 9-7-9 a7 120 30 Nona DEB-1 3 None 3
F a 360 9-7-9 37 120 a0 Nose DBE-1 4 None 3
G 3 360 #-7-9 87 120 30 Hone DB-1 4 None 3
[ A 5 500 8 Hone 120 3¢ None CB-1 cB Hone 2 Cross Sectlon
B b S00 8 Nong 120 a6 None CB-1 CB None 2z Joirt Design
c 2 00 8 None 300 15 HNone CB-1 CH None 2 Reinforcement
D 2 00 8 None 300 1t None CB-1 CB Nons 2
ki A 5 00 8-6-8 80 120 60 0 DB-1 ns R 2 Cross Section
B 5 800 8-6-8 37 120 3¢ 15 DB-1 DB ):4 2 Reinforcement
C 5 00 8-6-3 HNone 120 2¢ None DB-1 DB Nona 2
D 5 500 B-6-8 None 12¢ 1 None DB-1 DB None 2
8 A 3 6o 7 MNone 120 30 None CB-1 CB None 2 Croas Section
B T 840 7 None 120 20 None CB-1 CB None 2 Heinforcement
c 2 S00 7 None 30¢ 15 None CB-1 CB None 2 Jolnt Design
D 2 00 7 None 300 10 None CB-1 CB None 2
9 TS 1 180 $-7-9 HNone 180 30 None TB DB Nona 4 Stress Curlng
A 1 1800 2-7.9 None 100 None None TB None Mone 4 Joint Degign
TS 1 90 9-7-9 None 180 a0 Nona TB DB Mone 4 :
TS 1 a0 8-7-9 None 180 30 None DB-1 5 None 4
10 A-) E] 1080 8-7-9 None 120 20 Nona DB-1 DB Mone 5 Contraction Joints With and
A=2 9 1080 9-7-9 None 120 15 None DB-1 DB Nene 5 Without Lord Transfer Devices
B-1 L] 1080 3-7-9 Nona 120 20 None A Nane Mene 2 -
B-2 L] 1080 §-7-9 None 120 i5 None A None Nene 2
11 A 1 20 9-7-9 §0 30 None None TA None None 8 Ceontinuous Slab Congiraction
B 1 12¢ 9-7-9 50 120 None Mone TA Mone None 8 With Relnforcement
c 1 362 Ba7-9 50 62 Mone Mone TA HNone None ]
5] 1 600 8-7-9 60 600 Hone HNone TA HNene None [
12 A 1 90 2-7-9 None 99 None Hone TA None None 5 Continuous Slab Construction
B 1 120 9-7-9 None 120 'None None TA HNone None 8 Without Reinforcesnent
c 1 360 8-7-9 None 380 Nona  None TA - None None 6
D 1 242 9-7-9 Nane 242 None None TA None None )
E 1 600 P-7-9 None None TA None Nozna ]

None 600

{1) EXPANSION JOINT CONSTRUCTION:
Type DB - 1 - 3/4" x 15" Dowel Bar Expansion
Jolnt Agserbly. Dowels at 15" gpacing.
Type TE - Thickened Edge 1 1/4" x 18" Cortier
Dowet Bar Expenaion Joint Assembly.
Dowels 9 from slab edge. pavement edge,

TFype CB - 1 - Unthickened Edge. 1" x 187
Corner Dowel Bar Expangion Joint Assembly,
Doweis 9 from slab edge.

Type TB - Translode Base Expanslon Joint
Apsembly.

Type TA - Translode Angle Unit Expanalon
Jolnt Assembly,

Type A - No Load Trangfer Feature,

{2) CONTRACTIONJOINT CONSTRUCTION:

Type DB - 3/4" x 15" Dowels o1 15" spacing. pre-
molded filler,

Type 1B - 3/4" x 15" Dowela at 13" spacing,
groove and poured geal.

Type 2A - 374" x 15" Dowels at 15" apacing, pra-
molded filler, metai partiog strip at bottom,

Type 2B - 3/4" x 15 Dowels at 15" apacing,
groove and poured aeal, metal parling strip
at botiom,

Type 3 - 3/4" x 15" Dowels at 15" spacing,
groove and poured seal. full depth metal di-
vider plate.

Type 4 - Continuous Plate Dowel Aasembly,

Type 5 - Keviode Contraction Joint Assembly.

Type CB - 1" x 18" Dowels at corners, 9" from
slab edge, premeided filler,

Type 6 - Aggregate Interlock, No Dowels,

{3) WARPING JOINT CONSTRUCTION:
R - Apgregate Interlock, siee] mesh relnforcement
continuous through joint.

{4} EXPANSION JOINT, FILLER AND SEAL;

Type 1 - Premolded fiber filler with Asphali-Latex
Seal.

Type 2 - Premolded fiber fl]lex with Asphalt-~
Vultex Seal, ?

Type 3 - Air chamber with top, bottom,and aidea
sealed with Aspholt-Latex compound,

Type 4 - Alr chamber with premolded rubber seal
at top, bottom,and sides, Asphalt-Latex Seal
in bottom.

Type 5 - Premolded fiver fllter with Thermoplasatic
Seal.

Type 6 - Premolded fiber fllier with SOA Seal.




TABLE 2
PHYSICAL PROPERTIES
OF SUBBASE AND SUBGRADE GRANULAR SOIL MATERIAL

Properties Station Station Station Station
722+190 851+80 1055+75 614+05 -
Gravel, % retained, No, 18 sieve 15 5 6 26
Sand, % retained, No. 270 sieve 84 91 20 72
Silt, % retained, 0, 005 mm 1 3 3 2
Clay, % retained, 0.001 mm 0 1 1 0
Liquid Hmit 19 19 20 18
Plasticity index Non- Non~ Non- Non-~
Plastic Plastic Plastic Plastic
Specific gravity 2,862 2.61 2,85 2.63
Shrinkage limit, %’ No No No No
‘Shrinkage Shrinkage Shrinkage| Shrinkage
Loas on ignition, % 0. 67 0.80 1.39 0.61
Organic content, % 0.62 0.64 1. 36 0. 45
Capillary rise, inches T 12,0 10 10,3
Field moisture equivalent, % 19 i8 20 . 17
Moisture, bottom inch of rise, % 24,9 23.9 23.0 20.2
Moigture, top inch of rise, % 6.7 4.7 5.4 5.0
Coefficient of permeability, ft per day | 26 52 38 40
Weight on pamples, pal 0.6 0.6 0.8 0.6
Voids, % 30.8 32.0 32.0 30. 8
TABLE 3
PHYSICAL PROPERTIES OF CONCRETE
Compressive Strength Flexural Strength Modulus of Elasticity
psi psi :
12-in. | 6-in. dia. 6- by 8- by 24-in, 10° psi
cylinders cores beama _
28 days 21 months 7 days 28 days at 500 pgi | at 1000 psi
Low 2880 3780 439 518 8,35 6,05
High 5360 7185 718 849 7.22 6. 59
Average 5203 5643 376 697 6. 89 6. 30
Coefficient of Thermal Expansion . . 6. 0000053
Consgistency -~ Slump Cone Method (1- to 3, 5-inch average) . . 2,03 inches
Weight per Cuble Foot . . ... e + « +« + . 153 pounds




