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ABSTRACT 

Evaluation of Methods of Mixing Lime 

in Bituminous Paving Mixtures in 

Batch and Drum Plants (December 1983) 

Joseph Wade Button, B.S., 

Texas A&M University 

Co-Chairmen of Advisory Committee: r~r. Bob M. Gallaway and 
Or. Dallas N. Little 

A field test was conducted to evaluate the use of hydrated lime 

as an antistrip additive in hot mix asphalt concrete. Batch and drum 

mix plants were used to prepare the paving mixtures. Lime was added 

dry and in slurry. Individual aggregates and the total aggregate 1vere 

treated with lime slurry and allowed to age from zero to 30 days prior 

to mixing with asphalt. Lime was added in the pugmill of the batch 

plant, on the cold feed belt, and through the fines feeder of the drum 

mix plant. The asphalt and aggregates used were characterized in th2 

1 aboratory. Asphalt concrete mixture tests included laboratory 

prepared mixtures, field mixtures obtained at the plant and oav2menr: 

cores. Laboratory tests included Hveem and Marshall Str'lbi lity, 

resilient modulus and indirect tension. Mixture conditioning to 

evaluate resistance to moisture damage included vacuum saturation and 

soaking in water as well as freeze-thaw cycling of asphalt conc;et:t' 

briquettes. Results indicate that lime is effectbe in r-educing 

noisture susceptibility and that i~ is most effective when apJlied in 

the presence of moisture. In addition, a time de1Jy after apolica~~on 



of lime to aggregate is unnecessary, there are no significant 

differences in mixtures produced in batch and drum plants and lime 

will reduce oxidative hardening of asphalt. 
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CHAPTER I 

INTRODUCTION 

Background 

More than one-half of the state highway materials engineers in 

the United States were contacted in a recent telephone survey 

conducted to determine the nature of changes in asphalt properties, if 

any, and how they affect short term pavement performance OJ. The 

single most severe and most frequently mentioned asphalt problem in 

this survey was water susceptibility. This problem has also created 

severe pavement distress in many areas of Texas (2, 1). ~1ost of the 

engineers mentioning water susceptibility as an asphalt problem 

indicated that its occurrence had increased in recent years. However, 

water susceptibility of asphalt paving mixtures is not always the 

fault of the asphalt cement, but many times is related to the quality 

of the aggregate or the incompatibility of the two (i, 5). In fact, 

the problem is influenced by several other factors including mix 

design, plant operation, construction procedures, environmental 

conditions and traffic (~. l). 
Pavement distress associ a ted with moi stu re-i nduced damage varies 

widely and it is often difficult to pinpoint moisture as the root of 

the problem. Distress may occur as raveling, rutting, cracking, spot 

This thesis fallows the style and format of the Transportation 
Research Board 1 S Transportation Research Record. 
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bleeding and roughness. Pavement serviceability can be significantly 

reduced because of increased deflections which produce higher tensile 

stresses and strains which ultimately lead to surface cracking and 

rutting (Z..-l.Q.). For the purposes of this study, water suscept i bi 1 ity 

will be defined as the reduction of pavement structural capacity 

resuiting from moisture-induced damage. 

Stripping 

A term often used by highway engineers to describe moisture 

induced damage of asphalt concrete is "stripping". Stripping is the 

physical separation of the asphalt cement from the aggregate which 

results from the loss of adhesion between the asphalt cement and the 

aggregate surface which is primarily due to the action of liquid water 

or water vapor (11). The loss of adhesion between the asphalt cement 

and aggregate can be caused by interactions between the aspha 1t and 

aggregate surfaces (~). Aggregate with smooth surface texture, 1 ow 

porosity and surface coatings of fine dust v-1ill aggravate moisture 

related problems. While all sizes of an aggregate may exhibit 

stripping, the finer aggregate is of primary concern. If stripping is 

confined to the larger aggregate, damage is minimal; however, if the 

finer aggregate, which constitutes the basic matrix of the mix, 

strips, severe damage results (]JJ. Some aggregates are 

preferentially wetted by water; these are termed hydrophillic. Paving 

mixtures containing such aggregates often require special treatments 

or additives to reduce the probability of stripping. 

Test procedures used to determine the water susceptibility of 

2 



asphalt concrete mixtures have been subjective in nature and strongly 

dependent on the judgement of the individual making the evaluation. 

Numerous research efforts have been directed toward establishing a 

laboratory test procedure that will enable the engineer to predict the 

moisture suscepti bi 1 ity of asphalt concrete pavements based on 

mechanical performance of representative specimens (3 and lJ:.-20). 

Several tests have been developed, but fe\v have been accepted on a 

regional basis. Even the ASTM test (D 1664-80) is not widely used. 

Hydrated Lime in Asphalt Concrete 

A variety of chemical "antistrip" agents have been developed as 

asphalt additives in an attempt to solve the stripping problem (±, 12· 
Q and£_£). For the most part, these chemicals have been ineffective 

due to heat stability problems during construction, incompatibility 

1.vith the asphalt and/or loss of desirable properties in service (±-.§. 

and 23-~). 

In the 1910 to 1930 era there were applications of 1 to 2 percent 

hydrated lime in asphalt paving mixtures (29). A fev1 states even 

specified hydrated lime in their speci fi cations. It provided a 

combination antistripping agent and mineral filler. There are no 

statistics on the extent of this relatively small use, which, being 

insignificant, was never promoted by the lime industry ( :) f)) 
\ _::__' . 

Unaccountably, this use almost disappeared from 1930 to about 1957. 

Presumably, since the use of • 1 m1nera1 dust fillers was generally 

advocated and specified by state highway departments, asphalt 

contractors chose the less expensive fillers. Also, numerous, 

soecialty organic antistripping compound~ were vigorously pro8c~ed, 
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and largely replaced hydrated lime, in spite of their higher cost 

(~). 

Field performance information together with recently obtained 

laboratory test results which used advanced testing techniques have 

confirmed that 1 i me is one of the most effective chemical anti strip 

agents available to the pavement design engineer (24, ~and 11). In 

addition, lime has been shown to reduce the oxidative hardening of 

asphalt cement (l.£-34). The application of a lime slurry to the 

aggregate some time before producing the asphalt concrete appears to 

be the best method for insuring that the 1 ime acts as an effective 

antistrip chemical (24 and~). Some specifications require a delay 

of 30 days between application of the slurry to the aggregate and hot 

mixing with asphalt. Other specifications do not require a specific 

time delay and still other specifications allow lime to be applied in 

the dry form. Methods of applying lime and the point in the paving 

mixture production stream at which lime is applied also vary widely. 

Objectives of Study 

Standardized methods for applying lime need to be defined based 

on an understanding of plant operations and equipment capabilities as 

well as the influence that the method of application may have on the 

effectiveness of the lime as an antistrip agent. Costs associated 

with applying lime by the different techniques needs to be considered. 

This thesis concerns the findings of a field study to eva 1 uate 

techniques for adding dry lime and slurried lime in batch and drum mix 

plants. The primary objectives of the research program are to 

4 



1) determine the effectiveness of lime as an antistrip additive when 

added either dry or in slurry, 2) investigate the effect of time delay 

after lime treatment of aggregate, 3) evaluate the point of entry of 

lime in the production system, 4) assess the differences in mixtures 

produced in the batch and drum mix plants, 5) corre 1 ate 1 aboratory 

tests with performance and 6) evaluate the effectiveness of lime in 

reducing oxidative hardening. 

Scope of Investigation 

A field study was performed on a pavement widening project in 

Bryan, Texas with the cooperation of the Texas State Department of 

Highways and Public Transportation, Young Brothers, Inc. Contractors, 

and the Texas Hot Mix Asphalt Pavement Association. Hydrated lime was 

added in two asphalt plants using 13 different methods. Individual 

pavement materials (asphalt and aggregate), paving mixtures from the 

batch and drum mix plants and pavement cores were obtained and tested 

in the laboratory. A description of the materials used in the study, 

the test methods uti 1 i zed, the testing program and the resu 1 ts are 

presented. 

5 



CHAPTER II 

MATERIALS 

Aspha 1t Cement 

AC-20 asphalt cement from the Exxon refinery in Baytown, Texas 

was used throughout this study. It was produced by the propane 

deasphalting process and is widely used in the eastern portion of 

Texas. Properties of the original asphalt are given in Table 1. 

Aggregates 

Pea gravel, washed sand and field sand were combined to produce 

the project gradation. The pea gravel and '!lashed sand consist of 

subrounded smooth textured particles and were obtained from a 

Gifford-Hill plant near the Brazos River at College Station, Texas. 

The field sand is composed primarily of subangular particles and was 

obtained from the Heath pit located near Hearne, Texas. All three of 

the aggregates are siliceous. Gradations of the individual 

aggregates, the project gradation, percentages of each aggregate 

combined, specific gravities and the specifications are given in Table 

2. 

lime 

Dry hydrated 1 i me was supp 1 i ed in bags by Southwest Lime of 

Cleburn, Texas. When used as a slurry, it was mixed in a slurry mixer 

at a 70-30 weight ratio of water to lime. Lime (dry or in slurry) '"as 

added at a rate of 1.5 percent of dry lime by weight of the aggregate 

6 
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Tab 1 e 1 . Properties of Original Asphalt Cement. 

Characteristic Measured 

Viscosity 
77°F (25°C), poise 
140°F (60°C), poise 
275°F (135°C), poise 

Penetration 
77°F (100 gm, 5 sec) 
39.2°F (4°C) (100 gm, 5 sec) 
39.2°F (4°C) (200 gm, 60 sec) 

Softening Point, °F 

Flash Point, °F 

Specific Gravity 

After Thin Film Oven Test 
Viscosity @ i40°F 
Penetration @ 77°F 
Weight Loss, percent 
Ductility, em 
Viscosity Ratio 
Retained Penetration, percent 

t·1easurement 

2.75 X 106 
1983 
3.78 

60 
0 

12 

122 

600+ 

1.03 

5316 
31 * 0' 

150+ 
2.68 

52 

* Actually a slight gain in weight (0.07%) was indicated 
by repeated tests. 
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Table 2. Aggregate Gradations and Specific Gravities* 

Processed Washed Field Combined Specifica-
Pea Gravel Sand Sand Gradation tion** 

Gradation, 
percent 

Plus 1/2 in. 

1/2 to 3/8 in. 

3/8 to No. 4 

No. 4 to No. 10 

Plus No. 10 

No. 10 to No. 40 

No. 40 to No. 80 

No. 80 to No. 200 

Minus No. 200 

0 

0.4 

61.6 

35.5 

97.5 

2.0 

0.2 

0.1 

0.2 

0 

3.6 

18.7 

22.3 0 

49.3 0.4 

26.2 48.0 

1.7 44.8 

0.5 6.8 

0 

0.3 

38.7 

24.8 

63.8 

8.7 

15.0 

1 0. 7 

1.8 

Percent Combined 62 + 15 + 23 = 100 

Bulk Specific Gravity*** 

Plus No. 10 

Minus No. 1 0 -
Pius No. 80 

~1i nus No. 80 

Combined 

2.639 2.615 

2.637 2.637 

2.709 

2.646 

0 

0-5 

20-50 

10-30 

50-70 

0-30 

4-25 

3-25 

0-6 

*Data furnished by Texas SDHPT District 17 laboratory personnel 
(]i). 

**Item 340, TypeD, (Modified) (l§). 

***Test Methods Tex-201-F and Tex-202-F (37). 
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treated. 

Asphalt Paving Mixture 

The hot mixed asphalt concrete (HMAC) mixture used in this study 

met the Texas State Department of Highways and Pub 1 i c Transportation 

(SDHPT) specifications of Item 340, Type D (Modified) fine graded 

surface course (~). Texas SDHPT personnel designed the mixture 

without hydrated lime using the standard design procedures described 

in Construction Bulletin C-14 (~). Laboratory test results for the 

optimum asphalt content obtained from this mixture design procedure 

are given below (~): 

Asphalt Content - 5 percent 

Average Density 95.5 percent of theoretical maximum 

Air Void Content - 4.5 percent 

Hveem Stability - 41 

Cohesiometer Value - 164 
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CHAPTER III 

DESCRIPTION OF EXPERIMENTAL PROGRAM 

General 

Laboratory and field testing was performed. The major variables 

evaluated in the laboratory program were: 

1. Condition of lime -dry or slurry 

2. Method of applying lime 

a. dry lime on aggregate or in asphalt 

b. lime slurry on fine, coarse and total aggregate 

3. Time delay between slurry application on aggiegate and 

mixing with asphalt 

4. Inert filler (silica flour) substituted for lime. 

Variables evaluated in the field study included: 

1. Mixing technique - batch or drum mix plant 

2. Condition of lime - dry or slurry 

3. Location of lime introduction system in plant 

4. Time delay between slurry application on aggregate 

and mixing with asphalt. 

Tests were performed by three agencies, Texas A&r~ University, 

University of Texas (~)and District 19 of the Texas SDHPT (35). 

Only those tests performed by Texas A&M University are reported 

herein. 

10 



Pavement Test Section 

Test pavements were installed on Villa Maria Road in Bryan, Texas 

in August, 1982. This involved reconstruction and widening to four 

lanes of a major urban arterial. The test sections were installed in 

the two northbound lanes between STA 64+75 and STA 134+00. Each test 

section of experimental paving mixture is three inches thick, 12 feet 

wide and 600 feet long. Therefore, each contains approximately 150 

tons of the experimental asphalt concrete. Descriptions of the test 

sections are given in Table 3 and numbered in chronological order of 

construction. 

A detailed map giving the location of the fifteen test sections 

is shown in Figure 1 and numbered to correspond with Tab;e 3. 

A typical cross section of the test pavement structure is shown 

in Figure 2. Hydrated lime was used only in the three inch lift of 

Item 340, Type D (Modified) Ht~AC (~) in the northbound lanes. 

At the writing of this report, the uppermost one-inch lift 

(Figure 2) of HMAC had not been placed. During construction, the two 

northbound lanes were temporarily designated as a two-way facility to 

carry all the traffic ir. both directions for eight months. Average 

daily traffic (ADT) between station 134+00 and station 105+00 (Figure 

1) was 7,960 and between station 105+00 and station 64+75 was 8,900 as 

of January, 1981. These values of ADT are expected to approach 18,000 

shortly after opening of the new four lane facility to traffic (40). 

Field Operations 

Batch and drum mix plants located at the same site were used to 

11 
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Table 3. Explanation of Codes used on Figures for Field Mixtures: 

I Type 
of I 

Plant I Meth6d.of Adding Lime 

Control (No Lime) 

Batch I Dry Lime in Pugmi 11 * 
Plant I Slurry on Total Aggregate+ 2da in Stockpile 

I 

Control (No Lime) 
I Dry Lime on Total Aggregate at Cold Feed Belt 

Dry Lime at Center of Drum thru Fines Feeder 

I 
Slurry on Field Sand at Cold Feed Belt 

I Slurry on Washed Sand at Cold Feed Belt 

1 Drum Slurry on Pea Gravel at Cold Feed Belt 
I 

t1i X I 

Plant I Slurry on Total Aggr. at Cold Feed Belt 

I Slurry on Field Sand+ 2da in Stockpile ! 

I Slurry on Washed Sand + 2 da in Stockpile I 

Slurry on Pea Gravel + 2da 1n Stockp1le 

Slurry on Total Aggr. + 2da in Stockpile 

Slurry on Total Aggr. + 30da in Stockpile 

I 

I 
I 

i 

I 

l 
I 

Code used 
on Figures 

cb 

DRY 

s 

cd 

t CFBJ 
CD 0 

FS) 

ws t 
~ 
::I 

PG 1 
..-
(/) 

TA 1 
..) 

FS t 
~ 
::I 

ws ..-
(/) 

>, 
co 

>, 
TA + g~ 

I 
Test 

Section 
Number 

I 
3 

4 

I 7 

I 13 I 

12 

14 

I 1 
i 
I 
I 2 
i 

5 

6 

I 
I 8 
I 

9 

, ,Q 

l1 

15 

* Dry lime was added and mixed for 20 seconds prior to addition of asphalt 
cement. 
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prepare hot mixed asphalt concrete (HMAC) mixtures containing dry or 

slurried lime. Identical materials sources were utilized throughout 

the experiment. 

Treatment of Aggregates. Methods of adding the hydrated lime to 

the aggregates are listed in Table 3 and summarized below. 

Three methods were used for the addition of dry lime and varied 

depending on plant type: 

a. Batch Plant 

Dry lime was manually placed in the pugmill after an initial 

15-second dry mixing and was mixed with the aggregate for about 

15 seconds prior to the addition of the asphalt cement; then 

mixing continued for an additional 20 seconds. 

b. Drum Plant 

Two methods were utilized to introduce lime into the mixtures 

produced with the drum plant. One method emp 1 oyed the fines 

feeder from the baghouse. Dry lime was metered into the fines 

feeder using a vane feeder equipped with a strategically located 

compressed air stream to insure continuous flow of the lime. The 

lime was then blown into the drum just ahead of the aspha 1 t 

stream. This location was selected so that the dry lime vwuld 

immediately encounter the asphalt cement and minimize the loss of 

lime into the baghouse. The second method involved adding the 

dry lime directly to the total aggregates on the cold feed belt 

utilizing the above vane feeder system. 

Lime slurry was added to the individual aggregates (pea gravel, 

15 



washed sand or field sand) immediately after being discharged from the 

cold feed bins on the cold feed belt (Figure 3). This allowed 

individual aggregates or combination aggregates to be treated. For 

aggregates which were stockpiled, the individual aggregates were 

treated using the above system and then stockpiled separately: 

a. Batch Plant 

The only procedure using lime slurry in the batch plant 

involved treating all aggregates and stockpiling for 2 days prior 

to mixing with asphalt. 

b. Drum Plant 

The addition of slurried lime involved 1) treatment of all 

aggregates and 2) the treatment of individual aggregates with th2 

other two aggregates untreated fall owed by immediate mixing and 

stockpiling for 2 days prior to mixing. A third procedure 

involved treatment of all aggregates and stockpiling for 30 days 

prior to mixing. 

It should be noted that when lime slurry was introduced on the 

cold feed belt and mixed immediately, minimal mixing occurred until 

the lime-treated aggregate passed through the scalping screen (Figure 

3). Thus when lime slurry was added to a given aggregate (field sand, 

washed sand, or pea gravel) at a rate of 1.5 percent by \~eight of that 

particular aggregate, the net effect was to simply reduce the lime 

content of the final paving mixture. 

Compaction. Compaction of the three-inch lift was initiated 

approximately 20 to 40 minutes after placement by the paver. Two 

16 



- .. :.,....:.. . .:' ... ::~ ·\ ·... . ". ' ..... 
:~:::: ·: .. ··· ... ·:.: ... : :·:·. ~-:;\'·:;.. • .... ' :. :. :c.:.'-·.·.· t.;) 

- · ·· ·· .-.:..--..~~~Lo·J~.J!c. • 

,.: ·~~~..,. .. '\ . ,_ ..... ,. ........ 
o~,._Ad-'.,..•~~ ~:::...:"0 

Field Sand ~lashed Sand Pea Gravel 

C•) ---------- {:1 e 1.: 

Figure 

Cold Feed Belt 

3. Process by which Lime Slurry was Added to the 
Individual Aggregates on the Cold Feed Belt. 

Scapling 
Screen 

L---
To Dryer 

....... 
"'-..1 



passes were made using a 15 ton vibratory roller. Two or three more 

passes made using the same roller with no vibration. Final rolling 

involved a few passes using an eight ton pneumatic roller. Compaction 

using the vibratory steelwheel roller was accomp"lished when the mix 

temperature was between 170 and 260°F. The mix temperature was 

considerably cooler when the pneumatic roller was applied. 

Laboratory Test Program 

The laboratory test program to evaluate moisture resistance of 

the paving mixtures was conducted in three phases: 

(1) Laboratory Mixed/Laboratory Compacted, (2) Field Mixed/Laboratory 

Compacted and (3) Field t~ixed/Field Compacted. Most of the tests 

listed in Figure 4 are standardized tests, however, the resilient 

modulus and splitting tensi 1 e -tests and moisture treatment procedures 

are not standardized and will, therefore, be briefly discussed below: 

Resilient modulus (MR) is a nondestructive test which measures 

mixture stiffness at a given temperature. It was determined using the 

Mark III Resilient Modulus Device developed by Schmidt (.il). A 

di ametra 1 1 oad (magnitude depending on test temperature) was applied 

for a duration of 0.1 seconds while monitoring the diametral 

deformation perpendicular to the loaded plane. (One-tenth second is 

the approximate time that a truck tire spends on a given transverse 

vertical plane of pavement when traveling at a speed of 6 miles per 

hour.) Resilient modulus measured over a range of temperatures is 

used to estimate the relative mixture temperature susceptibility (1_, 

42, i,l). Resilient modulus of asphalt concrete before and after 

18 
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exposure to moisture has been shown to identify moisture susceptibile 

mixtures (~. 1.2· ~. ~. 42). However, criteria for minimum MR or 

maximum decrease in MR upon exposure to moisture has not been 

established. 

The splitting tensile test (44) employs the indirect method of 

measuring mixture tensile strength. A cylindrical specimen is loaded 

diametrally at a constant rate of deformation until complete failure 

occurs. Diametral deformation perpendicular to the loaded plane is 

usually monitored in order to quantify strain and, in turn, modulus of 

the mixture. The tests were conducted at a temperature of 77°F and a 

deformation rate of 2-inches per minute. A ratio of tensile strength 

before and after exposure to moisture is becoming widely accepted as a 

measure of asphalt mixture moisture susceptibility (l, ~. 1£, 12· }±. 

