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PREFACE 

This is the fourth and final report issued under Research Study 2-8-69-127, 

which is being conducted at the Texas Transportation Institute in the coopera-

tive research program with the Texas Highway Department and the Federal Highway 

Administration. The first three reports are: 

"Performance Requirements of High Quality Flexible Pavements," by Douglas 
Bynum, Jr., and R. N. Traxler, Research Report 127-1, Texas Transportation 
Institute, August 1969. 

This report presents the results of an analytical determination of the per-

formance requirements for 1) normal strain or stress at thermal equilibrium, 

2) transient thermal stress, 3) shear stress, and 4) peel strength at the 

pavement-foundation interface, to maintain the structural integrity of a flexi-

ble pavement surface course. 

"A Thermoviscoelastic Characterization of an Asphaltic Concrete," by 
Douglas Bynum, Jr., Research Report 127-2, Texas Transportation Institute, 
August 197-0. 

This report covers an experimental study to determine the mechanical- be-

havior of two compacted asphaltic concrete mixtures under simple uniaxial tension 

and compression at several temperatures and several strain rates. One mixture 

was compacted at 300°F, and the other at 450°F; the results indicate the effects 

of asphalt embrittlement on uniaxial modulus and failure behavior. 

"Loss of Durability in Bituminous Pavement Surfaces - Importance of Chem
ically Active Solar Radiation," by R. N. Traxler, F. H. Scrivner, and 
W. E. Kuykendall, Jr., Research Report 127-3, Texas Transportation Insti
tute, April 1971. 

This report gives the results of an investigation which involved the appli-

cation of a new laboratory test for the hardening of asphalt cements by the action 

of chemically active short wave- (solar) radiation and correlation of these test 



results with a Hardening Index obtained on 14 different asphalt cements after 

two years service in a pavement. The hardening action of solar radiation com

bined with air and heat was found to be accelerated significantly by the 

presence of small amounts (parts per million) of chemically active Vanadium in 

the asphalt cement. 

The authors wish to acknowledge the guidance and assistance given by 

the advisory committee for this study. The members are as follows: (a) 

Texas. Highway Department personnel- Mr. J. L. Brown, Study Contact Repre

sentative; Mr. Kenneth D. Hankins, Research Area Representative; and Mr. 

Weldon Chaffin, Materials and Test Division Representative; (b) Federal 

Highway Administration personnel - Mr. R. W. Barbour, Division Representa

tive. 

Special acknowledgement is made to Ralph N. Traxler, Research Chemist, 

who devoted many hours in providing the necessary guidance and advice on 

the asphalt and asphaltic concrete selection, characterization, and labor

atory control. 

Much of the eXperimental work, data reduction, and data presentation 

was done by graduate assistants. In particular, the authors wish to thank 

the following for their unstinting effort, willing cooperation, and extra

ordinary efforts in completing this phase of the study: Messrs. R. Agarwal, 

H. Ahmad, L. C. Askew, J. F. Evertson, P. R. Frye, D. R. Ray, and M. P. 

SartorL Special thanks go to Mr. H. 0. Fleisher who developed the exten

sive computer program used for data reduction and <1nalysis in this study. 

The advice and constructive criticism of other members of Texas Trans

portation Institute, and several other highlvay and aerospace engineers was 

also most helpful and very much appreciated. 



The opinions, findings, and conclusions expressed in this publication are 

those of the authors and not necessarily those of the Federal Highway Adminis

tration. 
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1. 0 ABSTRACT 

A method of fundamental evaluation of asphalt cement structural per-

formance* was examined by measurement of the mechanical behavior (load 

response and failure) of candidate asphaltic concrete mixtures by appli-

cation of direct uniaxial tension and compression, splitting tension, 

triaxial tension, and double lap shear test procedures. The mixtures 

were made by using two different representative asphalt cements (unmodi-

fied and modified by the addition of a synthetic elastomeric polymer). 

Test results were examined with respect to reliability of the test pro-

cedures and their capability of distinguishing among asphalt cements of 

significantly different composition and characteristics. 

The results indicate that reliable test methods are available but 

require further development to make, them suitable for practical application. 

The results also indicate that relative structural performance will vary 

with stress axiality and that adequate evaluation of asphalt cement 

structural performance requires more than uniaxial test methods. The 

viscoelastic (time dependent) nature of asphaltic concrete was confirmed 

and it was shown that addition of elastomeric polymers will significantly 

alter the structural performance of an asphalt cement. 

*The term Structural Performance has been employed in this study to 
designate the behavioral characteristics of an asphalt cement which influence 
the ability of, an asphaltic concrete to successfully withstand the repeated 
action of wheel loads or restrained volume changes brought about by changes 
in temperature. 



2.0 SUMMARY 

The research in this study was based on the premise that improvements in 

the prediction and control of a flexible pavement system can be achieved by 

sui table application of engineering design analysis techniques. In particular, 

this approach was considered to be a sub-system of the total system of design 

and analysis visualized in Study 1-8-69-123 (2). An important consideration 

in such an approach is that data characterizing the basic structural perfor

mance behavior of the asphaltic concrete are available and that this behavior 

will be greatly influenced by asphalt cement structural performance. Accord

ingly, constant strain rate tests to determine the mechanical behavior of 

representative asphaltic concrete samples were selected which represent the 

various conditions of stress axiality found in flexible pavement surface 

course. These tests were run on samples of asphaltic concrete mixtures made 

in the laboratory from two different representative asphalt cements (unmodi

fied and modified by the addition of 3 percent of a synthetic elastomeric 

polymer). Other variables, such as the source and gradation of the aggregate 

were held constant in this study. 

Based on the results of this study, the following conclusions were made: 

1) The test modes examined in this study can be applied to obtain 

basic pavement design data, select asphalt cements, and for 

asphalt cement quality control. 

2) These test methods give more reliable ultimate stress than ultimate 

strain data and more reliable secant modulus than tangent modulus 

values. Improved methods of measuring sample deformation are required. 



3) Relative structural performance of asphaltic concrete cannot be 

judged solely on the basis of uniaxial tests; a combination of 

several test modes is required. 

4) The simple power law dependence of modulus and failure data implies 

that the structural behavior of asphaltic concrete is linearly 

viscoelastic. 

5) Certain elastomeric ploymers used as additives have a significant 

effect on.asphalt cement structural performance. 

6) Substitution of ground reclaimed rubber for up to 5 percent of the 

aggregate has little effect on the structural behavior of asphaltic 

concrete specimens examined in this study. 



3.0 IMPLEMENTATION 

Based on the results described in this report, the Texas Highway 

Department should apply the fundamental approach used herein to the ac

quisition of basic pavement design data and selection of asphalt cements. 

The final step, that of utilizing this approach to the control of asphalt 

quality, cannot be implemented without additional laboratory and field 

research. 



4.0 INTRODUCTION 

4.1 Objectives of the Study 

The work presented in this report is part of a Texas Transportation 

Institute research study, sponsored by the Texas Highway Department and the 

Federal Highway Administration. The overall objectives of this research 

are to: 

1. Determine the performance requirements of an asphaltic material 

needed to serve as a cohesive-adhesive waterproof binder for a 

first-class, long-life flexible pavement surface course. 

2. Develop improved control tests for use in a specification for 

asphaltic materials that will meet the performance requirements 

in Objective 1. 

4.2 Scope 

The research reported herein is specifically part of Phase 3 of the 

1969-70 work plan proposed to meet the program objectives. This part of the 

research comprised evaluation of the mechanical behavior (load response and 

f1:1,ilure) of candidate asphaltic concrete mixtures by application of available 

uniaxial tension, uniaxial compression, triaxial tension, and double lap shear 

procedures. The mixtures were prepared using two different representative 

asphalt cements (unmodified and modified by the addition of a synthetic 

elastomeric polymer) in order to determine how variations in the nature of the 

asphalt would influence basic mechanical behavior and thereby influence service 

performance. The results obtained were expected to indicate, in a fundamental 

\vay, how performance requirements of a bituminous pavement material might be 

determined, specified, and controlled. 



5.0 APPROACH 

5.1 Basic Philosophy 

The approach followed in this part of the research program is based on 

the following premises: 

1. Improvements in prediction and control of the performance of a 

flexible pavement system can be achieved by suitable application 

of rational engineering design analysis techniques. In the context 

of this report a rational design analysis is defined as one in 

which the mechanical state (stress, strain) of the pavement is 

determined as a function of coordinate position by application 

of the mathematical disciplines of the mechanics of continuous 

media. Performance is judged by comparison of the calculated 

mechanical state with stress and strain allowables; that is, by 

application of failure criteria. 

2. Once pavement geometric design, failure modes, loading conditions, 

and environment are defined, rational engineering analysis can pro

ceed if data are available which characterize the mechanical be

havior of the materials making. up the several parts of the pavement 

system. Such data are required for the asphaltic concrete, the base 

and sub-base courses, and the subgrade. 

3. Mechanical behavior of asphaltic concrete depends on a number of fac

tors. One of the most important is the nature of the asphalt cement 

employed. Accordingly, the usefulness of the asphalt cement can be 

evaluated most directly in the laboratory, in terms of pavement 

s tructut·al performance, by rr,easurement of the mechanical behavior 

of samples representing the asphaltic concrete in a flexibJe pavement 



4. Asphalt cement structural performance can be evaluated at any time 

during the life of a pavement. However, to separate asphalt cement 

structural performance from chemical performance, in this phase of 

this study, the effects of time and various environmental factors were 

not examined. Research Report 127-3 (90) treats the basic problem 

of asphalt cement chemical performance, with an emphasis on the effect 

of chemically active short wave solar radiation on asphalt hardening 

with age. Another aspect of chemical performance, not examined in this 

study, is the early failure of asphaltic concrete caused by the reaction 

of some mineral aggregates with asphalt cement. 

Essentially, the approach followed in the present study represents the type 

of systems method suggested by Nair, Chang, Hudson, and McCullough (1). From 

another viewpoint this approach comprises a sub-system of the total system of 

design and analysis visualized in Study 1-8-69-123 (2). On the other hand the 

approach in this study is not that represented by the empirical sub-system sug

gested in Study 2-8-62-32 (6,7,8), primarily because in the empirical approach, 

material properties are inferred from pavement behavior, rather than from 

laboratory tests. 

5.2 Background 

As Nair, et al.,(l) suggest, the pavement sub-system is too complex to 

model simply in an engineering analysis. However, the field equations usually 

can be solved numerically, in a practical way, by one of the several computer 

oriented techniques which have become available in recent years. Even so, 

the material behavior must be idealized, if solutions are to be obtained in 

a reasonable time. Usually, an assumption of linear elastic or viscoelastic 

material behavior is made. 

Early attempts to apply an elastic analysis to the rational design of 



Scrivner (4), and Acum and Fox (5). More recent elastic analysis schemes are 

reported by Jeuffroy and Bacheley (9) and by Whiffin and Lister (10) who 

present a number of worked-out examples. Another approach is presented in 

a paper by Livneh and Shlarsky (11) who developed a method based on familiar 

techniques of soil mechanics which make use of an angle of internal friction 

(cf>) and a cohesion constant (C) determined for the asphaltic concrete and other 

pavement layers from triaxial test data. Their method is based on one previous

ly proposed by McLeod (13,14). 

An important consideration is whether or not predictions based on 

rational engineering design analysis can be related to service performance. 

