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FOREWORD 

This investigation was conducted to evaluate the long-term performance of 

twelve pavement designs originally constructed as a research project. The 

test sections were constructed in 1970 and were partially rehabilitated in 

1984. The investigation considers performance prior to and following the 

partial rehabilitation. 

The author wishes to acknowledge the efforts of P. C. Hughes, former Research 

Project Engineer, and R. H. Cassellius and G. E. Teig, Research Assistants, 

for the data collection and analysis during the post-construction period. 





SUMMARY 

ln 1970, a research project was constructed on I-94 near Rothsay, Minnesota 

with the objective of determining the feasibility of constructing a portland 

cement pavement over bituminous or cement treated bases and determining the 

structural requirements. The project was constructed with an 8-inch and 

9-inch thick pavement over a section of bituminous-treated, cement-treated, 

and conventional gravel base. Each thickness of pavement had doweled and 

undoweled portions. 

Initial research findings indicated that the conventional gravel base sections 

were easier to construct than the bituminous-treated or cement-treated base 

sections. They also indicated cracking of the cement-treated base sections 

that apparently reflected through the portland cement concrete pavement. 

By 1982, after 13 years of service, the pavement was carrying about 6,200 

vehicles a day with about 27 percent commercial. The pavement exhibited 

extensive cracking and severe faulting. It was decided to evaluate the 

overall performance of the project prior to a proposed rehabilitiation project 

and to determine post-rehabilitation performance. 

Pre-restoration evaluation indicated the following: 

-The doweled pavements have out-performed the undoweled pavements with 

respect to joint faulting 

There is less longitudinal cracking in the gravel base sections than in 

either the bituminous-treated or cement-treated base sections 

- The performance of the two roadways is more consistent for the thicker of 

the two pavements 
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- The 8-inch thick pavement on cement-treated base is the best performer of 

the 8-inch thick sub-s~gments on the basis of long-term crack propagation 

- The 9-inch thick pavements on both cement-treated and gravel base 

outperform the 9-inch pavement over bituminous-treated .base on the basis 

of crack propagation 

- The pavement with cement-treated base that random-cracked on the first 

day .of paving has performed relatively well with respect to further crack 

propagation 

- The undoweled 9-inch pavements on cement-treated and gravel bases perform 

best on the . basis of cracks per mile but the degree of faulting is 

undesirable 

- The doweled 9-inch pavements on cement-treated and gravel bases 

outperform the 9-inch pavement over bituminous-treated base with respect 

to cracks per mile; and 

- The treated bases, especially the bituminous-treated base, offer no 

significant advantage over conventional gravel base while doweled 

pavements offer a considerable advantage with respect to ride. 

Due to the degree of deterioration, all undoweled pavements on the project 

were planed. Tied concrete shoulders were added to the cement-treated and 

gravel base areas and not to the bituminous-treated base areas. It was felt 

that the latter were so badly deteriorated that they would soon need an 

overlay. In the undoweled and the doweled areas, spalled cracks, joints, and 

edges were repaired; transverse and longitudinal joints and cracks under 1/2 

inch were cleaned, either sawed or routed, and sealed; and cracks over 1/2 

inch were sealed. Spot surface repairs and partial and full panel 

replacements were also required. 
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In order to evaluate post-restoration performance, joint efficiencies were 

determined prior to and following the restoration work. The results of this 

testing were not conclusive. Efficiencies dropped considerably follow1ng 

restoration, possibly due to the time of testing. There was over a 50° F 

decrease in temperature between the summer pre-restoration testing and the 

fall post-restoration testing. Further evaluation of pavement deflections 

revealed significant reductions in deflections for all areas regardless of 

restoration procedures. There was a larger decrease in deflections in the 

undoweled areas than in the doweled areas, but no appreciable difference 

between the areas with tied concrete shoulders and those without. This 

indicates a probable effect of the subgrade rather than the restoration. 

The final conclusion is that much more must be done to investigate the use of 

the falling. weight deflectometer on portland cement concrete pavements and 

upon the application of the results. 
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INTRODUCTION 

In the summer of 1970, a research project was constructed on I-94 near 

Rothsay, Minnesota. The major objectives the study were to determine the 

feasibility of constructing a portland cement concrete pavement over 

bituminous or cement-treated bases and to determine the structural 

requirements of a roadbed capable of meeting the increased demands of traffic 

loads and volumes expected in the future. 

In order to meet the objectives of the study, the project was constructed with 

two sections each of bituminous-treated base, cement-treated base, and 

conventional gravel base. The concrete pavement on each of the test sections 

was divided into two segments. One segment was 8-inches thick and the other 

was 9-inches thick. Each of these was further divided into two sub-segments 

th doweled and undowe led joints. 

The project was constructed to the then Highway Department Speci cations. 

project was monitored to any problems associated with the 

construction of the test sections and to evaluate performance. 

Initial findings published in the 1972 final report, '~Concrete Pavements on 

Treated Bases, Investigation 193, 11 revealed that the gravel base sections were 

easier to construct than the treated base sections and that there was some 

cracking in the cement-treated base sections. 

reflected through the concrete pavement. 

These cracks apparently 

By 1983, after 13 years of service, the pavement exhibited some areas of 

extensive cracking and severe faulting. It was decided to evaluate the 

overall performance of the various sections and segments prior to a proposed 

rehabilitation project and to determine post-rehabilita on performance. That 

is the purpose of this report. 
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BACKGROUND 

In order to better illustrate the test sections, segments and subsegments, the 

project, as constructed in 1970, is shown in Figure 1. Each section contains 

approximately 6,700 feet of 9-inch reinforced concrete pavement and 1,350 feet 

of 8-inch reinforced concrete pavement. The first twenty- ve joints, 675 

feet, of each segment (8 and 9 inch thickness) have no dowels in the pavement 

joints for load transfer. The cement and bituminous bases were 5 inches thick 

and the conventional gravel base was 6 inches ick. The bituminous- and 

cement-treated bases consisted a ass 4 aggregate with 5 percent AC-1, 

120/150 penetration, and 5 percent portland cement added, respectively. The 

conventional gravel base was a Class 5 aggregate.! Reinforcement was placed in 

the center two-thirds of each panel. joints were skewed and placed at 

27-foot inte s. Soils were clay loam and clay. 

The subgrade at the research site had an AASHTO soil classification A-6. The 

plasticity index was 14. The base had 5 percent passing the number 200 sieve. 

On the doweled pavements, the dowels were l-inch in diameter, 18 inches long, 

and spaced 12 inches on centers. Dowels were on baskets and were painted; 

dowel ends were greased prior to paving. All transverse joints were sawed 

0.38 inch wide and 2.2 inches deep. They were sealed with 13/16-inch wide 

preformed elastomeric joint seals. 

Centerline steel consisted of 0.62-inch diameter tie bars 30 inches long on 

36-inch centers. The weak plane cente ine joint was formed with ribbon. 
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Note: The first 25 joints (675 feet) in each sub-segment will not be doweled. 

FIGURE 1. Layout of experimental test sections 



Welded wire fabric reinforcement was vibrated into position by the ving 

machine. The steel is 3 inches deep. The c consists of transverse re 

0.23 inch in diameter spaced 12 inches center-to-center. longitudinal wire 

was 0. inch in diameter spaced 6 inches center-to-center. 

Weather data for the months of July and August is presented in Table 1. This 

data was taken from 11 Clinatological Data" as published by the Government 

Printing-Office for the United States Department of Commerce, National Oceanic 

and Atmospheric Administration. This data was compiled at the Rothsay 

station. 

TABLE 1. Weather Data for Paving Period 

JULY 1970 AUGUST 1970 
-------------------------------------~-- -------------- ----------------Average MaJnmum I<=III!Jt:' <1\.ur"' 

Average Temperature 
Average Minimum Temperature 
Highest Temperature 
Lowest Temperature 
Days Over 90 · F. 
Precipitation (inches) 
Greatest Precipitation (inches) 

01. f 
73. 5' 
59.3' 
97 . 
47 . 
14 
1. 27 

0. 52. Ju 1 y 31 

75.2 
61. 6' 
47. 9' 
94 . 
30 . 
9 
1.32 

0. 55, August 21 

The paving period was approximately July 20 to August 28. For this period, 

the maximum temperatures ranged from 47° to 97° F. and the minimums ranged 

from 30° to 72° F. 

As mentioned earlier, there was some random cracking of the concrete pavement 

that was detected at the time of construction; the initial cracking was noted 

the first day of paving of the section with cement-treated base, and 

corrective measures were immediately taken. Previous paving, of bituminous-

treated and gravel base sections, proceeded without any difficulty. 
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The random cracking of the concrete pavement placed over the cement-treated 

base occurred over cracks in the base. This led to the conclusion that at 

least the initial transverse cracks in the cement-treated base sections are 

reflective cracks. In order to control this cracking, all joints were 

11 green-sawed. 11 This differs from the common practice of 11 green-sawing 11 every 

other joint. 