~. ~). Lottman (12) suggests that acceptable paving mixtures should 

retain at least 80 percent of their tensile strength after exposure to 

moisture. 

The modified accelerated Lottman (12, ~) moisture treatment 

procedure consists of the following steps: ( 1) Vacuum saturate 

specimens with di sti 11 ed water at 26 inches of mercury for thirty 

minutes, (2) condition specimens at a temperature of 0°F for 15 hours, 

(3) condition specimens under water at 120°F for 24 hours, (4) bring 

specimens to desired temperature and test as appropriate. This 

procedure will be referred to in the tables and figures as 

"freeze-thaw". 

The vacuum saturation and seven day soak moisture treatment 



procedure (~) consists of the following steps: (1) Vacuum saturate 

the specimens with distilled water at 26 inches of mercury for one 

hour, (2) Remove vacuum and allow specimens to remain immersed in 

water at 77°F for 7 days, (3) Bring specimens to desired temperature 

and test as appropriate. This procedure will be referred to in the 

tables and figures as "7-day soak". 

The Texas · SOHPT gyratory molding press (l.:ZJ was utili zed to 

fabricate 4-inch diameter by 2-inch high laboratory specimens. Use of 

the standard procedure with the motorized gyratory molding press to 

compact this dense graded, subrounded aggregate produced test 

specimens with about 2 percent air voids. Since this research program 

was designed to evaluate water susceptibility of the materials tested, 

the decision was made to reduce the compactive effort in order to 

produce asphalt concrete specimens of a higher air void content. This 

all owed better access by the water to the interior of the specimens 

during moisture conditioning. The modified compaction procedure 

produced specimens containing approximately 7.5 plus or minus 2 

percent air voids. 

Moisture-induced damage was quantified by computing ratios of the 

aforementioned va 1 ues before and after exposure to moisture. These 

ratios represent the fraction of the strength, stiffness or stability 

that is retained after exposure to moisture. Analysis of variance was 

used to determine the significance of the variation in these data and 

Duncan's multiple range test was used to determine which of the 

treatment means are significantly different. In order to use analysis 

21 
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of variance procedures, one must assume the experimental units 

(asphalt specimens) are homogeneous. Although the specimens were 

prepared using identical procedures, there was some variation between 

air void content of the specimens. The specimens were randomized to 

minimize the effects of such errors. It was determined that the 

variation in air void content did not have a confounding effect on the 

before-after ratios. Nevertheless, the statistical analyses were 

observed using caution and engineering judgment. 

Laboratory Mixed/Laboratory Compacted Mixtures. Samples of the 

project asphalt cement, aggregates and hydrated lime were obtained. 

These materials were mixed and compacted in the laboratory in 

accordance with the design which had been established by Texas SDHPT 

District 17 personnel and- the compaction procedure described 

previously. 

Lab mixed and compacted specimens were fabricated by applying the 

lime by 7 different methods (Table 4). One and one-half percent lime 

by weight of aggregate was added dry or in slurry to fine and coarse 

aggregates individually and to the total aggregate. Selected 

lime-treated aggregates were allowed to cure for 2 days or 30 days 

prior to mixing with asphalt. One set of specimens was made by adding 

1.5 percent silica flour to the total aggregate in an attempt to 

determine the effects of merely adding an "inert" filler instead of 

lime. A total of 108 specimens were prepared and tested in accordance 

with the test program shown in Figure 4. 



Table 4. Program for Preparation of Laboratory 1\'lixeJ and Compdcted Sp<::cL:iens-·· 

------
Condition Aggregate to be treated with lime Use 1 1/2% l 

of Silica Flour instead 
None Fine Coarse Total of Lime on 

Lime Method of Applying Lime Aggregate Total Aggregate: 
----r--

Dry mix with aggregate 
prior to application of TEST* TEST TEST 
asphalts 

Dry 
Mix with asphalt cement 
prior to application to TEST 
aggregate 

--

Slurry on aggregate 
five minutes TEST 

Slurry Slurry on aggregate 2 TEST TEST TEST days 
----r---

Slurry on aggregate 30 TEST days 
~-·-··· 

*TEST means that 12 specimens were prepared in accordance procedures indicated in this table 
and tested in accordance with Figure 3. 

! 
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Field Mixed/Laboratory Compacted Mixtures. Samples of the field 

~!ixtures were obtained from the asphalt mixing plant. They were 

-:mmedi ately transported to the 1 aboratory and compacted using the 

Jyratory molding press to fabricate 4-inch diameter briquettes • 

. <eheating was necessary to maintain a compaction temperature of 250°F; 

tJUt reheating was kept to a minimum in order to minimize any changes 

in mixture properties. 

A total of 180 specimens, as described in Table 5, were 

compacted. Testing was in accordance with the test program shown in 

Figure 4. 

Field Mixed/Field Compacted Mixtures. Field mixed and field 

compacted specimens consisted of 4-inch diameter pavement cores 

obtained one to six weeks after construction of the test pavements. 

Twelve cores from the outside wheelpath of each of the 15 pavement 

test sections \'/ere obtained (Table 5) and tested in accordance with 

the program shown on Figure 4. 
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CHAPTER IV 

TEST RESULTS AND DISCUSSION 

d_: boratory Mixed/Laboratory Compacted Mixtures 

·A summary of the data collected on the specimens mixed and 

tjmpacted in the 1 aboratory is contained in Tab 1 es Al and A2 in 

'Jpendix A. Test results on individual specimens is given in Tables 

"3 through A5. These data are depicted on nomographs in Figures 5 

chrough 15. The codes used to denote the different mixes in the 

~igures are identified in Table Al. 

In this phase of the test program, each of the three aggregates 

field sand, washed sand and pea gravel) were not individually treated 

·;ith lime slurry as planned. Instead, only the fine and coarse 

:,ggregates were treated. Fine aggregate consisted of the combined 

field sand and washed sand. Coarse aggregate consisted of the pea 

~ravel. Additionally, 1.5 percent lime by weight of total aggreg3te 

·r'ias added to these mixtures whenever the coarse and fine or tot a 1 

aggregate was treated. 

Air Voids. When attempting to produce asphalt concrete specimens 

of relatively high air void contents from dense graded mixtures, it is 

often difficult to control air void content within a narrow range of 

values. This is illustrated by the air void data recorded in Table 

Al. Examples of the dependency of mixture properties upon air 'JOid 

content are shown in Figures Al and A2, Appendix A. These differences 
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in air void content must be considered-when analyzing the mixture 

properties discussed below. 

Brodnyan (47) indicated that fillers affect the stiffness of 

asphalt in proportion to their volume concentration. Hydrated lime 

added directly to the asphalt cement will, of course, significantly 

increase the effective viscosity of the resulting binder. When lime 

is added at a rate of 1.5 percent by weight of total aggregate, it is 

equivalent to about 30 percent by weight of asphalt cement. Figure 5 

shows the effect of this increase in binder viscosity which caused a 

corresponding increase in air void content of Mixture LA (dry lime in 

asphalt cement). That is, when holding constant the compactive 

effort, compaction temperature, and aggregate gradation, the air void 

content is greatest for that mixture with the greatest bulk viscosity 

(48). One might expect similar results when dry lime is added to the 

aggregate. However, this effect was not apparent when the lime was 

added to the aggregate, whether dry or in a slurry. It is postulated, 

therefore, that when the lime is added to the aggregate the 

11 lime-coating" on the aggregate did not intimately mix with the 

asphalt cement. 

Resilient Modulus. Resilient modulus (MR) of asphalt concrete 

specimens was measured in the laboratory at five temperatures ranging 

from -10 to 104°F. Resi 1 i ent moduli at 77°F were determined before 

and after two different moisture treatments (freeze-thaw and 7-day 

soak). Test results are recorded in Table Al. Resi 1 i ent moduli as a 

function of temperature are platted in Figures 6, 7 and 8. Figure 6 
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indicates that dry lime added to the aggregate stiffens the mixture; 

whereas, silica flour causes a loss in stiffness. Figure 7 again 

illustrates the stiffening effects of dry lime in this mixture. It 

should be pointed out however, that the addition of dry lime to the 

asphalt cement produced the mixture with the highest air void content 

and consequently the lowest resilient modulus. Figure 8 shows a loss 

in resilient moduli of slurry-treated mixtures when the slurry-treated 

aggregate was aged in the stockpile 30 days. 

Figure 9 depicts resilient modulus at 77°F before and after 

moisture treatment. This bar graph shows that, generally, those 

mixtures containing lime resist the ill effects of moisture better 

than those containing no lime, particularly those to which lime slurry 

was added. The addition of silica flour to this mixture did not 

appreciably affect resilient modulus either before or after treatment 

with moisture. 

Ratios were computed by dividing resilient modulus after moisture 

treatment by its corresponding original value prior to moisture 

treatment. For example, 

Resilient Modulus Ratio = MR after moisture treatment 
MR of original specimen 

Most of the resilient modulus ratios given in Table A2 are 

greater than 1.0 which indicates higher values of resilient modulus 

after moisture treatment than before. This unlikely phenomenon may be 

due to evaporative cooling of the saturated specimens during testing. 
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All tests at 77°F were conducted inside an environmental room under 

carefully controlled conditions of temperature and humidity. However, 

the original specimens were conditioned in air and, therefore, did not 

have damp surfaces during testing; whereas, the moisture-treated 

specimens were conditioned in water and did have wet surfaces during 

testing. Thixotropy of the asphalt may also have contributed to this 

phenomenon since the moisture-treated specimens had aged approximately 

one week longer than the dry specimens. Nevertheless, all similar 

specimens received identical treatment; therefore, comparisons within 

this experiment are considered valid. 

Observation of the resilient modulus ratios in Figures 10 and 11 

and Tables 04 and 05 reveal that those mixtures treated '.vith lime 

slurry consistently yield the highest values. This is consistent with 

previous results reported by Button et a l (~). Those mixtures 

treated \'lith slurry two days or more prior to mixing and compacting 

yielded higher resilient modulus ratios than those treated only five 

minutes prior to mixing and compacting. This is an i ndi cat or that 

moisture-induced damage of asphalt mixtures is decreased when 

slurry-treated aggregate is allowed to age prior to mixing with 

asphalt. 

Tensile Properties. The indirect tension test was conducted at a 

temperature of 77°F and a deformation rate of two inches per minute. 

Four inch diameter cylindrical specimens were tested before and after 

moisture treatment using the accelerated Lottman (~) freeze-thaw 

procedure. Average test values are listed in Table Al, Appendix A. 
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Figure 12 is a bar graph showing tensi 1 e strength before and after 

moisture treatment. 

The most notable feature of Figure 12 is the low tensile strength 

exhibited by Mixture LA (lime in asphalt cement). This, in all 

probability, resulted from the comparatively high air void content of 

these mixtures. 

All mixtures containing no lime or dry lime experienced a loss in 

tensi 1 e strength after treatment with moisture; whereas, all but one 

mixture containing lime slurry experienced a gain in tensile strength 

after treatment with moisture. The gain in tensile strength after 

moisture treatment is inexplicable but may be related to thixotropic 

properties of the asphalt (as mentioned earlier) or some unknown 

reaction between the lime and the asphalt concrete in the presence of 

water. 

Tensile strength ratios are listed in Table A2 and plotted on 

Figure 13. Statistical results are given in Table 06. Notably higher 

tensile strength ratios are exhibited by those mixtures treated with 

slurry. This indicates that, of those methods tested, slurry is the 

most beneficial form of lime application. Mixtures containing only 

one aggregate (fine or coarse) treated with lime yielded greater 

tensile strengths than the mixtures in which the total aggregate was 

treated. This was not expected nor can it be explained. 

The most frequently reported theory regarding the ability of lime 

to decrease moisture-induced damage in asphalt concrete involves 

direct contact of wetted lime on the aggregate surface. Lime is 



purported to alter the surface chemistry of the aggregate thus 

producing a more tenacious bond between the asphalt and the aggregate. 

However, in this experiment, Mixtures DL and LA were made without any 

water and both of them ex hi bi ted improved moisture susceptibility 

(Figure 13). Therefore, other mechanisms appear to be involved. 

From the standpoint of tensile strength retention, there appears 

to be no si gni f.i cant advantage to aging the 1 i me treated aggregate 

prior to mixing with asphalt. This does not support the earlier 

findings regarding resilient modulus ratios (Figures 10 and 11). 

Marshall Test. The Marshall test is widely used for design of 

asphalt paving mixtures. The main reason for performing this test was 

to determine the effects of lime on Marshall stability and flow. 

Marshall stability and flow before and after vacuum saturation 

and 7-days soaking in water is recorded in Table Al. The reader is 

reminded that these specimens were compacted using the gyratory 

molding press with a modified procedure designed to produce specimens 

containing greater than normal air voids. Marshall stability appears 

to be more closely related to air void content than it is to the 

absence or presence of hydrated lime both before and after treatment 

with moisture (Figure 14). Marshall flow (Table A1), on the other 

hand, is affected very 1 ittl e by air void content but does appear to 

increase when lime is added to these laboratory mixtures. 

Those mixtures containing lime appeared "fatter" (as if they 

contained slightly more asphalt) than the mixtures 'dithout lime. 

Finely divided materials called fillers by asphalt technologists 
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inherently have a very large cumulative particle surface area per unit 

weight. Hydrated lime falls in this category of materials. At first 

one might think that upon addition of 1 ime or any fi 11 er to HMAC that 

more asphalt cement would be required to coat this large surface area. 

However, there is evidence to indicate that small quantities of very 

fine filler-type materials added to certain asphalt paving mixtures 

will actually extend the asphalt cement (49-~) or, that is, cause the 

mixture to react as if the binder content had been increased. This is 

particularly applicable when the particle diameter is less than the 

asphalt film thickness. Generally, calculated asphalt film thickness 

may range from 9 - 25 microns, depending on the type of mixture (49). 

The preponderant percentage of particle sizes in commercially produced 

hydrated lime is in the 1 to 25 micron range, with 10 to 25 percent 

below and above this range (~). Therefore, it would appear that lime 

has the capacity to extend the asphalt cement in certain mixtures. 

This extension of the binder by a filler may partially explain the 

increase in Marshall flow for those mixtures containing lime or silica 

flour (Figure A3). 

Besides extending asphalt, the addition of filler materials will 

normally stiffen the resulting asphalt binder (~). This effect 

should be manifested by increased Marshall stability. That is, one 

counteracts the other. It is concluded, therefore, that in this 

particular mixture, extension of the asphalt by the lime overrides the 

stiffening effects of the lime. 

Before and after ratios for Marshall stability and flow are 
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reported in Tables A2 and 07. Comparison of the mixtures containing 

silica flour with those containing lime gives no indication of 

significant differences in water susceptibility. However, the 

Marsha 11 test has not been widely accepted as a method to predict 

moisture-induced damage of asphalt paving mixtures. 

Hveem Stability. All specimens were prepared using the modified 

compaction procedure (described earlier) and tested in accordance with 

the Texas SDHPT test method Tex-208-F (lZ_), "Test for Stabi 1 ometer 

Value of Bituminous Mixtures" (which is a modification of ASTM D 

1560). Due to the modified compaction technique employed during 

fabrication of these specimens, Hveem stabilities are well below most 

specified values (Table A1 and Figure 15). Variation in Hveem 

stability is not, however, appreciably affected by the variation in 

air void contents exhibited by the mixtures. 

Mixtures containing hydrated lime, generally, yielded lower Hveem 

stability values than those containing no lime both before and after 

vacuum saturation and seven days soaking in water. As mentioned 

earlier, this is most likely due to the extension of the binder by the 

1 ime. 

Before and after ratios of Hveem stability are given in Tables A2 

and 08. These data indicate the Hveem stabilometer is not an 

acceptable device to determine moisture susceptibility of asphalt 

paving mixtures. This is in agreement with previous research at Texas 

A&M University (12). 
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· • .=: l d Mixed/Laboratory Compacted Mixtures 

A summary of the data collected during this phase of testing is 

'?Sented in Tab 1 es 81 through 88 in Appendix B. These data are 

.::)icted on bar graphs shown in Figures 16 through 26. A simplified 

.ding system is used on these figures to aid in quickly identifying 

~e mixtures; the system is shown in Table 3. 

Air Voids. Using the modified compaction technique (described 

-arlier) with the Texas gyratory molding press for all samples, the 

~:·-1erage air void contents ranged from about 6 percent to almost 10 

·Jercent (Table Bl and Figure 16). Mixtures containing dry lime added 

t the pugmill (batch plant) produced specimens with the highest air 

;oid content; whereas, mixtures from the batch plant containing lime 

.::dded as a slurry and stockpiled 2 days produced specimens with the 

lowest air void content. This may be i ndi cati ng that lime added in 

the dry condition is freer to combine with asphalt cement, thus 

increasing the bulk viscosity of the mixture; whereas, lime added as a 

slurry is at least partially adsorbed on the surface of the aggregate 

particles and less free to mix with the asphalt cement. This 

phenomenon is not so prominent in mixtures made using the drum mix 

plant; however, there is evidence to support this theory from the test 

results on the laboratory mixed specimens (Figure 5). 

Resilient Modulus. Resilient moduli of the field mixed and 

laboratory compacted mixtures were measured at several temperatures 

and is shown in Table 82. Resilient modulus tests before and after 

two types of moisture treatments were performed at 77°F. A bar graph 
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these d~ta are given on Figure 17. 

For a given mix, resilient modulus generally appears to be 

'Versely related to air void content. Resi 1 i ent modulus of the 

,,; gi na-1 _ mixtures_ is shown to increase when 1 i me was added in the 

Jtch plarit and to decrease when 1 ime was added in the drum plant 

;able 82 and Figures 17 through 20) which is most likely 

;incidental. A -number of offsetting variables were most likely 

1volved in these phenomena. 

Ratios of resilient modulus before and after treatment with 

~oi ~ture· were computed and are presented in Table B5, Appendix B and 

~~bles 09 and 010, Appendix D. These values are plotted on Figures 21 

nd 22 for freeze-thaw and 7-day soak procedures, respectively. A 

;tudy of these data for mixtures from the batch plant clearly indicate 

!ess moisture susceptibility for mixtures treated with lime slurry • 

. Jhen "dry" lime is added to mixtures prepared using the drum plant, 

resistance to water damage is improved most when it is added at the 

cold feed belt (Mixture CFB) rather than at the center of the drum 

(Mixture CD). It appears that the existing moisture on the aggregates 

and the mixing that occurred when the materia 1 s passed through the 

scalping screen were sufficient to produce the beneficial effects. 

Although there is considerable variation in the resilient modulus 

ratios shown for mixtures from the drum plant (Figures 21 and 22), the 

data clearly indicate a reduction in moisture-induced damage when lime 

is added to this mixture. 

Based on results of resilient modulus tests on field 

mixed/laboratory compacted mixtures, there are no significant 
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oifferences between mixtures from the batch plant and those from the 

. rum plant. Aging of the slurry-treated aggregate for two days or 

·ore does not appear to significantly increase mixture stiffness or 

.·esistance to moisture damage, in fact, resilient modulus is lowest 

for the mixture containing lime on the total aggregate and stockpiled 

·or 30 days (Mixture TA+30) (Figures 17 and 20). 

Tensile Properties. Splitting tensile tests were conducted at 

77°F and 2-i nches per minute. A summary of the test results before 

and after the freeze-thaw moisture treatment is presented in Tables 83 

and 85 and plotted in Figure 23. 

Figure 24 and Table 011 indicate that tensile strength ratios are 

considerabley higher for those mixtures containing lime. Furthermore, 

those mixtures containing lime slurry generally yielded higher 

retained strengths than those containing dry lime. Mixture CFB (dry 

lime on cold feed belt) however, yielded a tensile strength ratio of 

the same order of magnitude as those mixtures containing lime slurry. 

Similar results were obtained from the resilient modulus ratios of 

Mixture CF8. On the contrary, Mixture CD (dry lime through fines 

feeder) gave comparatively low ratios for both tensile strength 

(Figure 24) and resilient modulus (Figures 21 and 22). These results 

are in agreement with results on tests of identical mixtures conducted 

at The University of Texas (~). This indicates a possible 

disadvantage when dry lime is added through the fines feeder into the 

center of the drum. It is probab 1 e that a portion of the 1 i me was 

blown out of the drum during this experiment and deposited in the 
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-:;gnouse. Furthermore, considerable drying of the aggregate has 

ccurred by the time it reaches this portion of the drum and reaction 

~~me of the lime and aggregate prior to contact with asphalt is almost 

·-il. It should be pointed out, however, that stripping test results 

:1 these mixtures reported by Turnham (~) showed little difference 

· etween Mixtures CFB and CD. 

There were no detectable differences in tensile strength ratio 

'nen the aggregate was treated with lime slurry immediately prior to 

:ixing or stockpiled for two days. Tensile strength ratios of 

:esulting mixtures, did, however, appear to decrease when 

-olurry-treated aggregate was stockpiled for 30 days. 

There are no measurable differences in tensile properties or 

'vater susceptibility between mixtures made in the batch plant and 

those made in the drum mix plant. 

Marsha 11 Test. Marsha 11 stability tests were conducted on fie 1 d 

mixed and laboratory compacted mixtures (using the modified procedure 

with the gyratory compactor) before and after the 7-day soak moisture 

treatment. Results of these tests are recorded in Table B4, Appendix 

B. To facilitate comparisons between mixtures, a bar graph is given 

in Figure 25. 

The addition of hydrated lime, whether dry or in slurry, did not 

appear to affect Marshall stability or flow of the original test 

specimens (that is, prior to moisture treatment). 