Skok and Finn (12) indicated that stresses and strains computed from three

layer elastic stress theory can be related to performance of a flexible pave

ment similar to that exhibited on test sections of the AASHO and WASHO read 

tests. Among the first to demonstrate the potential of the application of 

high-speed computers for solution of elastic field equations were Shiffman 

(31), Jones (15) and Peattie (16,17). Jones and Peattie also presented the 

results of their calculations in the form of design charts and curves. As 

a result of this analysis, Peattie (17) concluded that a critical factor in 

a flexible pavement structure was the horizontal tensile strain at the bottom 

of the bituminous layer. In another applicatio~ of Peattie's results to de

sign of flexible pavement, Dorman (18, 20) concluded that cracking may occur 

in the asphaltic concrete layer if the horizontal tensile stress or strain 

is excessive in cyclic loading (fatigue). 

Behavior of real pavement materials (particularly the asphaltic concrete) 

is not elastic, but is also time dependent. The time dependence must be 

accounted for in a general rational analysis of a pavement structure because 

the time dependence may be particularly important when the load is applied 



over a significant time interval. Accordingly a number of solutions have 

been proposed based on a viscoelastic analysis. Such solutions involve 

handling the more complicated problems of computing the effect of moving 

loads and in deriving the time dependent behavior of the materials. 

The problem of handling moving loads by superposition of stresses and 

deformations with respect to time is more complicated in a viscoelastic 

analysis. Methods for solving this problem are proposed by Pis ter and 

Westmann (19) and Perloff and Moavenzadeh (21). In general, viscoelastic 

solutions can be derived from elastic solutions by application of the corres

pondence principle (Alfrey (22), Lee (23), Blank (24). The correspondence 

principle states that if an elastic solution :is known, a conversion to a 

viscoelastic solution is possible by application of Laplace or Fourier trans-. 

forms to all time dependent functions. This is the point at which the con

stitutive equation (relating stress, strain, time, and temperature) for the 

material must be known. Application of the correspondence principle to solve 

structural analysis proplems in layered pavement systems has bee.n illustrated 

in papers by Ashton and Moavenzadeh (25), Huang (26), Ishihara and Kemura (27) 

and Barksdale and Leonards (28). These authors resorted to representing 

materials behavior by spring and dashpot models of varying complexity. Suit

able constitutive equations also can be developed by curve fitting laboratory 

data on a given material by power law or modified power law models (a thorough 

discussion of such methods is given by Williams, Blatz, and Schapery (29). In 

the present study, this last approach has been followed to obtain the constitu

tive equations for asphaltic concrete, using the procedure proposed by Smith 

(29,30) for reduction of constLmt strain rate data. 



Host of the techniques for structural analysis of highway pavements pre

viously mentioned are limited to handling systems with only two or three 

layers. However, in recent years methods have been developed for analyzing 

systems comprising multiple layers, with different material behavior in each 

layer. The complications which arise in such multilayer solutions are re

solved by application of high-speed digital computers. A choice among several 

numerical methods is possible; two have seen widespread application in flexible 

pavement structural analysis. One of these involves application of finite dif

ference techniques for solving the differential equations for stresses, strains, 

and displacements. The other, called a finite element or a direct stiffness 

method, is based on energy theorems. 

One of the finite-difference methods, which is well known, is the so-called 

"Chevron" program described by Hichelow (33) and Dieckmann and Warren (34). 

Another, the "BISTRO" program, described in several publications by Peutz, 

Jones, and Van Klempen (35,36,37) has the advantage of being able to handle 

simultaneous input of two wheel loads and an assumption of either rough or 

smooth surfaces between layers. 

Finite element techniques are represented by the programs developed by 

Duncan, Monismith and Wilson (38) and Westman (39). Quoting Duncan, "The finite 

element method of analysis provides an extremely powerful technique for solving 

problems involving the behavior of structures subjected to accelerations, loads, 

displacements, or changes in temperature. Problems involving the behavior of 

heterogeneous, anisotropic structures with complex boundary conditions may be 

handled." This powerful analytical tool has shown promise for application to 

solution of even the most difficult non-linear problems; Barksdale (61) used a 



finite element approach in problems involving the application of large num

bers of wheel load repetions and viscoelastic creep loadings. 

In summary, it appears that the state-of-the-art in rational engineering 

analysis of flexible pavement structures, as indicated in the foregoing re

view, is such that the approach selected for evaluating asphalt performance 

in this study is both useful and practical. 

5.3 Rational Evaluation of Asphalt Structural Performance 

Evaluation of asphalt cement structural performance is only a part, but 

an important part, of the whole system of design and analysis directed toward 

improvement in flexible pavement performance and performance prediction. The 

question is: how can a rational system design approach be implemented with 

respect to this segment? To help answer this question, Figure 5.1 is present

ed so that the relations among parts of the system might be visualized and thus 

illustrate the way the rational approach is applied to the study. 

In this diagram, the output of the system shown is Pavement Performance 

Prediction and Assurance. Asphalt cement structural performance is one of the 

inputs which will influence this output. Other inputs, such as other raw 

material variables, asphalt hardening, preparation procedures, test procedures, 

pavement geometric design, loading and failure modes will also affect the out

put. However, if these are held constant, the mechanical behavior of the 

asphaltic concrete will depend only on asphalt structural performance. Of 

course, interaction among the system inputs may also be important. Probably, 

one of the most significant is the interaction among the raw material variables. 

For this reason, it is believed that asphalt cement structural performance is 

more definitively measured by testing representative asphaltic concrete mixtures 

than by simple laboratory tests on the asphalt cement alone. 
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The approach to asphalt structural performance evaluation in this study 

may be summarized briefly as follows: laboratory measurement of mechanical 

behavior of representative samples of asphaltic concrete were used to make a 

rational assessment of the structural performance of an asphalt cement in terms 

of pavement performance. The samples and test procedures were selected accordingly, 

and results interpreted primarily to assess feasibility of these procedures and 

the sensitivity of test results to differences in asphalt structural performance. 

5.4 Failure Mode Selection 

The foregoing discussion points out that one of the ~ssential elements in 

application of the proposed rational approach is a definition of approximate 

loading and failure modes. Considering only the structural performance factors, 

Research Report 127-1 (40) referred to the classification systems proposed by 

Hutchinson and Haas (42) and Hveem and Sherman (43) to describe the type of 

distress (i.e. failure mode) which will result in loss of pavement service-

ability. Using such a classification, the asphalt structural performance evaluation 

in this study is based on the cracking mode as indicated in Table 5.1. 

The reason for the emphasis on the cracking mode was indicated in Research 

Report 127-2 (41). That is, design by application of stability tests (as in

dicated by Hveem (44,45,46), U.S. Corps of Engineers (Marshall Test)(47,48), 

Nijboer (49), Smith (50), and Monismith (51) may alleviate rutting and shoving 

but tends to move the asphaltic concrete toward leaner mixtures. The lean mix

tures; in turn, tend to be susceptible to cracking. 

In addition, fatigue is an important mechanism for inducing cracking (and 

disintegration) but fatigue testing was not includ~d in this particular phase 

of tlw research: it is a separate study in itself. However, some idea of 



TABLE 5.1 Classification of Asphalt 

Pavement Load and Failure Modes* 

Performance - Loss in 
Serviceability Resulting 
from (Failure Mode) 

I Deformation 

A. Rutting 

B. Shear 

C. Waves 

II Cracking 

A. Fatigue 

B. Longitudinal 

C. Transverse 

D. Block 

III Disintegration 

A. Stripping 

B. Ravelling 

C. Pot holes 

* 

As Used in This Study 

Major 
Influencing 
Loading Mode 

Traffic loads 

Heavy traffic 
loads; deep 
seated foundation 
movement 

Traffic loads 

Traffic loads 

Thermal loads; 
heavy traffic loads 
on cold pavement 

Thermal loads 

Thermal loads 

Moisture plus 
traffic 

Traffic 

Traffic 

· After Hutchinson and Haas (42) 

Included 
in This 

Study? 

no 

no 

no 

no** 

yes 

yes 

yes 

no 

no 

no 

14 

Remarks 

Controlled by 

stability mix 

design. 

No testing in 
phase being reported. 

Significantly in-
fluenced by asphalt 
grade, type, and 
structural performance 

Significantly in
fluenced by con
struction practices. 

** Although included initially, fatigue has been dropped as a result of a change 
in the scope of the study. 



relative fatigue performance might be gained from the ultimate stress and ul

timate strain data obtained-in this study, by application of methods like the 

one suggested by Heukelom and Klomp (52). 

5.5 Program Variables and Constants 

In general, determination of asphalt quality on the basis of measured 

mechanical behavior of representative asphaltic concrete samples implies that 

other variables in the system (indicated in Figure 5.1) are held constant. 

The variables receiving specific consideration in this study are as follows: 

1. Mineral Aggregate; particle shape, surface texture, void ratio, 

particle size, particle gradation. 

2. Asphalt; composition 

3. Asphalt Content; percentage of asphalt (related to film thickness) 

and final void ratio. 

4. Mixing Process; mixing apparatus, time, temperature and procedure. 

Critical considerations: uniformity of mix and 

completeness of coating of aggregate particles 

with asphalt. 

5. Compacting Process; apparatus type, time, temperature, and procedure. 

Critical consideration: laboratory reproduction of 

asphalt concrete made in the field. 

6. "Curing" Process; procedures affecting volatilization and oxidation 

of asphalt components during pavement construction. 

7. Mechanical Behavior Test Variables; stress axiality, deformation 

of loading rate, temperature. 



These are the principal variables influencing measurement of asphaltic 

concrete structural performance. Possible interactions among these variables 

also should be recognized. For example, the optimum asphalt content depends 

on service demands and mineral aggregate type and gradation, and asphalt 

campos i tion. 

In this phase of the study the mineral aggregate, asphalt content, mixing 

process, compacting process, and test temperature were held constant at select

ed values. In selecting the constant values for this study, consideration was 

given to experimental problems as well as the desire to make the material tested 

representative of asphalt concrete normally produced in highway pavement con

struction. 

The variables in this program were: asphalt composition, stress axiality, 

and deformation rate. While the two asphalts selected for tests meets the same 

specification (AC-10) based on measurements commonly used for asphalt charac

terization, they varied materially with respect to their method of manufacture, 

and thus with respect to chemical composition. The effects of time (i.e. defor

mation rate) and temperature on asphalt structural performance are interrelated; 

their combined effects were already examined briefly in Research Report 127-2 

(41). Accordingly, to save program time and expense, temperature was not 

included as a variable in this study. 

5.6 Selection of Test Procedures 

Selection of appropriate test methods and test conditions for measurement 

of the mechanical behavior of representative samples of asphaltic concrete was a 

decisive consideration to ensure successful implementation of the proposed ap

proach to rational evaluation of asphalt structural performance. In making this 



selection, the most important factors to be. considered were: 1) definition of 

loading and failure modes, 2) load axiality, 3) deformation (or loading) rate, 

and 4) specific details of the test specimen, apparatus and procedure. Defini

tion of the loading and failure modes was discussed in section 5.4; the other 

factors. are examined in the following discussion. 

In general, the stress field in the pavement layer system under load will 

be multiaxial and the materials involved may be subjected to six stress compo~ 

nents which can be resolved into three orthogonal principal stresses. Accord

ingly, material behavior (in this instance, the asphaltic concrete) can be 

examined in terms of response functionals in principal stress space. For example, 

Williams (53) and Blatz (54) show how material fracture behavior can be repre

sented by a failure surface in principal stress (or strain) space. However, 

considering all strain histories and environmental variables involved, complete 

experimental definition of such functionals is indeed a formidable task. Fortu

nately, by limiting the conditions of load axiality to those corresponding to 

the major environmental, loading, and failure modes involved, the experimental 

problem can be reduced to one of manageable proportions. Specifically, Research 

Report 127-1 (40), indicated that for traffic loading and thermal loading inducing 

asphaltic pavement loading, measurement of material behavior in uniaxial tension 

and compression, shear, and triaxial (hydrostatic) tension would be necessary. 