The cracks that did occur were treated in the following manner: 

- cracks in areas where no reinforcing steel existed (4 to 5 feet from 

joint~) were routed 5/8 x 5/8 inch and sealed with hot-pour 

rubber~asphalt sealer; left planned joint location unsawed; 

- cracks in midpanel areas where reinforcing steel existed were left 

unrouted and unsealed; sawed joints at planned location and sealed these 

with preformed elastomeric joint seals; and 

cracks in areas where presence of reinforcing steel was uncertain were 

routed 5/8 x 5/8 inch and sealed with hot pour rubber asphalt sealer; 

sawed joint at planned location and sealed with preformed elastomeric 

joint seals.2 

There were 12 full-width cracks and one partial-width crack noted that were 

routed and sealed. It cannot be determined how many unsealed cracks there 

were at the time of construction. However, crack surveys indicate increased 

cracking with time in all sections of both roadways (Figure 2). 
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FIGURE 2. Random Cracking on I-94 near Rothsay 

The first crack survey in the project file was unclear as to the date of some 

cracks. The survey indicates that as of January 12, 1971, there were no 

cracks on the eastbound roadway. For the westbound roadway, the survey 

indicates various dates up until February 1972. In some cases cracks were not 

dated. However, with February 1972 as a base, performance of the pavement can 

still be evaluated. using a 1983 survey for comparison. 

In addition to the cracking that developed in the pavement, there were also 

areas of considerable faulting. 

Faulting is traffic-related distress. It results from one or more 

combinations of the following; high truck traffic, heavy loads, poor joint 

seals, and/or water. Faulting is associated with a loss of aggregate 

interlock in an undoweled concrete pavement joint and pavement pumping. 
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Pumping is the movement of water and fine material as a result of 

1 oad-produced movement of a pavement. The water is free water in the base or 

subbase. This water may either be ejected or merely moved beneath the 

pavement slabs. Since there is gradual loading of the approach slab and 

impact loading of the leave slab, there is rapid movement of free water and 

solids in the direction of the approach slab. Faulting results in the 

depression of the leave slab below the level of the approach slab either 

through the transfer of material in the direction of the approach slab or 

through differential consolidation of the supporting material (Figure 3). 

During the early stages, faulting is not noticeable unless there is ejection 

of fines during pumping. This material is then visible on the surface of the 

pavement near the joint. Once faulting reaches about 1/16 of an inch, the 

sound of the impact of the tire on the leave slab is noticeable. A fault 

greater than 1/8 of an inch is objectionable from the standpoint of ride 

quality.3 

For the purposes of the Minnesota Department of Transportation, faulting is 
. 

defined at 1/4 of an inch or more difference in the level of the approach and 

the leave slabs. 

In 1983, a random survey was made of the westbound roadway of the Rothsay 

project. With the exception of a joint checked in the doweled pavement over 

cement-treated base, doweled pavement has outperformed the undoweled pavement, 

and this one joint did not meet the Department's definition of faulting. The 

difference in level between the approach and leave slabs for doweled pavements 

ranged from zero to 3/16 of an inch. The difference in level between the two 

slabs for undoweled pavements varied from 5/16 to 1/2 of an inch. 
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FIGURE 3. Faulting of I-94 near Rothsay 

Table 2 presents the traffic and equivalent single axle loadings (CESAL) for 

the research project site. 

TABLE 2. Traffic volume and axle load data 

Avg. 18K One-way 
Year One-way One-way CESALI CESALS 

(19_) AADT HCADT Truck (Mi 1) 
,. ............... ____ ....................... ------- ----------=--- -------------- -----------

70 1700 200 .866 .051 
72 2650 525 .926 .142 
74 2530 540 .985 .155 
76 2905 555 1.045 .169 
78 3450 700 1.104 .226 
80 3125 605 1.163 .205 
82 3125 605 1. 223 .216 
84* .227 

---------- -----""'""'"""""'"" ____ ...... ..,_ .......................... .., ... -------------- -------==--
Total One-way CESALS through 1984 = 2.611 million 

* Indicates projected value. 
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Data from the crack surveys are presented in Tables 3 through 8. The tables 

indicate a post construction survey and the 1983 survey. As mentioned 

previously, the postconstruction survey for the eastbound roadway can be 

considered effective January 17, 1971. The postconstruction survey for the 

westbound roadway will be considered to be dated February 1972 due to the 

author's uncertainty as to the age of some cracks. The progressive nature of 

crack development is very evident for all sub-segments of pavement. 

TABLE 3. Eastbound roadway with bituminous-treated base crack surveys 

Section j Post 
Design Construction 

~g·~·~c~o-nc-r~eTt~e-------I,--~N~o~cr~a~c~k~,n~g~--------

5" Bit.-Tr. Base 
Undoweled Joints 

9" Concrete I No Cracking 
5" Bit.-Tr. Base 
Doweled Joints 

8" Concrete I No Cracking 
5" Bit.-Tr. Base 
Undoweled Joints 

8" Concrete I No Cracking 
5" Bit.-Tr. Base 
Doweled Joints 

1983 
Survey 

--------------------------------3 Transverse, full w1dth 

2 Transverse, not full width 
1 Longitudinal (over 100') 
4 Longitudinal (under 100') 

40 Transverse, full width 

56 Transverse, not full width 
8 Longitudinal (over 100') 

26 Longitudinal (under 100 1
) 

7 Transverse, full width 

5 Transverse, not full width 
5 Longitudinal 

1 Transverse, full width 

1 Transverse, not full width 
1 Longitudinal (under 100 1

) 

5 Miscellaneous 
-------------------,--------------------------.,--------------------------------
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TABLE 4. Westbound roadway with bituminous-treated base crack surveys 

--~~--~-------------------~--~------P------------------------------------------
Section Post 1983 
Design Construction Survey 

-------~~-·-------- -------------------------- --------------------------------
8" Cone rete No Cracking 3 Transverse, full width 
5" Bit. -T r . Ba 5 e 
Undowel ed Joints 6 Transverse, not full width 

3 Longitudinal (over 100') 
4 Diagonal 

------------------- -------------------------- --------------------------------
8" Concrete No Cracking 4 Transverse, not full width 
5" Bit.-Tr. Base 
Doweled Joints 3 Longitudinal (under 100') 

6 Map Cracking 
----------------·-- -------------------------- --------------------------------
9" Concrete No Cracking 2 Transverse, full width 
5" Bit . -T r . Ba 5 e 
Undowel ed Joints 5 Transverse, not full width 

6 Longitudinal (under 100') 
9 Mi see 11 aneous 

------------------- -------------------------- --------------------------------
9" Cone rete No Cracking 22 Transverse, full width 
5" Bit . -T r . Base 
Doweled Joints 71 Transverse, not full width 

16 Longitudinal (over 100') 
20 Longitudinal (under 100') 
21 Miscellaneous 

------------------- -------------------------- --------------------------------

TABLE 5. Eastbound roadway with cement-treated base crack surveys 

Section 
Design 

8" Concrete 
5" Cement-Tr. Base 
Undoweled Joints 

8 '' Cone rete 
5" Cement-Tr. Base 
Doweled Joints 

9" Cone rete 
5" Cement-Tr. Base 
Undoweled Joints 

9" Cone rete 
5" Cement-Tr. Base 
Doweled Joints 

Post 
Construction 

No Cracklng 

No Cracking 

No Cracking 

Transverse, not full 
width 

Longitudinal 

13 

1983 
Survey 

2 Transverse, not full w1dth 

1 Transverse, not full width 

Transverse, not full width 

1 Longitudinal 

19 Transverse, full width 

12 Transverse, not full width 
2 Long i tud in a 1 (over 100 ' ) 
4 Longitudinal (under 100') 

25 Miscellaneous 



~ 

TABLE 6. Westbound roadway with cement-treated base crack surveys 

------------------------------------------------------------------------~-----
Section I Post 
Design Construction 

-------------------~--------------------------
9" Concrete 
5" Cement-Tr. Base I No Cracking 
Undoweled Joints 

9" Concrete · 118 Transverse, full width 
5" Cement-Tr. Base 
Doweled Joints 6 Transverse, not full 

width 

1983 
Survey 

--------------------------------
No Cracking 

33 Transverse, full width 

9 Transverse, not full width 

1 Longitudinal (over 100') 
2 Longitudinal (under 100') 
1 Diagonal 

8" Concrete 6 Transverse, full width[ 5 Transverse, full width 
5" Cement-Tr. Base 
Undoweled Joints 

8" Concrete 
5" Cement-Tr. Base 

·Doweled Joints 

8 Longitudinal (under 100') 
4 Miscellaneous 

2 Transverse, full width! 8 Transverse, full width 

1 Longitudinal 2 Transverse, not full width 
1 Longitudinal (under 100') 
1 Diagonal 

-------------------~--------------------------~--------------------------------

·" 
TABLE 7. Eastbound roadway with gravel base crack surveys 

-------------------------------------------------------------------------------Section 
Design 