Ratios before and after moisture treatment for Marshall stability 

and flow are shown in Tables 85 and 012. The Marshall stability 



:atios indicate there are no appreciable differences in water 

:;uscepti bil ity between mixtures containing 1 ime and those containing 

:o lime. The Marshall flow ratios, however, are consistently higher 

~or those mixtures containing lime. 

It was determined that those specimens tested after moisture 

~reatment were not tested at the required temperature of 140°F, but 

·'ather were tested at a somewhat 1 ower temperature. This is the 

:"eason for the abnormally high values of Marshall stability ratio. 

-\11 tests after moisture treatment were, however, conducted at 

approximately the same temperature. Therefore, comparisons within 

chis experiment should be considered valid. 

As mentioned earlier, the Marshall stability test has not been 

~idely accepted as a test method to predict moisture-induced damage of 

Jsphalt concrete pavements. 

Hveem Stability. Hveem stability of all mixtures was measured 

before and after vacuum saturation and 7-days soaking in water. 

Specimens were prepared using the modified compaction procedure 

described earlier. Test results are listed in Table B4 and plotted on 

Figure 26. 

Hveem stability of the ori gina 1 mixtures (before exposure to 

moisture) appears to have decreased upon the addition of lime, whether 

dry or in slurry. This is another indicator that the lime served to 

extend the asphalt cement in this paving mixture. The reader is 

reminded that these mixtures were designed without lime and that the 

lime was added with no adjustment in asphalt content. 
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Ratios of Hveem stability before and after moisture treatment 

-ables 85 and 013) show no consistent differences between mixtures 

. .;ntaining lime and those containing no lime. Hveem stability, a 

,:a sure of i nterparti cl e friction, has not proven to be a satisfactory 

~thad to predict water susceptibility of aspha 1 t concrete (~). 

Durability Study. The three field mixtures produced in the batch 

!ant were subjected to a durability study. Resilient modulus and 

ndi rect tensile tests were performed before and after aging for 60 

-lays at 140°F. 

Samples were prepared using standard compaction procedures as 

,pecified in Tex-208-F (~_Z). When using relatively small samples of 

C:ield mixtures, it is difficult to obtain uniform gradations between 

:1ixtures. This is most likely the reason for the variation in air 

;oid content of the compacted specimens. Figure 27 shows that 

resilient modulus and tensile strength is inversely related to air 

void content. 

Sixty days is not sufficient time to adequately measure 

durability of asphalt concrete when aged at 140°F. However, in order 

to include these data in this document, early termination of these 

tests was necessary. Resilient modulus (Figure 28) and tensile 

strength (Figure 29) gave uniform test results. Both tests indicated 

that the control specimens hardened slightly more than the specimens 

containing lime. The specimens containing lime slurry appeared to 

have hardened less than those containing dry lime. However, it should 

be noted that the specimens containing lime slurry 
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~1so contained less air voids and this may have helped retard 

ardening in these specimens. A more comprehensive durability study 

ould be required before statements could be made with confidence 

;::garding the ability of lime to reduce age hardening of asphalt 

, ~ment. 

ield Mixed/Field Compacted Mixtures (Pavement Cores) 

A summary of the engineering properties of cores sawed from the 

:ompleted test pavements is given in Tables Cl through C8 in Appendix 

These properties are shown on bar graphs in Figures 30 through 41. 

The coding system used is explained in Table 3. 

There is inherently less control in the preparation of mixtures 

in the field than in the laboratory. Therefore, one would expect more 

;ariation in properties of field cores than in laboratory prepared 

specimens. This is manifested herein. Controlled laboratory tests 

are necessary to properly evaluate any product; whereas, field tests 

help us stay in touch with reality. 

Air Voids. Air void contents of the pavement cores (Table Cl and 

Figure 30) show that this is a remarkably dense paving mixture. 

Differences in air void content should be considered when comparing 

properties of these mixtures. Moisture damage of asphalt concrete 

pavements has been found to vary in direct proportion to air void 

content (!.._, g, 58). 

There are no apparent relationships between air void content and 

the concentration of lime or the method of adding lime in these paving 
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mixtures. 

Resilient Modulus. Table C2 gives results of resilient modulus 

measurements at temperatures ranging from -10 to 104°F and for 

resi 1 i ent modulus before and after exposure of the pavement cores to 

moisture. 

Selected resilient moduli of the original cores are plotted as a 

function of temperature in Figures 31, 32 and 33. The figures show 

that there are no appreciable differences in resilient modulus between 

mixtures without lime and those with lime (whether dry or in slurry) 

or between mixtures from the different type plants. 

Figure 34 shows the relative effects of the two different 

moisture treatments on resilient modulus at 77°F which indicates that 

of the mixtures produced in the drum plant, those containing lime 

slurry exhibited the highest va 1 ues of stiffness. However, when 

Figures 30 and 34 are compared, it can be seen that resilient modulus 

is largely dependent upon air void content • 

.A.s shown earlier by the laboratory mixed specimens (Figure 8) and 

field mixed/laboratory compacted specimens (Figure 20), resilient 

modulus is lowest for Mixture TA+30 (Figure 33) which indicates that 

aging of slurry-treated aggregate in the stockpile for 30 days can be 

detrimental to the resulting mixture stiffness. 

To examine moisture susceptibility of these mixtures, ratios of 

resilient modulus before and after moisture treatment were calculated 

and are listed in Table C5 and plotted in Figures 35 and 36. Results 

from the statistical analyses are given in Tables 014 and 015. The 
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wide variation in field mixture properties is exhibited in these 

figures. It is, therefore, difficult to draw specific conclusions. 

However, the resilient modulus ratios generally indicate a decrease in 

moisture-induced damage when lime is used. Further, this test 

indicates excellent performance of lime when added dry on the cold 

feed belt just prior to entering the drum plant. 

Tensile Strength. Tensile properties measured by the splitting 

tensile test at 77°F and 2 inches per minute are given in Table C3, 

Appendix C. There appeared to be no consistent changes in tensile 

properties of original mixtures (prior to moisture treatment) due 

sol ely to the addition of lime. However, the mixture containing 

slurry-treated aggregate stockpiled for 30 days exhibited the 1 owest 

tensile strength (Figure 37).- This supports resilient modulus test 

results from all three phases of the test program. 

As expected, there exists an inverse relationship between tensile 

strength and air void content {Figure 38). 

Ratios of tensile strength before and after moisture treatment 

are shown in Tables C5, 016 and Figure 39. The wide variation in 

properties of these field mixtures is once again exhibited in these 

figures. However, it is evident, particularly from the drum plant 

mixtures, that, overall, moisture susceptibility is diminished when 

hydrated lime is present. 

When tensile strength ratios and resilient modulus ratios 

(Figures 35, 36 and 39) are considered together, Mixture CFB (dry lime 



added on the cold feed belt) stands out as one of the least 

susceptible to water damage. {This is also shown by the laboratory 

compacted field mixtures in Figures 21, 22 and 24.) It should be 

pointed out that the aggregate on the cold feed belt was damp and that 

some mixing of lime and aggregate occurred when the materials passed 

through the scalping screen and as they were picked up by the 

conveyors on their way to the drum mixer. The advantage of this 

moisture on the aggregate is evident when ratios for Mixture CFB are 

compared with the lower ratios of Mixture CD (dry lime added near 

center of drum by fines feeder). Mixture Dry (dry lime added in the 

pugmill to dry aggregate) did not consistently exhibit ratios as high 

as those exhibited by Mixture CFB. Further, it appears that this 

existing moisture on the aggregate was adequate when ratios for 

Mixture CFB are compared with the ratios for those mixtures containing 

lime slurry. 

Although the mixtures containing lime-treated aggregate 

stockpiled for 2-days or 30-days show comparatively good resistance to 

moisture damage, there appears to be no perceptible improvements in 

moisture-damage resistance due so 1 ely to aging of the slurry-treated 

aggregate in the stockpile. The only apparent advantage to aging 

slurry-treated aggregate in a stockpile is to allow loss of some of 

the water, thereby reducing the energy requirements, and thus costs, 

during drying operations. 

The significance of these findings is the reduction in fuel , 

equipment, time and money that can be realized when dry lime is added 
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to existing damp aggregate in the conventional materials stream and 

receive benefits equal to those gained from treating the aggregate 

with lime slurry. Additional fuel is required to remove the water 

added when slurry is applied to aggregate. Additional equipment is 

required to handle the slurry and prevent settling of the solid 

materials. Therefore, it may be possible to save time and money by 

applying dry lime instead of lime slurry to the cold feed aggregate 

stream. 

Marshall Stability. Field cores were subjected to the Marshall 

test procedure before and after the vacuu~ saturation and 7-day soak 

moisture treatment. Test results are contained in Table C4, Appendix 

C. Ratios of Marshall stability before and after moisture treatment 

are listed in Tables CS and 017. 

Inspection of Figure 40 indicates that Marshall stability of this 

mixture is neither increased or decreased by the addition of hydrated 

lime whether dry or in slurry. This is consistent with Marshall test 

results from the laboratory mixed/compacted specimens and the field 

mixed/laboratory compacted specimens. 

Ratios of Marshall stability before and after moisture treatment 

are ineffective in determining differences in moisture-induced damage 

between mixtures with and without lime. As discussed earlier, 

Marshall flow ratios, appear, in general, to be slightly greater for 

mixtures containing lime, which should be expected if the lime extends 

the binder content. 
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Hveem Stability. Pavement cores were tested at 140°F using the 

Hveem stabi 1 ometer and Texas SDHPT test method described earlier. 

Results of these tests are recorded in Table C4 and plotted on Figure 

41. 

In general, all mixtures containing lime yielded lower values of 

Hveem stabi 1 ity than those containing no 1 ime both before and after 

vacuum saturation and seven days soaking in water. As discussed 

earlier, no adjustment in asphalt content was made upon addition of 

the lime to the originally designed paving mixture. The lime in this 

mixture apparently served to extend the asphalt thus producing a 

mixture with an "binder" content in excess of optimum. As a result, 

interparticle friction and thus Hveem stability was reduced. 

Ratios of Hveem stability before and after moisture treatment are 

listed in Tables C5 and 018. The ratios show no consistent 

differences between moisture susceptibility of mixtures with and 

without lime. 

Properties of Extracted Aspha 1 ts. Asphalt cement was extracted 

and recovered from the paving mixtures and viscosity and penetration 

were determined. Data from these tests are recorded in Table 6. 

Consistency of the asphalts recovered from the mixtures 

containing lime was compared to the asphalts from the respective 

control mixtures. Although there were some inconsistencies, overall, 

the results indicated that the lime, whether added dry or as a slurry, 

reduced oxidative hardening of the asphalt during the mixing process. 

This is in agreement with results of other researchers (]1.-l,±). 

82 



Table 6. Properties of Asphalts Extracted from Uncompacted Field Mixtures. 

Type Viscosity Penetration Asphalt 
of @ l40°F, @ 77°F, Content 

Plant Method of Adding Lime poises dmm Percent 

Control (no lime) 3,330 39 5. l 
Batch Dry Lime in Pugmill 2,600 49 4.7 

Slurry on Total Aggregate + 2 Days in Stockpile 2,740 52 5. l 

Control (no lime) 7,370 23 5. l 
Dry Lime on Cold Feed Belt 5,440 31 4.9 

* Dry Lime Through Fines Feeder 7,950 21 4.8 

Slurry on Field Sand 7,050 25 4.5 
Slurry on Washed Sand 8,940 15 4.4 
Slurry on Pea Gravel 7,160 27 5.2 

Drum Slurry on Total Aggregate 3,850 34 5.4 

Slurry on Field Sand+ 2 Days in Stockpile 4,460 40 5.2 

Slurry on Washed Sand + 2 Days in Stockpile 7,080 32 4.9 

I Slurry on Pea Gravel + 2 Days on Stockpile 7,490 26 5.2 

Slurry on Total Aggregate+ 2 Days in Stockpile 7,840 27 4.9 I 

Slurry on Total Aggregate + 30 Days in Stockpile 7,590 26 ~ ---- --- ---------- ------~-----~ ----------------------------- ----------------

* Based on other test results, this mixture should be considered as containing little or no lime. 

co 
w 
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Plancher (ll) proposed that the beneficial effect of lime treatment in 

reducing asphalt oxidative hardening is due to two synergistic 

effects: (1) lime reduces the formation of oxidation products by the 

removal (adsorption) of oxidation catalysts or promoters and (2) lime 

reduces the s~nsitivity of the asphalt to these oxidation products by 

removing reactive polar molecules that would otherwise interact with 

the oxidation products to cause an increase in viscostiy. 

These data (Table 6) also exhibits more hardening of the asphalt 

in the drum plant than in the batch plant. Operation of a drum mix 

plant, as intended by most manufacturers, will normally result in less 

asphalt hardening than in a typical batch plant. This is due 

primarily to the oxygen deficient or steam enriched atmosphere, lower 

temperatures, and shorter exposure time during the mixing (or rather 

coating) process in the drum mix plant. 

This is not to imply that the drum plant used in this test was 

operated in a wrong manner, because other factors are involved. Lower 

mixing temperatures in drum plants result in lower compaction 

temperatures which, in turn, may result in poorly compacted pavements. 

Low mixing temperatures may also reduce the quality of the asphalt 

coating on the aggregate and produce mixtures with relatively high 

moisture contents. A 11 of these factors cant ri bute to more water 

susceptible paving mixtures. Therefore, many plant operators have 

increased (or have been required by specifying agencies to increase) 

the temperature in drum plants (~) to insure drying, improve coating, 

facilitate compaction, and thus reduce the probability of water 
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susceptible paving mixtures. 

Analysis of Calcium Content. There was some concern as to how 

much lime actually remained in the paving mixtures, particularly in 

those mixtures produced in the drum mix plant. Thermal neutron 

activation analysis was used to ascertain the calcium (Ca++) content 

of four different mixtures to determine the feasibility of quantifying 

lime retained in field mixtures. Results are given in Table 7. 

Since only a very small specimen (less than 1 gram) is used in 

the neutron activation test, a special sample preparation technique 

was required. A sample weighing about 150 to 200 grams was sawed from 

a field core. This sample was placed in an environmental room at 

-15°F, a temperature at which the asphalt is well below the glass 

transition point. The sample was pulverized at this temperature such 

that all material would pass a number twenty sieve. A representative 

specimen weighing about one gram was obtained and subjected to thermal 

neutron activation analysis. 

Table 7 shows that all mixtures contained from 15 to 20 percent 

calcium. The variation in calcium content of the aggregate materials 

obscured any variation in calcium content due to the addition of 

hydrated 1 i me. In fact, the control mixture, in which no lime was 

added, exhibited the highest calcium content. Therefore, it is 

concluded that thermal neutron activation analysis of a complete 

pavement specimen is not a suitable method for determining retained 

lime content of asphalt concrete mixtures. 



Table 7. Calcium Content of Selected Pavement Cores 

Type Calcium 
of Content, 

Plant Method of Adding Lime Percent 

19.39 
Control (No Lime) 20.13 

17.74 
Batch 

14.99 
Dry Lime in Pugmill 17.69 

14.09 
----1-· 

17.09 
Dry Lime through Fines Feeder 17.04 

12.06 
Drum 
t·1i X 18.40 

Slurry on Total Aggr + 2da in Stockpile 18.58 
19.41 

--

Mean 
Calcium 
Content, Standard 
Percent Deviation 

19.09 1.22 

15.59 1.87 

15.40 2.89 

18.80 0.54 

Coefficient 
of 

Variation, 
Percent 

6 

12 

19 

3 

I 

I 

(X) 
m 
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Performance Evaluation of Field Test Sections 

At the writing of this report, the field test pavements had been 

in place for eight months. During this period, the southbound lanes 

were under construction and the two northbound lanes, where the test 

sections were installed, carried the traffic in both directions. 

Inspection of the test pavements after eight months in service 

revealed only one visible form of distress -- rutting. Table 8 shows 

the rut depths in each test section. There appears to be no 

relationship between rut depth and any of the parameters addressed in 

this study. This mixture, composed of pea gravel and sand, is a 

relatively low stability mix and known to be susceptible to plastic 

movement under heavy weight, high volume and slow speed traffic. 



Table 8. Rut Depths in Test Pavements Seven Months After Construction. 

Type 
of Inner 

Plant Method of Adding Lime Wheel path* 

Control (no lime) 0.10 
Batch Dry Lime in Pugmill 0.18 

Slurry on Total Aggregate + 2 Days in Stockpile 0.30 

Control (no 1 ime) 0 
Dry Lime on Cold Feed Belt 0 
Dry Lime Through Fines Feeder* 0.20 

Slurry on Field Sand 0.20 
Slurry on Washed Sand 0.25 

Drum Slurry on Pea Gravel 0.20 
Slurry on Total Aggregate 0.30 

Slurry on Field Sand + 2 Days in Stockpile 0.50 
Slurry on Washed Sand + 2 Days in Stockpile 0.20 
Slurry on Pea Gravel + 2 Days in Stockpile 0.10 
Slurry on Total Aygregate + 2 Days in Stockpile 0 

-

Slurry on Total Aggregate + 30 Days in Stockpile 0 
-- ···---- -----~ ---------- ----~------------------

* Average of two measurements at different locations. 

Rut Depth, Inches 

Outer 
Wheel path* 

0 
0.35 
0.50 

0.40 
0.40 
0.20 

0.20 
0.25 
0.25 
0.20 

0.55 
0.40 
0.15 
0.40 

0.25 

Overall 
Average 

0.05 
0.27 
0.40 

0.20 
0.20 
0.20 

0.20 
0.25 
0.23 
0.25 

0.53 
0.30 
0.13 
0.20 

0.13 

! 

co co 



CHAPTER V 

CONSTRUCTION CONSIDERATIONS 

The field portion of the investigation utilized lime in dry and 

slurry form in both batch and drum mix plants. These methods were 

investigated to determine vJhat effects, if any, the method of lime 

application would have on the water-susceptibility of the resulting 

mixture. The contractor and specifying agency are interested in using 

a method that will (1) provide for uniform application of the lime and 

(2) provide the desired resistance of the mixture to water damage in a 

cost effective manner. 

(56): 

The use of dry lime has potential problems as outlined belov1 

1. Dry lime does not provide the maximum probability for the 

lime to maintain intimate contact with the aggregate. Thus 

the lime will not develop full potential as an antistrip 

agent. 

2. Some dry lime will be lost in the air quality control system 

of drum mix plants and thus not be available for the desired 

purpose. 

3. A separate mi nera 1 fi 11 er feeding system is required for 

addition of dry lime to the cold feed or the pugmill. 

The use of lime slurry also has potential problems as given 

below: 

1. Additional equipment and controls are necessary to prepare 
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and add the slurry to individual aggregates or the total 

aggregate. 

2. It is required to remove the water associated with the lime 

slurry prior to mixing with asphalt. 

The requirement by some agencies for stockpiling the s 1 urri ed 

aggregate prior to use is based on a belief that time is required for 

the 1 i me to react with the aggregate. Findings from this study and 

other investigations do not support this belief. A potential benefit 

of stockpiling is the reduction in water content of the slurried 

aggregate and thus a reduction in the amount of energy required to dry 

the aggregate. The potential for washing the lime off the aggregate 

during rainfall or carbonation of the lime while stored in the 

stockpile is of concern but was not thoroughly studied in this 

investigation. 

Fuel useage data call ected during the project indicated that 

about 30 percent more fuel was required for drying and heating the 

aggregate when 1 i me slurry \'las added to the tot a 1 aggregate 

immediately prior to mixing with asphalt. Based on current costs of 

lime, fuel, labor and equipment, the addition of lime in asphalt 

paving mixtures is expected to increase the in-place cost by 

approximately one to two dollars per ton of hot mix asphalt concrete 

if lime is used as an antistrip additive on a regular basis. The 

additional cost will, of course, depend upon how the lime is added 

(dry or slurry), how much lime is added and whether or not the lime is 

premixed with the aggregate. 



Although there are no data presented herein to support this 

statement, it appears intuitive that one should treat (with lime) only 

those aggregate that are known to be water susceptible. Steps should 

be taken to insure that the lime gets on and stays on the stripping 

aggregate and is not diluted by or transferred to the other aggregates 

during the mixing process. 

It may be cost effective to add extra 1 i me and treat a 11 the 

aggregate rather than purchase equipment or perform speci a 1 handling 

procedures required to treat an individual aggregate. 
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CHAPTER VI 

INTERPRETATION OF DATA 

92 

Based on the results of this experiment and a review of the 

'iterature, there are three primary functions of hydrated lime in 

·sphalt concrete mixtures. It acts as a filler, reduces moisture 

iUSceptibility of the paving mixture and decreases oxidative hardening 

.,f the asphalt cement. It is apparent that changes in hot mix asphalt 

:oncrete properties upon the addition of lime are many and various and 

Jften count~ract one another. As a result, the data obtained in this 

study were complex and often difficult to interpret. The following is 

3n appraisal of the data and offers suggestions for application of the 

:est results. 