Accordingly, for this phase of the study, the test specimens and method were 

selected to produce these four conditions of load axiality. 

The spectrum of loading periods encountered in service can be summarized 

as follows (estimated from data given in references (40 and (55)). 



Loading 

Fast Traffic 

Braking/Accelerating 
Traffic 

Parked Vehicle 

Thermal (Cool-Down) 

Duration of 
Loading Period 

0.05 sec 

1 sec 

1 hr 

12 hr 

Approx. Equivalent Strain 
Rate Range, Percent/min 

50 to 500 

5 to 50 

1 to 5 

.005 to .05 (temperature 
shift factor corrected 

rate) 

The viscoelastic nature of asphaltic concrete requires characterization of be-

havior over a range of strain rates; the spectrum of rates indicated in this 

table suggests the range of rates over which the tests should be conducted. 

Actually, strain rates as low as 0.03 percent/min. and as high as 1000 percent/ 

min. were employed in this study. Data were obtained using at least four strain 

rates for each kind of test so that the nature of the time dependency of the 

data could be inferred in some detail. 

Since a major purpose of this part of the program was to assess the feasi-

bility of applying tests giving basic mechanical behavior data reflecting asphalt 

characteristics, it was important that the time spent in developing test method 

be kept to a minimum. Thus the methods employed were selected from among those 

already existing for evaluation of composite viscoelastic materials, in particu-

lar, those previously developed for testing asphaltic concrete and those used 

for testing an analogous composite material, solid rocket propellant. In 

selecting and adapting such procedures for this study consideration was given 

to such factors as apparatus availability, potential of achieving acceptable 

test accuracy and precision, and practical application in the laboratory 



with respect to specimen size and quantity of material required, past 

experience with the procedures, and potential for field use of the pro

cedure for quality control purposes. 



6.0 EXPERIMENTAL 

6.1 Materials 

In selecting a mineral aggregate for making the asphaltic concrete 

specimens required for this study, the most important consideration was the 

necessity of minimizing factors which might introduce uncontrolled variation 

in the test results. Accordingly, a siliceous aggregate* was chosen for its 

low porosity, constant surface texture, controlled gradation and angularity, 

and continuing availability. Fractions were blended to produce a final gra-

dation of near-optimum density as indicated by a straight-line plot on a Goode 

and Lufsey. Chart (56) as shown in Figure 6.1. Other properties of the aggre-

gate are shown in···Table 6.1 and Figure 6. 2. This aggregate was used in all 

experiments presented in this report. In one instance (in preparation of 

specimens for one series of hydrostatic tension tests), 5 percent devulcanized 

+ rubber was added to the siliceous aggregate before it was mixed with asphalt. 

Four different asphalt cements which could be expected to vary signifi-

cantly in their effect on pavement performance were selected from this study. 

Two of these were samples of commercial asphalts obtained from different 

producers. The remaining two samples were made by adding, to each of the above 

two commercial asphalts, 3 percent of an elastomeric polymer marketed as an 

asphalt additive. Characteristics of these samples are summarized in Table 6.2. 

* Twenty-seven percent of the aggregate was local (Brazos County) pea 
gravel and 73 percent was from Brady., Texas. 

+Particle size range: +4, 0 percent; -32, 45 percent. 
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TABLE 6.1 CHEMICAL AND PHYSICAL PROPERTIES OF 

BRADY, TEXAS, SILICEOUS AGGREGATE 

1. Composition: Silica. content > 98° percent 

Organic Impurities < 0.1 percent 

2. Specific Gravity: 2.66 (Determined) 

3. Hardness: 13,850 psi, 3-point pressure loading (Manufacturers Data) 

4. Angularity: 0.6 Krumbein roundness number, as indicated in chart 

(Manufacturers Data) 

FIGURE 6.2 Krumbein Roundness Chart 

0\JO 000 ooo ooo ooo 
OOQ DoD uov 000 ooo 
<JDO oou 000 000 DOu 
ROUNDNESS .I 2 .3 .4 .5 

DVO 000 000 000 OGd ouo 000 000 000 .bb.Q 000 ooo 000 ooo BROKEN 

.6 .7 .a . . 9 SAND 
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TABLE 6. 2 

Characteristic 

PENETRATION, 77F, lOOg, 5 sec. 

VISCOSITY, 77F: megapoise 

VISCOSITY, 140F: stokes 

VISCOSITY, 275F: stokes 

DUCTILITY, 39.2F, 5 em/min: em 

SOFTENING POINT: °F 

THIN FILM OXIDATION TEST 
Vis @ 77F after test: megapoise 
Relative Hardening 

THIN FILM U.V. RADIATION TEST 
Vis @ 77F after test: megapoise 
Relative Hardening 

Notes: 

CHARACTERISTICS OF ASPHALT AND ASPHALT-POLYMER BLENDS 

Test 
Method 

ASTM D5 

Proposed ASTM 
Sliding Plate 

ASTM D2170 

ASTM D2170 

ASTI1 D113 

ASTM D36 

(a) 

(b) 

AClO; 
Producer 

Code 6 

85 

0.66 

1294 

3.30 

0.9 

112 

2.80 
4.2 

80 
121 

AClO; Producer 
Code 6, with 

3% Polymer (d) 

75 

1.12 

3630 

12.1 

36 (c) 

131 

3.24 
2.9 

41 
36.5 

AClO; 
Producer 
Code 11 

95.5 

0.88 

1542 

3.35 

8 

117 

2.06 
2.3 

16 
18.5 

(a) 15 micron films of asphalt heated 2 hrs. at 225°F in air in a dark oven. 

(b) 10 micron films of asphalt exposed, in air, for 18 hrs. at 95°F, to 1000 microwatts/cm
2 

of 3600 Angstrom radiation. 

AClO; Producer 
Code 11, with 
3% Polymer (d) 

70 

1.56 

6740 

10.2 

150+ 

142 

5.30 
3.4 

22.5 
14.5 



The basic differences in the composition of the two commercial asphalt samples 

is indicated by the standard test values as well as the evident differences in 

their response in thin film oxidation and radiation tests. That significant 

modification of asphalt behavior can be expected from addition of elastomers 

is also well known. For example, Wood (57) reported that addition of 5 per

cent rubber to a particular asphalt increased the viscosity, improved aging 

resistance, and improved impact resistance by a factor of 45. Thompson (58) 

presented field data indicating decreased wheel tracking and pavement cracking, 

and increased stability with the use of rubber additives. 

6.2 Test Procedures 

The test procedures selected for experimental implementation of the pre

viously discussed approach are illustrated concisely in Figure 6.3 which in

dicates the specimen geometries, loading modes, and strain rates applied to 

the asphalt concrete samples tested in this study. All test configurations 

were loaded on a model TT-D Instron Universal Tester. Two methods were 

followed for acquisition of uniaxial tensile data. Both have seen consider

able application in testing asphalt concrete. Both were examined in an at

tempt to determine which one would be more suitable for routine evaluation 

of asphaltic concrete mechanical behavior. Also note that two versions of 

the triaxial tensile test method were applied. In one, representative 

asphaltic concrete samples were tested. The other version, called a "bead

test," was evaluated as a potential quality control method for asphalt cements. 

The test procedures are described and discussed in more detail in the fol

lowing sections. 



UNIAXIAL 

TENSION 
p 

SPLIT 

TRIAXIAL p 

p 

p 

STRESS 
p 

P/A 

COMPRESSION 
t=l.9 in. 

1 r-
_1.L 

ntD 

CYLINDER 

_t 0 . p -t= .5 1n. 1. 95 . 
A 

---l ! 62 in -,=Db .35 in . 
. 18 in. 

TEST 

STRAIN 

1:::.1/L 

0.067 l:::.t 

l:::.t 
t 

I:::.W 
H 

1.45 

NOMINAL 
STRAIN _1 

RATES, min 

0.033 
0.333 
3.33 

17. 
34. 

340. 

1.0 

10. 
100. 
500. 

1000. 

.33 
3.4 

34. 
340. 

.1 
1.0 

10. 
100. 

FIGURE 6.3 Summary of Test Procedures: Specimen Configurations, 
Loading Modes, Strain Rates and Data Reduction 

'lC: 



6.2.1 Shear 

In pavement design, data on shear response and failure are often inferred 

from the results of triaxial compression tests on the layer materials. In par

ticular, application of triaxial tests for evaluation of shear characteristics 

of asphalt concrete is illustrated in papers by Hargett (59), Goetz and Schaub 

(60), and Nair and Chang (1). However, for the approach followed in this re

port a more direct means of determining shear behavior is preferahle. Pure 

shear tests, such as the one s~ggested for bituminous materials by Calderon 

(65), or a torsional shear test like the one described in Section 4.4.2 of the 

Solid Propellant Mechanical Behavior Manual (64) could be considered, but 

these tests pose theoretical and practical difficulties. Accordingly, for 

expeditious and efficient pursuit of the objectives of this study a simple 

and direct method was sought for determining asphaltic concrete behavior in 

shear. Thus, modification of a double-lap simple shear test described by 

Jones and Knauss (62), kelley (63), and in Section 4.4.1 of the Solid Propel

lant Mechanical Behavior Manual (64) appeared to be the best. approach. 

In this test, two 1 in. x 2 in. x 4 in. blocks of asphaltic concrete were 

bonded to 1/2 in. x 1 in. x 6 in. aluminum bars to fabricate the test configura

tion illustrated in Figure 6.3. A completed test specimen is shown in Figure 

6.4. Placement of the test specimen in the Instron machine is illustrated in 

Figure 6.5. The loading method and the data acquisition system is described 

in Section 6.2.6. 

6.2.2 Uniaxial Tension and Compression 

At least four different kinds of test methods have been applied for 

measurement of uniaxial tensile and compressive behavior of asphaltic concrete. 



FIGURE 6.4 OBLIQUE VIEW OF DOUBLE LAP SHEAR CONFIGURATION 
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FIGURE 6.5 TEST SET-UP IN INSTRON 

28 



These are: 

1) Tests requiring direct application of tensile or compressive loads. 

2) Prism flexure tests. 

3) Disk diametral compression tests (sometimes referred to as indirect 

tensile or splitting tensile tests). 

4) Disk centrifugal tests. 

Prism flexural tests include center loaded beam tests. or cantilever beam 

tests (example: the Hveem Cohesiometer). Such tests give some indication of 

composite tensile and compressive characteristics, but as pointed out by 

Kennedy and Hudson (66), interpretation of results in terms of basic tensile 

or compressive behavior is uncertain at best. As a result, tests of this 

kind were not considered to be appropriate for this program. Disk centrifugal 

tests, such as the one mentioned by Calderon (67) have interesting possibili

ties, but have seen little application in testing bituminous materials. Ac

cordingly, in this study, a direct uniaxial method ~d a splitting tensile 

method have been employed. 