9" Concrete 
6" Gravel Base 
Undoweled Joints 

9" Concrete 
6" Gravel Base 
Doweled Joints 

8" Concrete 
6" Gravel Base 
Undoweled Joints 

8" Concrete 
6" Grave 1 Base 
Doweled Joints 

Post 
Construction 

No Cracking 

1 Transverse, full width 

No Cracking 

No Cracking 

.-------------------------­----------------1 

14 

1983 
Survey 

--------------------------------n 

No Cracking 

------------------------·d-·----
14 Transverse, full width 

13 Transverse, not full width 

2 Transverse, full width 

4 Transverse, not full width 

2 Transverse, full width 

6 Transverse, not full width 
5 Miscellaneous 

--------------------------------



TABLE 8. Westbound roadway with gravel base crack surveys 

Section 
Design 

Post 
Construction 

1983 
Survey 

-------------------,--------------------------,--------------------------------
911 Concrete 
6" Grave 1 Base 
Undoweled Joints 

9" Concrete 
6" Gravel Base 
Doweled Joints 

8" Concrete 
6" Gravel Base 
Undoweled Joints 

8" Concrete 
6" Gravel Base 
Doweled Joints 

No Cracking 

1 Transverse, full width 

No Cracking 

No Cracking 

No Cracking 

15 Transverse, full width 

12 Transverse, not full width 
1 Diagonal 

4 Transverse, full width 

3 Transverse, not full width 
1 Miscellaneous 

6 Transverse, full width 

4 Transverse, not full width 

From the crack survey there is no clear revelation of relative performance of 

the various sub-segments. However, it is of interest to note that there is 

less longitudinal cracking in the gravel base sections than in the cement- or 

bituminous-treated base sections and more cracking in the bituminous base 

sections in the long term. 

In order to determine relative performance of the sub-segments, it was decided 

to tabulate the change in th~ number of cracks in each sub-segment for the 

8-inch and 9-inch thick concrete pavements, respectively. The tables reflect 

the change from initial data to February 1983. This data is present~d in 

Tables 9 and 10 along with the number of transverse cracks per mile for each 

of the sub-segments. 
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TABLE 9. Results of crack survey of 8-inch concrete pavements 

Section 
Oesign 

8 11 Concrete 
5" Bit.-Tr. Base 
Undoweled 

8" Concrete 
5" Bit.-Tr. Base 
Doweled 
------------~------
8" Concrete 
6" Cement-Tr. Base 
Undoweled 

8 ;, Concrete 
5" Cement-Tr. Base 
Doweled 

8" Concrete 
6" Gravel Base 
Undowel ed 

8" Concrete 
6" Gravel Base 
Doweled 

EBL 
Crack Propagation 

(Cracks/Miles} 

~ 
(94/mile) 

0 - 2 
(16/mile) 

0 - 2 
(16/mile) 

0 - 1 
(9/mile) 

0 - 6 
(47/mile} 

0 - 8 
(63/mile) 

WBL 
Crack Propagation 

(Cracks/Miles} 

lJ-9 
(70 /mile) 

0 - 4 
(31/mile) 

6 
(47/mile) 

2 - 10 
(7/mile) 

0 - 7 
(55/mile} 

0 - 10 
(78/mile) 

-----------------------------1 ~--------------------------------

TABLE 10. Results of crack survey of 9-inch concrete pavements 

Section 
Design 

EBL 
Crack Propagation 

(Cracks/Miles) 

WBL 
Crack Propagation 

(Cracks /Miles) 

'9"Concrete 
5" Bit.-Tr. Base 

-------------------, I 
0-5 0-7 

( 39 /mil e) (55 /m i 1 e) 
Undoweled 

9" Concrete 
5" Bit.-Tr. Base 
Doweled 

9" Concrete 
5" Cement-Tr. Base 
Undowel ed 

9" Concrete 
5" Cement-Tr. Base 
Doweled 

9" Concrete 
6" Gravel Base 
Undowel ed 

9" Concrete 
6" Gravel Base 
Do we 1 ed 

0 - 96 
(84/mil e) 

0 - 1 
( 9/mile) 

0 - 31 
(26/mile) 

0 
(0/mil e) 

1 - 27 
(26/mile) 

0 - 93 
{82/mil e) 

0 
{ 0/mil e) 

25 - 42* 
(20/mile) 

0 
(0/mil e) 

1 - 27 
(26/mil e) 

* Crack propagation reflects the initial random cracking 
following the first day of paving this sub-segment. 
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The data shows 9" doweled slabs on treated bases have about three times as 

much transverse cracking as 811 doweled slabs, possibly due to higher thermal 

(curling) stresses, shrinkage cracks developed du ng placement due to high 

temperatures during construction, or a combination of these and other factors. 

For granular bases. the 811 doweled slabs have three times as many transvers 

cracks as the 911 doweled slabs, proabably because of higher load stresses. 

The 9" undoweled slabs have significantly less cracking than the 8" undoweled 

slabs. There is less variation in crack propagation between the two roadways 

for the 9-inch pavement. 

Table 9 indicates that the 8-inch concrete on cement-treated base is the best 

performer of the various sub-segments based on crack propagation. and that the 

doweled 8-inch pavement on cement-treated base out performs the undoweled 

sub-segment. The doweled 8-inch pavement on bituminous-treated base performs 

comparably to the undoweled pavement on the cement-treated base. When 

faulting is considered, the undoweled pavement would be a poorer performer 

than indicated by cracking data. 

Table 10 reveals that the 9-inch concrete on bituminous-treated base is the 

poorest performer of the 9-inch thick sub-segments with respect to crack 

propagation. In contrast, there is virtually no cracking in the undoweled 

9-inch pavements for both the cement-treated and gravel base sub-segments. 

Once again, the tendency of the undoweled sub-segments to fault results in 

undesirable ride characteristics. The doweled 9-inch pavement on 

cement-treated and gravel bases perform equally well and would be the overall 

best performers for this segment design. 

17 



It is interesting to note the crack propagation for the doweled 9-inch 

concrete on cement-treated base. This is the pavement that random cracked the 

first day of its paving. After initial cracking, the pavement developed 17 

additional transverse cracks. This is not the best performance, but it is far 

from the worst. 

A final way of looking at the performance of the sections is on the basis of 

transverse cracks per mile. This is important since the segments and 

sub-segments are not of equal length. This information from Tables 9 and 10 

is presented again, by base type, in Tables 11-13. The information reveals 

that the bituminous--treated base is the worst performer with respect to cracks 

per mile. The cement-treated base performs somewhat better than the gravel 

base, but, when the doweled segments are considered, the cement-treated and 

gravel-base designs of 9-inch thickness perform equally well. The undoweled 

9-inch sub-segments on cement-treated and gravel bases are the best performers 

with respect to cracks per mile, but the degree of faulting makes them 

undesirable. 

In review, the Rothsay experimental pavement sections have exhibited 

significant distress over a period of thirteen years. All of the undoweled 

sub-segments have exhibited faulting of a magnitude that can be considered to 

be objectionable. With respect to cracking, there is less longitudinal 

cracking in the gravel base than either the cement or the bituminous-treated 

base sections. There is no significant difference in performance between the 

8-inch or 9-inch thick concrete pavements. However, there is more consistent 

performance between roadways for the 9-inch thick concrete. With respect to 
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TABLE 11. Results of crack survey of bituminous-treated bases 

----------------------------------------------------------------------=-----~--

Section 
Design 

S" Concrete 
5" Bit.-Tr. Base 
Undowel ed 

9" Concrete 
5" Bit.-Tr. Base 
Undoweled 
-~-~---------------
8" Concrete 
5" Bit.-Tr. Base 
Doweled 

9" Concrete 
5" Bit.-Tr. Base 
Doweled 

EBL 
Crack Propagation 
(Cracks/Miles) 

cr-::-TI 
(94/mil e) 

----------~---------------
0 - 5 

(39/mil e) 

0 - 2 
(16/mile) 

0 - 96 
(84/mile) 

WBL 
Crack Propagation 
(Cracks/Miles) 

0 - 9 
(70/mile) 

0 - 7 
(55/mil e) 

0 - 4 
(31/mile) 

0 - 93 
(82/mile) 

------------------1 ~--------------------------------

TABLE 12. Results of crack survey of cement-treated bases 

Section 
Design 

B"""COr,~. n:: Lt:: 

5" Cement-Tr. Base 
Undoweled 

9" Concrete 
5" Cement-Tr. Base 
Undoweled 

8" Concrete 
5" Cement-Tr. Base 
Doweled 

9" Concrete 
5" Cement-Tr. Base 
Doweled 

EBL 
Crack Propagation 

(Cracks/Miles) 