As an ultrafine material containing a preponderance of particles 

'Nith diameters smaller than the asphalt film thickness, lime will 

effectively extend the binder in certain asphalt concrete mixtures 

thereby resulting in slightly lower Hveem stabilities and slightly 

higher Marshall flows. Asphalt content should be adjusted to 

conpensate for the i3pparant increase in binder content. In certain 

other mixtures, lime will fill some of the voids thereby producing a 

more dense mix and it will increase (when acting as a filler) the 

effective viscosity of the mastic which will act to increase mixture 

stability ~nd stiffness, that is, providing compaction is sufficient 

to overcome the increase in binder viscosity and adequately densify 

the mixture. Winniford (60) suggested that the role of filler in an 
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asphalt mixture is more than that of an inert, solid diluent. He 

showed that finely divided minerals behave as though they occupied a 

much greater fraction of the binder volume than can be accounted for 

by theory. The interaction of asphalt with some mineral surfaces 

appears to cause an 

filler-asphalt mixture. 

increase in apparent viscosity of the 

Chemically, different minerals have different 

effects on asphalts. Thus, different mineral surfaces, particularly 

the fillers, are expected to affect the toughness of asphalt concrete 

in different degrees (~). 

Presently, there are no established mechanisms by which hydrated 

lime reduces moisture susceptibility of asphalt concrete or oxidative 

hardening of asphalt cement. The most frequently reported theory 

regarding the reduction of moi?ture susceptibility is that lime-slurry 

or lime in contact with wet aggregate alters the surface chemistry of 

the aggregate particles thus resulting in a stronger bond between the 

asphalt and the aggregate. However, in this experiment some 

improvement in moisture resistance was realized when dry lime was 

added to either the aspha 1 t or the aggregate, which indicates that 

other mechanisms are involved. 

More consistent test results were obtai ned from the 1 aboratory 

prepared specimens than from the field mixed and laboratory compacted 

specimens. The least consistent test results were obtained from the 

field cores. This, of course, is to be expected. The point is that 

the laboratory prepared mixtures exhibited substantial improvements in 



moisture susceptibility when lime was added; whereas, the field 

mixtures exhibited only moderate improvements. A logical explanation 

of these phenomena is that mixing of the lime with the aggregate was 

much more intimate and uniform in the laboratory than in the field. 

The laboratory mixed specimens containing lime slurry were 

thoroughly blended with appropriate quantities of the slurry prior to 

heating and mixing with asphalt cement. On the other hand, when lime 

slurry '.'las added to aggregate on the cold feed belt of the drum mix 

plant, very little mixing (or coating of the aggregate with slurry) 

occurred prior to entry of this material into the drum mixer. The 

laboratory mixed and compacted specimens containing lime slurry 

consistently exhibited significant reductions in moisture-induced 

damage; whereas, the plant mixed specimens generally exhibited more 

marginal reductions. In order to maximize the beneficial effects of 

the lime, thorough mixing of the lime and the aggregate should be 

accomplished prior to entry into the dryer. 

When lime slurry was added to either the fine sand, the v~ashed 

sand or the pea gravel on the cold feed belt of the drum mix plant at 

a rate of 1 1/2 percent by weight of that particular aggregate, the 

net effect was to simply reduce the amount of lime slurry added to the 

total aggregate. Little or no mixing occurred when the lime slurry 

was deposited on a given aggregate on the cold feed belt. Some mixing 

occurred when the materials passed through the scalping screen and as 

they were transferred from one conveyor belt to another. The bulk of 

the mixing occurred in the drum as the materials were being heated and 
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jried. Therefore, if a given aggregate is known to be susceptible to 

moisture-induced damage and if it is desired to treat only that 

aggregate with lime, that aggregate should be treated prior to 

Jlacement in the cold bin or some type of mixing or stirring apparatus 

should be employed prior to combining the lime-treated aggregate with 

the untreated aggregate. 

There were no significant differences in properties of mixtures 

~repared in the batch plant and those prepared in the drum mix plant. 

Yowever, there appeared to be more hardening of the asphalt cement in 

the. drum plant than in the batch plant. This is not consistent with 

the published literature on this subject (g, .§2_, ~ and 22_). The 

drum plant, in this instance, was operated at the same temperature as 

the batch plant, which is inconsistent with the procedures originally 

recommended by drum mix plant manufacturers. Higher operating 

temperatures for drum mix plants are becoming more prevalent due to 

pressure by specifying agencies (22._). As a result, asphalt hardening 

in t~e two different types of plants are often about equal. 

When the properties of all the paving mixtures containing one anrl 

one-half percent lime slurry on the total aggregate are compared with 

one <Jnother, there appear to be no significant improvements in 

moisture resistance upon aging of the slurry-treated aggregates in t~e 

stockpile for 2 days or 30 days. In fact, exposure of lime-treated 

aggregate to the elements for prolonged periods increases the 

probability of loss of the beneficial effects due to excessive 

rainfall (particularly on the coarser aggregates) or carbonation of 



the hydrate. Based on these data, stockpiling of lime-treated 

aggregate for the sole purpose of improving moisture susceptibility is 

1ei ther necessary nor recommended. 

A comparison of the improvement in water susceptibility of field 

(,,ixtures containing 1 1/2 percent lime on the total aggregate and 

:hose containing 1 1/2 percent lime on an individual aggregate reveals 

.~lbout the same degree of improvement. It appears, therefore, that 

l 1/2 percent lime by weight of total aggregate is in excess of an 

optimum quantity required to reduce moisture susceptibility of this 

paving mixture. (The reader is reminded that the addition of lime to 

an individual aggregate on the cold feed belt is, in effect, simply a 

reduction of lime content of the total mixture.) Additional testing 

would be required to establjsh the optimum quantity of lime to 

minimize moisture-induced damage in this asphalt paving mixture. 

Under controlled conditions in the laboratory, lime applied to 

the aggregate in a slurry provided greater improvements in resistance 

to moisture damage of the resulting mixtures than lime applied in the 

dry form. This is generally true of the field mixtures; however, when 

dry lime was added to damp aggregate on the cold feed belt of the drum 

plant, the subsequent paving mixtures exhibited moisture resistance 

equal to those mixtures made from slurry-treated and stockpiled 

aggregates. It appears, therefore, that the existing moisture on the 

aggregate and the time lag between lime treatment on the cold feed 

belt and coating with asphalt in the drum were sufficient to activate 

the beneficial effects of the lime. This is indicative of 
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·::nsiderable economic advantages. Application of dry lime to damp 

jgregate in the conventional materials stream eliminates the need for 

.urry handling equipment and does not require additional fuel to 

nporate the moisture added with the slurry. It is reemphasized that 

iOrough mixing of the lime and the damp aggregate should be 

~complished in order to ,aximize the beneficial effects of lime. If 

>1 aggregates in the mixture are to be treated with lime, mixing 

~uld be accomplished using some type of in-line mixing apparatus. If 

·1ly a selected aggregate(s) is to be treated, the mixing could best 

>~ accomplished using a pugmill in a separate operation. When dry 

_·:;gregate is used and the decision is made to add dry lime, then the 

Jgregate and/or the aggregate-lime mixture should be wetted before or 

uring mixing. Testing would be required to determine optimum 

·uantities of water. 

Dry lime added in the pugmill of the batch plant showed a slight 

~mprovement in moisture resistance of the resulting mixture. Dry lime 

3dded through the fines feeder system of the drum mix plant showed no 

improvement in moisture resistance of the resulting mixture. It is 

surmised that a signific~nt portion of the dry lime added in the drum 

plant was blown out with the exhaust gases, however no measurements 

v1ere attempted to quantify the 1 ass. 

The paving mixture tested in this study was designed without lime 

then the lime was merely added to the mixture with no adjustment in 

asphalt content or aggregate gradation. Those mixtures containing 

lime appeared "fatter 11 (as if they contained more asphalt) than 
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:imilar mixtures without lime. Had the mixture been designed 

antaining lime, it is believed that the design asphalt content would 

Jve been somewhat lower. Therefore, when lime is to be employed, it 

lould be include& in the mixture during the design procedures. This 

ill not only provide more accurate and meaningful mixture properties 

'Jt it could also help offset part of the cost of the lime if the 

otimum asphalt content is, in fact, determined to be lower. 

Air void content of asphalt concrete test specimens must be 

~Jnsidered and should be maintained within a narrow range when 

valuating moisture susceptibility. All other factors being equal, 

ne should expect more moisture-induced damage in those specimens with 

<e greatest air voids(~,§]_,~' .§.2_). It follows then that mixture 

2sign and compaction are important considerations in producing 

Jisture resistant bituminous pavements. 

Based on consistency of asphalts extracted from pavement cores, 

·ime aids in reducing oxidative hardening of asphalt cement which 

ormally occurs during the mixing and compaction processes. This is 

3n advantage from the standpoint of asphalt durability. However, the 

mpact of this phenomenon on mixture properties is offset by the 

"1creased viscosity of the lime/asphalt mastic which is, of course, 

~reater than the asphalt cement alone. A theory to explain the 

reduction of oxidative hardening suggests that lime adsorbs certain 

oxidation promoters and reactive chemicals >vhi ch othen·li se interact 

'lith oxygen to cause an increase in viscosity. This decrease in 

~sohalt hardening in the plant results in a softer than usual asphalt 



n the subsequent pavement which, in turn, has slightly lower than 

'.sual stability, stiffness and strength. In extreme cases where 

,ggregate quality is marginal, the softer asphalt can contribute to 

_onstruction difficulties (l. l.Q_, 21) or pavement distress early in 

he service life (z.£, .zl, .z±). 
Thermal neutron activation analysis is not an acceptable method 

:or use in determining the lime content of this asphalt paving 

lixture. The aggregate contained a considerable quantity of calcium 

1nd the variation in calcium content between the individual aggregate 

oarticles was greater than the percentage calcium added to the mixture 

JY the hydrated lime~ 

Ratios of tensile strength and resilient modulus before and after 

~xposu re to moisture appear to be satisfactory 1 aboratory procedures 

for estimating moisture susceptibility of asphalt concrete mixtures. 

:,1oisture conditioning of test specimens must be carefully controlled 

such that all specimens are treated uniformly. On field mixtures, 

more than three repetitions of each test should be performed to 

establish reliable results. 

The Marshall stability test is ineffective in evaluating moisture 

susceptibility of asphalt concrete. 

published research (~). 

This is consistent with other 

Hveem stability of the paving mixture studied herein was 

decreased upon the addition of 1ime. Hveem stability is a measure of 

interparticle friction. It is surmised that the lime extended the 

asphalt in the mixture, thus increasing the binder content or 
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:creasing the interparticle friction within the mixture which, in 

:·n, decreased Hveem stability. 

One and one-half percent silica flour was added to one set of the 

ooratory mixed and compacted specimens. Although the mixture 

nibited a slight decrease in resilient modulus, the mixture 

'Operties, in general, were very similar to those of the control 

ixture which contained no lime or silica flour. This indicates that 

~me imparts properties to asphalt concrete different from those 

1oarted by a fine-grained inert material. 
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CHAPTER VII 

CONCLUSIONS AND RECOMMENDATIONS 

J\cl usi ons 

Based on the results of this experiment and review of available 

.Dlications the following conclusions are warranted: 

Hydrated lime is effective in reducing moisture-induced damage of 

the paving mixture considered in this study. 

:_. The most effective method for applying lime is in the presence of 

moi~tur~. Th~ moisture may be on the surface of the aggregate to 

be treated or the lime may be applied in a slurry. 

3. Dry lime added through a fines feeder system in a drum mix plant 

is ineffective as an antistrip additive. 

4. Dry lime added in the pugmill of a batch plant was effective in 

improving resistance to moisture damage; however, lime slurry 

applied to the aggregate prior to entry into the batch plant was 

more effective. 

5. Lime is an effective antistrip additive in both batch and drum 

mix plants. 

6. There were no consistent differences in properties of the 

mixtures prepared in the batch plant and those prepared in the 

drum plant. However, there appeared to be more hardening of the 

asphalt cement in the drum plant than in the batch plant. 

7. It appears that significantly less lime could have been used to 

produce the antistripping qualities of this paving mixture 
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particularly if moisture and mixing had been optimized. 

Increased costs associated with the use of lime in asphalt 

concrete mixtures is expected to be of the order of 1 to 2 

dollars per ton. These extra costs include the cost of lime, 

equipment and labor to handle the lime and additional drying of 

slurry treated materials. 

Application of lime as an antistrip additive may allow the use of 

otherwise unacceptable materials and thereby reduce materials and 

transortation costs. 

0. Lime retards oxidative hardening of asphalt cement which normally 

occurs during the mixing and compaction processes. 

Ratios of tensile strength and resilient modulus before and after 

treatment with moisture appear to be satisfactory laboratory 

procedures for estimating resistance to moisture damage of 

asphalt concrete mixtures. Moisture conditioning of test 

specimens must be carefully controlled such that all specimens 

are treated uniformly. 

12. Hveem and Marshall stability tests after moisture conditioning 

are ineffective in evaluating moisture resistance of asphalt 

concrete. 

13. Thermal neutron activation analysis was not an acceptable method 

for use in determining lime content of this asphalt paving 

mixture. 

14. The mixture containing 1.5 percent silica flour instead of lime 

exhibited properties similar to the control mixture. 
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::ornmendat ions 

\~hen lime is to be used in HMAC, it should be included in the 

design phase. 

In order to maximize the beneficial effects of lime, thorough 

mixing of the lime with the aggregate should be accomplished 

prior to entry of the treated aggregate into the plant. 

If a given aggregate(s) is known to be water susceptible and if 

it is desired to treat only that aggregate(s) with lime, it 

should be treated prior to placement in the cold bin or some 

other mixing or stirring apparatus should be employed prior to 

combining the 1 ime-treated aggregate with the untreated 

aggregate. 

~ Stockpiling of lime-treated aggregate for the sole purpose of 

decreasing moisture susceptibility is not necessary or 

recommended. In fact, prolonged exposure of lime-treated 

aggregate to the elements may decrease the beneficial effects of 

the 1 i me. 

5. Air void content in compacted samples and methods utili zed for 

moisture conditioning samples must be carefully controlled •t~hen 

measuring strength, stiffness and stability of asphalt paving 

mixtures. 
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Table Al. Mean Values of Data from Laboratory Mixed and Compacted Specimens* Before and After 
Freeze-Thaw Conditioning. 

"-.. " " ~' /~'1/-t;>; ~ j Ume in Slurry on Slurry on Slurry on Slurry on Slurry on 
'- ·~ tp~ U~~ Asphalt Total Aggr Fine Aggr Coarse Aggr Total Aggr Total Aggr 
~ ______ Contr_Qj_ 511 ica Flour __lli:X.lime Cement 5 min 2-days 2-days 2-days 30~L 

Pro~ est ______ c _ SF OL LA ST5 SF2 SC2 ST2 ST30 

Over a 11 Average *** 
Air Void Content, Percent 7.3 7.2 7.5 9.1 5,6 II 7.4 7.4 6.0 7.9 

~esilient Modul~~JQ.~ 
-13"F j 1.980 (7.3)L.860 1.990 (6.8) 2.430 (7.3) 2.070 (7.4) 1,930 

33"F 1,650 1, 780 1,860 1,670 1,490 1,480 
68oF 493 467 550 370 381 343 

104"F 44 36 50 25 27 32 
77"F*** 271 (7.3 234 344 7.2 217 (7.4) 201 (7.4) 182 
77"F (after Lottman) 245 (7.sl 208 315 ~8.4~ 315 (7.1) 286 (1.3) 283 
77"F (after Soall_____ _____ru_JL.Al_ 291 JL1l 277 7.7 298 --I 

Marshall Test 
---Stabillty; lbs 

Flow, 0.01 inch 
Stab (after Soak) 

__ _F._! ow _(after _Soa11_ _____ _ 

llveemj_!abi 1 i ty 

280 (7.1) 
12 14 19 15 17 17 18 16 15 

450 430 (7.4) 240 (8.8) 490 (5.2) 320 (7.7) 360 (7.7) 610 (5.7) 320 

260 290 (7.1) 140 (8.8) 310 (5.1) 180 (7.2)JJOO (7.1) 330 (5.7) 230 

__ -- .j 5 19 18 18 19 18 18 15 

Stability l 19(7.4)1 19 I 16(7.4)1 15(8.8)1 14(5.2)1 14(7.7)1 14(7.7)1 16(5.7)1 
Stab (after So~l_ _______ ___l_L____j 23 18 20 · 17 19 19 20 

15 
19 

~p_li!_tin_!l_Tensile Test** 

Stress, psi 
Strain, in/in 
?~~~~1-~~~z_e~! __________ _ 
Stress (Lottman) 
Strain (Lottman) 
Sec t4od (Lottman) 

110 110 l110 (6.8)1 80 (8.;}) 110 (4.8)1 90 (7.3)1 90 (7.4)1120 (5. 7) 100 

_t~~6-~~~~~- ____ t~~ij ______ !~.:~. ~~--. ----.. --.. -.. t~~t _______ l_t~~t _______ t~~~. ------ __ t§~t ______ !t~~~------- ____ t§~t-
90 90 90 (8.4) 70 (9.7) 120 (7.2) 110 (7.1) 110 (7.3) 120 (6.5) 100 

0.013 (7.5) 0.013 0.010 0.009 0.010 0.010 0.012 0.009 0.013 
7.400 7.100 9.7110 --- !l.~QQ!l __ l~ 10.800 9,300 14,200 8.200 

* Each value represents an average for 3 tests. Numbers within the table in parentheses indicate average 
air void content of the 3 s~ecimens tested to produce the data. 

•• Values were obtained at ~oint of specimen failure. 
*'* Each value represents an dverage for 12 tests. 

...... ...... 
N 



Table A2. Ratios Before and After Moisture lrt::dldlt~lll ru; L£.L,,;,atorJ 1.: .. :.~ '·"" ,, 

---·-------------

! Marshall Marshall Hveem 

Type Resilient Modulus Stability Flow Stability 

of Ratio Ratio Ratio Ratio 

Test Specimen Code -
7-Day 7-Day 7-Day 7-Day 

Lottman Soak Soak Soak Soak 

Control (No c 1.12 0.98 
lime) 

- :' - 1.34 

Silica Flour SF 1.12 1.12 1.71 1.12 1.22 

Dry Lime DL 1.10 1.06 1.49 1.03 l. 19 

Lime in Asp. LA 1.15 1.23 l. 72 1.15 1.27 
Cement 

Slurry on ST5 1.27 1.24 l. 57 1.08 1.19 
Aggr. 5 min 

Slurry on SF2 l. 33 l. 36 l. 74 1.15 1 .40 
Fines 2 da 

Slurry on SC2 1.46 1.37 1. 78 1.02 1.38 
Coarse 2 da 

Slurry on AT2 l. 52 1.35 1.84 1.09 l. 31 
Aggr 2 da 

Slurry on ST30 1.47 l. 76 l .40 1.01 1.30 
Aggr 30 da 

----

' ' 

Tensile 
Strength 

Ratio 

Lottmari 

0.86 

0.85 

0.91 

0.96 

1.09 

1.31 

1.19 

0.98 

1.06 

-

--

1-' 
1-' 
w 



Table A3. Resilient Modulus Data for Individual Laboratory Mixed and Compacted Specimens 
Before and After Moisture Treatment. 

Resilient Resilient Resilient Resilient 
Modulus Modulus Resilient Modulus Modulus 
Before After Before After 

Freeze- Thaw Freeze-Thaw Modulus Soak Soak Sample 
psi x 103 psi x 103 

Ratio 
psi x 103 psi x 103 Sample I. D. No. Freeze-Thaw 

Control 1 193 260 1. 35 334 317 
No Lime 2 209 222 1. 06 240 251 

3 253 252 0.97 283 276 
Mean 218 245 1. 13 286 281 

Silica 1 161 185 1.15 268 289 
Flour 2 186 204 1.10 235 266 

3 212 234 1. 10 243 286 
r~ean 186 208 1. 12 249 280 

Dry 1 321 350 1.09 350 347 
Lime 2 266 298 1. 12 417 431 

3 270 297 1.10 331 396 
Mean 286 315 1.10 366 391 

Lime 1 205 228 1.12 234 265 
in 2 203 245 1. 21 188 261 

Asphalt 3 208 232 1. 12 197 238 
Mean 205 235 l. 15 206 255 

Resilient 
Modulus 

Ratio 
Soak 

0.95 
1.05 
0.98 
0.99 

1.08 
1.13 
1.18 
1.13 

0.99 
1. 03 
1.20 
1. 07 

1. 13 
1. 39 
1. 21 
1.24 

~ 
~ 

.J:::o 



fable 1\3. (CuntinuuJ). 

Resilient Resilient Resilient Resilient 
Modulus Modulus Resilient Modulus Modulus Resilient Before After Before After 

Freeze-Thaw Freeze-Thaw Modulus Soak Soak Modulus 
Sample 

psi x 103 psi x 103 
Ratio 

psi x 103 psi x 103 
Ratio 

Sample I.D. No. Freeze-Thaw Soak 

Slurry 1 229 293 1.28 317 400 1. 26 
on Total 2 261 342 l. 31 264 341 1.29 

Aggr. 5 min. 3 291 352 l. 21 291 346 1.19 
Mean 260 329 1. 27 291 362 1.25 

Slurry 1 229 330 1. 44 224 296 l. 32 
on Fine 2 254 308 l. 21 230 298 l. 30 

Aggr. 2 day 3 225 307 1. 36 189 280 1.48 
Mean 236 315 1. 34 214 291 1. 37 

S1 urry 1 212 290 1. 37 179 250 1.40 
on Coarse 2 193 279 1. 45 219 275 1. 26' 

Aggr. 2 day 3 184 290 1.58 207 306 1.48 

Mean 196 286 1.47 201 277 l. 38 

Slurry 1 174 268 l. 54 242 375 1.55 
on Total 2 205 314 l. 53 301 367 l. 22 

Aggr. 2 day 3 221 331 1. 50 283 370 l. 31 
Mean 200 304 l. 52 275 371 l. 36 

·-- -~-------------- -·· __ .__ .. _ 

I • 
I • 
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Ta!Jle A3. (C(JnLinu(~d). 