If loading misalignment is avoided (not difficult with the Instron Tester), 

and a reasonably uniform stress distribution across the specimen can be assumed, 

stress and strain state in a direct uniaxial test can be determined simply and 

reliably; this is an inherent advantage which usually encourages use of a direct 

test. Most of the uncertainty is related to the manner in which the load is 

applied to tensile specimens, and to stability problems with compression speci

mens. Such problems are reduced for a viscoelastic material by selecting an 

appropriate ratio of specimen length to cross-sectional area and by direct bonding 



of a tensile specimen to a rigid metal grip. This approach appears to have 

yielded satisfactory results in uniaxial tests of asphaltic concrete re

ported by Tons and Krokosky (69). They used a specimen 2 in. in diameter and 

5 in. long cemented onto circular caps which were then attached to the grips 

of an Instron Tester. A similar test is represented by the uniaxial tensile 

test described in Section 4.3.2. of reference 64 and by Kelly (63) which em

ployes a tab-end bonded specimen 2.8 in. long, 0.375 in. wide, and 0.5 in. 

thick, also loaded by an Instron Tester. 

The direct uniaxial test applied in this study is essentially the same 

as the tests just discussed, the principal difference being the exact dimensions 

of the specimen. In the direct compression test used in this study; the 6 in. 

x 1.5 in. x 1.5 in. asphaltic concrete specimen sketched in Figure 6.3 is placed 

between platens fixed on the crosshead and on the compression bench of the 

Instron test machine. In the direct tension test, this specimen is bonded on 

each end to a 2 in. diameter, 2.5 in. long aluminum cylinder with epoxy cement 

(Shell Epon 828). Adhesive cure is accelerated by placing the capped specimen, 

mounted in a supporting fixture, in a 200°F oven for 30 minutes. Bending moments 

are minimized by connecting the metal caps to the test machine base and cross

head through unviersal joints. A completed tension test specimen is shown in 

Figure 6.6. 

The splitting tensile test was developed in 1943 by Carneiro and Barcellos 

(70) and, independently by Akazawa (71), for measurement of portland cement 

concrete tensile strength. Even though a biaxial stress field exists it is 

now a commonly used standard method of test (72) for the uniaxial tensile 

behavior of this material. Application of this kind of test for determining 

asphaltic concrete tensile behavior is reported by Breen and Stephens (73) 



FIGURE 6.6 Direct Tension and Compression 
Test Specimen 



and Livneh and Shlarsky (74); although the latter appear to favor the use of 

specimens with a rectangular cross-section. Application of an indirect tensile 

test to cylindrical specimens of asphalt-treated pavement sub-base materials 

has been well developed by Kennedy and his co-workers (66,75,76,77,78). Par-

ticular care was taken in this work to apply the load uniformly by means of a 

curved loading strip; horizontal deformations were measured with a special 

cantilever arm strain gage. 

A similar cylinder diametral compression test has been used success-

fully for examining the behavior of solid propellants, as described by Kelley 

(63) and in Section 4.5.1 of reference 64. In this procedure, deformations 

are followed by distortion of grid markings on the sample face as well as by 

gages and cross-head travel. 

One of the major problems with indirect tests of this kind is that of 

determining the stress field imposed. If continuum elastic behavior and line 

loading is assumed, the stress field which is developed at the center of this 

test specimen is compression-tension. Taking the y axis to be the load application 

axis, the compressive stress, a , is given by 
y 

-2P 
a = __ y"'--

Y 7Tt 
2 

( d-2y 
2 

+ d+2y 

At the center, this reduces to 

where d 

-6P 
___y_ 
7Ttd 

specimen diameter, t thickness, P 
y 

1 ) 
d 

applied diametral foree 



The tensile stress normal to the axis of loading, a is given by 
X 

a 
X 

2P 
_y__ 
Titd 

The corresponding strains are: 

-2P 
[(3 + v)d

2 + (1 __L 
E: = y TitEd d2 - 4y2 

at the center this becomes 

-2P 

EyO 
__L (3 + V) TitEd 

2P (1 + 3V) 
E: :;:: 

X TitEd 

+ v)dy 2 

where v = Poissons Ratio; E = elastic modulus. 

The total deformation u along the diameter in the x direction is given by 

u = 
p 
_L_ 
TitE [(1- V)(2- TI) + 2 (1 + V)] 

The curved loading strip used by Hadley and Kennedy (75) requires the use 

of somewhat more complicated relations (75,77) for calculating a , a , E , E , 
X y X y 

E, and v. 

In this program the load was applied diametrically to the specimen sketched 

in Figure 6. 3 ~vith a flat steel bar 0. 5 in. wide, approximating line loading. 

The length of the bar was greater than the specimen thickness to minimize points 

of stress concentration. Because the experiments in this program were to be 

analyz~d primarily to assess feasibility of the test methods selected and 

senstivity of test results to differences in asphalt performance, only the defor-

mations in they direction were determined (from measurement of crosshead motion). 



Accordingly, Poisson's ratio was not found, but was assumed to be 0.4. The 

expression for vertical strain as a function of y was expanded in a Maclaurin 

series and integrated over the y axis to obtain: 

5.22P 
E = ----~Y 

tv 

where v = diametral deformation in the direction of P , the compressive load. 
y 

The tensile strain at the center becomes, for this specimen 

0.35P 
y 

tE 

or 

sxO 0.067v 

6.2.3 Triaxial (Hydrostatic) Tension 

Although, as indicated in Research Report 127-1 (40), behavior of asphaltic 

concrete in hydrostatic tension should be known for rational analysis of pavement 

performance, no reports of tests imposing this stress field on samples of hi-

tuminous paving materials could be found in the literature. However, mechanical 

behavior of materials in this stress field is also of importance in the structural 

design of solid propellant rocket motors. As a result, an appropriate experi-

mental method has been proposed, given a thorough stress analysis, developed in 

the laboratory, and reduced to practice as a materials testing procedure for 

solid propellants. 

Specifically, this is a test method where the material under test is bonded 

securely between two rigid circular platens which are then pulled apart, while 

measuring the load and deformation in the direction of the load. At a ratio 



of specimen diameter to thickness of 8 or more, it can be shown that a uniaxially 

applied tensile load results in a state of hydrostatic tension in most of the 

central plane of the disk of test material. A report by Lindsey, Schapery, 

Williams, and Zak (79) gives an analysis for stress and strain in this config

uration (sometimes called a "poker-chip" test) and reports on some of the early 

experimental work done on elastomers. Further application of this method to 

the study of fracture initiation and propagation in solid propellants is pre

sented by Lindsey (80). The method was further refined for general application 

to solid propellant testing by Harbert (81, 82), and is described by Kelley (63), 

and in Sections 4.5.5 and 4.7.3 of reference 64. 

The hydrostatic tension method applied in this study is essentially the 

"poker-chip" test discussed above. The main variations from the method, as 

described by Harbert (81), is that a center load cell was not used nor was the 

axial extension determined from LVDT measurements in the tests in this 

study. The resulting simplification in this program was believed to be justified 

since these tests were exploratory in nature. A completed "poker chip" test 

specimen is shown in Figure 6.7. 

In this procedure, the hydrostatic stress field imposed in the neighborhood 

of the center of the specimen cannot be calculated directly by dividing the load 

by the specimen cross-sectional area, as a result of end effects around the 

periphery of the specimen. Accordingly, corrections which depend on specimen 

geometry and material dilitational behavior must be made. Similar corrections 

are required in the calculation of strain and modulus. 

Analysis (79, 83, 84) indicates that the axial stress occurring at the 

center of tile specimen is the maximum and related to the P/A stress as shown 



FIGURE 6.7 Hydrostatic Tension Test Specimen 
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in Figure 6.7. The axial stress, o20 , can be estimated from the P/A stress 

using this relationship. Also, for ratio of specimen diameter to thickness 

of 8 or over, the stress field is nearly hydrostatic, that is: 

The correlating parameters are specimen diameter-to-thickness ratio, and 

Poisson's ratio. Assuming a Poisson's ratio of 0.4, this figure indicates 

that for the specimen used in this study, the actual hydrostatic stress is 

about 1.16 times the P/A stress observed. However, the assumption of linear 

viscoelastic material behavior implies ~Poisson's ratio closer to 0.5. 

Accordingly, the P/H values of ultimate stress reported in Appendix E-5 were 

multiplied by 1.95 to obtain the ultimate stress values used for curve plotting 

and data analysis! 
A similar plot, Figure 6.9, for strain, shows that the apparent strain 

(6 th/th) should be multiplied by a factor of 1.45 to get true strain at the 

center of the specimen. The .resulting factor for converting apparent modulus 

to true modulus is 1.34. 

6.2.4 Bead Test 

This test is a modification of the hydrostatic tension test previously 

described, wherein glass beads were used to simulate the aggregate. In this 

\vay, aggregate variables including angularity, texture, and porosity were elim-

inated in this triaxial test for evaluating asphalt performance. A gradation 

of glass beads selected for optimum packing would produce an analog of the as-

phaltic concrete samples containing natural aggregate that were evaluated in 

this study. However, the bead test was examined with the idea that it might 
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ultimately be useful as a routine asphalt quality control test. Accordingly, 

single size glass beads were used for this program. 

The beads were placed in a single layer, in a matrix of the asphalt being 

tested, between the platens of the "poker-chip" apparatus, as illustrated in 

Figure 6.10. Three different bead sizes were used: 0.620 in., 0.346 in., and 

0.179 in. Theoretically, the total number of each of these sizes which can 

be packed between 4 in. platens is 38, 121, and 454 respectively. Actual 

packing was 32, 105, and 400 beads per platen as a result of the asphalt film 

thickness, imperfect packing at the platen outer boundary, and variation in 

true bead diameters. 

In other respects, the test procedure was the same as in the hydrostatic 

tension test of asphaltic concrete. Data reduction was the same except that the 

area used in computing the P/A stress was taken as the net area of asphalt in 

the central plane of the test configuration. Theoretically, this net area is 

9.40 percent of the platen area, and is independent of the bead diameter. 



ita stic Sea I 

lass Beads 

I. 25" Thk. X 4" 0 i a. 
Aluminum Platen 

Binder 

Pia ne 

i~DDDDDD 4" Hose Cia mp 

FIGURE 6.10 Schematic of "Poker Chip" Bead Test Configuration 

41 



6.2.5 Specimen Preparation 

Mixing and compacting procedures followed in this study for preparation 

of test specimens were set up so as to 1) produce samples which could be re

peate~ i.e. so that successive samples reasonably could be expected to exhibit 

comparable behavior, 2) be practical with respect to forming the specimen con

figuration required for a particular test, and 3) produce an asphaltic concrete 

that would have a reasonable similarity to a field paving mixture. These 

procedures as well as other details of specimen preparation are presented in 

the following paragraphs. 

The double lap shear test configuration required two prismatic specimens; 

these were most conveniently formed by cutting the specimens from a larger. 

sheet of asphaltic concrete. To make this sheet, the binder and aggregate were 

heated separately (temperature shown in Table 6.3), and mixed in a Hobart 

model A-200 mixer. The mixture was placed immediately in a 17-1/2 in. diameter 

mold for compaction (Figure 6~11) using the machine developed and described 

by Jimenez (85,86) and by Layman (87). The mixture was compacted at a 5/16 

in. tilt for 4 minutes and then leveled for 2 minutes. 

The compacted sample was allowed to cool overnight before sawing the speci

mens (Figure 6.12) with a diamond bit blade to nominal dimensions of 1 in. x 

2 in. x 4 in. The dimensions along the 12 edges of each specimen were measured 

and weight in air and water were determined. From these data specific gravities 

and void content were calculated on the basis of either specimen volume or 

water displacement. In this program the water displacement method was found 

to be the more repeatable of the two. methods. Dimensional, specific gravity, 

and void content data on all double lap shear specimens are given in Appendix B1. 