Climatological Information

Figure 1 shows average daily temperature variation from 1941 to
1957, and Figure 2 presents the average daily temperature for the same

- period., Temperatures in this report are expressed in degrees Fahren-
heit, Daily temperature fluctuations in the winter ranged from a minimum

60 -
W
w 50
o MAXIMUM
g w0 > |
> L _ AVERAGE \\m
= 30
boanemerr ] B
B P ot T :
E 20 — N Figure 1,
§ 0 MIRIMOM S ——- Daily Temperature,
[ a
z — Average Variation:
g, 1941-57
JAN  FEB MAR APR  MAY JUNE JULY AUG SEPT QOCT NOV  DEC
AVERAGE DAILY TEMPERATURE: 3941—57
90
80 e
MAXIMUMA% AVERAGE\

18

70

7

3 =
¥ s0 A .
3 4 / MINIMUM
9 o /A \\
2 / AN
g 40 : / AN
5 / / N \\\ Figure 2,
& 30—ty AN N Daily Temperature
£ | e \ Average; 1941-57
[~ 20 / h

. _

10—

0

JAN FEB MAR APR MAY JUNE JULY AUG SEPT OCT Nov DEC
AVERAGE DAILY TEMPERATURE: 1841~57

of 4 deg to a maximum of 39 deg, or an average of about 17 deg; during
the summer, the range was from a low variation of 9 deg to a high of 45
deg, the average being about 27 deg. Average daily temperature (Figure
2) varied from 20 deg in winter to close to 67 deg in summer, a total
average annual change of 47 deg.




: Total annual precipitation, 1941-57 inclusive, is given in Figure 3.
‘ The data indicate an average annual rainfall of 31,92 in, It may be
; noted that yearly variation from the 17-year average is slight, indicating
fairly uniform moisture conditions through the life of the project.
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Figure 3. Annual Precipitation

Traffic Characteries

Automatic recording equipment was installed at the Test Road to
obtain a continuous daily record of traffic flow. Traffic classification
surveys were made quarterly--in January, April, July, and October--
covering a 6-hr period daily for five days. The 6-hr periods were ro-
tated around the clock in order that data representing the 24-hr day for
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the different seasons could be obtained for cach year. For one year,
1950-1951, this classification procedure was.changed toa continuous 24-
hr period each month, Similar surveys elsewhere indicate that such a
procedure gives better results. During the surveys, the frequency of
commercial vehicles was recorded, with axle loads and spacings. Wheel
loads were obtained by means of portable loadometers.

Annual average daily traffic flow from 1941 to 1957 is ‘shown in
Figure 4, With exception of the war years 1942-45, total traffic increased
slightly. Commercial traffic generally increased at a rather uniform
rate throughout the 17 years and by the end of this period had about doubled.
The average monthly totals for passenger and commercial traffic are
shown in Figure 5, which clearly demonstrates the seasonal pattern of
total traffic flow over the project. '
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The accumulated tonnage of traffic estimated tohave passed over the
road during 17 years of service is shown inFigure 6. If similar informa-
tion were available from the other five state experimental projects, it
might be useful in comparing relative traffic loads,
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Figure 6. Accumulated Tons of Traffic

The axle load frequency on the Michigan Test Road, averaged for the
17 years, is presented graphically in Figure 7. For comparison, a simi-
lar axle load frequency curve is shown for 1955 commercial traffic on
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heavily travelled Interstate route US 24, 8 mi south of Monroe, Mich, A
further comparison is made in Figure 8, showing the percentage of total
commercial axle loads in excess of any given weight--one quarter of the
axle loads exceed 10,800 lb on the Mlch1gan Test Road, while on US 24,
one guarter exceed 14, 200 1b.
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Figure 8, Percent of Axle Loads Exceeding Weight Shown

Numerical data concerning classification of annual average daily
traffic are given in Table 4, and Table 5 containg numerical values for
annual average daily wheel load distribution.
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JOINT SPACING

Series 1, 2, 3, and 4 were designed primarily to study joint width
movement in relation to slab length and expansion joint spacing, in con-
junction with the experimental road program of the Bureau of Public
Roads. Initial measurements of joint width and slab position were made
during the summer and fall of 1940, immediatelyafter completion of each
series, these readings being used as references in determining subse-
quent displacements.  Thereafter, seasonal and daily readings were
taken as near as possible at the same time of day during all observation
periods, Bui, because iwo to four weeks were required to make all
measurements, it was expected that normal daily climatic fluctuations
during that time would, to some extent, influence the seasonal and daily
joint width measurements. In addition, slab curling and warping would
have certain effects on joint width readings. The effects of these day-
to-day changes in slab conditions during the observation periods have
not been considered in interpreting data for this report.

The particular days for seasonal joint width measurements depended
largely on weather conditions. In general, spring readings were taken
in late April or early May, summer measurements in July or August,
fall readings in October and November, and winter readings any time
from January to March. Winter readings were made when temperatures
were moderate, and the pavement surface sufficiently free of snow and
ice to permit measurements,

Joint width measurements for slabs 50 to 100 ft in length, from
another Michigan experimental project, have been introduced into this
report to supplement corresponding data for the Design Project, to lend
greater significance to the Test Road data, and to make the findings more
applicable to pavement design problems in general.. '

Transverse joint types included in the joint spacing study are ex-
pansion, contraction, and hinge or warping joints.
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Expansion Joints

Seasonal change in expansion joint widths for several sections in
Series 1, 2, 3, and 4, together with progressive or permanent change,
are presented graphically in Figure 9 for the years 1941-57 inclusive.
These graphs alsoshow the relationship between joint width changes, the
section lengths between expansion joints, and amount of expansion space
provided. Unless otherwise stated, only those expansion joints separating
sections of equal length were considered in plotting the graphs. Where
relief gsections are involved--that is, sections consisting of two or more
expansion joints, separated by short slabs of concrete--individual ex-
pansion joint movements were combined algebraically to form a single
value representing a joint of equivalent width,

The joint width readings in Figure 9 have been adjusted to represent
an average pavement temperature of 75 deg in summer and 25 deg in
winter, using corrections derived from daily movements.

Several significant facts are revealed by the graphs in Figure 9:

1. In most cases, sections contracted sufficiently during the first
winter to cause expansion joint openings slightly in excess of the expan-
sion widths originally provided. '

2, Without exception, all sections moved most during the first year,

3. The annual amplitude of joint width movement diminished with
time,

4, All expansion joints show progressive permanent reduction in
width, resulting in gradual closing to the extent that after 17 years the
sections ahsorbed about 60 to 80 percent of the expansion space provided.

5. As might be expected, the longer sections produced the greatest
changes in joint width during the first year, although amplitude of annual
joint movement after the first year was comparable to that of the shorter
sections,

6, The amplitude of yearly movement was least for the sections with
~ 10-it and greatest for those with 60-ft contraction joints. Thisphenomenon
indicates that a considerable amount of section movement was absorbed
by the more numerous contraction joints present in sections with 10-ft
.8pacing.