-~---·------------------------··-·-··-

Resilient Resilient 
Modulus Modulus 
Before After 

Freeze-Thaw Freeze-Thaw Sample 
psi x 103 psi x 103 Sarnpl e I. D. No. 

-

Slurry 1 184 250 
on Total 2 196 312 

Aggr. 30 day 3 197 288 

Mean 192 283 

Resilient 
Res i1 i ent Modulus 

Before Modulus Soak Ratio 
psi x 103 Freeze-Thaw 

1. 36 163 
1. 59 170 
l. 46 174 
l. 47 169 

Resilient 
Modulus 
After 
Soak 

psi x 103 

291 
302 
302 

298 

Resilient 
Modulus 
Ratio 
Soak 

1. 79 
1.77 
l. 74 
1.77 

I-' 
I-' 
m 



Table A4. Tensile Strength Data for Individual Laboratory Mixed 
and Molded Specimens Before and After Freeze-Thaw. 

Tensile Tensile 
Strength Strength 
Before After Tensile 

Sample Freeze-Thaw Freeze-Thaw Strength 
Sample I.D. No. psi psi Ratio 

Control 1 117 83 0. 71 
No Lime 2 112 91 o. 81 

3 97 106 1.09 
Mean 109 93 0.85 

Silica 1 105 78 0.74 
Flour 2 106 93 0.88 

3 105 97 0.92 
Mean 106 89 0.85 

Dry l 111 103 0.93 
Lime 2 107 l 01 0.94 

3 106 91 0.86 
Mean 108 98 0.91 

Lime l 73 76 1. 04 
in 2 77 67 0.87 

Asphalt 3 77 75 0.97 
Mean 76 73 0.96 

Slurry l 108 115 1. 06 
Total Aggr. 2 113 119 1.05 

5 min 3 108 123 1.14 
Mean 110 119 1.08 

Slurry 1 91 111 1.21 
Fine Aggr. 2 85 120 1. 41 
2 day 3 80 105 1. 31 

r~ean 85 112 1. 31 

Slurry 1 91 111 1. 22 
Coarse Aggr. 2 94 106 1.13 

2 day 3 89 110 1. 24 

Mean 91 l 09 1.20 
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Table A4. (Continued). 

Tensile Tensile 
Strength Strength 
Before After Tensile 

Sample Freeze-Thaw Freeze-Thaw Strength 
Sample I. D. No. psi psi Ratio 

Slurry 1 113 109 0.96 
Total Aggr. 2 122 116 0.95 

2 day 3 120 125 1.04 
Mean 118 117 0.98 

Slurry l 98 102 1.04 
Total Aggr. 2 96 99 1.03 

30 day 3 99 110 1.11 
Mean 98 104 1.06 



Table A5. Marshall and Hveem Stability Data for Individual Laboratory 111lxed ana LUiiif}uCLcu 
Specimens Before and After 7-day Soak. 

Marshall Marsha 11 Hveem Hveem 
Stability Stability Marsha 11 Stability Stabi 1 ity 

Sample Before After Stability Before After 
Sample I.D. No. Soak, lbs Soak, 1 bs Ratio Soak Soak 

Control 1 - - - 19 29 
No Lime 2 250 - - 19 23 

3 300 - - 18 23 
Mean 275 - - 19 25 

Silica 1 286 424 1.48 20 23 
Flour 2 243 459 l. 89 18 22 

3 254 457 l. 80 18 24 
Mean 261 447 1.72 19 23 

Dry 1 315 400 1. 27 15 19 
Lime 2 288 503 1. 75 17 18 

3 267 392 1.47 15 18 
Mean 290 432 l. 50 16 20 

Lime l 145 23"1 l. 59 15 19 
in 2 122 255 2.09 16 19 

Asphalt 3 146 227 l. 55 16 22 
Mean 138 238 l. 74 16 20 

Hveem 
Stability 

Ratio 

1. 52 
l. 21 
l. 28 
l. 34 

l. 15 
1.22 
l. 33 
l. 23 

1. 27 
1.06 
l. 20 
l. 18 

1.27 
l. 19 
l. 38 
l. 28 

....... 

....... 
1.0 



Table AS. (Continued). 

Marshall Marshall 
Stability Stability 

Sample Before After 
Sample I.D. No. Soak, 1 bs Soak, 1 bs 

Slurry 1 298 462 
Total Aggr. 2 306 524 

5 min 3 333 486 
Mean 312 491 

Slurry 1 183 350 
Fine Aggr. 2 186 303 

2 day 3 175 292 
Mean 181 315 

Slurry 1 220 334 
Coarse Aggr. 2 200 395 

2 day 3 190 358 
Mean 203 362 

Slurry 1 329 649 
Total Aggr. 2 304 535 

2 day 3 360 644 
Mean 331 609 

Hveem 
Marsha 11 Stability 
Stability Before 

Ratio Soak 

1.55 13 
l. 71 15 
1. 46 15 
1. 57 14 

1. 91 14 
1.63 14 
1.67 13 
l. 74 14 

1.52 13 
1. 98 14 
l. 88 14 
1. 79 14 

1. 97 15 
1. 76 16 
l. 79 16 
l. 84 16 

Hveem 
Stability 

After 
Soak 

16 
16 
20 
17 

20 
21 
17 
19 

19 
19 
19 
19 

20 
20 
21 
20 

Hveem 
Stability 

Ratio 

1.23 
1. 07 
l. 33 
1.21 

1. 43 
1.50 
1. 31 
1. 41 

1. 46 
1.36 
1. 36 
1. 39 

1. 33 
l. 25 
1. 31 
l. 30 

........ 
N 
0 



Table AS. (Continued). 

Marsha 11 Marsha 11 
Stability Stability 

Sample Before After 
Sample I.D. No. Soak, 1bs Soak, 1bs 

Slurry 1 260 325 
Total Aggr. 2 232 335 

30 day 3 201 308 

r~ean 231 323 

Hveem 
Marsha 11 Stabi 1 ity 
Stability Before 

Ratio Soak 

1. 25 14 
1. 44 15 
1. 53 14 

1. 41 14 

Hveem 
Stability 

After 
Soak 

21 
19 
18 

19 

Hveem 
Stabi 1 ity 

Ratio 

1. 50 
1.27 
1. 29 

1. 35 

t-' 
N ...... 
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Figure Al. Tensile Strength at 77°F as a function of Air Voids 
for Individual Laboratory Mixed and Compacted Specimens. 
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Table Bl. Overall Average Air Void Content of Field t~ixed/Laboratory 
Compacted Specimens. 

Type 
of 

Plant 

Batch 
Plant 

Drum 
Mix 
Plant 

Method of Adding Lime 

Control (No Lime) 

Dry Lime in Pugmill 

Overa 11 
Average 

Air Voids, 
Percent 

8.3 

9.8 

Slurry on Total Aggregate + 2da in Stockpile 5.6 

Control (No Lime) 7.8 

Dry Lime on Cold Feed Belt 7.2 

Dry Lime at Center of Drum thru Fines Feeder 

Slurry on Field Sand at Cold Feed Belt 

Slurry on Washed Sand at Cold Feed Belt 

Slurry on Pea Gravel at Cold Feed Belt 

Slurry on Total Aggr. at Cold Feed Belt 

Slurry on Field Sand + 2da in Stockpile 

Slurry on Washed Sand + 2da in Stockpile 

Slurry on Pea Gravel + 2da in Stockpile 

Slurry on Total Aggr + 2da in Stockpile 

1 Slurry on Tota 1 Aggr. + 30da in Stockpi 1 e 

8.3 

6.9 

6.9 

8.0 

6.3 

6.0 

7.1 

7.6 

7.2 

9. 1 



Table 82, ~verag~ Values of'Resilient Modulus of Field Mixed/Lab Compac~e&Mixtures 
Before and After Treatment with Moisture. 

Type Resilient Modulus, psi x 103 
of Method of Adding Lime 

77°F, after 77°F, after Plant -l0°F 33°F 68°F l04°F 77°F Freeze-Thaw 7-day Soak 

Control (No Lime) 2,080 1,570 290 24 140 110 210 
Batch Dry Lime in Pugmill 2,120 1 ,550 Plant 300 22 150 160 220 

Slurry on Total Aggregate + 2da in Stockpile 2,070 1,750 410 27 200 265 377 

Control (No Lime) 1,970 1 ,890 470 27 240 240 390 

Dry Lime on Cold Feed Belt 2,080 1,490 310 22 160 190 340 

Dry Lime at Center of Drum thru Fines Feeder 1,760 1,740 390 20 200 171 270 

Slurry on Field Sand at Cold Feed Belt 1 ,810 1,590 330 20 180 200 290 

Drum Slurry on Washed Sand at Cold Feed Belt 1,860 1.,640 400 27 220 250 370 
Mix Slurry on Pea Gravel at Cold Feed Belt 1,920 1,690 330 21 170 200 310 Plant 

Slurry on Total Aggr. at Cold Feed Belt l ,980 1,720 340 22 190 170 '400 

Slurry on Field Sand + 2da in Stockpile 1,740 1 ,670 350 20 170 180 280 

Slurry on Washed Sand + 2da in Stockpile 2,180 1,690 340 19 170 200 250 

Slurry on Pea Gravel + 2da in Stockpile 1 ,940 1, 720 460 21 190 250 350 

Slurry on Total Aggr. + 2da in Stockpile 1,990 1 ,790 460 22 210 230 400 

Slurry on Total Aggr. + 30da in Stockpile 2,110 1,260 200 16 120 150 190 

I 

' I 

I 

..... 
N 
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Table B3. Summary of Data from Splitting Tensile Test at 77°F of Field Mixed/Lab 
Compacted Mixtures Before and After Lottman Moisture Treatment. 

Type Original After Freeze-Thaw 
of Method of Adding Lime l Stre~s, Strain, Modulus, Stress, Strain, Batch ps1 in/in psi psi in/in 

Control (No Lime) 83 0.018 4500 83 0.017 
Batch Dry Lime in Pugmill 78 0.020 3900 89 0.016 Plant 

Slurry on Total Aggregate+ 2da in Stockpile 100 0.017 5700 134 0.016 

Control (No Lime) 104 0.016 6500 81 0.009 

Dry Lime on Cold Feed Belt 82 0.018 4500 103 0.017 

Dry Lime at Center of Drum thru Fines Feeder 87 0.016 5300 63 0.011 

Slurry on Field Sand at Cold Feed Belt 86 0.014 6300 105 0.017 

Drum Slurry on Washed Sand at Cold Feed Belt 96 0.015 6500 122 0.015 
Mix Slurry on Pea Gravel at Cold Feed Belt 81 0.018 4500 103 0.017 Plant 

Slurry on Total Aggr. at Cold Feed Belt 80 0.017 4700 101 0.021 

Slurry on Field Sand+ 2da in Stockpile 85 0.018 4800 101 0.012 

Slurry on Washed Sand+ 2da in Stockpile 87 0.018 5000 109 0.017 

Slurry on Pea Gravel + 2da in Stockpile 88 0.017 5300 119 0.017 

Slurry on Total Aggr. + 2da in Stockpile 91 0.016 5800 123 0.018 

Slurry on Total Aggr. + 30da in Stockpile 98 0.014 6900 104 0.013 
- -

Modulus, 
psi 

5100 

5800 

8300 

9000 

6300 

5700 

6400 

8200 

6200 

4800 

6000 

6500 

7100 

7300 

8200 

-

....... 
N 
co 



Table 134. Average Values of Stability or l·ielll Jltil/(e:,/Lctu LUitifJJ~Lcu ,,,,l,,", ,, .,, 

_______ Vacuum Saturation and 7-day_sQg_l;_. __________________ --. ---------, 

Type I l Condition l:J1arshall Marshall 
of MethodofAddingLiuJe of Stability, Flow l Hveem 

Batch Specimens lbs. 0.01 inch Stability 
f----- -------- . -------

Batch 
Plant 

Drum 
Mix 
Plant 

Control (No Lime) 

Dry Lime in Pugmill 

Slurry on Total Aggr. + 2da in Stockpile 

Control (No Lime) 

Dry Lime on Cold Feed Belt 

Dry Lime at Center of Drum thru Fines Feeder 

Before 
After 

Before 
After 

Before 
After 

Before 
After 

Before 
After 

Before 
After 

109 
226 

116 
227 

223 
415 

177 
404 

161 
320 

144 
328 

12 
11 

14 
12 

14 
13 

17 
14 

15 
13 

15 
13 

14 
18 

12 
22 

l3 
18 

15 
19 

13 
18 

16 
19 

·------------ -1 

Slurry on Field Sand at Cold Feed Belt 

Slurry on Washed Sand at Cold Feed Belt 

Slurry on Pea Gravel at Cold Feed Belt 

Slurry on Total Aygr. at Cold Feed Belt 

_, ______ _ 

Before 
After 

Before 
After 

Before 
After 

Before 
After 

153 
322 

216 
395 

160 
34 7 

273 
571 

l3 
13 

14 
14 

15 
l 3 

25 
22 

14 
20 

16 
19 

13 
17 

8 
10 

....... 
r-J 
\.0 



Table 84. Continued. 

- ----
Type 
of I Method of Adding Lime 

Batch 

Drum 
~1i X 

Plant 

Slurry on Field Sand + 

Slurry on Washed Sand + 

Slurry on Pea Gravel + 

Slurry on Total Aggr. + 

Slurry on Total Aggr. + 

2da in Stockpile 

. 
2da in Stockpile 

2da in Stockpile 

2 da in Stockpile 

30 da in Stockpile 

Condition 
of 

Specimens 

Before 
After 

Before 
After 

Before 
After 

Before 
After 

Before 
After 

Marsha 11 Marshall 
Stability Flow 

1 bs. 0.01 inch 

189 14 
397 14 

166 13 
288 12 

195 15 
383 15 

256 18 
406 17 

174 15 
504 18 

Hveem 
Stability 

14 
17 

14 
17 

13 
17 

13 
18 

14 
16 

I 

~--~ 

w 
0 



Table 85. Ratios Before and After Moisture Treatment for Field Mixed/Lab Molded Specimens. 
--,-·--·-·-----, 

! 

Tensile Marshall Marsha 11 Hveem 
Strength Stability Flow Stability 

Resilient f~odulus Ratio Ratio Ratio Ratio Ratio 
Type Method of Adding Lime 

of Freeze- 7-day Freeze- 7-day 7-day 7-day Plant Thaw soak Thaw soak soak soak 
t-· 

Control (No Lime) 0.83 l. 52 l. 00 2.07 0.89 l. 31 
Batch Dry Lime in Pugmi 11 1.10 l. 50 l. 15 l. 96 0.94 1. 81 
Plant Slurry on Total Aggregate + 

2-days in Stockpile l. 33 l. 90 l. 34 1.86 0.89 1. 36 ---------
Control (No Lime) 1.00 l. 62 0.79 2.28 0.84 1. 30 
Dry Lime on Cold Feed Belt l. 20 2. 13 l. 26 l. 98 0.86 1. 32 

I Dry Lime@ Center of Drum 0.87 l. 35 0.73 2.28 0.89 1. 21 
I I 

Slurry on Field Sand @ l. 12 l. 59 l. 22 2. 10 0.98 1.42 
Cold Feed Belt 

Slurry on Washed Sand @ L 13 1. 66 
Cold Feed Belt 

l. 27 1.83 1.00 1.18 

Drum Slurry on Pea Gravel @ l. 17 1. 79 l. 28 2.16 0.86 l. 24 Mix Cold Feed Belt 
Plant 

Slurr·y on Total Aggregate @ 0.90 2.09 1.27 2.09 0.87 1. 21 
Cold Feed Belt 

!-----· 

Slurry on Field Sand + 2-days l. 06 l. 64 
in Stockpile 

1.19 2.10 l. 01 1. 22 

Slurry on Washed Sand + 2-days 1.14 1.43 l. 25 1. 73 0.92 l. 21 
in Stockpile 

Slurry on Pea Gravel + 2-days l. 30 l. 82 1. 35 l. 96 1. 01 l. 28 
in Stockpile 

Slurry on Total Aggr + 2-days 1. 09 1. 91 l. 34 1. 59 .93 1. 36 
in Stockpile 

+---
Slurry on Total Aggr + 30-days 1. 26 l. 59 1. 06 2. 91 1. 21 1. 21 

in Stockpile 
------------ --· ~- ---------- ~~ 

(.!J 
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Table 86. Resilient Modulus Data for Individual Field Mix and Laboratory Compacted 
Specimens Before and After Moisture Treatment. 

Resilient Resilient Resilient Resilient 
Modulus Modulus Resilient Modulus Modulus 
Before After Modulus Before After 

Sample Freeze-Thaw Freeze-Thaw Ratio Soak Soak 
Sample I.D. No. psi x 103 psi x 103 Freeze-Thaw psi x 103 psi x 103 

Control 1 123 101 0.82 120 193 
No Lime 2 144 118 0.82 148 211 

3 150 125 0.83 141 229 
(Batch) Mean 139 115 0.83 136 211 

Dry-Lime 1 151 176 l. 17 154 230 
Pugmil1 2 143 149 l. 04 129 225 

3 156 165 1.06 150 209 
(Batch) Mean 150 163 l. 09 144 221 

Slurry 1 192 266 l. 39 211 374 
Total Aggr. 2 2]3 253 1.19 199 397 

2 day Stockpile 3 200 278 1. 39 184 360 
(Batch) Mean 202 266 1. 32 198 377 

Control 1 265 210 0.79 225 380 
No Lime 2 244 254 1. 04 238 386 

3 226 264 1.17 254 406 
(Drum) Mean 245 243 0. 99 239 391 

Resilient 
Modulus 
Ratio 
Soak 

l. 61 
1.43 
1.62 
l. 55 

1.49 
l. 74 
1. 39 
l. 53 

1.77 
l. 99 
l. 96 
l. 90 

l. 69 
1.62 
1.60 
1.64 

...... 
w 
N 



Table 86. (Continued). 

Resilient Resilient Res i1 i ent Resilient 
Modulus r~odul us Resilient Modulus Modulus Resilient Before After Before After 

Freeze-Thaw Freeze-Thaw Modulus Soak Soak Modulus 
Sample 

psi x 103 psi x 103 
Ratio 

psi x 103 psi x 103 
Ratio 

Sample I. D. No. Freeze-Thaw Soak 

Dry Lime 1 158 184 1.16 158 336 2.13 
Cold Feed Belt 2 147 183 l. 24 140 324 2. 31 

3 172 200 l. 16 169 347 2.05 
(Drum) Mean 159 189 1.19 156 336 2.15 

Dry Lime 1 201 181 0.90 207 280 l. 35 
Center of Drum 2 178 - - 197 261 l. 32 
thru Fines Feeder 3 216 161 0.75 177 257 1.45 

(Drum) Mean 209 171 0.82 194 266 l. 37 
-----· 

Slurry 1 156 173 1.11 182 310 1. 70 
Field Sand 2 183 192 1.05 204 322 1.58 

Cold Feed Belt 3 205 242 1.18 146 233 1.60 

(Drum) Mean 181 202 l. 12 177 288 1.63 

Slurry 1 226 267 l. 18 197 336 1.71 
vJashed Sand 2 204 195 0.96 238 358 1. 50 

Cold Feed Belt 3 255 297 1. 16 226 420 1. 86 
(Drum) Mean 228 253 l. 11 220 371 1.69 

...... 
w 
w 



Tab 1 e 86. (Continued). 

Resilient Resilient Resilient Resilient 
Modulus Modulus Resilient Modulus Modulus Resilient Before After Modulus Before After Modulus 

Sample Freeze-Thaw Freeze-Thaw Ratio Soak Soak Ratio 
Sample J.D. No. psi x 103 psi x 103 Freeze-Thaw psi x 103 psi x 103 Soak 

Slurry 1 177 192 1.08 170 288 1.69 
Pea Gravel 2 160 192 1.20 159 328 2.06 

Cold Feed Belt 3 193 228 l. 18 180 328 1.82 
(Drum) Mean 177 204 1.15 170 315 1.85 

Slurry l 164 170 1.04 161 348 2.16 
Total Aggr. 2 181 170 0.94 179 436 2.44 

Cold Feed Belt 3 191 173 0.91 189 412 2.18 
(Drum) Mean 179 171 0.96 176 399 2.27 

Slurry 1 167 166 0.99 154 263 l. 71 
Field Sand 2 158 177 l. 12 178 284 1.60 

2 day in Stockpile 3 206 204 0.99 165 297 1.80 
(Drum) Mean 177 182 l. 03 166 281 1.69 

Slurry 1 167 201 1. 20 156 241 l. 54 
Washed Sand 2 159 153 0.96 179 251 l. 40 

2 day in Stockpile 3 200 241 l. 21 167 257 1.54 
(Drum) Mean 175 198 1. 13 167 281 1.68 

...... 
w 
~ 



Tab 1 e B6. (Continued). 