TABLE 6. 3 ASPHALTIC CONCRETE MIXTURES 

Asphalt Compaction 

* Com-Mix Wt. TemEerature-0 E Voids 
Loading Mode No. Source % Additive Pre-Heat Com- pactor 

% paction {d) 

Uniaxial Tension & 9 11 5.5 0 250/325 325 J 2.6 
Compression 10 11 5.5 3% 

Polymer(a) J 2.5 
11 6 5.5 0 J 2.0 
12 6 5·5 ~% 

Poiymer J 2.2 
13 11 4.0 0 J 2.7 
14 11 5.5 0 (b) J 1.5 

Splitting Tension 39 6 5.5 0 250 250 TGC 0.7 
43 6 3.8 0 250 250 TGC 2.5 

Hydrostatic 16 11 5.5 0 325 325 TGC 2.2 
(Triaxial) 17 6 5.5 0 TGC 2.8 

Tension 18 6 5.5 3% 
Polymer( a) TGC 2.0 

19 6 5.5 5% 
Ground 
Rubber( c) TGC 1.5 

Shear 15 11 5.5 0 325 325 J 1.4 
20 6 5.5 0 J 1.4 
21 6 5.5 3% J 1.6 

Polymer(a) 

(a) Proportion of polymer in asphalt 

(b) Specimens prepared from thin sheets to eliminate 2 saw cuts (also decreased void %) 

(c) Proportion of ground rubber in aggregate 

(d) J = Jimenez compactor 
TGC = Texas Gyratory Compactor 

* Based on dry weight of aggregate. 



FIGURE 6.11 COMPACTION OF MIXTURE 
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FIGURE 6.12 SAWING OPERATION TO CUT SAMPLE TO SPECIMEN CONFIGURATION 
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Resulting average void contents are summarized in Table 6.3, which also 

indicates asphalt source, mix design, and mix number. Mounting of the aouble 

lap shear specimens was described previously in this report. 

Mixing, compacting, and sawing of the uniaxial specimens was essentially 

the same as for the double lap shear specimens. Normally, the sheet sample 

dimensions were such that all six faces were saw-cut to obtain the nominal speci-

men dimensions (1.5 in. x 1.5 in. x 6 in.). However, in molding the samples 

from Mix 14, the thickness was controlled at 1.5 in. so that these specimens 

have saw cuts only at the two ends and along two sides. Since, Mixes 9 and 14 

were otherwise the same, possible stress-riser effects of the saw-cuts could be 

assessed by comparing uniaxial data from these two mixes. 

Dimensional, specific gravity, and void content data for uniaxial tensile 

specimens are given in Appendix B2, and for uniaxial compression specimens in 

Appendix B3. These data are also summarized in Table 6.3. Specimen mounting 

has been described previously. 

The disks for the splitting tensile test were made by forming the 

specimen directly from the mix to the nominal 4 in. diameter x 1.9 in. thick 

dimensions, in a Texas Gyratory Compactor. Prior to making the mix in a 

Hobart mixer, the asphalt was preheated for 30 minutes at 250°F, and the aggre-

0 gate was preheated for two hours at 250 F. Dimensional, specific gravity, and 

void content data for these specimens are given in Appendix B4, and summarized 

in Table 6.3. 

The disk-shaped specimens for the triaxial ("poker-chip") test were also 

formed directly from the mix in a Texas Gyratory Compactor. Nominal sample 

size was 4 in. diameter and 0.5 in. thick, giving an aspect ratio of 8. From 



the viewpoint of stress analysis, a thinner (i.e. larger aspect ratio) would 

be better, but then the thickness would approach the size of the largest aggre-

gate particles, which is also undersirable. These specimens were attached to 

aluminum platens with epoxy cement. Dimensional, specific gravity, and void 

content data for these specimens are given in Appendix B5, and summarized in 

Table 6.3. 

The bead test specimens (Figure 6.10) were prepared by forming a dam around 

the lower aluminum platen consisting of an aluminum strip and a hose clamp sealed 

with a narrow bead of silastic. The maximum number of the single size beads 

were then arranged on the top of the lower platen. The platens and beads were 

6 preheated for two hours at 325 F, and the asphalt was preheated for 30 minutes 

0 at 325 F. The asphalt was then poured on top of the beads to a level slightly 

higher than the bead diameter. A spatula was used to roll the beads to insure 

uniform coating of the bead surfaces. The upper platen was then set in place; 

the weight caused the asphalt to overflow until this platen contacted the top 

of the beads. This assembly was allowed to cool overnight at room 

0 
temperature (76 F). Immediately before beginning a test, the aluminum strip 

and hose clamps were removed. 

6.2.6. Loading Method and Data Acquisition 

The tests in this program were conducted on the Instron machine at various 

constant crosshead extension rates selected so as to yield, as closely as possi-

ble, the nominal constant strain rates scheduled for each test mode, as indicated 

in Figure 6.3. All tests were conducted at the laboratory temperature (76°F±2°F). 



The primary data shown on the chart produced by the Instron machine is a 

continuous record of load vs. time. From a knowledge of chart speed and cross

head rate, the Instron chart time axis can be converted to a total indicated 

deformation in the machine. This indicated deformation is the sum of the 

specimen extension and the machine deformation at the load shown on the chart. 

Accordingly, to obtain specimen extension, the machine deformation was sub

tracted from the indicated total deformation. 

The machine deformation was determined from a calibration record obtained 

on the Instron machine for each kind of test set up. This calibration was made 

by loading only the machine and associated fixtures to a force greater than 

the load at failure for any of the specimens tested. The resulting calibration 

data for machine deformation, in each of the test modes, is .recorded in Appendix 

D. Use of this calibration in data reduction is explained in the following 

section. 

6.2.7 Data Reduction 

The method of data reduction is illustrated by an example taken from one 

of the uniaxial tests (Samp~e 14 from Mix 10). The same general procedure was 

followed for the other tests, modified as required for the stress and strain 

analysis of a given configuration, as discussed previously and as outlined in 

Figure 6.3. Since a large amount of data had to be reduced in this study, 

actual data reduction was handled by computer. Details of the computer program 

are presented and discussed in Appendix A. 

Considering the example from the uniaxial tension test, the following 

data are required in addition to the Instron chart for the test and the cali

bration data: 
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1. Load at Full Scale Chart Per Travel, PFS 

2. Cross-head Rate, R 

3. Chart Speed, S 

4. Dimensions (Appendix B2-B) 

Average Height, H 

Average Width, W 

Average Depth, D 

The strain rate is calculated as, 

~ = R x 100 
H 

2 = 5• 87 X lQQ = 

The sample cross-sectional area is, 

A= W x D = 2.22 in.
2 

34.1 percent/min. 

1000 lbs. 

2 in. /min. 

50 in. /min. 

5.87 in. 

1. 52 in. 

1. 4 in. 

Refer now to the Instron chart for the test examples, Figure 6.13 . The 

maximum point on the curve is considered to indicate the force at ultimate 

stress. The y coordinate of this point is, 

y = 2.28 
s 

The force at ultimate stress is, 

p 
s 

= y 
s 

= 2 28 1000 
• 100 

and ultimate stress is, 

a = Ps/A = 
228 = 103 psi 

u 2.22 

= 228 lbs. 

Many of the Instron charts showed erratic traces at the beginning of the 

curve. As a result, it was difficult to determine the starting point for com-

puting axial deformation, and thus strain. Accordingly, it was necessary to 

establish a somewhat arbitrary method for consistent determination of the 



Y= 0.5 Y • This tangent line defines the tangent modulus which must go through 
s 

the origin. Thus the intersection of the tangent line and the X-axis was con-

sidered to be the zero point of the test trace. 

Using this zero point, the X coordinate corresponding 

An 

X = 0.98 s 

arbitrary 

yt = 4.0 

xt = 0.51 

point yt is chosen on the tangent 

The corresponding force: Pt,d is, 

p 
t,d 4 x 1000 = 400 lbs. 10 . 

The actual force at the point of tangency is, 

p 0.5 p = 114 lbs. t s 

A time fraction is now defined as 

ft 
pt 114 

:c 0.285. p 
t,d 400 

line, 

to y is, 
s 

in this case; 

It is now possible to correct the total deformation for tl1e machine defer-

mation. A plot of the calibration data for the uniaxial configuration is given 

in Figure 6.14. This curve is approximated, for ease of machine calculation, 

by a series of straight lines tangent to the curve. The slopes and intercepts 

of these tangent lines to the calibration curves is given in Appendix D. 

Figure 6.14 is entered at Pt. In the example, the slope of the curve is, 

B = 0.448 X 105 



(/) 
0 
z 
;:) 
0 
0.. 

IJJ 
u 
a:: 
0 
I.£. 

0.. 

500 

400 

300 

Ps 

200 

Dms 

100 
Pt 

0~~~----~--~~--~----~--~----~--~~--~--~ 
0 2 4 6 7 

MACHINE DEFORMATION, MILS 

FIGURE 6.14 Force-Hachine Deformation Calibration 
for Uniaxial Tension (NTS 7) 

8 



and the machine deformation is 

F 
D Bt = 0.00254 in. mt 

Total deformation at Ft is 

2 -2 
0.51 X SQ X 0.285 ; 0.581 X 10 in. 

Thus, the specimen deformation is 

D = D -D = (0.581-0.254)xl0-2 
t mt 

-2 0.327 x 10 in. 

For the uniaxial case the strain is 

E = 61 _ D _ .327 X 10-
2 = S. 57 X 10-4 

t ~-;- 5.87 

and the tangent modulus is: 

92.4 kips/in.
2 

The machine deformation at the ultimate stress is D as shown in Figure ms 

6.14 • This figure is used to correct the total deformation in calculating 

ultimate strain and tangent modulus. 



7.0 RESULTS AND DISCUSSION 

Test results are presented in a manner to: 

1) Produce a record of all basic and reduced test data obtained in 

this study. 

2) Show how modulus and failure parameters varied with strain rate. 

3) Indicate the degree of precision achieved with each test mode. 

4) Demonstrate whether or not a given test mode can distinguish be-

tween asphalt concretes made with different asphalts. 

The basic data taken from the Instron records are tabulated in Appendix 

C. Results of data reduction are summarized in Appendix E. These data, along 

with the calibration data presented in Appendix D, constitute the data record 

of the experimental work of this program, and are intended to be complete 

enough to permit detailed checking of the analyses and interpretations if de-

sired. Specifically, the data are recorded in the appendices in accordance 

with the following schedule: 

Test Data From Instron Reduced Data Are 
l1ode Records Are In Appendix In Appendix 

Double Lap Shear Cl-A through Cl-C El-A through El-C 
Uniaxial Tension C2-A through C2-F E2-A through E2-F 
Uniaxial Compression C3-A through C3-F E3-A through E3-F 
Splitting Tension C4-A through C4-B E4-A through E4-B 
Hydrostatic Tension CS-A through C5-D ES-A through ES-D 
Bead Test C6-A through C6-C E6-A through E6-C 

Various linear regression models were examined to determine the relation 

of ultimate strength, ultimate strain, secant modulus, and tangent modulus to 

strain rate. Considering all of the data and all test modes, a simple power 



law was found to give the best fi.t, i.e., the highest coefficient of correlation 

and highest student-t statistics. Accordingly, the modulus and strength param

eters are presented in the form of plots of the log of the parameter vs log of 

strain rate. These plots also give the equation, coefficient of correlation, 

and student-t values found in the regression analyses. 

7.1 Double Lap Shear Tests 

The reduced data are plotted against strain rate in Figure 7.1. Average 

values of shear modulus and failure parameters at each strain rate are given 

in Table 7.1. 