0 - 1 
(9/mil e) 

0 - 1 
(9/mile) 

0 - 31 
(26/mile) 

WBL 
Crack Propagation 
(Cracks/Mi 1 es) 

--------------------------------
(47/mile) 

0 
(0/mile) 

2 - 10 
( 7 /mil e) 

25 - 42* 
(20/mil e) 

* Crack propagation reflects the initial random cracking 
following the first day of paving this sub-segment. 
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TABLE 13. Results of crack survey of gravel bases 

----------------------------------------------------------~--------------------EBL WBL 
Section Crack Propagation Crack Propagation 
Design (Cracks/Miles) (Cracks/Miles) 

------------------- -------------------------- --------------------------------
(47/mile) (55/mile) 

•••--•••••••••-•••• -••••••••••••••••••••••••• ••••-••F-••=•••-----------•-•••• 

9" Concrete 0 0 
6" Gravel B~se (0/mile) (0/mile) 
Undowel ed 

8" Concrete 
·6" Gravel Base 
Doweled 

9" Concrete 
6" Gravel Base 
Doweled 

0 - 8 
( 63/mil e) 

1 - 27 
{26/mil e) 

0 - 10 
(78/mil e) 

1 - 27 
(26/mil e) 

crack propagation, the 8-inch concrete on cement-treated base and the 9-inch 

concrete on either gravel or cement-treated bases appear to be the best 

performers. The final means of evaluating performance is the total transverse 

cracks per mile. Once again, with all factors considered, the 9-inch concrete 

on either cement-treated or conventional gravel base is the best performer of 

the various sub-segments. 

The costs of constructing the three bases are indicated in Table 14. This has 

been reproduced from the 1972 report. 

TABLE 14. Relative construction costs of test sections 

-------------------------------------------------------------Base Type Depth Cost Dollars/2-lane mile 
--------------------~--------------~-------------------------
Gravel 

Bituminous-treated 

Cement-treated 

6" 

5" 

5" 

9,045 

27,735 

22,485 
--------------------,--------------~------------------------
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The costs per 

cement-treated 

mile of 2-lane roadway for the 

sections were probably high due 

tuminous-treated and 

to the relatively short 

sections requiring full scale equipment set-ups and 

experimentation or uncertainty on the part of the contractor. 

considerable 

With all things considered, it would appear that the treated bases, and 

especially the bituminous-treated base, offer no significant advantage over 

the conventional gravel base design. The doweled pavements offer a 

considerable advantage with respect to ride. 
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PAVEMENT REHABILITATION 

Due to the state of deterioration of the Rothsay sections, a pavement 

rehabilitation project was undertaken in 1984. This project provided for 

edge, joint, and crack repair; spot surface repairs; and partial and whole 

panel replacement. The plan also called for some concrete planing and the 

installation of tied concrete shoulders. 

In general, spalled cracks, joints, and edges were repaired. Transverse and 

longitudinal joints and cracks under 1/2 inch we~e cleaned, sawed/routed, and 

sealed (Figure 5). Cracks over 1/2 inch were cleaned and sealed. In the 

bituminous-treated base sections, all joints and cracks were sealed with 

crumb-rubber, hot-poured joint sealant. In the cement-treated and 

conventional gravel base sections, transverse joints were sealed with neoprene 

joint seals. Cracks and longitudinal joints were sealed with hot-pour joint 

sealant. 

Spot surface repairs and partial and whole panel replacements are standard 

procedures on concrete pavement rehabilitation projects in Minnesota and will 

not be discussed in detail in this report. They consist of various depths and 

areas of removals, cleaning, grouting, and patching with the Department 1 S 3U18 

concrete patching mix. 

More germane to this project is the pavement planing and the installation of 

tied concrete shoulders. Concrete planing was called for on the outer 12 feet 

of each undoweled sub-segment of both roadways, and for the 8-inch thick 

doweled concrete pavement over conventional gravel base. Tied concrete 

shoulders were placed on all undoweled sub-segments with the exception of the 

sub-segments over bituminous-treated base. 
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FIGURE 5. Sealed cracks on I-94 near Rothsay 

The tied concrete shoulders were not placed on the undoweled sub-segments 

paved over bituminous-treated base because the designers in the Detroit Lakes 

District Office felt that the pavement was in such a poor condition that it 

would soon require an overlay. This is also the reason for using a 

crumb-rubber, hot-poured joint sealant. This material would be compatible 

with an asphaltic concrete overlay. Other materials would have to be removed 

before an overlay could be placed. 

Tied concrete shoulders are illustrated in Figure 6. The 2-1/2 foot wide 

shoulder is tied to the undoweled concrete pavement inplace. The 6-inch thick 

shoulder is tied inplace by 1-1/2 foot long number 5 reinforcing bars spaced 

2-1/2 feet, center to center. 

may be skewed. The construction 

The bars are grouted into the inplace slab and 

joint between the inplace slab and the 
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shoulder is sawed and sealed. A typical section of the tied concrete shoulder 

and a section at a tie bar are illustrated by Figures 7 and 8, respectively. 

Longitudinal joint 
l2T-1 (modified) 
See Figure 8 

12' lnplace 8" or 9" 
reinf. cone. panels 

Construct rumble 
strip 
See Figure 10 

cone. panels 

Note: C I transverse joints 
for the northerly 25 
sections. 

are not doweled 
in each of 8 test 

FIGURE 6. Tied concrete shoulder plan 

25 

Contraction joint 
C1D-1 (modified) 
See Figure 9 



• 
. 01'/ft . 

• 
-j)'··t.·.:-:,.-.~ J J-. 

-' ·p· lnrlace 
· ., Concrete 
: 1)-. 

'':.; Pavement Var. shoulder mix (1" ave.) 
:...·.: ~>"··<>:·.·-. 

lnplace ±2" bit. shoulder 

Outer 7 .5' leave as is 

Remove bituminous shouldering 

Common excavation 

Concrete mix 

0 Saw inplace bituminous full depth 

FIGURE 7. Typical section of tied concrete shoulder 

Construct joint 
and seal 

2.5' wide 
cone. shoulder 

' r _t_ 
", 9 ·. o .. -.. ~ .; .... _, • . n 
:~~:·-· lnplace 
~: Concrete 

_.:·-.. Pavement 
::f>:JO :·;_._ 

No. 5 tie bars 1 '-6" long 
spaced 2'-6" c-c. Drill and 
grout tie bars 9" into 
inplace pavement. 

Bars may be skewed for 
easier installation. 

6" 

T 
3" 

FIGURE 8. Section of shoulder at tie bar 
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Figure 9 illustrates a section through the tied shoulder at a transverse 

joint. Although the in ace vement is not doweled, the ed shoulder is. 

This is to provide some load transfer and to provi additional support to the 

edge and corner of the inplace pavement. 

6" Concrete shoulder widening 

Saw and seal joint 

Dowel bar assembly with three 
No.1 x 15" bars placed 1' c-c. 
Dowel placed 3" from inplace 
concrete on an approved 
support device. 

FIGURE 9. Section through shoulder across a transverse joint 

Figure 10 is a detail of the rumble strips commonly used in tied shoulders and 

wider pavements to prevent shoulder encroachment by heavy vehicles and to 

protect the intent of these designs. Encroachment would place the loads at 

the edge of the pavement once again. 



:~ ... ~·.~. ··~;,·~~·.· ... .,~-· .... ; ·'o:-:. •, .. "': 
•""• .. ,._,;>I •' 1 , ........ /,...~"' .,.,,•A • 0,. 
-, ' "I ~ o 'lilT 4i/l "' "' 

1" Radius 

Note: Rumble strips shall be spaced every 
54' and located at the midpoint 
of every other panel. 

1" 

FIGURE 10. Detail of a rumble strip 

Table 15 provides the joint efficiencies for each sub-segment before and after 

restoration as determined using the Department•s falling weight deflectometer. 

This device is configured such that the first sensor is located directly under 

the load, and there are six additional sensors located at 200, 300, 450, 650, 

900 and 1,200 millimeters (7.9, 11.8, 17.7, 25.6, 35.4 and 47.2 inches) from 

the falling weight and on one side of it (Figure 11). Testing is done by 

placing sensor 3 (11.8 inches from the falling weight) on one side of the 

joint and sensor 4 (17.7 inches from the falling weight) on the other side of 

the joint. Sensors 3 and 4 are used only for ease of testing. Once the 

weight is dropped, the reading from sensor 4 is divided by the reading from 

sensor 3. Multiplying this by 100 yields the percent efficiency of the joint. 