Resilient 
Modulus 

Before 
Sample Freeze-Thaw 

Sample I.D. No. psi x 103 

Slurry 1 186 
Pea Gravel 2 192 

2 day in Stockpile 3 200 
(Drum) Mean 193 

Slurry l 196 
Total Aggr. 2 237 

2 day in Stockpile 3 208 
(Drum) Mean 214 

Slurry 1 122 
Total Aggr. 2 103 

30 da. in Stockpile 3 145 
(Drum) Mean 123 

Resilient 
Modulus Resilient After Modulus Freeze-Thaw Ratio 

psi x 103 Freeze-Thaw 

252 l. 35 
241 l. 26 
249 1.25 
247 l. 28 

240 1.22 
204 0.86 
250 1.20 
231 1.08 

139 1 .14 
161 l. 56 
167 1.15 
156 1. 27 

Resilient 
Modulus 

Before 
Soak 

psi x 103 

190 
193 
174 
186 

207 
228 
191 
209 

Resilient 
Modulus 
After 
Soak 

psi x 103 

346 
352 
335 
344 

441 
461 
312 
405 

Resilient 
Modulus 
Ratio 
Soak 

l. 82 
1.82 
l. 93 
1.85 

2. 13 
2.02 
1.63 
1. 94 

....... 
w 
(J1 



Table B7. Tensile Strength Data for Individual Field Mixed and 
Laboratory Compacted Specimens Before and After Freeze
Thaw. 

Tensile Tensile 
Strength Strength Tensile 

Sample Before After Strength 
Sample I. D. No. Freeze-Thaw Freeze-Thaw Ratio 

Control 1 80 73 0.91 
No Lime 2 88 90 1. 02 

3 81 86 1. 06 
(Batch) He an 83 83 1. 00 

Dry Lime 1 78 90 l. 15 
Pugmill 2 74 85 1. 15 

3 80 93 1.16 
(Batch) Mean 77 89 1. 16 

Slurry 1 89 127 1. 43 
Tota 1 Aggr. 2 103 137 1. 33 

2 day in Stockpile 3 107 138 1.29 
(Batch) Mean 100 134 1. 34 

Control 1 108 69 0.64 
No Lime 2 103 88 0.85 

3 100 87 0.87 
(Drum) Mean 104 81 0.78 

Dry Lime 1 78 94 1. 21 
Cold Feed Belt 2 80 103 1.29 

3 88 112 1.27 
(Drum) Mean 82 103 1.26 

Dry Lime 1 94 69 0.73 
Center of Drum 2 82 56 0.68 
Thru Fines Feeder 3 84 64 0.76 

(Drum) Mean 87 63 0. 72 

Slurry 1 82 91 1.11 
Field Sand 2 83 103 1.24 

Cold Feed Belt 3 93 120 1.29 
(Drum) Mean 86 105 l. 22 

136 
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Table 87; (Continued). 

Tensile Tensile 
Strength Strength Tensile 

Sample Before After Strength 
Sample I. D. No. Freeze-Thaw Freeze-Thaw Ratio 

Slurry 1 98 102 1. 04 
Total Aggr. 2 96 99 1.03 

30 day in Stockpile 3 99 110 1.11 
(Drum) Mean 98 104 1.06 
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Table 87. (Continued). 

Tensile Tensile 
Strength Strength Tensile 

Sample Before After Strength 
Sample I. D. No. Freeze-Thaw Freeze-Thaw Ratio 

Slurry l 96 127 1. 32 
Washed Sand 2 89 107 1.20 

Cold Feed Belt 3 103 130 1.26 
(Drum) Mean 96 121 1. 26 

Slurry l 85 104 1.22 
Pea Gravel 2 83 94 1.13 

Cold Feed Belt 3 74 110 1.49 
(Drum) Mean 81 103 1.27 

Slurry 1 78 97 1.24 
Total Aggr. 2 79 96 1.22 

Cold Feed Belt 3 82 110 1.34 
(Drum) Mean 80 l 01 1.26 

Slurry 1 82 100 1.22 
Field Sand 2 85 93 1.05 

2 day in Stockpile 3 87 110 1.26 
(Drum) Mean 85 101 1.19 

Slurry l 85 100 1.18 
Washed Sand 2 84 107 1.27 

2 day in Stockpile 3 93 120 1.29 
(Drum) Mean 87 109 1.25 

Slurry l 94 123 l. 31 
Pea Gravel 2 87 117 1. 34 

2 day in Stockpile 3 84 117 1. 39 
(Drum) Mean 88 119 l. 35 

Slurry l 96 120 1.25 
Tota 1 Aggr. 2 92 123 l. 34 

2 day in Stockpile 3 87 126 1.45 
(Drum) Mean 92 123 l. 34 



Table B8. Hveem and Marshall Stability Data for Individual Field Mixes and Laboratory Compacted 
Specimens Before and After 7-day Soak. 

Hveem Hveem Hveem Marsha 11 Marshall Marshall 
Stability Stabi1 ity Stabi1 ity Stability Stability Stability 
Before After Ratio Before After Ratio 

Sample 7-day Soak 7-day Soak 7-day Soak 7-day Soak, 7-day Soak, 7-day Soak 
Sample I.D. No. lbs l bs 

Control 1 16 20 l. 25 105 225 2. 14 
No Lime 2 13 18 1. 38 109 226 2.07 

3 13 17 l. 31 114 226 l. 98 
(Batch) Mean 14 18 l. 29 109 226 2.07 

Dry Lime l l1 22 2.00 124 235 l. 90 
Pugmi11 2 12 21 1. 75 101 222 2.20 

3 l3 23 1.77 115 223 1. 94 
(Batch) Mean 12 22 l. 83 113 227 2. 01 

Slurry 1 13 18 1. 38 212 406 1. 92 
Total Aggr. 2 13 18 1. 38 221 414 1.87 

2 day in Stockpile 3 13 18 1. 38 236 425 l. 80 
(Batch) Mean 13 18 l. 38 223 415 l. 86 

Control l 15 20 l. 33 157 413 2.63 
No Lime 2 15 18 l. 20 182 363 l. 99 

3 15 20 1. 33 193 436 2.26 
(Drum) Mean 15 19 l. 27 177 404 2. 28 

....... 
w 
(.!) 



Table B8. (Continued). 

Hveem Hveem Hveem Marshall Marshall Marshall 
Stabi 1 ity Stability Stabi 1 ity Stability Stability Stability 

Before After Ratio Before After Ratio 
Sample 7-day Soak 7-day Soak 7-day Soak 7-day Soak, 7-day Soak, 7-day Soak 

Sample I.D. No. 1 bs 1 bs 

Dry Lime 1 14 18 1.29 130 329 2.53 
Cold Feed Belt 2 13 17 1. 31 170 309 1.82 

3 13 17 1. 31 184 321 1. 74 
(Drum) Mean 13 17 1. 31 161 320 1. 99 

Dry Lime 1 16 19 1. 19 135 371 2.75 
Center of Drum 2 14 18 1. 29 155 298 1. 92 
thru Fines Feeder 3 16 19 1. 19 140 315 2.25 

(Drum) Mean 15 19 1.22 143 328 2.29 

Slurry 1 15 20 l. 33 147 405 2.76 
Field Sand 2 14 20 1. 43 169 327 1. 93 
Co 1 d Feed Belt 3 14 20 1.43 143 234 1.64 

(Drum) t~ean 14 20 l. 43 153 322 2Jl0 

Slurry 1 15 20 1. 33 190 381 2. 01 
Washed Sand 2 17 20 l. 18 219 363 1.66 
Cold Feed Belt 3 15 17 l. 13 240 441 1.84 

(Drum) Mean 16 19 1. 19 216 395 1.83 

..... 
+=-
0 



Table BEL (Continued). 

Hveem Hveem Hveem Marsha 11 Marshall Marsha 11 
Stability Stability Stability Stability Stability Stability 
Before After Ratio Before After Ratio 

Sample 7-day Soak 7-day Soak 7-day Soak 7-day Soak, 7-day Soak, 7-day Soak 
Sample I. D. No. 1 bs 1 bs 

Slurry l 15 18 1.20 137 386 2. 82 
Pea Gravel 2 13 15 1. 15 181 324 l. 79 

Cold Feed Belt 3 13 17 1. 31 162 331 2.04 
(Drum) Mean 14 17 1. 21 160 347 2. 17 

Slurry 1 10 10 1. 00 262 552 2.11 
Total Aggr. 2 7 8 1.14 270 615 2.28 

Cold Feed Belt 3 9 11 1. 22 287 547 1. 91 
(Drum) t~ean 9 10 1.11 273 571 2.09 

Slurry 1 14 17 1.21 171 414 .2.42 
Field Sand 2 13 17 1. 31 176 367 2.09 

2 day in Stockpile 3 15 17 1. 13 221 409 l. 85 
(Drum) Mean 14 17 1. 21 189 443 2.34 

Slurry 1 13 17 1. 31 148 295 1. 99 
Washed Sand 2 13 18 1. 38 166 306 1. 84 

2 day in Stockpile 3 15 18 1.20 183 264 1.44 
(Drum) Mean 14 18 1.29 166 288 1. 73 

-

....... 
+::-
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Table B8. {Continued). 

Hveem Hveem 
Stability Stability 
Before After 

Sample 7-day Soak 7-day Soak 
Sample I.D. No. 

Slurry 1 13 16 
Pea Gravel 2 13 17 

2 day in Stockpile 3 13 17 
(Drum) Mean 13 17 

Slurry 1 13 19 
Total Aggr. 2 13 17 

2 day in Stockpile 3 13 16 
(Drum) Mean 13 17 

Slurry 1 14 --
Total Aggr. 2 14 --

30 day in Stockpile 3 13 --
Mean 14 --

Hveem Marshall 
Stability Stability 

Ratio Before 
7-day Soak 7-day Soak, 

1 bs 

1.23 205 
1. 31 176 
1. 31 203 
1. 31 195 

1.46 256 
1. 31 248 
1. 23 263 
1. 31 256 

-- 175 
-- 196 
-- 150 

-- 174 

Marsha 11 
Stability 

After 
7-day Soak, 

1 bs 

431 
335 
384 
383 

446 
439 
334 
406 

622 
458 
432 
504 

Marshall 
Stabi 1 ity 

Ratio 
7-day Soak 

2.10 
1. 90 
1.89 
1. 96 

1. 74 
1.77 
1.27 
1. 59 

3.55 
2.34 
2.88 
2.90 

...... 
+:>. 
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Appendix C 

Data from Tests on Field Mixed/Field 
Compacted Paving Mixtures (Pavement Cores) 
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Table Cl. Overall Average Air Void Content of Pavement Cores. 

Type 
of 

Plant 

Batch 
Plant 

Drum 
MiX 
Plant 

Method of Adding Lime 

Control (No Lime) 

Dry Lime in. Pugmill 

Over a 11 
Average 

Air Voids, 
Percent 

4.1 

3.4 

Slurry on Total Aggregate + 2da in Stockpile 3.0 

Control (No Lime) 3.8 

Dry Lime on Cold Feed Belt 4.8 

Dry Lime at Center of Drum thru Fines Feeder 4.9 

Slurry on Field Sand at Cold Feed Belt 2.3 

Slurry on Washed Sand at Cold Feed Belt 

Slurry in Pea Gravel at Cold Feed Belt 

Slurry on Total Aggr. at Cold Reed Belt 

Slurry on Field Sand + 2da in Stockpile 

Slurry on Washed Sand + 2da in Stockpile 

Slurry on Pea Gravel + 2da in Stockpile 

Slurry on Total Aggr. + 2da in Stockpile 

Slurry on Total Aggr. + 30da in Stockpile 

2.3 

4.5 

5.6 

2.3 

4.5 

3.0 

2.7 

4.2 
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Table C2. Average Values of Resilient Modulus of Pavement Cores Before and After Treat
ment with Moisture. 

Type Resilient Modulus, psi x 103 

of Method of Adding Lime 
7JOF, after 77°F, after Batch 

-l0°F 33°F 6B°F 104°F 7JOF Freeze-Thaw 7-Day Soak 

Control (No Lirne) 2,720 1,970 480 37 340 340 340 

Dry Lime in Pugmi 11 2,860 1, 770 490 34 350 390 360 

Slurry on Total Aggregate + 2da in Stockpile 3,080 1,740 450 29 320 200 380 

Control (No Lime) 2,170 1,820 490 38 290 280 310 

Dry Lime on Co 1 d Feed Belt 2,380 1,870 330 26 220 300 310 

Dry Lime at Center of Drum thru Fines Feeder "1,800 1,770 480 32 300 320 350 

Slurry on Field Sand at Cold Feed Belt 2,560 1,580 580 40 440 370 390 

Slurry on Washed Sand at Cold Feed Belt 2,410 1,600 400 40 430 450 400 
Drum 
Mix Slurry on Pea Gravel at Cold Feed Belt 2,860 1,690 400 28 320 290 380 
Plant 

Slurry on Total Aggr. at Cold Feed Belt 2,780 1,850 430 30 340 330 410 

Slurry on Field Sand + 2da in Stockpile 3,030 1,810 550 41 400 430 370 

Slurry on Washed Sand + 2da in Stockpile 2,910 1 ,610 550 36 330 350 400 

Slurry on Pea Gravel + 2da in Stockpile 3,330 1. 710 470 36 330 400 390 

Slurry on Total Aggr. + 2da in Stockpile 2,470 1, 750 480 34 300 290 470 

Slurry on Total Aggr. + 30da in Stockpile 2,390 1,740 350 23 210 260 260 

...... 

.p. 
(J"1 



Table C3. Summary of Data from Splitting Tensile Test at 77°F of Pavement Cores Before and 
After Lottman Moisture Treatment. 

Type 
Original After Freeze-Thaw 

of Method of Adding Lime Stress, Strain, Modulus, Stress, Strain, Modulus, Batch psi in/in psi psi in/in psi 

Control (No Lime) 120 0.010 11.700 165 0.011 14,800 
Batch 

Dry Lime in Pugmi ll 129 0.011 12,200 192 0.010 18,700 Plant 

Slurry on Total Aggregate + 2da in Stockpile 138 0.014 l 0. l 00 150 0.011 13,300 

Control (No Lime) 136 0.012 11 ,800 159 0.012 13,000 

Dry Lime on Cold Feed Belt 102 0.013 7,900 145 0.014 10,500 

Dry Lime at Center of Drum thru Fines Feeder 126 0.014 9,100 125 0.011 11 ,400 

Slurry on Field Sand at Cold Feed Belt 148 0.009 16,300 180 0.011 15,800 

Slurry on Washed Sand at Cold Feed Belt 134 0.011 12,300 196 0.011 17,400 Drum 
~~i X Slurry on Pea Gravel at Cold Feed Belt 127 0.012 10,500 151 0.011 13,800 Plant 

Slurry on Total Aggr. at Cold Feed Belt 111 0.013 8,900 140 0.012 11,400 

Slurry on Field Sand+ 2da in Stockpile 158 0.011 13,900 188 0.011 16,700 

Slurry on Washed Sand + 2da in Stockpile 141 0.011 12,100 159 0.013 12,000 

Slurry on Pea Gravel + 2da in Stockpile 132 0.011 12,300 174 0.011 15,100 

Slurry on Total Aggr. + 2da in Stockpile 122 0. 011 10,800 159 0.011 15,000 
--

Slurry on Total Aggr. + 30da in Stockpile 85 0.05 5,600 127 0.011 11 , BOO 

I-' 
-+o> 
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Table C4. Average Values of Stability of Pavement Cm-es Before and Aftet' Vacuum Saturation 
and 7-day Soak. 

Type Condition Marshall Marshall of of Stability, Flow Hveem Batch Method of Adding Lime Specimens 1 bs. 0.01 inch Stability 

Control (No Lime) Before 536 12 39 
After 996 27 

Batch 
Dry Lime in Pugmill Before 543 11 32 Plant 

After 831 14 22 
Slurry on Total Aggr. + 2da in Stockpile Before 573 16 19 

After 947 18 13 

Control (No Lime) Before 533 14 30 
After 792 16 21 

Dry Lime on Cold Feed Belt Before 352 15 19 
After 502 15 10 

Dry Lime at Center of D~-wn thru Fines Feeder Before 465 13 28 
After 704 15 26 

Drum 
~1i X 

Slurry on Field Sand at Cold Feed Belt Before 458 11 32 Plant 
After 946 15 26 

Slurry on Washed Sand at Cold Feed Belt Before 628 11 31 
After 907 15 23 

Slurry on Pea Gravel at Cold Feed Belt Before 482 11 24 
After 629 16 20 

Slurry on Total A(JC]r. at Cold Feed Belt Before 426 13 20 
After 761 17 19 ........ 

+:>o 
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Table C4. Continued. 

Type Condition Marsha 11 
of of Stability 

Batch Method of Adding Lime Specimens lbs. 

Slurry on Field Sand + 2da in Stockpile Before 578 
After 796 

Slurry on Washed Sanq + 2da in Stockpile Before 398 
After 471 

Slurry on Pea Gravel + 2da in Stockpile Before 449 
After 650 

Slurry on Total Aggr. + 2da in Stockpile Before 605 
After 750 

--·-·------·------------------· -

Slurry on Total Aggr. + 30da in Stockpile Before 374 
After 520 

·---~-- ~------------------ ---~~~-- ~·~ 

Marshall 
Flow 

0.01 inch 

11 
13 

13 
15 

13 
16 

17 
20 

-

16 
16 

Hveem 
Stability 

31 
22 

28 
20 

29 
18 

17 
12 

25 
19 

' 

.. -

....... 
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Table C5. Ratios Before and After Moisture Treatment for Pavement Cores. 

Tensile Marshall Marshall 
Strength Stability Flow 

Resilient Modulus Ratio Ratio Ratio Ratio 
Type Method of Adding Lime 
of Freeze- 7-day Freeze- 7-day 7-day 

Plant Thaw soak Thaw soak soak 

Control (No Lime) l. 01 l. Ol l. 38 l. 86 l. 20 
Batch Dry Lime in Pugmi ll 1.11 l. 01 1.49 l. 53 l. 32 
Plant Slurry on Total Aggregate + 

2-days in Stockpile 0.95 l. 17 1.09 l. 65 l. 14 

Control (No Lime) 0.96 1.06 l. 17 l. 49 1.08 
Dry Lime on Cold Feed Belt l. 36 l. 37 l. 42 l. 43 1.00 
Dry L irne @ Center of Drum l. 09 l. 19 1.00 l. 51 l. 14 

1----

Slurry on Field Sand @ 
Cold Feed Belt 0.85 0.89 l. 19 2.07 l. 42 

Slurry on Washed Sand @ 
Cold Feed Belt 1. 03 0.94 l. 46 l. 44 l. 41 

Drum Slurry on Pea Gravel @ 
Mix Cold Feed Belt 0.90 1. 18 1. 20 l. 30 l. 56 

Plant Slurry on Total Aggregate @ 
Cold Feed Belt 0.99 l. 21 l. 26 l. ]g l. 38 

-
Slurry on Field Sand+ 2-days 

in Stockpile l. 05 0.92 l. 19 l. 38 1.25 
Slurry on Washed Sand + 2-days 

in Stockpile 1.09 1. 22 1.12 1.18 l.ll 
Slurry on Pea Gravel + 2-days 

in Stockpile l. 22 1.17 l. 32 l. 45 l. 18 
Slurry on Total Aggr + 2-days 

in Stockpile 0.96 l. 57 l. 31 l. 24 1.20 
---------~------------- - --

Slurry on Total Aggr + 30-days 
in Stockpile l. 22 l. 22 l. 48 l. 39 0.99 

Hveem I 
Stability • 

Ratio ! 

7-day 
soak 

0.68 
0.69 

0.67 

0. 7l 
0.54 
0.90 

0.81 

0.75 

0.84 

0.95 

0. 72 

0. 70 

0.62 

0.69 

0. 77 
1-' 
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Table C6. Resilient Modulus Data for Field Cores Before and After Moisture Treatment. 

Resilient Resilient Resilient Resilient 
Modulus Modulus Resilient Modulus Modulus Resilient Before After Modulus Before After Modulus 

Sample Freeze-Thaw Freeze-Thaw Ratio Soak Soak Ratio 
Sample J.D. No. psi x 103 psi x 103 Freeze-Thaw psi x 103 psi x 103 Soak 

Control 1 369 348 0.94 332 351 1.05 
No Lime 2 397 356 0.90 354 346 0.98 

3 336 323 0.96 394 331 0.84 
(Batch) Mean 367 342 0.93 360 343 0.95 

Dry-Lime 1 333 384 l. 15 357 421 l. 18 
Pugmi11 2 383 400 1.04 383 359 0.94 

3 357 393 l. 10 331 295 0.89 
(Batch) Mean 358 392 1.09 357 358 1.00 

Slurry 1 380 333 0.88 347 404 l. 16 
Total Aggr. 2 282 259 0.92 269 

2 day in Stockpile 3 320 317 0.99 319 345 1.08 
(Batch) Mean 327 303 0.93 333 375 1.13 

Control 1 271 247 0.91 291 305 1.05 
No Lime 2 322 307 0.95 261 294 1.13 

3 298 276 0.93 304 322 1.06 
(Drum) Mean 297 277 0.93 285 307 1.08 

~ 
0'1 
0 



Table C6. (Continued). 

Resilient Resilient Resilient Resilient 
Modulus Modulus Res i1 ient Modulus Modulus Resilient 

Before After Modulus Before After Modulus 
Sample Freeze-Thaw Freeze-Thaw Ratio Soak Soak Ratio 

Sample I.D. No. psi x 103 psi x 103 Freeze-Thaw psi x 103 psi x 103 Soak 

Dry Lime l 245 319 l. 30 225 333 l. 48 
Cold Feed Belt 2 226 302 l. 34 237 303 1.28 

3 210 287 l. 37 201 278 1. 38 
(Drum) Mean 227 303 l. 33 221 305 1. 38 

Dry Lime 1 284 322 1.13 281 394 1.40 
Center of Drum 2 351 369 1. 05 340 378 1.11 

thru Fines Feeder 3 265 278 1.05 251 289 1.15 
(Drum) Mean 300 323 1.08 291 354 1.22 

Slurry 1 434 395 0.91 434 389 0.90 
Field Sand 2 395 365 0.92 394 365 0.93 

Col d Feed Belt 3 486 361 0.74 482 422 0.88 
(Drum) Mean 438 374 0.85 437 392 0.90 

Slurry 1 488 424 0.87 472 411 0.87 
Washed Sand 2 378 447 1.18 368 400 1.09 

Cold Feed Belt 3 457 466 1.02 441 402 0.91 

(Drum) Mean 441 446 l. 01 427 404 0.95 

...... 
(]l ...... 