Replicate tests at a given strain rate were too few to estimate a meaning

ful standard deviation of the test data. However, an indication of the repeat

ability can be obtained by examining the relative scatter of the data points 

in Figure 7.1. Additionally, the coefficient of correlation and student-t 

values shown give an indication of test precision as well as evidence 

of the validity of the correlation equation c~osen. The student~t statistic, 

as well as the coefficient of correlation, indicates how well the equations 

proposed (a power law in this case) fit the data. For example, for the number 

of samples tested, a student-t value of 3.2 indicates that the equation pro

posed fits the data with a probability of 99 percent, and a student-t value of 

2.2 indicates that the probability of fit is 95 percent. For the number of 

samples tested, a student-t value of about 3 is required for a 99 percent 

confidence level. All shear test values shown give studept-t values well 

above 3, except for the ultimate strain values obtained with Mix 21. 

In general, it appears that the ultimate shear stress values are more re

liLlble than ultimate shear strain data. In addition, tlwse data indicate that 

the secant she<~r modulus ve1lues are more reliable than the tangent she;Jr moduLus. 
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Mix 
No. 

15 

20 

21 

Number 
of 

Samples 

3 
2 
3 
2 

2 
3 
2 
2 

2 
2 
2 
1 

TABLE 7.1 

Double Lap Shear Modulus and 

Failure Data at Various Strain Rates 

T Yu u 
Ultimate Ultimate 

Strain Shear Shear 
Rate Stress Strain 

%/min. (psi) (percent) 

0.106 12;2 4.97 
1.11 20.8 4.14 

10.9 33.3 2.53 
llO.O 62.3 2.54 

0.101 9.1 8.30 
1.02 14.2 5.26 

10.2 45.4 3.66 
101.5 95.5 2.33 

0.105 10.1 6.09 
1. 03 20.9 4.16 

10.7 58.7 3.26 
106.2 127.6 3.86 

All data taken at 76°F. 

GT G.s 
Initial 
Tangent Secant 
Modulus Modulus 

(ksi) (ksi) 

0.30 0.25 
0.70 0.50 
2.51 1. 35 
4.29 2.46 

0.16 O.ll 
0.38 0.27 
2.53 1. 24 

22.79 4.15 

0.22 0.17 
0.62 0.51 
4.46 1. 81 

15.05 3.30 

Most of the coefficients of correlation are greater than 99 percent, 

which strongly supports the use of the simple power law for strain rate dependence. 

This observation suggests that, in routine evaluation of asphalt concrete shear 



behavior, tests at just two different strain rates would be adequate. 

Finally, considering the variation in slope and position of the data 

plots in Figure 7.1, in conjunction with the indicated reliability of the 

laws of each curve, it is evident that the double lap shear test will be 

sensitive to significant variations in asphalt performance. Further analysis 

and interpretation of the data obtained in this study with respect to asphalt structural 

performance is presented in Section 8 of this report. 

7.2 Uniaxial Tension Tests 

The data for uniaxial tension tests are plotted in Figures 7.2 and 7.3 

and averages are given in Table 7.2 

The precision of the uniaxial tension test indicated by the data pre-

sented in Figures 7.2 and 7.3 appears to be even better than that shown for 

the double lap shear test. The lowest student-t value found was 4.9 for the 

ultimate strain rate obtained with Mix 9. The ultimate tensile strength values 

appear to be most reliable. An example of the potential repeatability of this 

test mode is demonstrated by tensile strength values obtained for Mix 13 (Figure 

7.3). Note that data from duplicate tests check so closely that it was diffi

cult to separate them on the data plot. The high reliability of these data is fur

ther indicated by the student-t value of nearly 90 obtained for tensile strength 

tests in Mix 13. 

As noted for the shear test, the ultimate tensile strain values are no

ticeably less reliable than tensile stress value. This difference is probably 

mostly the result of the relatively crude way that specimen extension was 

measured in this test, (i.e. estimation from crosshead separation corrected for 
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TABLE 7.2 

Uniaxial Tensile Hodulus and Failure Data 

at Various Strain Rates 

a E ET u u 
Es . 

Ultimate Initial E Ultimate 
Number Strain Tensile Tensile Tangent Secant 

Hix of Rate Stress Strain Hodulus Modulus 
No. Samples %/min. psi % ksi ksi 

9 2 0.033 8.1 2.36 0.48 0.34 
2 0.332 12.2 2.05 0.66 0.58 
2 3.34 28.9 1. 66 8.12 1. 75 
2 33.6 64.1 1.01 54.50 6.50 

10 2 0.034 9.4 1. 99 o. 75 0.47 
2 0.339 15.9 1. 49 4.22 1.14 
2 3.40 48.6 1. 03 35.93 4.70 
2 34.1 100.5 0.70 95.59 14.87 

11 2 0.034 8.5 2.46 0.53 0.35 
2 0.339 16.9 1. 94 1.10 0.87 
2 . 3. 41 44.7 1. 62 25.26 2.78 
2 34.1 139.0 0.92 154.79 14.30 

12 2 0.034 7.3 3.86 0.28 0.19 
2 0.338 14.6 3.04 0.65 0.48 
2 3.36 36.1 2.44 20.35 1. 51 
2 33.4 100.4 1.13 121.26 8.94 

13 2 0.034 23.3 o. 89. 4.37 2.62 
') 0.336 43.4 0.76 18.63 5. 70 "-

2 3.46 82.3 0.69 47.36 11.93 
2 35.7 148. 7 0.51 115.33 29.01 

14 2 0.034 10.0 2.13 0. 70 0.47 
2 0.342 19.4 2.05 1.16 0.95 
2 3.42 40.7 1. 61 14.77 2.53 
2 34.0 74.8 1. 32 87.28 6.13 

. ------------------------ -------------------------------- --------------- ---------------



machine deformation). Direct measurement of extension by suitable extensometers 

(by methods like those often used in uniaxial testing of solid propellants, as 

discussed by Kelley (63) ), would probably produce a significant improvement 

of the precision of the ultimate tensile strain data obtained with asphaltic 

concrete specimens. Again, the secant modulus data appear to be more reliable 

than the tangent modulus data. 

Coefficient of correlation numbers were 96 percent or above in all cases, 

and over 99 percent fo~ many of the data. Thus the simple power law relation 

with strain rate is quite valid over the range of strain rates examined. The 

tension test appears to be quite sensitive to differences in asphalt performance. 

It will be recalled that the only difference between Mix 9 and Mix 14 was 

in the specimen preparation: Mix 14 had fewer saw cuts and thus a lower proba-

bility of surface stress risers. A comparison of the data on these two mixes 

(in Figures 7.2 and 7.3) indicates that the difference in saw cut procedure re-

sulted in a) somewhat higher ultimate tensile strength but no difference in 

strain rate sensitivity, and b) a marked improvement in test repeatability with 

fewer saw cuts. This later point is illustrated by the comparison of student-t 

values in the following: 

Mix 9, six saw 
cuts per specimen 

Mix 14, four saw 
cuts per specimen 

Ultimate 
Stress 

C1 
u 

11 

43 

Student-t value for 

Ultimate 
Strain 

E 
u 

4.9 

5.3 

Secant 
Modulus 

E s 

9 

25 



From these data it appears that further improvement in specimen preparation 

could result in increased test reliability. 



7.3 Uniaxial Compression Tests 

The data for uniaxial compression tests are plotted in Figures 7.4 and 

7.5 and averages are given in Table 7.3. 

In general, these data indicate 1) satisfactory test repeatability, 2) 

better reliability for ultimate stress values than for ultimate strain values, 

and, 3) better reliability for secant modulus values than for tangent modulus 

values. 

The rather low student-t value obtained for ultimate strain on Mix 13 

clearly is associated with the low coefficient of correlation (77 percent) 

rather than poor repeatability of test data at a given strain rate. The low 

coefficient of correlation means primarily that the simple power law for strain 

rate dependence does not fit this particular set of data very well. One of the 

problems with a prismatic specimen in compression is that of column stability. 

In some of these tests this could change the nature of the strain-rate sensi

tivity of the ultimate strain data. Otherwise, no test difficulty resulting 

from stability problems is evident from the data. In most cases the simple 

power law appears to correlate the data very well (correlation coefficients 

ranging from 96 to 100 percent). Also, significant differences in location 

and slope of the curves indicate that the uniaxial compression test is sensitive 

to differences in asphalt cement structural performance. 

7.4 Splitting Tension Tests 

Results from the splitting tensile tests are plotted in Figure 7.6. Data 

on Mix 39 in this figure can be compared with the results of the direct tensile 
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Number 
Mix of 
No. Samples 

9 2 
3 
3 
2 

10 2 
2 
3 
2 

11 2 
2 
3 
2 

12 2 
2 
3 
2 

13 3 
2 
2 
2 

14 2 
2 
3 
2 

TABLE 7.3 

Uniaxial Compressive Modulus and Failure Data 

At Various Strain Rates 

0 E: u u 
ET E: Ultimate Ultimate 

Strain Compressive Compressive Tangent 
Rate Stress Strain Modulus 

/~/min. (psi) (%) (ksi) 

0.033 39.7 5.00 1.22 
0.835 76.5 4.02 2.53 

16.9 172.5 4.30 5.81 
336.0 4.41. 3 3.04 50.96 

0.034 50.2 4.60 1. 60 . 
0.852 102.9 4.06 3.59 

17.1 239.6 3.26 21.11 
341.0 517.0 3.17 48.19 

0.034 41.1 4.46 1. 29 
o. 853 92.7 3.69 3.51 

17.0 327.2 3.50 19.47 
341.0 1029.7 0.87 152.00 

0.034 33.4 6.10 0.81 
0.841 82.2 5.45 2.31 

16.8 323.2 5.23 12.78 
335.0 884.8 4.31 107.14 

0.034 113.8 1. 97 7. 95 
o. 891 213.7 2.02 15.09 

17.5 423.6 1. 96 38.99 
357.0 899.1 1.03 113.06 

0.034 48.4 4.42 1. 65 
o. 852 103.8 3.68 3.94 

16.7 238.4 3.59 9. 77 
340.0 498.4 3.17 56.01 

Es 
Secant 
Hodu1us 

(ksi) 

0. 80 
1. 91 
4.02 

14.62 

1.10 
2.56 
7.62 

16.45 

0.92 
2.51 
9.36 

123.40 

0.56 
1. 51 
6.19 

21.15 

5.79 
10.59 
21.60 
89.70 

1.10 
2.84 
6.66 

15.95 
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test on Mix 9 plotted in Figure 7.2. Average values of modulus and failure 

parameters are summarized in Table 7.4. 

Except for the tangent modulus data, the points for repeat tests shown 

on Figure 7.6 fall nearly on top of one another. This indicates the excellent 

repeatability possible with the splitting tension test on asphaltic concr~te 

specimens. Comparing the data for Mix 9 and Mix 39, student-t values appear 

to be significantly higher for the splitting tension test mode. However, it 

is believed that this indicatesa better fit to the power law model rather than 

inherently better test repeatability. 

The two tension test modes also can be compared on the basis of relative 

strength and modulus values obtained. Since there is more uncertainty as to 

the actual stress and strain field at a given load in the splitting tension 

test than in a direct tension test, it was assumed that the latter valu.es are 

correct. On this basis, at a strain rate of one percent per minute, it appears 

that the splitting tension test underestimates the ultimate stress by a factor 

of 2 and overestimates the ultimate strain by about 12 percent. The two tests 

also give somewhat different sensitivities to strain rate. Briefly, the 

splitting tension test is easier to conduct and appears to be capable of somewhat 

better precision tha·n the direct tension test on asphaltic concrete. However, the 

accuracy of the splitting tension test results appears to be in doubt. Possibly 

the accuracy would have been improved in this study if the curved loading bar 

recommended by Kennedy (66,75) had been used. 