This value will never be 100 percent. We feel that a joint efficiency over 90 

percent on a new pavement is good. On an old pavement, a value of 75 percent 

is good. 
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TABLE 15. Joint efficiencies for I-94 

Average 
Pre-Restoration 

Efficiencies 
Sub-Segment I (Percent) 

8" Concrete 
5" Cement-Tr. Base I 91.4 
Doweled 

8" Concrete 
5" Cement-Tr. Base I 89.3 
Undoweled 

9" Concrete 
5" Cement-Tr. Base I 93.9 
Doweled 

9" Concrete 
5" Cement-Tr .. Base I 92.9 
Undoweled 

8" Concrete 
5" Bit.-Tr. Base I 89.5 
Doweled 

8" Concrete 
5" Bit.-Tr. Base I 93.0 
Undoweled 

9" Concrete 
5" Bit.-Tr. Base I 80.9 
Doweled 

9" Concrete 
5" Bit.-Tr. Base 
Undoweled 

8" Concrete 

88.9 

Average 
Post-Restoration 

Efficiencies 
(Percent) 

59.8 

52 

62 

39.7 

58.1 

51.2 

58.8 

46.2 

6" Gravel Base I 88.9 I 58.2 
Doweled 

8" Concrete 
6" Gravel Base I 91.4 I 30.9 
Undowel ed 

9" Concrete 
6 Gravel Base I 92.8 I 51.4 
Doweled 

9" Concrete 
6" Gravel Base I 93.2 I 34.4 
Undoweled 
----------------~--~--------------------------~--------------------------------



Sensors 

'-Joint 

FIGURE 11. Joint efficiency testing procedure. 

Limited past experience has indicated that joint efficiencies may not 

necessarily improve following the retrofit of tied concrete shoulders, but a 

discrepency as large as the one exhibited here was quite a surprise. Looking 

back at the test data, it is seen that the pre-restoration tests were 

conducted August 25th, 1984, and the temperature was 110° F. The 

post-restoration tests were conducted October 23rd, 1985 and the temperature 

was 58° F. This 50° difference may have contributed to the joint efficiency. 

In all cases the joint efficiencies were higher for the doweled joints than 

they were for the undoweled joints, although this was not always markedly so. 

It is obvious that the Department needs to develop a data base on joint 

efficiencies for its portland cement concrete pavements. 

Table 16 presents the average deflections for sub-segments before and after 

pavement restoration. The actual deflections are included in tables in the 

Appendix. The actual deflections represent ten successive joints from each of 

the twelve sub-segments. Table 16 indicates a reduction in deflections across 

the joint for all sub-segments following restoration. We would like to see 

this for the sub-segments with tied concrete shoulders, but these results 

indicate that the reduction may be related to the subgrade condition. 
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TABLE 16. Average deflections for sub-segments pre-restoration/post-restoration 

Micrometers Deflection at Sensors 

--------------------------------------------------------------
Sub-Segments 1 2 3 4 5 6 7 
----------------- ....................... ., -------- .,., .......................... .......................... -------- -------- --------
8'' Concrete 
5" Cement-Tr.Base 173/194 169/206 165/207 150/123 137/100 115/ 79 93/ 56 
Doweled 

8" Concrete 
5" Cement-Tr. Base 187/203 178/209 173/208 153/107 140/ 88 117/ 71 95/ 53 
Undowel ed 

9" Concrete 
5" Cement-Tr. Base 136/167 135/178 133/178 125/109 109/ 89 98/ 71 82/ 53 
Doweled 

9" Concrete 
5" Cement-Tr. Base 161/189 158/202 157/204 146/ 80 134/ 68 114/ 58 95/ 45 
Undowel ed 

9" Concrete 
6" Bit.-Tr. Base 124/136 124/144 124/146 llO/ 85 99/ 68 99/ 54 67/ 40 
Doweled 

9" Concrete 
6" Bit.-Tr. Base 138/150 137/161 137/163 128/ 83 111/ 66 93/ 53 73/ 39 
Undowel ed 

8" Concrete 
6" Bit.-Tr. Base 137/135 138/144 140/145 113/ 85 97/ 65 771 50 59/ 34 
Doweled 

8" Concrete 
6" Bit.-Tr. Base 149/158 151/169 152/171 135/ 79 118/ 63 93/ 50 72/ 36 
Undoweled 

8" Concrete 
6" Grave 1 Base 171/195 172/210 172/212 1531121 134/ 94 llO/ 70 87/ 50 
Doweled 

8" Concrete 
6" Gravel Base 172/223 169/241 167/244 153/ 75 136/ 63 113/ 52 90/ 38 
Undoweled 

9" Concrete 
6" Gravel Base 140/185 137/199 136/203 126/101 114/ 82 97/ 66 81/ 50 
Doweled 

9" Concrete 
6" Grave 1 Base 156/220 154/238 153/244 142/ 89 130/ 71 108/ 59 88/ 46 
Undoweled 

--------------------------------------------------------------------------------
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TABLE 17. Percent decrease in deflections on le.ave slab at joints 

Percent Change of Sensors 

-~---~-------------------~-------------
Sub-Segments I 4 I 5 I 6 I 7 

8" Concrete 
5" Cement-Treated Base I 18 I 27 I 31 I 40 
Dowel~ 

8" Concrete 
5" Cement-Treated Base I 30 I 37 l 39 I 44 
Undoweled 

9" Concrete 
5" Cement-Treated Base I 13 I 18 I 28 l 35 
Doweled 

9" Concrete 
5" Cement-Treated Base I 45 I 49 I 49 I 53 
Undoweled 

9" Concrete 
6" Bituminous-Treated Base I 23 I 31 1 45 1 40 
Doweled 

9" Concrete 
6" Bituminous-Treated Base I 35 I 40 I 43 l 47 
Undowel ed 

8" Concrete 
6" Bituminous-Treated Base I 25 I 33 I 35 1 42 
Doweled 

8" Concrete 
6" Bituminous-Treated Base I 41 I 47 I 46 I 50 
Undoweled 

8" Concrete 
6" Gravel Base I 21 l 30 I 36 \ 42 
Doweled 

8" Concrete 
6" Gravel Base I 51 I 54 l 54 1 58 
Undowel ~ 

9" Concrete 
6" Gravel Base I 20 I 28 I 32 l 38 
Doweled 

9" Concrete 
6" Gravel Base 
U~o~l~ 

37 45 45 48 
I 

----------------------------------------------------------------------
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Table 17 presents another way of viewing the decreased deflections. Table 17 

lists the percent change· in deflection before and after restoration for the 

sensors on the leave slab at the joint. could be expected that the 

deflections would decrease for the undoweled joints where ed concrete 

shoulders have been added. This is the case, and it is noticeably so. 

However, there is comparable decrease in deflections for the undoweled 

pavements on bituminous-treated base. This would suggest that the decreased 

deflections indicated by post-restoration testings are related to change in 

subgrade condition more than they are related to oavement restoration. 

It does appear then that the joint efficiencies and deflections at the 

vement joints indicated in this report are related more to the period of 

post-restoration testing than they are to the restoration procedures 

themselves. This illustrates the need to further investigate the use of the 

falling weight deflectometer on portland cement concrete pavements. 
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A P P E N D I X 

PRE-RESTORATION AND POST-RESTORATION DEFLECTIONS 

AT JOINTS 

USING THE FALLING WEIGHT DEFLECTOMETER 
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TABLE A. Pre-restoration deflections at joints for a doweled 8-inch pavement 
on cement-treated base 

Micrometers Deflection at Sensors 
---------------------------------------=---------=------------

Joints 1 2 3 4 5 6 1 

----------------- ................. -...... 
__ ... _____ 

........................... ... ............ ___ -------- -------- ......................... 

1 160 165 166 153 143 121 99 

2 164 166 163 149 131 106 84 

3 164 158 156 145 135 112 88 

4 161 157 153 137 125 103 83 

5 190 184 180 163 149 123 100 

6 186 179 167 154 135 120 96 

7 * * * * * * * 
8 180 173 168 152 137 116 93 

9 177 173 169 153 141 119 98 

10 175 165 161 149 135 117 97 
----------------- ........................ 

_______ ... 
......................... -------- -------- -------- --------

TOTAL 1557 1520 1483 1355 1231 1037 838 

AVERAGE 173 169 165 150 137 115 93 
-------------------------------------------~-~-----~-----------=----------------* Data no" 1n r1 1e. 

TABLE B. Pre-restoration deflections at joints for an undowel ed 8- inch 
pavement on cement-treated base 

Micrometers Deflection at Sensors 
-------------------=------------------------------- ... ----------

Joints 1 2 3 4 5 6 7 

-----------------
__ .,. ___ .,._ _ ................... _ ......... -............. ......... ..,- ......... -------- -------- --- ....... -...... 