Table C6. (Continued). 

Resilient Resilient Resilient Resilient 
Modulus Modulus Resilient Modulus Modulus Resilient Before After . Nodulus Before After Modulus 

Sample Freeze-Thaw Freeze-Thaw Ratio Soak Soak Ratio 
Sarnp 1 e I. D. No. psi x 103 psi x 103 Freeze-Thaw psi x 103 psi x 103 Soak 

------

Slurry 1 332 305 0.92 294 370 l. 26 
Pea Gravel 2 294 244 0.83 326 394 l. 21 

Cold Feed Belt 3 368 306 0.83 356 361 l. 01 
(Drum) Mean 331 285 0.86 325 375 l. 15 

Slurry 1 360 369 1.03 261 302 1.16 
Tota 1 Aggr. 2 408 358 0.88 341 443 1. 30 

Cold Feed Belt 3 268 271 1. 01 400 480 1.20 
(Drum) Mean 345 333 0.97 334 408 1. 22 

Slurry 1 409 415 1. 01 407 393 0.97 
Field Sand 2 422 456 1. 08 370 350 0.95 

2 day in Stockpile 3 380 403 1.06 420 365 0.87 
(Drum) Mean 404 425 l. 05 399 369 0.92 

Slurry 1 310 323 1. 04 345 423 1.23 
\~Jashed Sand 2 325 355 1.09 315 370 1. 17 

2 day in Stockpile 3 354 380 l. 07 306 
(Drum) Mean 330 353 1.07 330 397 1.20 

t-' 
01 
N 



Table C6. (Continued). 

Res i1 i ent Resilient 
t~odulus r~odulus 
Before After 

Sample Freeze-Thaw Freeze-Thaw 
Sample I.D. No. psi x 103 psi x 103 

Slurry 1 371 410 
Pea Gravel 2 337 423 

2 day in Stockpile 3 300 373 
(Drum) ~lean 336 402 

Slurry 1 261 285 
Total Aggr. 2 310 284 

2 day in Stockpile 3 348 302 
(Drum) Mean 306 290 

Slurry 1 220 242 
Total Aggr. 2 242 289 

30 da. in Stockpile 3 182 239 

(Drum) Mean 215 257 

Resilient 

Resilient 
Modulus 

Modulus Before 
Ratio Soak 

Freeze-Thaw psi x 103 

1.11 299 
1.26 357 
l. 24 331 
1. 20 329 

1.09 332 
0.92 298 
0.87 259 
0.95 296 

1.10 180 
l. 19 213 
l. 31 225 
1.20 206 

Resilient 
Modulus 
After 
Soak 

psi x 103 

375 
388 
397 
387 

506 
481 
436 
474 

217 
260 
291 
256 

Res i1 i ent 
Modulus 

Ratio 
Soak 

1.25 
1.09 
1. 20 
l. 18 

1.52 
1.61 
1.68 
1.60 

l. 21 
1.22 
1. 29 
1.24 

I-' 
01 
w 



Table C7. Tensile Strength Data for Field Cores Before and 
After Freeze-Thaw. 

Tensile Tensile 
Strength Strength 

Sample Before After 
Sample I. D. No. Freeze-Thaw Freeze-Thaw 

Control l 119 168 
No Lime 2 132 169 

3 109 157 

(Batch) Mean 120 165 

Dry Lime l 138 184 
Pugmill 2 124 194 

3 125 198 

(Batch) Mean 129 192 

Slurry 1 141 156 
Total Aggr. 2 131 148 

2 day in Stockpile 3 141 147 

(Batch) Mean 138 150 

Control 1 131 158 
No Lime 2 124 155 

3 152 165 

(Drum) Mean 136 159 

Dry Lime 1 111 145 
Cold Feed Belt 2 112 163 

3 82 127 

(Drum) Mean 102 145 

Dry Lime 1 132 112 
Center of Drum 2 119 152 
Thru Fines Feeder 3 145 110 

(Drum) Mean 132 125 

Slurry 1 154 204 
Field Sand 2 146 155 

Cold Feed Belt 3 145 17L 
(Drum) Mean 148 177 

154 

Tensile 
Strength 

Ratio 

1. 41 
1.28 
1.44 

1. 38 

1. 33 
1.56 
1.58 

1.49 

1.11 
1.13 
1.04 

1.09 

1. 21 
1.25 
1.09 

1.17 

l. 31 
1.45 
1.55 

1.38 

0. 85 
1.28 
0.76 

0.95 

l. 32 
1.06 
1.18 

1.20 
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Table C7. (Continued). 

Tensile Tensile 
Strength Strength Tensile 

Sample Before After Strength 
Sample I.D. No. Freeze-Thaw Freeze-Thaw Ratio 

Slurry 1 149 202 1.36 
Washed Sand 2 121 199 1.64 

Cold Feed Belt 3 132 187 1.42 
(Drum) Mean 134 196 1.46 

Slurry 1 81 147 l. 81 
Pea Gravel 2 123 142 1.15 

Cold Feed Belt 3 130 165 1. 27 
(Drum) Mean 111 151 1.36 

Slurry 1 127 152 1. 20 
Total Aggr. 2 96 146 1.52 

Cold Feed Belt 3 109 122 1.12 
(Drum) Mean 111 140 1. 26 

Slurry 1 160 190 1.19 
Field Sand 2 160 184 1. 15 

2 day in Stockpile 3 154 191 1.24 
(Drum) Mean 158 188 l. 19 

Slurry 1 157 149 0.95 
Washed Sand 2 140 160 1.14 

2 day in Stockpile 3 127 167 1. 31 
(Drum) Mean 141 159 l. 13 

Slurry 1 117 175 1.50 
Pea Gravel 2 147 172 1.17 

2 day in Stockpile 3 175 
(Drum) Mean 132 174 1. 32 

S1 urry 1 130 175 1. 35 
Total Aggr. 2 133 149 1.12 

2 day in Stockpile 3 103 153 1.49 
(Drum) Mean 122 159 1. 30 
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Table C7. (Continued). 

Tensile Tensile 
Strength Strength Tensile 

Sample Before After Strength 
Sample I.D. No. Freeze-Thaw Freeze-Thaw Ratio 

S1 urry 1 73 132 1.81 
Total Aggr. 2 88 141 1.60 

30 da. in Stockpile 3 94 107 1.14 
(Drum) Mean 85 127 1.49 



Tab 1 e C8. Hveem and Marsha 11 Stability Data for Field Cores Before and After 7-day Soak. 

Hveem Hveem Hveem Marshall Marsha 11 
Stability Stability Stabi 1 ity Stability Stability 

Sample Before After Ratio Before After 
Sample 1.0. No. 7-day Soak 7-day Soak 7-day Soak 7-day Soak 7-day Soak 

Control 1 32 26 0. 81 579 1030 
No Lime 2 43 27 0.63 536 943 

3 43 27 0.63 493 1014 
(Batch) Mean 39 27 0.69 536 996 

Dry Lime 1 29 24 0.83 581 892 
Pugmil1 2 36 23 0.64 618 823 

3 31 20 0.65 429 779 
(Batch) Mean 32 22 0.69 543 831 

Slurry 1 21 15 0. 71 500 960 
Tota 1 Aggr. 2 18 11 0.61 514 934 

2 day Stockpile 3 -- -- -- 704 
(Batch) Mean 20 13 0.65 507 947 

Control 1 31 21 0.68 472 811 
No Lime 2 29 20 0.69 558 661 

3 29 22 0.76 568 903 
(Drum) Mean 30 21 0.70 533 792 

Marshall 
Stability 

Ratio 
7-day·soak 

1. 78 
1. 76 
2.06 
1.86 

l. 53 
1. 33 
1.82 
1. 53 

1. 92 
1.82 

1. 87 

1.72 
l. 18 
1.59 
1.49 

1--' 
01 
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Table C8. (Continued). 

Hveem Hveem 
Stabi 1 ity Stability 

Sample Before After 
Sample I.D. No. 7-day Soak 7-day Soak 

Dry Lime 1 19 19 
Cold Feed Belt 2 19 8 

3 -- --
(Drum) Mean 19 14 

Dry Lime 1 30 25 
Center of Drum 2 30 28 
Thru Fines Feeder 3 24 24 

(Drum) Mean 28 26 

Slurry 1 31 32 
Field Sand 2 31 23 

Cold Feed Belt 3 35 24 
(Drum) Mean 32 26 

Slurry l 31 25 
Washed Sand 2 32 21 

Cold Feed Belt 3 29 23 
(Drum) Mean 31 23 

Hveem Marshall 
Stability Stability 

Ratio Before 
7-day Soak 7-day Soak 

1. 00 310 
0.42 377 
-- 370 

0.74 352 

0.83 463 
0.93 498 
1.00 435 
0.93 465 

1. 03 -
0.74 461 
0.69 455 
0. 81 458 

0. 81 542 
0.66 635 
0.79 707 
0.74 628 

Marsha 11 
Stability 

After 
7-day Soak 

507 
644 
333 
495 

865 
654 
621 
713 

1134 
937 
766 
852 

1020 
862 
839 
907 

Marsha 11 
Stability 

Ratio 
7-day Soak 

1.64 
1. 71 
0.90 
1. 41 

1.87 
l. 31 
1.43 
1. 53 

2.03 
1.68 
1. 86 

1.88 
1 ~36 
1.19 
1. 44 

....... 
U1 
CP 



Table C8. (Continued). 

Hveem Hveem 
Stability Stability 

Sample Before After 
Sample I. D. No. 7-day Soak 7-day Soak 

Slurry 1 22 20 
Pea Gravel 2 22 18 

Cold Feed Belt 3 28 24 
(Drum) Mean 24 21 

Slurry 1 22 20 
Total Aggr. 2 19 20 

Cold Feed Belt 3 19 17 
(Drum) Mean 20 19 

Slurry 1 33 24 
Field Sand 2 30 20 

2 day in Stockpile 3 30 22 
(Drum) Mean 31 22 

Slurry 1 30 --
Washed Sand 2 30 20 

2 day in Stockpile 3 -- --
(Drum) Mean 30 20 

Hveem Marsha 11 
Stability Stability 

Ratio Before 
7-day Soak 7-day Soak 

0.91 473 
0.82 442 
0.86 532 
0.88 482 

0.91 456 
1.05 395 
0.89 428 
0.95 426 

0.73 576 
0.67 588 
o~73 571 
0. 71 578 

-- 413 
0.67 432 

348 
0.67 423 

Marsha 11 
Stability 

After 
7-day Soak 

553 
707 
623 
628 

678 
744 
861 
761 

840 
785 
764 
796 

298 
643 

471 

Marshall 
Stability 

Ratio 
7-day Soak 

1. 17 
1.60 
1.17 
1. 30 

1.49 
1.88 
2.01 
1. 79 

1.46 
1. 34 
1. 34 
1. 38 

0. 72 
1.49 

1.11 

.._. 
lT1 
1.0 



Table C8. (Continued). 

Hveem Hveem 
Stability Stability 

Sample Before After 
Sample I.D. No. 7-day Soak 7-day Soak 

Slurry 1 29 17 
Pea Gravel 2 30 18 

2 day in Stockpile 3 27 18 
(Drum) Mean 29 18 

Slurry 1 20 16 
Total Aggr. 2 17 12 

2 day in Stockpile 3 14 8 
(Drum) Mean 17 12 

Sl un·y l 28 19 
Total Aggr. 2 22 19 

30 day in Stockpile 3 24 --
(Drum) Mean 25 19 

Hveem Marshall 
Stabi 1 ity Stabi 1 ity 

Ratio Before 
7-day Soak 7-day Soak 

0.59 -
0.60 439 
0.67 460 
0.62 450 

0.80 600 
o. 71 606 
0.57 611 

0. 71 606 

0.68 305 
0.86 455 
-- 362 

0.76 374 

Marsha 11 
Stability 

After 
7-day Soad 

709 
694 
548 
621 

757 
797 
695 
750 

583 
356 
640 
526 

Marsha 11 
Stability 

Ratio 
7-day Soak 

1.58 
1.19 
1. 38 

1.26 
1. 32 
1.14 
1.24 

l. 91 
. 0. 78 

1.77 
l. 41 

...... 
m 
0 



Appendix D 

Computer Printouts of Analysis of Variance and 
the Duncan Procedure from "Statistical Analysis 
System" (SAS) for r,1easurements of Moisture 
Susceptibility. 
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Table 01. Identification of Computer Codes for Independent Variable. 

Code 

MRRATIO 

TSRATIO 

MSRATIO 

HSRATIO 

Identification 

Resilient Modulus Ratio 

Tensile Strength Ratio 

Marshall Stability Ratio 

Hveem Stability Ratio 
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"able 02. Identification of Computer Codes Used for Treatments of 
Laboratory Mixed and Compacted Specimens. 

Code Identification 

C Control Specimens (No Lime) 

SF Si 1 i ca Flour (No Lime) 

OL Dry Lime on dry aggregate 

LA Lime added dry to asphalt cement 

ST5 Lime slurry on total aggregate 5 minutes 

SF2 Lime slurry on fine aggregate 2 days 

SC2 Lime slurry on coarse aggregate 2 days 

ST2 Lime slurry on total aggregate 2 days 

ST30 Lime slurry on total aggregate 30 days 
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Table D3. Identification of Computer Codes Used for Treatments of All 
Field Mixed Specimens. 

Code Identification 

CB Batch Plant Control (No Lime) 

DRY Dry lime in pugmill 

164 

S+2 Slurry on total aggregate + 2-day in stockpile Drum 
mix plant 

CD Control (No Lime) 

DRYCFB Dry lime on total aggregate at cold feed belt 

DRY CD Dry 1 ime at ·center of drum through fines feeder 

SFS Slurry on field sand at cold feed belt 

SWS Slurry on washed sand at co 1 d feed be 1 t 

SPG Slurry on pea gravel at cold feed belt 

STA Slurry on total aggregate at cold feed belt 

SFS+2 Slurry on field sand + 2 days in stockpile 

SWS+2 Slurry on washed sand+ 2 days in stockpile 

SPG+2 Slurry on pea grave + 2 days in stockpile 

STA+2 Slurry on total aggregate + 2 days in stockpile 

TA+30 Slurry on total aggregate + 30 days in stockpile 
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Table 04. Statistics on Resilient Modulus Ratio for laboratory Mixed and 
Compacted Specimens Before and After Freeze-Thaw. 

ANALYSIS OF VARIANCE PROCEDURE 

DEPENDENT VARIABLE: MRRATIO 

SOURCE OF SUM OF SQUARES MEAN SQUARE 

MODEL 8 0.69500000 0.08687500 

ERROR 18 o. 16886667 0.00938148 

CORRECTED TOTAL 26 0.86386667 

R-SQUARE 

0.804522 

SOURCE 

TRT 

C.V. ROOT MSE MRRATIO MEAN 

7.5409 0.09685805 1.28444444 

OF ANOVA SS F VALUE PR > F 

8 0.69500000 9.26 0.0001 

DUNCAN'S MULTIPLE RANGE TEST FOR VARIABLE: MRRATIO 
NOTE: THIS TEST CONTROLS THE TYPE I COMPARISONWISE ERROR RATE. 

NOT THE EXPERIMENTWISE ERROR RATE. 

ALPHA=0.05 DF=18 MSE=.0093815 

MEANS WITH THE SAME LETTER ARE NOT SIGNIFICANTLY DIFFERENT 

DUNCAN GROUPING 

A 
A 

B A 
B A 
B A 
B 
B C 

c 
0 c 
0 
0 
0 
0 
0 
0 
0 
0 

MEAN N TRT 

1.5233 3 ST2 

1.4700 3 ST30 

1.4667 3 SC2 

1.3367 3 SF2 

1. 2667 3 ST5 

1. 1500 3 LA 

1.1267 3 c 

1 . 1167 3 SF 

1. 1033 3 DL 

F VALUE 

9.26 

PR > F 

0.0001 
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Table 05. Statistics on Resilient Modulus Ratio for Laboratory Mixed and 
Compacted Specimens Before and After 7-day Soak. 

DEPENDENT 

SOURCE 

MODEL 

ERROR 

CORRECTED 

R-SQUARE 

0.872702 

SOURCE 

TRT 

ANALYSIS OF VARIANCE PROCEDURE 

VARIABLE: MRRATIO 

OF SUM OF SQUARES MEAN SQUARE 

8 1.23126667 0.15390833 

18 0.17960000 0.00997778 

TOTAL 26 1.41086667 

C.V. ROOT MSE MRRATIO MEAN 

7:7768 0.09988883 1.28444444 

OF ANOVA 55 F VALUE PR > F 

8 1.23126667 15.43 0.0001 

DUNCAN'S MULTIPLE RANGE TEST FOR VARIABLE: MRRATIO 
NOTE: THIS TEST CONTROLS THE TYPE I COMPARISONWISE ERROR RATE, 

NOT THE EXPERIMENTWISE ERROR RATE. 

ALPHA=0.05 DF=18 MSc=.0099778 

MEANS WITH THE SAME LETTER ARE NOT SIGNIFICANTLY DIFFERENT 

DUNCAN 

c 
c 
c 
c 
c 
c 
c 

GROUPING 

A 

B 
B 
B 
B 
B 
B 
B 
B 
B 

D 
D 
D 
0 
0 

MEAN N TRT 

1. 7667 3 ST30 

1.3800 3 SC2 

1. 3667 3 SF2 

1. 3600 3 ST2 

1. 2467 3 ST5 

1.2433 3 LA 

1. 1300 3 SF 

1.0733 3 DL 

0.9933 3 c 

F VALUE 

15.43 

PR > F 

0.0001 
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Table 06. Statistics on Tensile Strength Ratio for Laboratory Mixed 
and Compacted Specimens Before and After Freeze-Thaw. 

ANALYSIS OF VARIANCE PROCEDURE 

DEPENDENT VARIABLE: TSRATIO 

SOURCE OF SUM OF SQUARES MEAN SQUARE F VALUE 

MODEL 8 0.57447407 0.07180926 8.77 

ERROR 18 0. 14740000 0.00818889 PR > F 

CORRECTED TOTAL 26 0.72187407 0.0001 

R-SQUARE c.v. ROOT MSE TSRATIO MEAN 

0.795809 8.8301 0.09049248 1 .02481481 

SOURCE DF ANOVA 55 F VALUE PR > F 

TRT 8 0.57447407 8:77 0.0001 

DUNCAN'S MULTIPLE RANGE TEST FOR VARIABLE: TSRATIO 
NOTE: THIS TEST CONTROLS THE TYPE I COMPARISONWISE ERROR RATE, 

NOT THE EXPERIMENTWISE ERROR RATE. 

ALPHA=0.05 DF=18 MSE=.0081889 

MEANS WITH THE SAME LETTER ARE NOT SIGNIFICANTLY DIFFERENT. 

DUNCAN GROUPING MEAN N TRT 

A 1. 3100 3 SF2 
A 

B A 1.2000 3 SC2 
B 
B c 1 .0833 3 ST5 
B c 
B c D 1 .0600 3 ST30 

c 0 
E c D 0.9833 3 ST2 
E c D 
E c D 0.9600 3 LA 
E D 
E D 0.9100 3 DL 
E 
E 0.8700 3 c 
E 
E 0.8467 3 SF 
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Table 07. Statistics on Marshall Stability Ratio for Laboratory Mixed & 
Compacted Specimens Before and After 7-day Soak. 

ANALYSIS OF VARIANCE PROCEDURE 

DEPENDENT VARIABLE: MSRATIO 

SOURCE OF SUM OF SQUARES MEAN SQUARE F VALUE 

MODEL 7 0.49571667 0.07081667 1. 74 

ERROR 16 0.65186667 0.04074167 PR > F 

CORRECTED TOTAL 23 1.14758333 0.1702 

R-SQUARE c.v. ROOT MSE MSRATIO MEAN 

0.431966 12. 1289 0.20184565 1.66416667 

SOURCE OF ANOVA SS F VALUE PR > F 

TRT 7 0.49571667 1. 74 0. 1702 

DUNCAN'S MULTIPLE RANGE TEST FOR VARIABLE: MSRATIO 
NOTE: THIS TEST CONTROLS THE TYPE I COMPARISONWISE ERROR RATE. 

NOT THE EXPERIMENTWISE ERROR RATE. 

ALPHA=0.05 DF=16 MSE=.0407417 

MEANS WITH THE SAME LETTER ARE NOT SIGNIFICANTLY DIFFERENT. 

DUNCAN GROUPING MEAN N TRT 

A 1. 8400 3 ST2 
A 

B A 1. 7933 3 SC2 
B A 
B A 1. 7433 3 LA 
B A 
B A 1.7367 3 SF2 
B A 
B A 1.7233 3 SF 
B A 
B A 1. 5733 3 ST5 
B A 
B A 1.4967 3 OL 
B 
B 1. 4067 3 ST30 
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Table 08. Statistics on Hveem Stability Ratio for Laboratory Mixed and 
Compacted Specimens Before and After 7-day Soak. 