-14-



Contraction Joints

The data obtained from summer and winter measurements for joints
in each section were plotted with joint opening as the dependenti variable
and concrete temperature as the independent variable. In test sections
with expansion joint spacings up to and including 480 ft, all contraction
joints in each secction were considered collectively. However, in test
sections longer than this, data for joints near section ends were kept
separate from data for joints near the middle of sections,

Plotting the data indicated that a linear relationship existed between
contraction joint opening and concrete temperature, and the line of re-
gression relating these two variables was obtained by the statistical
method of least squares, During the first three years, joints opened
- less and the openings were less consistent than during the following i4
years; thus, statistical analysis was based on joint measurements from
the fourth through the seventeenth years, In general, asection's averaged
joint readings at a given temperature scatter only slightly around the
line of regression. Bui when all the individual joint readings for a given
section are plotted with respect to concrete temperature, the scatter is
much greater, as would be expected,

Effects of Time and Temperature: To show both the range in joint
opening and the effect of time, the individual joint readings have been
plotted from four sets of data. Figures 10 and 12 show data for con-
traction joints at the middle of Test Road Sections 4F and 3F (10- and
20-ft contraction joint spacings respectively, no intermediate warping
joints, and 2,700-ft expansion joint spacing), while Figures 11 and 13
show the data from the Grand Ledge-Mulliken Test Road (50- and 100-ft
contraction joint spacing and no intermediate warping joints or expansion
joints). These graphs indicate the scatter of individual joint opening
measurements at given concrefe temperatures, and the effect of time
over 17- and 12-year periods respectively, for these two test roads.
Lines are also shown at one sitandard deviation of the errors of estimate
on either side of the line of regression. The chances are 68 in 100 that -
an individual joint opening at a given temperature will be between the
limits established by these lines,

In Figures 10, 11, 12, and 13, the correlation coefficient for temp-
erature and joint width opening ranges from -0,602 to -0.889, where
"Q" gignifies no correlation and ''-1" signifies perfect correlation be-
tween increasing joint width opening and decreasing temperature. It
should be noted that winter average joint openings (25 deg) were approxi-
mately 0.05, 0,08, 0.20, and 0,41 in. for contraction joint spacings of
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10, 20, 50, and 100 ft respectively. In general, joint opening appeared
to increase slightly with age for each of the four slab lengths under dis-
cussion. This is illustrated by the fact that, generally, readings for the
first few years are on the low side of the line of regression and for the
last few years, on the high side,

" Effect of Expansion Joints, By comparing data from Sections A
through F of Series 1, 2, 3, and 4, it is possible to determine the effect
of expansion joint spacing on contraction joint width openings for several
slab lengths. In Figure 14, the data for various curves were obtained by
averaging readings from all instrumented joints in each test section..
There was some difference in the joint width movements near the end of
a section(close to an expansion joint or relief section), and for the joints
near the middle of a section, Joints near sectionends had openings which
averaged 2, 12, and 28 percent higher than joints in the middle of the
section, for the 900-, 1,800~, and 2,700-ft expansion joint Spacings,
respectively, Points shown on these graphs for various temperatures

- were obtained from lines of regression based on statistical analysis of
joint opening versus temperature. Ineverycase, contraction joint open-
ingdecreased markedly as expansion joint spacing increased from 120 to
240 ft, and with one inch of total expansion space. Generally, the de-
creasein contraction joint opening continues to an expansion joint spacing
of 900 ft (total expansion space of 2 1/2 in.), but then stays rather uni-
form for 900-, 1,800-, and 2,700-ft expansion joint spacings (total ex-
pansion space of 2 1/2, 3, and 3 in. respectively). An exception to this
rule is Series 4, where the pattern is somewhat different, because total
expansion space provided for 1, 800-and 2, 700-ft expansion joint spacings
was 2 1/2 and 4 in. rather than 3 in. as in Series 1, 2, and 3.

Effect of Warping Joints. Several sections of Series 1 and 2 were
instrumented at intermediate warping joints toobtain joint width measure-
ments. At all these instrumented joints, the openings increased pro-
gressively with time, From readings in Series 1 and 2, it was possible
to determine the effect of warping joint widths upon contraction joint
openings. In Figure 15, actual contraction joint openings are plotted for
four temperatures from the lines of regression for Sections B and F of
Series 1 through 4, In order to.determine the adjusted contraction joint
width for Series 1 and 2, with intermediate warping joints, the inter-
mediate and contraction joint widths were added, and an adjusted line of
regression obtained approximating the contraction joint opening which
would have occurred without the intermediate warping joints. This is
shown by the dotted lines in Figure 15,
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Figure 16,
Effect of Slab
Length on
Contraction
doint Opening

Effect of Slab Length, To determine average contraction joint
openings over a considerable range of contraction joint spacing, without
the complicating effects of expdnsion or intermediate warping joints, the

Michigan Test Road data from Sections 3F and 4F were again supple-.
- mented by data from 50- and 100-ft contraction joint spacings on the

Grand Ledge-Mulliken Test Road. In Sections 3F and 4F (20- and 10-ft
contraction joint spacing, respectively), only data on joint width opening
from joints near the middles of these 2,700-ft sections were used, in
order to minimize the effect of the expansion joints at the section ends.
The points in Figure 16 were obtained for four temperatures from lines
of regression for the various test sections, It should be noted that at 0
deg, joint width increased. almost directly in proportion to increased
slab length, but at warmer temperatures the rate of joint width increase
was not as rapid with increased slab length,
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PERCENT OF JOINTS WITH JOINT CPENING GREATER THAN VALUE SHOW

100

Frequency Distribution of Joint Widths. In Figures 17 and 18, the
frequency distribution of individual joint width measurements is shown
forSections 4F (contraction joint spacing of 10 ft, expansion joint spacing
of 2,700 ft) and 3F (20 and 2,700 ft), for joints near the ends and in the
middles, under winter and summer temperature conditions. The joint
width openings are adjusted to 25 deg in winter and 75 deg in summer,
uging daily joint width readings for these sections., The general pro-
gressive increase in joint width opening is also shown in these figures

" by plotting measurements for 1942-44, 194850, and 1954-56. The mean

opening increased 0,018 and 0. 044 between 1942-44 and 1954-56, for
Sections 4F and 3F, respectively. After 15 years, a winter joint width

" value of approximately 0, 08 in Section 4F and 0. 12 in Section 3F was ex-

ceeded by 10 percent of the joints at the middles of the sections, Cor-

responding values for joints near section ends were 41 percent greater

for Section 4F and 58 percent greater for Section 3F.
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Hinge or Warping Joints

In Series 1 and 2, mesh reinforcement of 60 and 37 1b per 100 sq
ft respectively waslaid continuously through the warping joints, Seasonal

‘joint width measurements were taken at several locations in these series

to study the effect of the amount of reinforcing steel onbehavior of these
joints., The data disclosed that in all cases the joint width increased
progressively through the I7-year period. This is shown in Table 6,
where average joint openings are given for several sections during 1945,
1950, and 1955, at 25 and 75 deg. -