The asphaltic concrete variable examined in the splitting tension tests in 

this study was asphalt content. A reduction of asphalt content from 5.5 per

cent to 3.8 percent increased ultimate stress by a factor of 3, decreased 



Number 
Mix of 
No. Samples 

39 3 
4 
4 
3 

43 3 
3 
3 
3 

TABLE 7.4 

Splitting Tensile Modulus and Fail~re Data 

At Various Strain Rates 

cr E: 
u u 

E: Ultimate Ultimate 
Strain Tensile Tensile 

Rate Stress Strain 
%/min. (psi) (%) 

1.05 10.6 1.91 
10.4 24.7 1. 48 

105 73.1 1. 40 
1020 175 1. 01 

1.02 .32.0 0.58 
10.4 73.6 0.59 

103 169 0.55 
509 250 0.43 

ET Es 
Initial Initial 
Tangent Secant 
Modulus Modulus 

(ksi) (ksi) 

3.24 1.24 
10.7 3. 71 
35.2 11.6 

549 46.6 

33.7 12.1 
58.4 27.3 

223 68.5 
718 128 



ultimate strain 3-fold, and produced an order-of-magnitude increase in modu

lus. These differences indicate a useful sensitivity of this te.st to factors 

which may influence pavement structural performance. 



7.5 Hydrostatic Tension Tests 

Data for the hydrostatic tension tests are plotted in Figure 7.7 Average 

values of modulus and failure parameters are summarized in Table 7.5 In 

plotting the data in Figure 7.6, the values for ultimate stress listed in 

Appendix E5 were multiplied by 1.95, ultimate strain values were multiplied 

by 1.45, and modulus values were multiplied by 1.34, in accordance with the ex

planation given in Section 6.2.3. The same adjustments were made in calculating 

the data listed in Table 7.5 

In this exploratory study of the application of a hydrostatic test config

uration ("poker-chip" test) to asphaltic concrete specimens, the precision of 

the test results is evidently not as good as that observed in other test modes. 

In particular, the scatter of the ultimate strain data is clearly greater than 

any differences among the samples of asphaltic concrete mixes evaluated. It is 

believed that this is largely the result of the very small vertical specimen 

deformation at failure combined with the relative crudeness of the method of 

deformation measurement. 

The ultimate stress data appears to be the most reliable and served to 

demonstrate the possibilities of this kind of test for determination of asphaltic 

concrete behavior in a hydrostatic stress field. Significant differences among 

the samples tested are indicated, although the sensitivity of this test to varia

tions in asphalt characteristics is less than that observed in other test modes. 

Ultimate strain appears to be little influenced by strain rate. Modulus 

and ultimate stress data show the expected simple power law dependence on strain 

rate. 
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TABLE 7.5 

Hydrostatic Tensile Modulus and Failure Data 

at Various Strain Rates 

cr E: u u 
Es ET E: Ultimate Ultimate 

Number Strain Tensile Tensile Secant Tangent 
Mix of Rate Stress Strain Modulus Modulus 
No. Samples %/min. (psi) (%) (ksi) (ksi) 

16 3 0.39 68 1. 88 3.59 6. 71 
3 3.9 155 1.55 9.95 14.9 
4 39 291 1.92 15.7 . 85 
4 397 488 1.77 27.6 35 

17 3 0.34 70 1.43 4.98 8.88 
3 3.37 17.9 2.02 8.88 12.7 
3 33.5 415 2.18 19.0 27.4 
3 321 558 2.00 30.0 25.1 

18 3 0.34 91 1.86 4.88 7.13 
4 3.4 246 1.93 13.4 20.3 
4 33.4 450 2.01 22.8 29.7 
3 341 506 1.58 33.3 43.1 

19 4 0.35 89 2.10 4.23 6.0 
4 3.36 180 2.06 8.81 13.2 
4 34 338 2.26 15.3 23.7 
4 344 567 2.19 27.0 38.8 



Further study and refinement of this test method is necessary before it will 

become a useful tool for evaluating the performance of asphaltic concrete. 

One obvious improvement would be the use of LVDT's for the measurement of 

vertical deflection of the specimen. Based on the experience with this test 

on solid propellants (81), additional care in preparation of the "poker-chip" 

sp0cimens probably is necessary also. In particular, the two platens must be 

kept parallel, within very close tolerences, to produce a hydrostatic tension 

field within the specimen. 



7.6 Bead Tests 

Results obtained for this quality control version of the hydrostatic tension 

test are plotted in Figure 7.8. Average values of modulus and failure parameters 

are summarized in Table 7.6. In this test, the apparent stress and strain values 

were not multiplied by the factors used in hydrostatic tension tests of asphaltic 

concrete specimens because the more complicated stress ~nalysis of the bead test 

configuration has not been accomplished. Nevertheless, examination of the ap

parent ultimate stress, ultimate strain, modulus data will serve to allow assess

ment of the bead test as a quality control procedure. In fact, relative values 

usually suffice in quality control applications and it may not be necessary to 

make such corrections at all. 

In most instances values obtained in repeat tests in this series were in 

excellent agreement with one another. This observation is especially in evidence 

for the ulitmate strain data. The indicated potential of excellent repeatability 

of ultimate strain values is of particular interest because it was hoped that 

the bead test might be a logical improvement over the standard ductility test 

which essentially yields ultimate strain data. 

Sensitivity to differences in asphalt characteristi~s was not determined 

in this study since bead diameter was the only test parameter varied in addition 

to strain rate. However, the trst was quite sensitive to bead size (simulating 

aggregate size) and it is believed that the bead test will be comparable to the 

ductility test with respect to sensitivity to differences in asphalt structural 

performance. 

In all but one instance the simple power law strain rate dependence served 

to correlate the data very well. Correlation coefficient of 93 to over 99 
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TABLE 7.6 

Bead Test Modulus and Failure Data 

at Various Strain Rates 

cr E u u 
Es E Ultimate Ultimate 

Number Strain Tensile Tensile ·Secant 
Mix Bead of Rate Stress Strain Modulus 
No. Size Samples %/min. (psi) (%) (ksi) 

24 2 3.23 7.6 1.50 0.51 
2 32.3 55 1.11 4.92 
3 323 263 2.93 9.16 

25 2 5.78 36.8 2.74 1. 36 
2 57.8 109 3.05 3.54 
2 578 667 5.52 7.17 

26 3 11.2 70 3.41 2.05 
2 112 206 6.58 2.98 
2 1120 918 11.0 8.5 



percent were found except for the ultimate strain data from Mix 24. This 

suggests possible simplifications of this test mode. For constant strain 

rate tests, only two strain rates should be necessary. Another possibility 

is to load the bead test configuration at a constant stress. A creep test 

of this kind can be conducted with very simple apparatus. 



8.0 ANALYSIS AND INTERPRETATION 

The foregoing discussion considered the feasibility of the test methods 

selected for basic evaluation of asphalt cement structural performance, and 

the sensitivity of the test results to differences in asphalt composition. In 

~his section, the experimental approach has been examined in greater depth. 

This section considers: 

1) The effect of stress axiality on the behavior of the specimens tested. 

2) Further examination of the effect of asphalt cement source and addi

tives on the test results. 

3) A viscoelastic interpretation of the data. 

4) The application potential of the methods evaluated in this program. 

8.1 Effect of Stress Axiality 

The effect of stress axiality was examined to determine 1) the possibility 

of predicting combined stress behavior from uniaxial behavior, and 2) to what 

degree relative asphalt performance would vary with the stress field imposed. 

Three theories of strength were selected for application to the data in 

this study from among those commonly used for correlation of combined stress 

behavior (such theories are discussed by Nadai (88) and Marin (89) ). The 

theories selected were 1) maximum principal stress, 2) maximum principal 

strain, and 3) maximum strain energy. In this program only the dat;t from the 

following asphalt concrete compositions were available to make this l'omparJson: 

1. 5.5 percent asphalt, source 11 

2. 5.5 percent asphalt, source 6 

3. 5.5 percent asphalt, source 11, with 3 percent polymer 



Although the same three compositions were used for each test made, mix and 

specimen preparation procedures varied from mode to mode. Thus, a basic 

assumption had to be made: that the mix and specimen preparation variables have 

a minimal effect on asphaltic concrete behavior. Any conclusions reached ~ere 

in the context of this assumption. 

The application of the three failure theories selected can be tested by 

plotting, a /a or E /E against a2!a 1, where: 
u,m u,u u,m u,u 

a Ia u,m u,u 

E fE u,m u,u 

= ratio of multiaxial to uniaxial ultimate stress 

ratio of multiaxial to uniaxial ultimate strain 

ratio of principal normal stresses 

The data on asphaltic concrete specimens obtained in this study were plotted in 

this manner in Figures 8.1 and 8.2. For comparison, curves representing the 

three failure theories are also shown in these figures •. 

At low rates of strain, the maximum strain theory gives the best fit to 

the ultimate stress data. At high rates of strain, the failure stress points 

fall between the prediction of the maximum strain theory and the maximum stress 

theory. On the other hand, the data plotted in Figure 8.2 indicate that ultimate 

shear strain and ultimate strain in the hydrostatic tension test are significantly 

higher than either the maximum principal strain or maximum principal stress 

theories would predict. Accordingly, these data indicate that reliable prediction 

of asphaltic concrete mechanical behavior under combined stresses from uniaxial tests 

cannot be made by applying these theories. 

The bead test data present another way in which the effect of load axiality 

on asphalt failure behavior can be examined. The ultimate strain values for 
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asphalt 6 from the bead tests, at various strain rates, were divided by the 

corresponding ultimate strain 'Obtained for asphalt concrete mixtures containing 

5.5 percent asphalt 6 to determine an ultimate strain ratio. This ratio is 

plotted against strain rate for each of the test modes in Figure 8.3. Comparison 

of the curves demonstrates primarily that there is a marked difference in 

sensitivity of asphalt failure behavior to strain rate among the various test modes 

investigated in this program. Thus the need for determining asphalt behavior 

in multiaxial as well as uniaxial stress fields is indicated again. Additionally, 

these data suggest that the bead test should be run at more than one strain rate. 

Effect of stress axiality on the relative ranking of the three asphaltic 

concrete compositions noted above was also investigated by: 

1. Calculating, for each test mode, a relative value of modulus or failure 

parameter determined by dividing a given test value by the corresponding 

test value obtained from specimens of mixes of 5.5 percent asphalt 11. 

For example, at a strain rate of 1 percent/min the ultimate shear stress 

obtained from a mix of 5.5 percent asphalt 6 was 18.2 psi. The 

corresponding ultimate shear stress for mix 11 was 20.2 psi. The 

relative value of ultimate shear stress for specimens of 5.5 percent 

asphalt 6 was therefore 18.2/20.2 = 0.90. 

2. Comparing the relative values of these performance parameters obtained 

in shear tests (o2/o 1 = -1), uniaxial tensile tests (o 2/o
1 

= 0), and 

hydrostatic tensile tests (o 2/o 1 = 1) for 1 percent/min and 100 percent/ 

min strain rates. 
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3. Making a similar relative rating and comparison of the strain rate 

sensitivity of the modulus and failure data,as indicated by the 

slope of the log parameter- log strain rate plots (Figures 7.1 

through 7.8). 

Figure 8.4 shows the effect of load axiality on relative ratings cal

culated from data obtained at 1 percent/min. Figure 8.5 presents the same 

kind of comparison obtained from data obtained at 100 percent/min. Figure 

8.6 compares the relative rate of change of modulus and failure criteria 

with strain rate under the three conditions of load axiality applied in these 

experiments. 