1 171 168 164 151 133 112 91 

2 169 162 158 146 135 112 91 

3 175 168 164 153 137 119 98 

4 190 180 177 159 148 124 102 

5 161 161 152 133 126 106 87 

6 165 162 158 146 132 110 90 

7 281 227 212 150 134 112 90 

8 184 181 181 167 155 125 102 

9 196 194 191 173 158 131 105 

10 179 173 170 151 137 117 97 
----------------- ............. _ ......... ___ .., ____ -------- -............... _ ... ......... -............. _ ................... - -----""'"""" 

TOTAL 1871 1776 1727 1534 1395 1168 953 

AVERAGE 187 178 173 153 140 117 95 
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TABLE C. Pre-restoration deflections at joints for a doweled 9-inch pavement 
on cement-treated base '· 

~--~----------------------------------------------------------------------------
Micrometers Deflection at Sensors 

--------------------------------------------------------------
Joints 1 2 3 4 5 6 7 

----------------- -------- ....................... ............................ -------- -------- -------- --------
1 151 147 146 138 122 107 89 

2 146 147 145 135 124 110 93 

3 145 141 139 130 119 104 87 

4 134 132 131 124 114 96 81 

5 149 145 142 131 118 103 87 

6 142 139 137 124 115 97 79 

7 133 123 122 115 96 87 72 

8 128 122 119 111 102 86 72 

9 143 139 137 137 80 106 86 

10 115 113 110 102 88 80 71 

----------------- -------- -------- -------- -------- ........................... -------- ... .......................... 
TOTAL 1356 1348 1328 1247 1078 976 817 

AVERAGE 136 135 133 125 109 98 82 
--------------------------------------------------------------------------------

TABLE D. Pre-restoration deflections at joints for an undoweled 9-inch 
- pavement on cement-treated base 

Micrometers Deflection at Sensors 
--------------------------------------------------------------

Joints 1 2 3 4 5 6 7 

----------------- -------- --------
_____ .., __ 

-------- -------- --------
_____ .., __ 

1 165 160 160 145 133 114 97 

2 156 l!'i5 154 143 133 113 93 

3 174 168 167 157 145 123 102 

4 169 162 162 149 138 118 99 

5 154 153 150 142 134 114 97 

6 163 167 168 155 142 122 102 

7 171 166 165 154 140 120 99 

8 154 150 148 137 126 105 85 

9 152 146 145 135 125 105 87 

10 153 149 148 138 129 110 91 
----------------- -------- -------- -------- -------- -------- -------- --------

TOTAL 1611 1576 1567 1455 1345 1144 952 

AVERAGE 161 158 157 146 134 114 95 
--------------------------------------------------------------------------------
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TABLE E. Pre-restoration deflections at joints for a doweled 9-inch pavement 
on bituminous-treated base 

Micrometers Deflection at Sensors 
--------------------------------------------------------------Joints 1 2 3 4 5 6 7 

----=-------=---- ......................... -------- .......................... ... ...................... ...... ,. ... ..,. ......... ... ............ ,.. ...... ... ....................... 

1 113 114 113 106 94 76 61 

2 119 120 120 104 92 77 61 

3 125 126 126 llO 98 82 66 

4 133 128 127 114 107 87 70 

5 127 126 127 114 99 84 68 

6 126 126 127 117 106 'cl7 71 

7 115 116 115 102 94 76 62 

8 120 120 120 108 96 81 66 

9 127 125 125 113 101 84 69 

10 133 134 135 117 107 89 72 
----------------- ........................... ........................ -------- ......................... ........................ -------- .... ........................ 

TOTAL 1238 1235 1235 1105 994 994 666 

AVERAGE 124 124 124 no 99 99 67 
.,..., ...... _______ ..,..,..,.,...,....,.,...,..,. ... _______________ s _________ ..,..,.., ... o ... =•-=---·--------------------

TABLE F. Pre-restoration deflections at joints for an undoweled 9-inch 
~avement on bituminous-treated base 

Micrometers Deflection at Sensors 
-------------------------------------------------------------= 

Joints 1 2 3 4 5 6 7 
------------~----

......... _ .............. .,.. ... .,.. ................ -....................... -------- ............................ ..,. ....................... .......................... .,. 

1 158 151 151 141 127 104 82 

2 144 143 140 131 113 95 75 

3 570* 138* 139* 128* 96* 89* 131* 

4 138 134 135 125 111 88 71 

5 165 165 167 15-1 134 114 82 

6 128 127 127 118 102 84 66 

7 126 125 125 116 103 84 66 

8 124 128 128 121 104 88 70 

9 131 128 129 120 101 88 69 

10 133 133 133 124 106 92 73 
----------------- .......................... ---=---- -------- ................... .,., ...... ........ .,. ................ ,,, .. ,_ ............... ......... _____ 

TOTAL 1247 . 1234 1235 1150 1001 837 654 

AVERAGE 138 137 137 128 111 93 73 
---------------------------------=~----- ... ---------------------------------------
* Anomaly deleted from average. 
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TABLE G. Pre-restoration deflections at joints for a doweled 8-inch pavement 
on bituminous-treated base 

·---------------------------------------------------------------------------~---
Micrometers Deflection at Sensors 

-----~--------------------------------------------------------
Joints 1 2 3 4 5 6 7 

----------------- -------- -------- -------- -------- -------- -------- --------
1 132 134 136 102 88 71 55 

2 135 138 139 114 98 78 59 

3 129 128 129 108 94 73 56 

4 148 147 150 122 104 83 63 

5 132 134 136 110 97 77 60 

6 142 142 144 114 97 77 59 

7 139 141 142 110 95 76 58 

8 148 150 154 117 99 80 61 

9 134 136 138 115 97 78 60 

10 127 128 128 115 99 78 59 
----------------- -------- -------- -------- -------- -------- ---- ... --- --------

TOTAL 1366 1378 1396 1127 968 771 590 

AVERAGE 137 138 140 113 97 77 59 
--------------------------------------------------------------------------------

TABLE H. Pre-Restoration deflections at joints for an undoweled 8-inch 
.pavement on bituminous-treated base 

Micrometers Deflection at Sensors 
-------------------------------·------------------------------

Joints 1 2 3 4 5 6 7 
----------------- -------- -------- -------- _____ .,. __ -------- -------- --------.......--

1 163 167 169 151 131 103 80 

2 166 1.73 174 140 124 98 77 

3 151 153 154 134 117 92 71 

4 162 160 161 140 120 96 74 

5 136 135 134 123 107 84 64 

6 139 140 140 124 108 84 65 

7 135 141 141 125 245* 84 64 

8 143 144 145 132 116 93 72 

9 148 146 146 135 116 95 74 

10 149 152 153 142 123 99 78 
----------------- -------- -------- ........................ _..,. __ ..,. ___ ---·---- -------- __ .., _____ 

TOTAL 1492 1511 1517 1346 1062 928 719 

AVERAGE 149 151 152 135 118 93 72 
-------------------------------------~------------------------------------------

* Anomaly deleted from average. 
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TABLE I. Pre-restoration deflections at joints for a doweled 8-inch pavement 
on gravel base 

-----------------=--~----------------=---------~=-------------------------------
Micrometers Oetlect1on at Sensors 

-----·--------------------------·---------~---------~---------
Joints 1 2 3 4 5 6 7 

---=------------- -----=-- -----=-- .......................... ......... -....... -- ----=---
_______ .., ______ ...... 

1 186 186 187 168 150 122 97 

2 191 202 203 185 168 134 106 

3 185 196 196 172 223"' 123 96 

4 169 171 172 153 133 112 89 

5 178 181 181 163 148 121 97 

6 154 154 155 133 116 94 73 

7 185 183 183 161 143 115 89 

8 163 157 154 142 129 103 81 

9 149 145 143 129 112 89 69 

10 151 149 149 127 109 89 70 
----------------- -------- -------- -------- ........................ ......... _ ............ -------- ................. ---

TOTAL 1711 1724 1723 1533 1208 1102 867 

AVERAGE 171 172 172 153 134 llO 87 
--------------------------------------------·--------------------------=--------
"' Anomaly deleted from average. 

TABLE J. Pre-restoration deflections at joints for an undowel ed 8-inch 
pavement on gravel base 

Micrometers Deflection at Sensors 
-----~-----~-----------------------------------=----~---------

Joints 1 2 3 4 5 6 7 
=----------------

... .,..., _____ -------- --------
_ ____ .., __ 

-------- -------- ..,,., ............. _ .... --
1 184 184 184 170 153 127 102 

2 182 181 179 167 147 125 100 

3 191 190 190 170 150 122 96 

4 179 174 171 157 140 116 92 

5 167 163 160 148 133 110 89 

6 167 165 163 146 131 105 83 

7 161 155 152 139 124 103 83 

8 158 153 150 135 119 97 77 

9 166 163 160 148 133 112 91 

10 169 166 165 150 133 110 88 
----------------- __ .,. __ ......... -------- -------- ... .......... -.......... ................ -....... 