_ TABLE 6
AVERAGE JOINT OPENING
OF INTERMEDIATE WARPING JOINTS

Average Joint Opening - Inches
. . Steel Joint Spacing-Feet g Opening
Series [Section | 1b/100 Wintor (26 F) Summer (75 F)
: sq ft

Expans I Contr | Warping | 1945 | 1950 ! 1956 | 1948 ! 1950 I 1955
1 B 60 240 80 39 0,020 0.927 (.048 0,918 0,927 0.03%
1 ¥ 60 2709 60 30 0,030 0,046 0,190 0.028 0,937 9,120
1 Fr® 60 27090 69 30 0.026 0,041 0,065 0.015 0,027 0,048
2 B arT 240 30 15 0,020 0,087 0.122 0.020 0,939 0,078
2 E* 37 1800 30 15 0,022 0,067 0,112 0,029 0,028 90,0862
2 F¥# 37 2700 30 15 0.027 0,039 0.090 0,017 0.026 0,G28

* Joints near end of section. *¥  Joints near middle of section,

Progressive increases in joint width were greater near the ends of
the longer sections 1F and 2E, where width increased approximately 530
and 410 percent respectively, between 1945 and 1955. It may be noted
that joints in Sections 1B and 1F (60 1b of steel per 100 sq ft) opened less
than those inSections 2B and 2F (37 1b of steel per 100sq ft), even though
the former were spaced twice as far apart, In all of Series 2 {A through
F), contraction joint widths differed very little from summer to winter
after about the twelfth year. Undoubtedly, reinforcing steel had rup-
tured and all or most of the pavement movement was taking place at the
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warping joints, For example, at the middle of Section 2F, average
opening of these joinis during the final winter was 0. 005 in. greater than
for corresponding contraction joints, and the warping joints were moving
approximately three times as much as the contraction joints with season-
al temperature change.

‘ The decrease in seasonal contraction joint movement with age was
notas apparentin Series 1;instead, widths at given temperatures remained
relatively constant throughout the 17 years, At the middle of Section 1F,
the average opening of warping joints was about half as great as for cor-
responding contraction joints, and warping joints were moving only about
half as much from summer to winter as were contraction joints.

Daily Changes in Joint Width

In conjunction with the seasonal joint width measurements, certain
joints were selected for daily observations. Readings were taken on the
same joints early in the morning while pavement was cool and in the
afternoonwhen the pavement would normally be at its maximum tempera-
ture, Relationships for daily joint width movements for all series have
been expressed in comparable terms, such as change in joint width by in,
perdeg, versug length of sectionand joint spacing. Complete information
on daily joint width movement will be found in Highway Research Board
Report No, 17-B (1956). In 1948, daily readings were discontinued as a
part of routine cbservations.,

Pavement Movement

In certain sections of Series 1, 2, 3, and 4, reference monuments
were esgtablished to measure relative movement of different paris of the
sections with respect to fixed points in the subgrade, Monuments were
placed at the center, quarter points, and ends of Sections 1A, 1F, and
4¥F, and the ends and midpoinis of Sections 3A, 4A, 1C, 4C, 1D, 3D, 2F,
and 3F, Figure 19 shows the relationship between pavement movement
and distance from the centers for Sections 1A, 1F, and 4F, Time's
effect is illusirated by the progressive increase in amount of section
movement from the first year to the last, Most of the sections were

~ instrumented for measurement of pavement movement only at the center

and ends. However, by comparing end movements of the various sec-
tions, it is possible to determine the effects of contraction, expansion,
and intermediate warping joint spacing on the magnitude of this move-
ment (Figure 20},
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Pavement Performance in Relation to Joint Spacing

Physical bhehavior of the pavement with respect to differentslab
lengths and varying expansion joint spacing was evaluated in relation to
cracking, spalling, and roughness.

Cracking, The linear feet of pavement cracking occurring inSeries
1 through 4 is summarized in Table 7. These data show that the amount
of transverse cracking decreases rapidly as slab length decreases. In
1955, the 10-ft slabs had no transverse cracking and the 15-ft slabs had
83 linearfeet, while the 20- and 30-ft slabs had about three andsix times
more transverse cracking respectively, than the 15-ft slabs,

=27~



TABLE 7 .

' PAVEMENT CRACKING AS RELATED TO SLAB LENGTH

Series’

Slab

Length

Ft

Total Lergth
of Series, Ft

Pavement Cracking in Fee

Pav't Cracking
1955
ft per mi

o I I o

30

20 -

15
10

8,820
8,820
8,820
8, 820*

Transverse | Diagonal | Longitudinal
10650 l 1955 | 1950 ! 1955 { 1950 | 19565
253 - 494 & 12 3
iz8 233 10 10 a5 35

66 83 ¢ 0 18
0 [ g 0 16

346
166
60
14

*Part of Series resurfaced in 1953:

SEalligg

sixfold (Table 8).

PAVEMENT SPALLI

TABLE 8

therefore, 1955 survey was based on only 6, 20 feet.

. A 1950 survey of spalled concrete adjacenttocontraction
joints indicated that spalling was greatest for 30-ft slabs and decreased
almost directly with decreasing slab length, In 1955, the percent of
- spalled joints had approximately doubled over the 1950 figures, except
for Series 3 where the percent of spalled joints had increased almost

NG AT CONTRACTION JOINTS
AS RELATED TO SLAB LENGTH

: Percent of Joints Spalled
Series Slab Length, Fi .
: - 1850 1955
1 30 28 62
2 15 19 40
3 20 13 T2
o4 10 5 10
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Roughness. Three series of roughness measurements were made
for the entire Design Project by Bureau of Public Roads personnel, using
their roughometer, The riding gualities of various sections of the pave-
ment were studied, especiallywhere contraction or expansion joint spac-
ing was variable, to compare changes in roughness with time. In con-
ducting the roughness measurements, each section was taken as an in-
crement in order to compare surface roughness conditions in terms of
the construction variables for individual sections,

In comparing roughness of Series 1 through 4 shortly after con-
struction, it should be noted that these values were very similar, with a
total range from 79 to 85, as shown in Figure 21. After eight years of
traffic, roughness had increased about 20 percent for the first three
series, but about 34 percent for Series 4. By 1955, roughness had in-
creased by 32, 37, 67, and 132 percent for Series 1, 3, 2, and 4 res-
pectively. This increase was largely due to scaling, especially along
transverse joints and the longitudinal joint. By 1955, the percent of the
pavement surface having scaling was 1.6, 4.1, 6.2, and 39.9 for Series
1, 3, 2, and 4 respectively, indicating that shorter slabs had the greater
amount of scaling, A partial explanation for this is the fact that scaling
generally started at the transverse joints and then proceeded to the slab
interior, the 10-ft slabs being more vulnerable to scaling because of the
exceptional amount of hand finishing required.

Slab Warping Measurements. In 1949 and 1950, measurements were
taken of the amount of vertical movement of the corners of certain glahs

‘at contraction joints, along with daily change in pavement temperature

from morning fo afternoon. This was done for four days at from three
to eight joints in each of the four sections, illustrating the effect of slab
length on warping movement (Table 9).