ANALYSIS OF VARIANCE PROCEDURE 

DEPENDENT VARIABLE: HSRATIO 

SOUR<;E OF SUM OF SQUARES MEAN SQUARE F VALUE 

MODEL 8 0.16171852 0.02021481 1. 77 

ERROR 18 0.20586667 0.01143704 PR > F 

CORRECTED TOTAL 26 0.36758519 0. 1503 

R-SQUARE c.v. ROOT MSE HSRATIO MEAN 

0.439948 8.2312 0. 10694408 1.29925926 

SOURCE OF ANOVA SS F VALUE PR > F 

TRT 8 o. 16171852 1. 77 0. 1503 

DUNCAN'S MULTIPLE RANGE TEST FOR VARIABLE: HSRATIO 
NOTE: THIS TEST CONTROLS THE TYPE I COMPARISONWISE ERROR RATE, 

NOT THE EXPERIMENTWISE ERROR RATE. 

ALPHA=0.05 DF=18 MSE=0.011437 

MEANS WITH THE SAME LETTER ARE NOT SIGNIFICANTLY DIFFERENT. 

DUNCAN GROUPING MEAN N TRT 

A 1.4133 3 SF2 
A 
A 1. 3933 3 SC2 
A 

B A 1.3533 3 ST30 
B A 
B A 1.3367 3 c 
B A 
B A 1. 2967 3 ST2 
B A 
B A 1. 2800 3 LA 
B A 
B A 1.2333 3 SF 
B A 
B A 1.2100 3 ST5 
B 
B 1. 1767 3 DL 
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Table 09. Statistics on Resilient Modulus Ratio for Field Mixed/Lab 
Compacted Specimens Before and After Freeze-Thaw. 

DEPENDENT 

SOURCE 

MODEL 

ERROR 

CORRECTED 

R-SQUARE 

0.665678 

SOURCE 

TRT 

ANALYSIS OF VARIANCE PROCEDURE 

VARIABLE: MRRATIO 

OF SUM OF SQUARES MEAN SQUARE 

14 0.86889621 0.06206402 

29 0.43638333 0.01504770 

TOTAL 43 1.30527955 

c.v. ROOT MSE MRRATIO MEAN 

11.1587 0. 12266907 1.09931818 

OF ANOVA SS F VALUE PR > F 

14 0.86889621 4. 12 0.0006 

DUNCAN'S MULTIPLE RANGE TEST FOR VARIABLE: MRRATIO 

ALPHA 2 0.05 DF=29 MSE=.0150477 

WARNING: CELL SIZES ARE NOT EQUAL. 
HARMONIC MEAN OF CELL SIZES=2.90323 

MEANS WITH THE SAME LETTER ARE NOT SIGNIFICANTLY DIFFERENT. 

DUNCAN 

B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
8 
B 
8 
8 
8 
8 
B 

GROUPING 

A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 

c 
c 
c 
c 
c 
c 
c 
c 
c 

MEAN 

1.3233 

1. 2867 

1.2833 

1 . 1867 

1.1533 

1 . 1233 

1 . 1133 

1. 1000 

1. 0933 

1. 0900 

1 . 0333 

1.0000 

0.9633 

0.8250 

0.8233 

N TRT 

3 5+2 

3 SPG+2 

3 TA+30 

3 DRYCF8 

3 SPG 

3 SWS+2 

3 SFS 

3 S\115 

3 STA+2 

3 DRY 

3 SFS+2 

3 CD 

3 STA 

2 DRYCD 

3 cs 

F VALUE 

4. 12 

PR > F 

0.0006 
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~c:· ,_, 010. Statistics on Resilient Modulus Ratio_for Field Mixed/ 
Laboratory Compacted Specimens Before and After 7-day Soak. 

ANALYSIS OF VARIANCE PROCEDURE 

:'NOENT VARIABLE: MRRATIO 

-1CE DF SUM OF SQUARES MEAN SQUARE F VALUE 

,:L 13 2.49985714 0. 19229670 10.01 

. :R 28 0.53773333 0.01920476 PR > F 

·.::ECTED TOTAL 41 3.03759048 0.0001 

!UARE c.v. ROOT MSE MRRATIO MEAN 

:2974 7.8910 0. 13858125 1.75619048 

;~cE OF A NOVA ss F VALUE PR > F 

13 2.49985714 10.01 0.0001 

DUNCAN'S MULTIPLE RANGE lEST FOR VARIABLE: MRRATIO 
NOTE·: THIS TEST CONTROLS THE TYPE I COMPARISONWISE ERROR RATE, 

NOT THE EXPERIMENTWISE ERROR RATE. 

ALPHA=0.05 DF=28 MSE=.0192048 

MEANS WITH THE SAME LETTER ARE NOT SIGNIFICANTLY DIFFERENT. 

DUNCAN GROUPING MEAN N TRT 

A 2.2600 3 STA 
A 
A 2. 1633 3 DRYCF8 

8 1.9267 3 STA+2 
8 
8 1.9067 3 S+2 
8 

c 8 1. 8567 3 SPG 
c 8 
c B 1.8567 3 SPG+2 
c B 
c B D 1.7033 3 SFS+2 
c B D 
c 8 D 1. 6900 3 sws 
c D 
c D 1. 6367 3 CD 
c D 
c E D 1.6267 3 SFS 

E D 
E D 1.5533 3 CB 
E D 
E D 1.5400 3 DRY 
E D 
E D 1.4933 3 SWS+2 
E 
E 1.3733 3 DRY CD 
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Table 011. Statistics on Tensile Strength Ratio for Field Mixed/Lab 
Compacted Specimens Before and After Freeze-Thaw. 

ANALYSIS OF VARIANCE PROCEDURE 

DEPENDENT VARIABLE: TSRATIO 

SOURCE DF SUM OF SQUARES MEAN SQUARE F VALUE 

MODEL 14 1.58416444 0.11315460 15. 19 

ERROR 30 0.22353333 0.00745111 PR > F 

CORRECTED TOTAL 44 1.80769778 0.0001 

R-SQUARE c.v. ROOT MSE TSRATIO MEAN 

0.876344 7.4144 0.08631982 1.16422222 

SOURCE DF ANOVA SS F VALUE PR > F 

TRT 14 1.58416444 15. 19 0.0001 

DUNCAN'S MULTIPLE RANGE TEST FOR VARIABLE: TSRATIO 
NOTE: THIS TEST CONTROLS THE TYPE I COMPARISONWISE ERROR RAIE, 

NOT THE EXPERIMENTWISE ERROR RATE. 

ALPHA=0.05 DF:30 MSE:.0074511 

MEANS WITH THE SAME LETTER ARE NOT SIGNIFICANTLY DIFFERENT. 

DUNCAN GROUPING MEAN N IRT 

A 1.3500 3 S+2 
A 
A 1. 3467 3 STA+2 
A 
A 1. 3467 3 SPG+2 
A 

a A 1. 2800 3 SPG 
B A 
B A 1. 2667 3 STA 
B A 
B A 1.2600 3 sws 
B A 
B A 1. 2567 3 DRYCFB 
B A 
B A 1. 2467 3 SWS+2 
B A 
B A c 1.2133 3 SFS 
B c 
B c 1.1767 3 SFS+2 
B .c 
B c 1. 1533 3 DRY 

c 
D c 1 .0600 3 TA+30 
D 
D 0.9967 3 CB 

E 0.7867 3 CD 
E 
E 0.7233 3 DRY CD 



173 

Table 012.- Statistics on Marshall Stability Ratio for Field Mixed/ 
Laboratory Compacted Specinens Before and After 7-day Soak. 

DEPENDENT 

SOURCE 

MODEL 

ERROR 

CORRECTED 

R-SQUARE 

0.517159 

SOURCE 

TRT 

ANALYSIS OF VARIANCE PROCEDURE 

VARIABLE: 114SRATIO 

OF SUM OF SQUARES MEAN SQUARE 

14 3.89414667 0.27815333 

30 3.63573333 0.12119111 

TOTAL 44 7.52988000 

C.V. ROOT MSE MSRATIO MEAN 

16.7422 0.34812514 2.07933333 

OF ANOVA SS F VALUE PR > F 

14 3.89414667 2.30 0.0276 

DUNCAN'S MULTIPLE RANGE TEST FOR VARIABLE: MSRATIO 
NOTE: THIS TEST CONTROLS THE TYPE I COMPARISONWISE ERROR RATE, 

NOT THE EXPERIMENTWISE ERROR RATE. 

ALPHA=0.05 DF=30 MSE=0.121191 

MEANS WITH THE SAME LETTER ARE NOT SIGNIFICANTLY DIFFERENT. 

DUNCAN 

c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

GROUPING 

A 

B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 

MEAN 

2.9233 

2.3067 

2.2933 

2.2167 

2. 1200 

2. 1100 

2. 1000 

2.0633 

2.0300 

2.0133 

1. 9633 

1.8633 

1. 8367 

1. 7567 

1.5933 

N TRT 

3 TA+30 

3 DRYCD 

3 CD 

3 SPG 

3 SFS+2 

3 SFS 

3 STA 

3 CB 

3 DRYCFB 

3 DRY 

3 SPG+2 

3 S+2 

3 SWS 

3 SWS+2 

3 STA+2 

F VALUE 

2.30 

PR > F 

0.0276 
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Table 013. Statistics on Hveem Stability Ratio for Field Mixed/Laboratory 
Compacted Specimens Before and After 7-day Soak. 

ANALYSIS OF VARIANCE PROCEDURE 

DEPENDENT VARIABLE: HSRATIO 

SOURCE OF SUM OF SQUARES MEAN SQUARE F VALUE 

MODEL 13 1. 09372381 0.08413260 12.01 

ERROR 28 0. 19606667 0.00700238 PR > F 

CORRECTED TOTAL 4 1 1.28979048 0.0001 

R-SQUARE c.v. ROOT MSE HSRATIO MEAN 

0.847986 6.3578 0.08368023 1.31619048 

SOURCE OF ANOVA SS F VALUE PR > F 

TRT 13 1. 09372381 12.01 0.0001 

DUNCAN'S MULTIPLE RANGE TEST FOR VARIABLE: HSRATIO 
NOTE: THIS TEST CONTROLS THE TYPE I COMPARISONWISE ERROR RATE. 

NOT THE EXPERIMENTWISE ERROR RATE. 

ALPHA=0.05 DF=28 MSE=.0070024 

MEANS WITH THE SAME LETTER ARE NOT SIGNIFICANTLY DIFFERENT. 

DUNCAN GROUPING MEAN N TRT 

A 1.8400 3 DRY 

B 1.3967 3 SFS 
B 

c B 1.3800 3 S+2 
c B 
c B 0 1.3333 3 STA+2 
c B 0 
c B 0 1 . 3133 3 CB 
c B 0 
c B 0 1.3033 3 DRYCFB 
c B 0 
c B 0 1. 2967 3 SWS+2 
c B 0 
c B 0 1. 2867 3 CD 
c B 0 
c B 0 1.2833 3 SPG+2 
c 0 
c E 0 1.2233 3 DRY CD 
c E 0 
c E 0 1. 2200 3 SPG 

E D 
E D 1.2167 3 SFS+2 
E D 
E D 1 . 2 133 3 sws 
E 
E 1 . 1200 3 STA 
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Table 014. Statistics on Resilient Modulus Ratio for Pavement Cores 
Before and After Freeze-Thaw. 

ANALYSIS OF VARIANCE PROCEDURE 

DEPENDENT VARIABLE: MRRATIO 

SOURCE OF SUM OF SQUARES MEAN SQUARE F VALUE 

MODEL 14 0.77296444 0.05521175 9.48 

ERROR 30 o. 17480000 0.00582667 PR > F 

CORRECTED TOTAL 44 0.94776444 0.0001 

R-SQUARE c.v. ROOT MSE MRRATIO MEAN 

0.815566 7.3886 0.07633261 1 . 033111 11 

SOURCE DF ANOVA SS F VALUE PR > F 

TRT 14 0.77296444 9.48 0.0001 

DUNCAN'S MULTIPLE RANGE TEST FOR VARIABLE: MRRATIO 
NOTE: THIS TEST CONTROLS THE TYPE I COMPARISONWISE ERROR RATE. 

NOT THE EXPERIMENTWISE ERROR RATE. 

ALPHA=0.05 DF=30 MSE=.0058267 

MEANS WITH THE SAME LETTER ARE NOT SIGNIFICANTLY DIFFERENT. 

DUNCAN GROUPING MEAN N TRT 

A 1. 3367 3 DRYCFB 

B 1.2033 3 SPG+2 
8 
B 1'. 2000 3 TA+30 
B 

c B 1. 0967 3 DRY 
c B 
c B D 1. 0767 3 DRY CD 
c B D 
c E 8 D 1.0667 3 SWS+2 
c E 0 
c E D 1.0500 3 SFS+2 
c E D 
c E D 1. 0233 3 sws 
c E D 
c E F D 0.9733 3 STA 
c E F D 
c E F D 0.9600 3 STA+2 

E F D 
E F D 0.9333 3 CB 
E F 
E F 0.9300 3 CD 
E F 
E F 0.9300 3 S+2 

F 
F. 0.8600 3 SPG 
F 
F 0.8567 3 SFS 
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Table 015. Statistics on Resilient Modulus Ratio for Pavement Cores 
Before and After 7-day Soak. 

ANALYSIS OF VARIANCE PROCED~RE 

DEPENDENT VARIABLE: MRRATIO 

SOURCE 

MODEL 

ERROR 

CORRECTED 

R-SQUARE 

0.846989 

SOURCE 

TRT 

OF SUM OF SQUARES MEAN SQUARE 

14 1. 47022791 0. 10501628 

28 0.26560000 0.00948571 

TOTAL 42 1.73582791 

c.v. ROOT MSE MRRATIO MEAN 

8.5139 0.09739463 1.14395349 

DF ANOVA SS F VALUE PR > F 

14 1.47022791 11 .07 0.0001 

DUNCAN'S MULTIPLE RANGE TEST FOR VARIABLE: MRRATIO 
NOTE: THIS TEST CONTROLS THE TYPE I COMPARISONWISE ERROR RATE. 

NOT THE EXPERIMENTWISE ERROR RATE. 

ALPHA=0.05 OF=28 MSE= 0094857 

WARNING: CELL SIZES ARE NOT EQUAL. 
HARMONIC MEAN OF CELL SIZES=2.8125 

MEANS WITH THE SAME LETTER ARE NOT SIGNIFICANTLY DIFFERENT. 

DUNCAN GROUPING MEAN "J TRT 

A 1. 6033 3 STA+2 

B 1.3800 3 ORYCFB 
8 

c 8 1.2400 3 TA+30 
c 8 
c B 1.2200 3 ORYCD 
c 8 
c B 1. 2200 3 STA 
c 8 
c 8 1. 2000 2 SWS+2 
c 
c D 1. 1800 3 SPG-'-2 
c D 
c D 1. 1767 3 SPG 
c 0 
c D E 1.1200 2 5+2 
c D E 
c F D E 1 .0800 3 CD 

F D E 
F 0 E 1.0033 3 DRY 
F E 
F E 0.9567 3 CB 
F E 
F E 0.9567 3 S\1/S 
F 
F 0.9300 3 SFS+2 
F 
F 0.9033 3 SFS 

F VALUE 

11 .07 

PR > F 

0.0001 



Table 016. Statistics on Tensile Strength Ratio for Pavement (ores Before 
and After Freeze-Thaw. 

ANALYSIS OF VARIANCE PROCEDURE 

DEPENDENT VARIABLE: TSRATIO 

SOURCE 

MODEL 

ERROR 

CORRECTED 

R-SQUARE 

0.504297 

SOURCE 

TRT 

OF SUM OF SQUARES MEAN SQUAI~F 

14 1.11613788 0. 07972•1 1] 

29 1.09711667 0.03783Hi1 

TOTAL 43 2.21325455 

C.V. ROOT MSE TSRATIO MFMl 

15.0566 0. 19450349 1.291811lHl 

OF ANOVA ss F VALUE PR ' f. 

14 1.11613788 2. 11 0.01\Y~ 

DUNCAN'S MULTIPLE RANGE TEST FOR VARIABLE: TSRATIO 
NOTE: THIS TEST CONTROLS THE TYPE I COMPARISON\t/ISE ERRfHJ :-~r•. 

NOT THE EXPERIMENT\t/ISE ERROR RATE. 

ALPHA=0.05 DF=29 MSE=.0378316 

WARNING: CELL SIZES ARE NOT EQUAL. 
HARMONIC MEAN OF CELL SIZES=2.90323 

MEANS WITH THE SAME LETTER ARE NOf SIGNIFICANTL{ DIFFFr-< •,· 

DUNCAN GROUPING MEAN N TRT 

A 1. 5167 3 TA+JO 
A 
A 1.4900 3 DRY 
A 

B A 1 . 4 733 3 sws 
B A 
B A 1. 4367 3 DRYCFP-
B A 
B A 1. 4100 3 SPG 
B A 
B A 1.3767 3 CB 
B A 
B A c 1. 3350 2 SPG+:< 
B A c 
B A c 1.3200 3 STA+2 
B A c 
B A c 1. 2800 3 STA 
B A c 
B A c 1 . 1933 3 SFS-+2 
B A c 
8 A c 1. 1867 3 SF:. 
8 A c 
B A c 1. 1833 3 ~0 

8 A c 
8 A c 1. 1333 3 S<IS•;, 
B c 
B c 1.0933 3 5+2 

c 
c 0.9633 3 ~~ (T'~r~ 

;: i A Lt..:E 

. ' .... 
?:t > = 

-' ,:-!29 
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Table 017. Statistics on Marshall Stability Ratio for Pavement Cores 
Before and After 7-day Soak. 

ANALYSIS OF VARIANCE PROCEDURE 

DEPENDENT VARIABLE: MSRATIO 

SOURCE 

MODEL 

ERROR 

CORRECTED 

R-SQUARE 

0.416746 

SOURCE 

TRT 

OF SUM OF SQUARES MEAN SQUARE 

14 1. 90453618 0.13603830 

26 2.66548333 0.10251859 

TOTAL 40 4.57001951 

c.v. ROOT MSE MSRATIO MEAN 

21. 1292 0.32018524 1.51536585 

OF A NOVA ss F VALUE PR > F 

14 1.90453618 1 . 33 0. 2577 

DUNCAN'S MULTIPLE RANGE TEST FOR VAR1ABLE: MSRATIO 
NOTE: THIS TEST CONTROLS THE TYPE I COMPARISONWISE ERROR RATE. 

NOT THE EXPERIMENTWISE ERROR RATE. 

ALPHA=0.05 OF=26 MSE=O. 102519 

WARNING: CELL SIZES ARE NOT EQUAL. 
HARMONIC MEAN OF CELL SIZES=2.64706 

MEANS WITH THE SAME"LETTER ARE NOT SIGNIFICANTLY DIFFERENT. 

DUNCAN 

B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
8 
B 
B 

GROUPING 

A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 

MEAN 

1.8700 

1.8667 

1. 8550 

1.7933 

1. 5600 

1. 5367 

1.4967 

1 . 4867 

.4767 

1. 4167 

1.3850 

1.3800 

.3133 

1.2400 

1 1050 

N TRT 

2 S+2 

3 CB 

2 SFS 

3 STA 

3 DRY 

3 DRYCD 

3 CD 

3 TA+30 

3 SWS 

3 DRYCFB 

2 SPG+2 

3 SFS+2 

3 SPG 

3 STA+2 

2 SWS+2 

F VALUE 

1. 33 

PR > F 

0.2577 
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Table Dl8. Statistics on Hveem Stability Ratio for Pavement Cores Before 
and After 7-day Soak. 

ANALYSIS OF VARIANCE PROCEDURE 

DEPENDENT VARIABLE: HSRATIO 

SOURCE 

MODEL 

ERROR 

CORRECTED 

R-SQUARE 

0.490732 

SOURCE 

TRT 

OF SUM OF SQUARES MEAN SQUARE 

14 0.37124333 0.02651738 

25 0.38526667 0.01541067 

TOTAL 39 0.75651000 

C.V. ROOT MSE HSRATIO MEAN 

16.4097 0.12413971 0.75650000 

OF ANOVA SS F VALUE PR > F 

14 0.37124333 1. 72 0. 1147 

DUNCAN'S MULTIPLE RANGE TEST FOR VARIABLE: HSRATIO 
NOTE: THIS TEST CONTROLS THE TYPE I COMPARISONWISE ERROR RATE, 

NOT THE EXPERIMENTWISE ERROR RATE. 

WARNING: CELL SIZES ARE NOT EQUAL. 
HARMONIC MEAN OF CELL SIZES=2.43243 

MEANS WITH THE SAME LETTER ARE NOT SIGNIFICANTLY DIFFERENT. 

DUNCAN 

B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 

GROUPING 

A 
A 
A 
A 
A C 
A C 
A C 
A C 
A C 
A C 
A C 
A C 
A C 
A C 
A C 
A C 
A C 
A C 
A C 
A C 
A C 
A C 
.A C 

c 
c 
c 
c 
c 
c 

MEAN 

0.95000 

0.92000 

0.86333 

0.82000 

0.77000 

0.75333 

0. 71000 

0.71000 

0.71000 

0.70667 

0.69333 

0.69000 

0.67000 

0.66COO 

0.62000 

N TRf 

3 STA 

3 DRYCO 

3 SPG 

3 SFS 

2 TA+30 

3 SWS 

2 DRYCFB 

3 SFS+2 

3 co 

3 DRY 

3 STA+2 

3 CB 

SWS+2 

2 S+2 

3 S?G+2 

F VALUE 

1. 72 

PR > F 

0. 1147 
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