_______ ... 
--------

TOTAL 1724 1694 1674 1530 1363 1127 901 

AVERAGE 172 169 167 153 136 113 90 
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TABlE K. Pre-restoration deflections at joints for a doweled 9~inch pavement 
on gravel base 

-------------------------------------------------·------------------------------
Micrometers Deflection at sensors 

-----~--------------------------------------------------------
Joints 1 2 3 4 5 6 7· 

----------------- .......................... ...................... ............................ ........................ -------- ........................... 
__ .:o(,loo. ____ 

1 130 127 126 116 104 90 76 

2 137, 132 131 123 111 97 81 

3 139 133 131 123 111 95 79 

4 142 142 142 133 120 102 85 

5 140 141 140 128 118 99 83 

6 158 156 155 145 135 115 97 

7 148 146 144 133 121 102 85 

8 127 122 120 111 101 84 69 

9 153 145 144 134 122 101 83 

10 130 127 127 116 102 84 69 

----------------- ""' ........................ -------- ........................ .......................... ......................... -------- ......................... 
TOTAl 1404 1371 1360 1262 1145 969 807 

AVERAGE 140 137 136 126 114 97 81 
--------------------------------------------------------------------------------

TABlE l. Pre-restoration deflections at joints for an undoweled 9-inch• 
pavement on gravel base 

--------------~-----------------------------------------------------------------Micrometers Deflection at Sensors 
--------------------------------------------------------------

Joints 1 2 3 4 5 6 7 
----------------- ................ -....... ------- ... ............................ -------- -------- ......................... .......................... 

1 160 155 153 143 130 109 89 

2 154 155 154 145 134 110 90 

3 158 157 158 144 132 109 89 

4 147 142 140 133 123 102 83 

5 159 158 158 147 135 113 91 

6 161 161 162 11.!7 134 109 88 

7 158 156 155 147 134 112 92 

8 147 146 145 135 124 103 84 

9 158 148 149 139 126 104 86 

10 154 157 156 145 133 no 89 
----------------- -------- -------- -------- --------

_..,. ______ 
-------- --------

TOTAl 1556 1535 1530 1425 1305 1081 881 

AVERAGE 156 154 153 142 130 108 88 
--------------------------------------------------------------------------------
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TABLE M. Average pre-restoration deflections at joints 

----~----------------------------------------------E----------------------------
Micrometers Deflection at Sensors 

--------------------------------------------------------------
Sub-Segments 1 2 3 4 5 I 6 j 7 

----------------- -------- -------- -------- -------- -------- -------- --------
8" Concrete 
5" Cement-Tr.Base 173 169 165 150 137 I 115 I 93 
Doweled 

· 8" Concrete 
5" Cement-Tr.Basel 187 l 178 l 173 \ 153 1 140 I 117 l 95 
Undowe led 

9" Concrete 
5" Cement-Tr. Base I 136 l 135 l 133 l 125 l 109 I 98 I 82 
Doweled 

9" Concrete 
5" Cement-Tr.Basel 161 I 158 I 157 I 146 I 134 I 114 I 95 
Undowe 1 ed 

9" Concrete 
6" Bit.-Tr. Base I 124 l 124 l 124 I 110 l 99 I 99 I 67 
Doweled 

9" Concrete 
6" Bit.-Tr. Base I 138 l 137 l 137 l 128 l 111 l 93 I 73 
Undoweled 

8" Concrete 
6" Bit.-Tr. Base I 137 l 138 l 140 l 113 l 97 I 77 I 59 
Doweled 

8" Concrete 
6" Bit.-Tr. Base I 149 l 151 l 152 l 135 I 118 I 93 I 72 
Undowel ed 

8" Concrete 
6" Gravel Base I 171 l 172 l 172 l 153 I 134 I 110 I 87 
Doweled 

8" Concrete 
6" Gravel Base I 172 l 169 l 167 l 153 I 136 I 113 l 90 
Undowe 1 ed 

9" Concrete 
6" Gravel Base I 140 I 137 I 136 l 126 l 114 l 97 I 81 
Doweled 

9" Concrete 
6" Gravel Base I 156 l 154 l 153 l 142 l 130 I 108 I 88 
Undowel ed 

-------------------------------------0------------------------------------------



TABLE N. Post-restoration deflections at joints for a doweled 8-inch 
- pavement on cement-treated Base 

a 

~-------------------------------------------------------------------------------Micrometers Deflection at Sensors 
--------------------------------------------------------------

Joints 1 2 3 4 5 6 7 

----------------- -------- -------- -------- ............. -.......... -------- -------- -------· 
1 230 253 258 146 113 87 60 

2 204 217 221 129 103 79 55 

3 176 183 180 107 92 70 50 

4 209 222 224 113 91 71 50 

5 192 206 205 122 100 79 56 

6 159 170 169 115 100 78 57 

7 195 205 202 114 93 77 52 

8 204 211 215 113 95 78 58 

9 192 203 204 129 105 82 61 

10 183 193 192 141 113 87 64 
----------------- -------- -------- -------- -~------ -----·--- -------- --------

TOTAL 1944 2063 2070 1229 1005 788 563 

AVERAGE 194 206 207 123 100 79 56 
--------------------------------------------------------------------------·------

TABLE 0. Post-restoration deflections at joints for an undoweled 8-inch 
- pavement on cement-treated base 

Micrometers Deflection at Sensors 
--------------------------------------------------------------

Joints 1 2 3 4 5 6 7 
----------------- -------- -------- ... -.. ·--- ... - -------- -------- ............. ____ --------

1 234 251 254 111 93 74 56 

2 193 :04 207 97 84 69 51 

3 193 207 208 107 89 74 54 

4 217 231 235 83 71 58 46 

5 175 178 179 10(1 90 80 61 

6 189 194 193 105 87 74 52 

7 245 216 202 162 107 67 52 

8 196 200 199 109 94 76 60 

9 214 225 224 90 77 64 48 

10 176 182 182 104 87 72 54 
----------------- -------- -------- -------- ................. ___ -------- -------- --------

TOTAL 2032 2088 2083 1068 879 708 534 

AVERAGE 203 209 208 107 88 71 53 
~~------------------------------------------------------------------------------
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TABLE P. Post-restoration deflections at joints for a doweled 9-inch 
- pavement on cement-treated base 

Micrometers Deflection at Sensors 
----------9--------------=--=------~--------------------------

Joints 1 2 3 4 5 6 7 . 

-----------------
___ .., ____ ---- ...... -... ... ................ .,. .... -------- ----=-=- -------= --------

1 163 175 173 105 85 71 52 

2 172. 182 186 107 91 75 58 

3 172 187 188 124 101 83 61 

4 167 181 187 109 89 72 56 

5 162 173 168 113 93 75 60 

6 166 174 170 99 82 66 46 

7 162 172 174 89 74 59 43 

8 129 134 131 107 84 66 45 

9 203 219 223 90 74 60 47 

10 172 180 185 144 114 87 59 
----------------- .................... _ .... -------- .......................... -------- -............ ___ -------- --------

TOTAL 1668 1777 1785 1087 887 714 527 

AVERAGE 167 178 178 109 89 71 53 
q------------------------------------------------------------------------------~ 

TABLE Q. Post-restoration deflections at joints for an undoweled 9-inc~ 
- pavement on cement-treated base 

Micrometers Deflection at Sensors 
------------------------~--~------------------=--------------~ 

Joints 1 2 3 4 5 6 7 
--------------~-- -------- ----- ... -- -....................... ------= ... ---==--- -- ... ----- ... -------

1 185 200 201 108 89 72 56 

2 166 178 181 97 81 66 52 

3 169 177 175 73 61 56 41 

4 200 212 216 79 69 57 44 

5 206 222 226 76 65 55 45 

6 192 204 206 71 62 54 42 

7 185 195 196 93 79 65 50 

8 206 225 228 79 69 56 43 

9 186 197 199 60 52 45 39 

10 192 206 208 64 56 49 37 
----------------- -------- -------- -------- -------- -------- -------- ----- ...... -

TOTAL 1887 2016 2036 800 683 575 449 

AVERAGE 189 202 204 80 68 58 45 
----------------------------------------------------------------------------=---
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TABLE R. Post-restoration deflections at joints for a doweled 9-inch ' 
~avement on bituminous-treated base 

Micrometers Deflection at Sensors 
-----m--------------------------------------------------------

Joints 1 2 3 4 5 6 7 

----------------- -------- -------- -------- -------- -------- -------- --------
1 129 138 141 64 53 45 33 

2 126 135 137 72 57 49 35 

3 142 150 151 85 68 53 40 

4 135 145 148 91 72 57 41 

5 125 128 129 87 73 56 40 

6 157 171 173 87 71 58 43 

7 137 146 147 83 69 53 41 

8 133 140 141 92 73 56 42 

9 133 142 144 96 75 58 42 

10 138 147 148 94 74 58 48 
----------------- -------- -------- --------- -------- -------- -·------ --------