General Surface Condition. In general, the concrete surface
throughout Series 1 through 4 deteriorated gradually during the 17 years

~of service, for the most part in the form of spalling at joints and in de-

velopment of light to heavy scaling, This scaling usually started along
both the transverse and longitudinal joints and worked progressively to-
ward the slab centers. Deterioration of this type was more severe in
some sections thanothers, indicating that concrete lacked uniform quality
throughout the project.

Scaling progressed rapidly after 1950, and the riding quality of the

pavement surface became so bad by 1957 that the entire project had to be
resurfaced, Before this, in 1953, parts of Sections 4D and 4F and all of
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TABLE 9
SLAB WARPING

. Contr Joint | Warping Joint | Slab Vertical Movement
Moauth |, )
Se(_mc'n Spacing, Ft | Spacing, Tt Le;gth, in 0. 001 in, per deg F
, " :

1F 60 60 30 Oct 2,10

June 0.99

2F 30 30 15 Oect 1,74

’ June 0.36

3E 20 -- 20 Oct LT

June Cm———

4E 16 -— 190 Oct (.64

June -———

Section 4E required resurfacing whenadvanced scaling along joints spaced
at 10-ft intervals produced a very rough-riding surface. In Table 10,
scaling is tabulated for each section of Series 1 through 4. It may be
noted that Series 4 had by far the greatest amount of scaling (39.9 per-
cent) but even there it was not uniform, Section 4F having as little as
1. 2 percent,

Variation in pavement condition in Series 1 through 4 is shownpic-
torially in Figures 22 through 25. The unscaled surface of part of Sec-
tion 1C is shown in Figure 22, while Figure 23 illustrates light to medium
scaling in Section 4C. More advanced scaling is illustrated in Figure
24, and typical scaling along a transverse joint in Figure 25,

One blowup occurred in Series 1 through 4, at a construction joint
in Section 1F in 1954, and is illustrated in Figure 26,

A common site of pavement deteriorationwas at construction joints,

" A typical example is shown in Figure 27, Twelve of 26 construction

joints in Series 1 through 4 had spalling or extensive deterioration, in
every case on concrete placed at the end of a day's pour.
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1
TABLE 10
TABULATION OF PAVEMENT SCALING - 1955
o : Percent of Pavement Surface Scaled
Series Section Light Medium Heavy Total
Scale Scale Scale | Scale
1 A 0.0 0.4 5.8 6.0
B 0.6 1.2 0.4 2,2
C 0.1 0.3 0.4 0.8
D 0.0 0.0 0.0 0.0
E 0.0 0.0 0.0 0.0
F 0.0 0.4 0.2 0.6
Average-Series 1 0.1 0.4 1.1 1.6
2 A 0.2 3.2 0.3 3.7
B 0.1 2.8 2.2 5.1
" C 0.0 10.3 4.5 14. 8
D 0.6 4.6 3.4 8.6
E 0.0 3.4 1.4 4,8
. F 0.0 0.1 0,1 0.2
Average-Series 2 0.1 4.1 2.0 6.2
f 3 A 0.0 1.7 1.2 2.9
B 0.1 3.1 0.5 3.7
C 0.0 3.0 3.9 6.9
D 2.2 0.6 - 2.8 5.6
E 0.8 2.7 0.0 3.5
F 0.1 1.8 0.0 1.9
Average-Series 3 0.5 2,2 i.4 4.1
4 A 0.0 0.0 59. 0 59. 0
B 0.0 6.0 54,0 54,0
: C 0.0 33.0 0,0 33.0
t D 0.0 0.7 52.0 52,17
i E (Resurfaced in 1953) :
F 0.0 1.0 0.2 L2
Average-Series 4 0.0 6.9 33.0 39.9
-32-




Figure 22. Good Condition of Pavement Surface, Section 1C
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Figurééél. ’He;vy Séale of Pavement Surface, Section 4E
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Summary

The following significant facts are apparent from the joint width

 gtudy: : , '

1. Contraction joint width movements were materially affected by
the combined width and spacing of expansion joints. For contraction
joint spacings of 30 ft or less, joint width movements were affected by
expansion joint spacings up to about 900 ff. The data indicated that for
contraction joint spacings greater than 30 fi, the effect of expansion joint
spacing dropped from 900 ft to about 400 ft.

2, For 10- to 100-ft contraction joint spacings without expansion
joints (or for joints removed by distance from the effect of expansion
joints), contraction joint width at winter temperatures of 0 deg increased
approximately in proportion to increase in contraction joint spacing.
However, as temperature increased, this proportion decreased until at
high summer temperatures joint width did not change notably regardless
of slab length.

3. Individual contraction joint width measurements were found to
vary considerably in all sections. This would indicate that in plain con-
crete pavement design, the frequency distribution of joint widths for
winter conditions should be considered rather than the mean joint width
values,

4, All contraction joints acquired a permanent opening, gradually

increasing in 10 to 15 years to a significant value which under certain
conditions might materially affect joint performance. -
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PAVEMENT CRACKING AND SPALLING AS RELATED TO SLAB

TABLE 11

LENGTH THICKNESS

s Slab Total Length : Pavement Cracking in Feet Pav't Cracking Percent of
ection Slab Length, Ft | Thickness, In, of Series. ¥t Transverse Diagonal Longitudinal Taotal 1955 Coniraction Jts Spalle
’ ) 1950—| 1955 1960 | 1958 1950 | 1955 1950 | 1956 it per mi 1950

BA 30 8 uniform 240* 139 120 90 0 [ 0 139 170 3;740 30 30

6B 20 8 uniform 334% 48 &0 0 8 ¢ o 48 68 1070 " 43 68

6C 15 8 upiform 326+ 0 0 0 0 0 ¢ 0 0 0 61 85

sD 10 8 uniform €00 0 L] 0 1} 1] k1] L] 1} 0 T 25 34

Total — Serles 6 EDT)' —i;'.?“ -.2“5 T —8— T 0_ E E —B-IE _40_ _‘5-:

7A 30 8-8-8 © 609 146 181 0 0 o 0 146 161 1420 1 20

ci.o b ] 15 8-6~8 600 0 0 0 i [ 0 0 0 o 5 36
cin 7C 20 8-6-8 800 110 110 0 0 0 0 110 110 970 7 64
7D 10 8-6-8 600 22 22 o 0 0 0 22 22 154 0 9

Total - Series 7 m —2'!'_8- ﬁ —6— —Elm T ......6...... % ?9"5" ?ig _—5— —52_

3A 30 7 uniform 360 22 22 28 23 0 0 45 45 660 - 43 79

8B 20 7 uniform 840 1 1 0 0 0 20 11 31 | 195 24 63

8C 15 7 uniform 800 0 0 3 3 0 [V 3 3 26 25 a8

8D 10 7 uniform 600 ] 0 0. 1 o 0 0 0 0 1z 24

Total - Seriea 8 E —-3—:;_ _3;— ";G_ ‘_;6_ T ;_ —;9_ ";;— .:;: —;;“ “'-5—1— I

* Froat heave areas removed from analysis.




PAVEMENT DESIGN

In planning the Michigan Test Road, Series 5 through 12 were in-
cluded to study various factors associated with concrete pavement design,
such as thickness, shape of cross section, amount of steel reinforcement,
and joint design including load transfer.

Thickness and Cross Section

In the Design Project, four pavement thicknesses including two types
of pavement cross section were constructed to study such factors as sub-
grade load capacity versus slab thickness, and the value of balanced or
thickened-edge cross section versus uniform cross section. The following
four pavement thicknesses were used: 9-7-9 in. (Series 1-4), 8-6-8 in.
(Series 7), 7-in.uniform (Series 8), and 8-in, uniform (Series 6).

Contraction Joint Width, Using certain sections of Series 6, 7, and
8 and sections in Series 1 through 4, it was possible to compare contrac-
tion joint widths for the four thicknesses on the basis of common contrac-
tion and expansion joint spacing. In Series 6, 7, and 8, contraction joint
spacings of 10, 15, 20, and 30 ft were used with 120- and 300-{t expan-
sion joint spacing. In Figure 28, joint widths for four temperatures are

* g —SECTION 6B —4 ] ] %
i
A
= ghyLlg'i- SECTION 3A \
4
4 . - " o) A
? ‘ 4 2 Q o
¥ *"_ SECTION 8B
% \
e ,
W ptgla'l—SECTION 7C
é CONTRACTION JOINT SPACING —20 FT
< EXPANZION JOINT -8PACING =120 FT -
o (APPROX, 400 JOINT READINGS PER SECTION)
R o0.0o - 0.200 0.300

JOINT OPENING IN INCHES
# -UN{FORM

Figure 28, Effect of Pavement Thickness on Contraction Joint Opening
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shown for four pavement thicknesses with 20-ft contraction and 120-ft
expansion joint spacings. This informationindicates that amount of opening
or seasonal variation in opening was not significantly different for any of
. the pavement thicknesses or cross sections. In Series 6, 7, and 8, con-
tractlon joint movement was noticeably reduced when transverse cracks
developed in the slabs which were not reinforced. Instead, movement then
took place for the most part in these cracks.

Physical Condition of Pavement. Pavement cracking varied con-
siderably among the various series, from a maximum of 838 ft per mi of
pavement for Series 6 to a minimum of 174 ft per mi for Series 8 (Table
11). Frost heave areas in Series 6 are not included in this Table, and
were fully discussed in the 10-year report on the Design Project, The
pavement cracking history of Series 6, 7, and 8 is illustrated in Figures
29, 30, and 31. Series 8 was constructed entirely on excellent granular

-subgrade soil, while Series 6 and 7--except for Section TD--were placed
on a subbase over guestionable subgrade material.
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Figure 30, Pavement Condition: Series 7

The cracking disparity between Series 6, 7, and 8 (Table 11) cannot
be ascribed todifferences in cross section, but rather to accidental varia-
tions in subgrade support, concrete quality, or both, - This indicates the
very rigid control required in subgrade preparation and all other phases
of experimental highway construction, to insure that pavement performance
depends on the parameter under study rather thansome other insufficiently
controlled parameter., In spite of these variables, the relationship be-

‘tween cracking and slab length does verify evidence, established previously

in Series 1 through 4, that longer slabs have more transverse cracks,
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Shortly after construction, pavement roughness varied from 86 for
Series 7, to 95 for Series 6 (see Figure 21). After 15 years of weathering
and traffic, the roughness of Series 7 had increased 118 percent, while
Series 6 and 8 had increased 83 and 76 percent respectively. The percent
increase in roughness was related to the amount of scaling which had
occurred. For example, Series 7 with 118 percent increase in roughness
also had the greategt percentage of scaling (76 percent), while Series 6
and 8 hadonly 46 and 27 percent with acorresponding roughness increase
of 83 and 76 percent respectively. A comparisonof roughness and scaling
with siab length for Series 6, 7, and 8, shows average roughness values
of 174, 161, 168, and 171, with corresponding scaling percentages of 59,
50, 45, and 46, for slab lengths of 30, 20, 15, and 10 ft respectively.

The general physical condition of the pavement surface at tune of re-

' surfacmg for each section is shown in Flgures 32 and 33.

Reinforcement

Two weights of steel reinforcement (60 and 37 1b per 100 sq ft) were
used in various sections of the Design Project, while other sections were
not reinforced, Both weights were installed in conjunction with warping
joints, and the 60-~lb reinforcement in continuous slabs of various lengths
without intermediate contraction or warping joints,

Reinforcement in Relation to Warping Joints. Intermediate warping
joints in both Series 1 and 2, with steel reinforcement of 60 and 37 lb per
100 sq ft respectively, widened progressively with age. Comparing Sec-
tions 1B and 1F with 2B and 2F, joints with heavier reinforcement opened
less even though slab length was twice as great {Table 6). In Series 2, by
1949, three of 27 joints (11 percent) where measurements were taken had
widened sufficiently to indicate rupturing of reinforcement, This increased
to 50 percent by 1955 and 96 percent by 1957. In contrast, from width

‘measurements of 23 joints in Series 1, it appears that the first break in

steel occurred about 1953, By 1955, the joints with broken steel 1ncreased .
to 17 percent, and by 1957 to 30 percent.

Continuous Slabs With and Without Reinforcement. Series 11 and 12

_of the Design Project were constructed within the Test Road's Durability

Project (Table 1), Steel reinforcement of 60 lb per 100 sq ft was used in
Series 11 for continuous slabs of 90, 120, 360, and 600 ft. In Series 12,
the same slab lengths were constructed without reinforcement, Over the
17 years, no cracking occurred in Sections A and B of either Series 11 or
12 (slab lengths of 90 and 120 ft). However, the longer sections of both
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Section 6A Section 6B

Station 94+25 Looking South Station 96+00 Looking North
at Frost Heave Area

Section 7B ‘
Station 124+00 Looking South

Section TA
Station 114+00 Looking North

Section 8A Section 8B
Station 138+30 Looking South Station 141+00 Looking North

| Figure 32, General Views of Pavement Sections A and B of Series 6, 7 and 8
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series had numerous transverse cracks which opened appreciably (Figure
34). These cracks were instrumented and the openings measured twice a
year. In Section 11C, these readings showed that the reinforcing steel
had broken at Sta 696+10 as early as 1947, but at Sta 695+20 and 697+00
the steel apparently remained intact until 1949, A tabulation of pavement
cracking is given in Table 12. The amount of transverse cracking was not
significantly different in the two series. However, the reinforced pave-
ment was in better general physical condition than the nonreinforced.

In May 1957, load deflection measurements were made on certain
cracks in these series to determine the amount of load transfer taking
place. For the cracks tested, the average opening was 0. 15 in. and the
average load transfer value was 21 percent. At the same time, certain
cracks were measured in Series 1 and 2, where the steel was unbroken,
and the average opening was about 0. 05in, At these cracks, the load trans-
fer value averaged 46 percent, where 50 percent would indicate a perfect
rating.