TOTAL 1355 1442 1459 851 685 543 405 

AVERAGE 136 144 146 85 68 54 40 
--------------------------------------------------------------------------------

TABLE S. Post-restoration deflections at joints for an undoweled 9-inch 
-pavement on bituminous-treated base 

-------------------------------------------=------------------------------------
Micrometers Deflection at Sensors 

--------·----------------------------------e~-----------------
Joints 1 2 3 4 5 6 7 

-----------------
____ ....... _ ... -------- -------- -------- -------- ......... ----- --------

1 137 141 141 80 66 52 37 

2 137 J.44 145 77 63 49 36 

3 140 150 152 82 66 52 37 

4 139 147 148 81 66 52 37 

5 185 201 202 97 76 66 51 

6 147 157 160 Sl 65 52 37 

7 160 175 178 77 53 46 35 

8 147 159 160 80 65 49 35 

9 148 160 161 87 68 55 38 

10 163 178 180 85 70 57 44 
----------------- -------- -------- -------- -------- -------- -------- __ ....,.,. ____ 

TOTAL 1503 1612 1627 827 658 530 387 

AVERAGE 150 161 163 83 66 53 39 
--------------------------------------------------~-----------------------------

48 



TABLE T. Post-restoration deflections at joints for a doweled B-inch 
-pavement on bituminous-treated base 

Micrometers Deflection at Sensors 
-·=---c--------------------·-------·----o~--=------=------·---

Joints 1 2 3 4 5 6 7 
--=·------------- -------- _ ....................... ... ........................ -------- ---- ............ ... ................ __ ---=----

1 127 137 137 84 64 47 33 

2 137 148 150 80 62 48 33 

3 124 134 134 84 64 47 34 

4 154 170 174 92 70 55 34 

5 140 146 150 86 67 52 37 

6 148 158 160 82 63 49 32 

7 147 158 161 79 61 46 32 

8 127 130 128 92 69 52 37 

9 122 126 126 87 67 51 36 

10 124 134 134 81 63 48 37 
=----------·----- ............... _ ... _ __ .................. ______ ...... ..................... _ ... -------- ......................... --------

TOTAL 1350 1441 1454 847 650 495 345 

AVERAGE 135 144 145 85 65 50 34 
---------------------------------------------------------------~----------------

TABLE U. Post-restoration deflections at joints for an undoweled 8-inc~ 
~avement on bituminous-treated base 

==-------------=--==o---------a=-------------------------=e--==--------------=--
Micrometers Deflection at Sensors 

~-=--=a=---=----==-=---==----==-=------=-===-=-----=m-----=---

Joints 1 2 3 4 5 6 7 
-----------·----- ................. -....... __ .................. ., ................... ., -------- -------- _ ................ ., ... _ ........................ -

1 164 177 177 77 64 50 36 

2 159 169 166 91 73 58 40 

3 166 181 184 85 66 51 34 

4 161 173 174 79 64 51 37 

5 138 147 149 74 58 46 33 

6 133 136 139 68 55 44 34 

7 161 173 181 64 52 44 29 

8 170 185 186 85 66 55 36 

9 164 176 180 86 68 53 38 

10 161 172 174 81 65 53 38 ________ G ________ 

.......... -.............. 
__ .,. ___ , ... __ ...... _.,. __ -------- ....... _ ...... .,. ....... ........................ --------

TOTAL 1577 1689 1710 790 631 505 355 

AVERAGE 158 169 171 79 63 50 36 
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TABLE v. Post-restoration deflections at joints for a doweled 8-inch 
pavement on gravel base 

Micrometers Deflection at Sensors 
--------------------------------------------------------------

Joints 1 2 3 4 5 6 7 . 

----------------- -------- -------- -------- -------- -------- -------- --------
1 222 238 242 133 104 79 56 

2 284 308 319 141 110 82 57 

3 231 250 256 132 103 76 54 

4 169 181 182 136 104 77 56 

5 192 208 212 121 95 71 49 

6 177 186 187 100 79 61 45 

7 192 207 208 116 91 67 46 

8 173 184 185 113 87 65 45 

9 155 170 168 108 82 61 43 

10 156 165 166 108 83 60 44 
-----------------

__ ... _____ 
--------. -------- -------- -------- -------- --------

TOTAL 1951 2097 2125 1208 938 699 495 

AVERAGE 195 210 212 121 94 70 50 
--------------------------------------------------------------------------------

TABLE W. Post-restoration deflections at joints for an undoweled 8-inch 
pavement on gravel base 

Micrometers Deflection at Sensors 
--------------------------------------------------------------

Joints 1 2 3 4 5 6 7 
----------------- -------- -------- -.......... -........... 

______ ..,._ -------- __.,. _____ --------
1 263 282 288 82 69 56 41 

2 207, 227 230 85 70 56 42 

3 250 264 268 70 61 50 40 

4 231 240 2.42 80 66 55 41 

5 198 216 219 66 57 48 36 

6 223 243 243 65 56 47 36 

7 214 236 238 71 60 51 37 

8 191 205 209 76 61 50 36 

9 223 246 252 74 64 54 36 

10 232 248 252 80 67 53 40 
----------------- -------- -------- -------- -------- ""!------- -------- --------

TOTAL 2232 2407 2441 748 631 520 385 

AVERAGE 223 241 244 75 63 52 38 
~-------------------------------------0-----------------------------------------
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TABLE X. Post-restoration deflections at joints for a doweled 9-inch 
pavement on gravel base 

Micrometers Deflection at Sensors 
-----------------------------=--------------------------------

Joints 1 2 3 4 5 6 7 

-----------------
_______ .., --------

_______ ... 
.... ...... .,. ............. 

_____ .., __ _ ..................... ... ., .................. 

1 151 163 166 101 79 62 49 

2 149 159 162 109 89 69 52 

3 171 185 188 98 80 64 50 

4 189 206 210 99 81 66 49 

5 162 171 175 115 94 76 56 

6 212 230 237 109 92 76 58 

7 200 215 219 103 84 69 51 

8 215 227 234 87 73 60 46 

9 239 262 265 88 72 59 46 

10 160 173 175 101 80 62 46 
----------------- .............. -...... -------- ...... ..~ ... -......... .......................... _ ....................... _______ ... ............. ..,. ......... 

TOTAL 1848 1991 2031 1010 824 663 503 

AVERAGE 185 199 203 101 82 66 50 
--------------------------------------------------------------------------------

TABLE Y. Post-restoration deflections at joints for an undoweled 9-inch 
pavement on gravel base 

Micrometers Deflection at Sensors 
--------------------------------------------------------------

Joints 1 2 3 4 5 6 7 
----------------- -------- ______ ..,_ ............ ____ -------- -------- -------- --------

1 208 223 227 82 71 60 46 

2 222 242 250 97 81 68 52 

3 216 233 240 85 74 60 50 

4 205 222 22.6 77 65 53 43 

5 217 236 243 93 79 64 48 

6 222 242 247 75 66 56 44 

7 236 257 263 88 74 62 46 

8 215 235 241 74 60 54 43 

9 236 255 262 83 69 56 44 

10 219 239 244 85 72 59 45 
----------------- -------- -------- -------- -------- _.,. ................... ------ ... - ........................ 

TOTAL 2196 2384 2443 839 711 592 461 

AVERAGE 220 238 244 89 71 59 46 
------------------------------------------------·-------------------------------
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TABLE Z. Average post-restoration deflections at joints 

Micrometers Deflection at Sensors 
----------------------~---------------------------------------

Sub-Segments 1 2 3 4 5 6 7 
----------------- -------- ------- ... -------- -------- -------- -------- --------
811 Cone rete 
5" Cement-Tr .Base 194 206 207 123 100 79 56 
Doweled 

8" Concrete 
5" Cement-Tr ,Base 203 2D9 208 107 88 71 53 
Undowel ed 

9" Concrete 
5" Cement-Tr .Base 167 178 178 109 89 71 53 
Doweled 

9" Concrete 
5" Cement-Tr. Base 189 202 2D4 80 68 58 45 
Undowe 1 ed 

9" Concrete 
6" Bit. -Tr. Base 136 144 146 85 68 54 40 
Do we 1 ed 

9" Cone rete 
6" Bit.-Tr. Base 150 161 163 83 66 53 39 
Undoweled I 
8" Concrete 
6" Bit.-Tr. Base 135 144 145 85 65 50 34 
Doweled 

8" Cone rete 
6" Bit.-Tr. Base , 
Undowel ed ' 

158 169 171 79 63 50 36 

8" Cone rete 
6" Gravel Base 195 210 212 121 94 70 50 
Doweled 

8" Concrete 
6" Gravel Base 223 241 244 75 63 52 38 
Undoweled 

9" Concrete 
6" Gravel Sase 185 199 203 10: 82 66 50 
Do we 1 ee 

9" Cone rete 

I 6" Gravel Base 220 238 244 89 71 59 46 
Uncowe 1 ed 

----------·---------------------------------------------------------------------
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