TABLE 12 ‘ .
PAVEMENT CB.ACKING IN CONTINUOUS SLABS_
Series 11 and 12

Sleb :t?:; Pavemen Cracking in Feet Pav't Cracktng | *~ e
I — v,
Section |y epeth {b/100 | Transverse | Diagonal Longltudinal: | - " Total 1957
Ft | gqa |1950 | 1957 [1950 | 1967 | 1950 [ 1967 | 1960 | 1957 | ftpermi
1A 90 &0 0 o o0 o ) 0 0 0 0
113 120 80 ) 0 0 0 0 0 0 0 0
11 382 80 66 98 0 0 0 o 6 99 1440
1D %00 60 164 208 0 0 0 0 164 208 1830
Total - Series 11 230 307 0 9 ) 0 230 307 -
12A 80 ) ) 5 o 0 0 ) 0 ) )
128 130 0 0 o o 0. © 0 0 0 0
12C 360 0 66 173 0 0 0 20 &8 193 2830
12D 242 0 4 88 0 0 0 0 44 88 1920
12E 600 ) g8 168 © 0 62 62 161 ° 230 2020
Total - Series 12 209 429 0 0 62 82 271 511 -
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Shortly after consiruction, the roughness values for Series 11 and 12
were 97 and 93, respectively (see Figure 21). After eight years these
roughness values increased 5 percent for Series 11, and 11 percent for
Series 12, By 1955, the percent increase was 34 and 83 for Series 11 and
12 respectively. The variations in roughness by 1955 of 130 for Series 11
and 170 for Series 12 cannot be ascribed to pavement design features, but
rather to differences in surface scaling--3 percent for Series 11 compared
to 20 percent for Series 12,

Joint Des igg

For comparative study, the Design Project included several types of
expansion and contraction joint designs inuse or under consideration when
the project was constructed. The joint design study was reported in the
10~-year report appearing in Highway Research Board Report No. 17-B
(1956). Therefore, onlynew data of significance inrelation to the objectives
of this study will be covered here. This includes additional information on
mechanical load transfer versus aggregate interlock.

Load Transfer. In May 1957, prior o resurfacing the pavement with
bituminous concrete, a series of six load transfer measurements were
made at each of nine contraction joints in Section3D and ten in 3E. Table
13 compares the load transfer rating of Section 3D with dowelled joints to
that of Section 3E with only aggregate interlock to effect load transfer a-
cross the joinis. Although the section ratings differed very little, the
dowelled joints were better by 2.6 percent. Tests conducted at a colder
temperature probably would have shown a more marked difference be-
tween these sections, Unpublished results from previous testing con-
ducted during late fall on the aggregate-interlock type of joints in Section
3E, showed areduction in load transfer rating to 36 percent for anaverage
joint width opening of 0.064 in. Comparing joint openings with load {rans-
fer ratings for individual joints, however, did not show any well-estab-
lished correlation between these variables for the range of joint width
openings encountered during the May 1957 tests.

Measurements of faulting across contraction joints for Section 3D,
3E, 4D, and 4E were made during 1944, 1949, and 1955, to determine the
effects of traffic and of slab length on faulting for joints with and without
dowels (Table 14), The faulting increased considerably in Sections 3D and
3E (20-ft slabs) from 1949 to 1955, but the percent of joints faulfed was
about six times greater for the aggregate interlock type of load transfer
(Section 3E) than for the dowelled joints of Section 3D,
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TABLE 13
LOAD TRANSFER AT CONTRACTION JOINT

: Avg Joint Width | Avg Load Transfer
Section | Load Transfer Feature |Opening, Inches Rating—Percent(a

3D Dowels-3/4 in. x 15 in. 0. 063 48,80
at 15 in. spacing :

3E Aggregate Interlock 0. 045 46. 2(b)

3E Aggregate Interlock 0.064 36, 1(c}

{a)

Load Transfer Rating Percent =
Defl Unloaded Side of Joint
Defl Loaded Side + Defl Unloaded Side

(B)  Measurements in late spring,
() Measurements in late fall,

x 100

In Sections 10A and 10B, with 120-ft expansion joint spacing, 15- and
20-ft contraction joint spacings were used, Dowels were installed in all
joints of Section 10A and omitted in 10B. The faulting data in Table 14
clearly shows that mechanical load transfer is necessary for short slab
construction when expansion joints are spaced at 120 ft, Further, load
transfer is particularly needed at expansion joints and, finally, it is quite
apparent that the load design feature {3/4- x 15-in. dowels at 15-in, cen-
ters) was inadequate for the load and subbase conditions.

Su:mmary

After 17 years the results indicate no difference in performance be-
tween the uniform cross section and the balanced or thickened edge cross
section, nor have the results brought out any significant differences in
structural performance as related to slab thickness. Obviously, the test
road traffic has not been sufficient during the 17-year test period to cause
structural failure in even the thinnest, 7-in. uniform section,

The most significant finding from the steel reinforcement study con-
cerns its use in connection with pavement design requiring intermediate
warping joints, as in Series 1 and 2. Obviously, the warping joints opened
sufficiently to permit surface water to reach the sieel reinforcement,
thereby accelerating rusiing and causing eventual breakage of steel. The
{ime element involved in this action would naturally be related to the amount
of steel used. In this case, the 37-lb reinforcement started to break in
1948 after about eight years' service, while with the 60-1b reinforcement,
the first breakage appeared in 1953, or after 13 years of service.

Aggregate interlock was not sufficient to prevent faulting of the 20-ft
slabs regardless of expansion joint spacing, Under certain conditions,
the 3/4-in. by 15-in., dowelling system was inadequate to prevent faulting
at contraction or expansion joints. :
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WITH AND WITHOUT LOAD TRANSFER DEVICES
Both Lanes Included

TABLE 14
FAULTING OF EXPANSION AND CONTRACTION JOINTS

No. of Contr. Coniraction Joints - Percent No. of Exp. Expansion Joints - Percent
Joints Not Faulted | Faulted Faulted Faulted Joints Not Faulted Faulted Faulted | Faulted
Serles Year Meagured Yaulted | 1/8 in. | 3/16 in. 1/4 in, | Over 1/4 in. Measured Faulted 1/6 in. 3/16 in. 1/4 in, |Over 1/4 in, Remarks
10 A-1 1944 90 91.1 7.8 0.0 1,1 0.0 20 80.0 10.0 0.0 0.0 0.0 3/4 x 15 in. dowels
1949 90 85.8 10. 0 1.1 L1 2,2 20 95.0 5.0 0.0 0.0 0.0 with 15 in. spacing.
1955 27 66.7 18. 5 11,1 0.0 3.7 16 93.7 6.3 0.9 0.0 0.0
1944 126 96,0 3.2 0.8 0,0 0.0 18 100.0 0.0 0.9 0.0 0.0 3/4 x 15 in, dowels
10 A-2 1949 126 82.0 4.8 2.4 0.0 0.8 V] - - - - - with 15 in. Bpacing
1955 40 67.5 22,5 5.0 5.0 0,0 12 83.3 16, 7 0.0 0.0 0.0
1944 90 62.2 25.8 7.8 4.4 0.0 18 55,6 22,2 22,2 0.0 0.0
10 B-1 1949 90 49,0 28.8 12,2 10,0 0.0 18 49.9 16. 7 16,7 16.7 0.0 No dowels
1855 28 25,1 32.1 21.4 21.4 0.0 i2 41,7 16.7 8.3 25,0 8.3
1944 126 3.7 17.5 4.0 4,8 0.0 18 44,4 1.1 16. 7 27.8 0.0
10 B-2 1949 126 65,1 21,4 3.2 9.5 0.8 16 49,4 12.5 0.0 3L.2 6.9 No dowels
1955 16 37.4 18,8 3.5 6.3 4.0 8 50.0 12.5 12.5 12.5 12.5
1944 176 0.0 0.0 0.0 0.0 0.0 1} 3/4 x 15 in, dowels
3D 1949 176 97.2 2.8 0.0 0.0 0.0 with 15 in. spacing
1955 174 87.4 12.6 0.0 0.0 6.0
1944 178 99, 4 0.6 0.0 0.0 0.0 3/4 x 16 in. dowels
4D 1949 178 96.6 2.8 0.0 0.0 0.0 with 15 in. spacing
1955 23 82.6 13.1 0.0 4.3 0.0
1944 178 91.0 8.4 0.0 0.6 0.0
3E 1949 178 77.5 18.0 3.9 0.6 0.0 No Dowels
1965 168 26.2 50.0 14.3 9.5 0.0
1844 358 98,2 0.8 0,0 0,0 0.0
4E 1949 358 87.5 2.9 0.0 0.0 0.0 No dowels
1955 1] - - - - -
doints with Dowels - Avg 1955 76.0 16.7 4,0 2.3 0.9 B8.5 1.5 0.0 0,0 0.0
Joints without Dowels — Avg 1955 29.6 33.6 24, 4 12. 4 0.0 45, 8 14,6 10. 4 18, 8 10, 4

Note - After a period of years the faulting study on certain jolnts was discontinued because spalling or scaling at the joint made it imposeible to obtain accurate faulting measurements.



INCIDENTAL STUDIES

In addition to the major investigations embodied in the Design Pro-
ject, several incidental studies were iniroduced into the research pro-
gram, periaining to various consfruction methods of particular interest
to the Department, Practically all the incidental studies were completed
at an early date, their results being incorporated into previous reports
and utilized in framing the Department's current specifications for con-
crete pavement construction, However, one of the incidental studies,

~ pertaining tostress curing of concrete, continued until final pavement re-

surfacing in 1957, Since this test section was fully described in previous
reports, only the final observations will be reported here.

Stress Cured Concrete

At the end of 17 years, four of the 18 original 100-ft slabs remained
uncracked. The total linear feet of cracking was about 770, or 2,260
linear ft per mi of pavement. As shown in the soil profile in Figure 35,
cracking in four of the slabs canbe directlyattributed toabnormal changes
in the subgrade caused by undesirable soil conditions, and not to any fac-
tor of weakness in pavement structural performance.

The movement of expansion joints connecting uncracked slabs of stress
cured concrete is shown in relation to concrete pavement temperature in
Figure 35. For comparison, expansion joint movement is shown for simi-
lar uncracked conventional slabs with expansion joinis spaced at 120 ft.
That expansion joints in conventional slabs became permanently com-
pressed with age is shown by the progressive decrease in width from the
first year measurements through the last, This shift is illustrated in the
graph by numbering the points toindicate pavement age in years at the time
of measurement, The line of regression shows the average relationship
between joint width and temperature for the life of the project. However,
this progressive decrease in expansion joint width-with age did not occur
in the stress cured pavement, and the joints oscillated around the initial
width depending on whether the temperature was higher or lower than
approximately 38 deg. It is believed that this phenomenon was caused
primarily by the restriction of joint closure due to early failure of the
premolded rubber seal which permitted excessive infiltration of inert
material into the expansion joint openings.
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CONCLUSIONS

The Design Project is believed to have served its purpose admirably
in angwering certain questions pertaining to concrete pavement design and
construction, which at the time of its inception were of particular interest
to the Michigan State Highway Department and other state and federal high-
way agencies, '

Two limitations of this study which may have masked the effects of
certain variables on structural performance were the lack of substantial
traffic volume and the shortened life due to development of unexpected
surface deterioration., The traffic tonnage on the Design Project was only
about five percent of that on a more heavily travelled interstate route, US
24 south of Monroe, Mich. Due topavement scaling which developed rather
early in certain areas and eventually required complete resurfacing in
1957, the evaluation terminated after 17 years, The time period, together
with the traffic volumes involved, were insufficient to severely test the '
structural performance of the various design sections.

Conclusions derived from this study which have been reported pre-
viously will not be repeated here, The conclusions presented below per-
tain primarily to the basic objectives of the investigation,

1. Satisfactory performance of long pavement sections of plain con-
crete pavement with closely spaced contraction joints under full restraint,
resulting from the elimination of expansion joints or their spacing at long
intervals, indicates that expansion joints are unnecessary except perhaps
at such places as intersections, or structures, where excessive com-
pression stresses caused by expansion forces would be undesirable,

2., Elimination of expansion joints in plain concrete pavement con-
struction greatly improves the efficiency of aggregate interlock in pre-
venting joint faulting, but this practice cannot be depended upon toentirely
eliminate the need for mechanical load transfer with certain slab lengths,
traffic volumes, and subbase conditions,

3. Because of the limitations of the test as stated previously, no
general conclusion can be made as {o the comparable performance of the
reinforced and plainconcrete pavement designs included for study inSeries
1 through 4--reinforced concrete pavement with different spacings for
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warping joints and for coniraction joints with dowels, and plain concrete
pavement with different spacing for contraction joints with and without
dowels. However, four significant facts are evident:

a, Slab length seemed to be the predominant factor in the amount of
slab cracking. ‘

b. Joint spacing of approximately 10 ft would be necessary to com-
pletely prevent transverse slab cracking. The rate of transverse
cracking increased approximately in relation to the square of in-
creased slab length over 10 ft.

¢. Plain concrete pavement with dowels at contraction joints per-
formed better than plain concrete pavement without dowels at
contraction joints,

d. Eventhough the longitudinal steel in the reinforced conerete pave-
ment met accepted design criteria, there was evidence of longi-
tudinal steel rupture at warping joints. This breakage developed
earlier and to a greater degree in the pavement with 30-ft con-
traction joints, containing smaller longitudinal wires, than in
sections with 60-ft contraction joints, even though the design
stress was higher in the latter case. It is quite possible that the
principal cause of breakage was corrosion, indicating that the size
of longitudinal wire may be more important than design stress in
preventing breakage at warping joints,

4. The wide variations in joint width movement found under similar
design and climatic circumstances, indicate clearly that average values
should be used with caution in determining slab lengths on the basis of ex-
pected joint widths. Rather, maximum joint width measurements for
specific local conditions should be considered as design criteria in order
to ensure satisfactory joint performance.

~52-