These comparisons indicate that the relative ranking of different asphalts 

will depend, to some extent, on stress axiality. For example, asphalt 6 ranks 

lower in relative ultimate stress and modulus than asphalt 11 in the shear test 

mode, but ranks higher in uniaxial and triaxial tension tests. The effect of 

addition of 3 percent polymer to asphalt 11 appears to be more consistent. In 

all cases, addition of polymer appears to increase the relative ranking of the 

asphalt with respect to ultimate stress and ultimate strain. However, no very 

consistent trends were observed in the strain rate sensitivity data. In any 

event, it is evident that relative ranking on the basis of behavior in uniaxial 

tests alone would provide an incomplete evaluation of asphalt structural 

performance. 
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8.2 Effect of Asphalt Source, Additives and Content 

The data presented in Figure 8.2, 8.5, and 8.6 and discussed in the 

preceding paragraphs indicated the effect of asphalt source and polymeric 

additives, as well as the effect of stress axiality, on asphalt structural 

performance. The evaluation can be extended further on the basis of additional 

data obtained in the direct uniaxial and hydrostatic tension tests. 

Bar graph comparisons on the failure and modulus behavior of all of the 

asphaltic concrete mixes tested in direct uniaxial tention are given in Figure 

8.7. In addition to the differences in uniaxial behavior of asphalt 11 and 

asphalt 6 previously noted, these comparisons clearly indicate that addition 

of 3 percent polymer to either asphalt significantly altered structural 

performance. However, where such addition increased ultimate stress and 

decreased ultimate strain with asphalt 11, it decreased ultimate stress and 

increased ultimate strain with asphalt 6. To resolve this apparent anomaly, 

an approximate strain energy density at failure was calculated for each test 

by multiplying ultimate stress by ultimate strain. The bar graph comparison 

of these data shows that addition of 3 percent polymer enhanced the structural 

performance of both asphalts in a uniaxial stress field. Note that this en

hancement was more pronounced with asphalt 6 than with asphalt 11. However, 

the effect of polymer addition on modulus was not consistent; the polymer 

increases uniaxial tensile modulus of asphaltic concrete made with asphalt 11 

and decreased the tensile modulus with asphalt 6. 

As expected, a decrease of 1.5 percent in asphalt content resulted in a 

marked increase in ultimate strength, decrease in ultimate strain, and increase 

in tensile modulus. 
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The bar graphs in Figure 8.8 are presented to show a comparison of the 

effect of polymer addition to asphalt 6, with the effect of ground reclaimed 

rubber addition to the aggregate, on the modulus and failure behavior of asphaltic 

concrete in hydrostatic tension. All comparisons were made at a strain rate of 

one percent/min. 

In this stress field, the addition of 3 percent polymer to asphalt 6 appeared 

to improve the performance. Note the marked increase in ultimate stress-ultimate 

strain product which occurred along with a rather small increase in modulus 

when the polymer addition was made. 

Addition of reclaimed ground rubber to the aggregate decreases asphaltic 

concrete ultimate stress, increased ultimate strain, and decreased modulus. 

It appears that the overall effect of such additions on asphaltic concrete 

performance would be negligible. Accordingly, within the limits of this 

investigation application of reclaimed rubber in pavement construction would 

have to be justified on the basis of solid waste disposal rather than of 

enhancement of pavement structural performance. 
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8.3 Viscoelastic Interpretation 

In the discussion of the approach pursued in this study it was pointed 

out that behavior of real pavement materials was viscoelastic (i.e. time 

dependent) and that the time dependence must be accounted for in a rational 

analysis of pavement structural performance. Accordingly, viscoelastic inter-

pretation of the modulus and failure data may be required as follows: 

1) For estimation of the stress relaxation modulus (E(t)) needed for 

viscoelastic structural analysis. 

2) To estimate a time to failure under constant stress or constant 

strain conditions. 

3) To determine the effect of temperature variation on asphalt structural 

performance by application of time-temperature superposition. 

If an asphaltic concrete material exhibits a simple power law dependence on 

strain rate and linear viscoelastic behavior, estimation of relaxation modulus 

and time to failure is straight forward, as shown by Smith (30,31). He begins 

by defining the relaxation modulus, 

E (t) = cr(t,€) 
€ 

0 

artd a constant strain rate modulus, 

where 

F (t) = cr(t,£) 
€ 

cr(t,£) stress level as a function of time and strain level 

€ strain level 

€ = constant strain level in a stress relaxation experiment 
0 



He then assumes a simple power law relation for F(t), 

F(t) = at-b 

where a, and b are experimentally determined constants and t = E/E. 

The two time dependent moduli are related by the equation 

E (t) F(t) [ l + d in F(t) 
d lu. t 

In Figures 7.l.through 7.8, the strain rate dependence of secant modulus 

(E ) was shown to follow the simple power law, 
s 

E 
s 

•bl 
= a E 

1 

similarly, 

The constants a1 , a2 , b 1 and b 2 for each test are given in the referenced 

figures. Smith (30,31) then shows that the relaxation modulus can be represented 

by, 

E(t) = a (1-b)t-b 

where 

b 

He then uses the following approach to relate time to failure in a con-

stant stress (creep) test to constant strain rate Jata, 

1) Call the ultimate stress (constant strain rate): ab, the corres

ponding ultimate strain: Eb, and the time to failure: tcrb = Eb/s. 



2) In a constant stress (creep) test where cr
0 

= crb, failure will occur 

when the strain has increased to sb. Call the time to reach this 

point tcb' 

3) Then, 
2 

R_n, t +.!. Dn, [ 1T~(l-b ) ] • 
crb b ~ s1n 1rb 

As an example of the application of these relations, the time to failure--

stress relations were estimated from the constant strain rate test data from 

double lap shear, direct tension, direct compression, and splitting tension tests 

run in this study. The resulting equations and stress-time to failure plots are 

presented in Figures 8.9 through 8.14. Actual creep tests were not conducted 

to verify these predictions. However, such verification would be worth-while 

because, if the prediction could be checked within engineering accuracy (say ± 

10 percent), then asphaltic concrete behavior could be evaluated by means of 

constant load (creep) tests which require very simple apparatus. 

The experiments in this study were conducted at constant temperature (76°F) 

but complete evaluation of asphalt structural performance will require knowledge 

of temperature effects. It has been demonstrated that the effects of tempera-

ture and time (e.g. strain rate) are interrelated in viscoelastic materials. 

Thus determination of the effect of temperature for asphaltic concrete can be 

simplified by application of time-temperature superposition. This principle has 

been outlined by Smith (94), Ferry (91), and Williams, Landel, and Ferry (92). 

Application of time-temperature superposition to correlation of the structural 

behavior of asphaltic concrete has been discussed by Haas (93,95), Schmidt (96), 

Marek (97), Majidzadeh (98) and Brodnyan (99). One of the most comprehensive 
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studies was done by Alexander (100) who performed creep, relaxation, and 

constant strain rate tests on uniaxial tensile specimens of asphaltic con~rete 

over a temperature range of 40°F to ll0°F. He reported that all of his data 

could be superposed by using a shift factor which varied with temperature by 

a simple power law. 



8.4 Application Potential 

The determination of performance requirements of asphaltic material for 

a flexible pavement surface course was app.roached in this study be examining 

several tests for evaluation of the basic mechanical behavior of asphaltic con

crete specimens. These tests were selected to reproduce the actual states of 

stress and strain in the pavement. In assessing the results of this study in 

terms of the ultimate usefulness of this approach, several questions were con

sidered, 

1) What kind of samples will truly represent the material in the pave

ment structure? 

2) Are the test methods selected capable of giving accurate results with 

acceptable repeatability? 

3) Are the results produced by those test methods sensitive to signifi

cant differences in asphalt structural performance? 

4) How practical are the test methods for routine evaluation of asphalt 

structural performance? 

Some of the answers to these questions have been considered in the fore-

going discussion of test results and interpretation. They will be given a summary 

review in the following paragraphs. 

All of the samples tested in this study were produced by laboratory mixing 

and compacting procedures which are supposed to reproduce asphaltic concrete 

made in the field. While these methods had been developed previously for this 

express purpose, no data were available to compare laboratory and field results, 

particularly with respect to the test methods used in this study. Obviously, this 

is one point which should be clarified before the approach proposed in this 



study could be considered to be ready for practical application. 

Additionally, even when it is shown that laboratory preparation truly 

represents field produced asphaltic concrete, the data would be useful only in 

estimating the pavement performance immediately after construction. The 

chemical and physical changes that occur as time increases would be completely 

missing, and should be evaluated. One way to do this would be to co~pare test 

results on samples taken from a surface course after various time intervals 

with the results of similar samples subjected to an appropriate laboratory 

procedure simulating environmental conditions affecting the pavement. 

A judgment and evaluation of the application potential of the proposed 

test methods was made on the basis of the practicality of the sample preparation 

procedures, the feasibility of the testing procedures, and the potentiaf re

liability and significance of the test results for evaluating. asphalt cement 

structural performance. Such a summary and evaluation is presented 

in Table 8.1 In general, it is believed that adequate uniaxial performance 

data can be obtained most practically by use of the splitting tension test. 

The double lap shear has the possibility of giving excellent data in a practi

cal way. However, in this case, additional development relative to details 

of the test procedure appears to be necessary. The hydrostatic tension test 

clearly requires the most development effort before this procedure could be 

considered for practical application. In particular, attention should be given 

to sample preparation procedures and means of deformation measurement to make 

the "poker chip" test a reliable and practical method for measuring asphalt 

structural performance. In fact, it is believed that progress could be made 

most rapidly with the bead test version of this method. 



TABLE 8. 1 Summary Evaluation of Test Techniques 

PRACTICAL APPLICATION 

REPEATABILITY SENSITIVITY EgUIPMENT TEST 
TEST MODULUS FAILURE MODULUS FAILURE AS RUN(a) MODIFIED(b) TIME 

Direct Uniaxial Tension/ Good Good Excellent Good Fair Good Good Compression 

Splitting Tension Good Good Excellent Good Fair Good Excellent 

Hydrostatic Tension Fair Poor- Poor Fair Fair Fair Good 
Fair 

..... 
0 Shear Good Good 
0\ 

Good Fair Fair Good Fair 

Bead Test Poor Good Not evaluated Fair Good Good 
but correlation 

with other 
tests indicated 

(a) Tests run with an Instron universal tester. 

(b) Methods modified to obtain results from constant load (creep) test procedures. 



9.0 CONCLUSIONS AND RECOMMENDATIONS 

The experimental data and resulting analysis in this study indicate 

that: 

l) Test methods are available which can be applied to reliably evaluate 

asphalt structural performance in a fundamental way. The test methods examined 

in this study are sensitive to significant differences in asphalt content and 

asphalt structural performance. Thus, these methods can be applied to obtain 

basic pavement design data, select asphaltic materials, and for asphalt quality 

control. However, additional research related to details of sample preparation, 

test procedure, and analysis of results should be completed before this approach 

can be put to practical use. Additionally, a cyclic loading (fatigue) method 

should be included in any complete asphalt structural performance evaluation 

scheme. 

2) All of the test methods applied in this study give more reliable ul

timate stress data than ultimate strain data, and more reliable secant modulus 

values than tangent modulus values. Improved methods of measuring sample deforma

tion during test should improve the precision of the ultimate strain data. 

3) Relative structural performance of asphaltic concrete will vary with 

stress axiality. Also, it appears that there is no consistent relation between 

uniaxial and multiaxial mechanical behavior. Accordingly, asphalt cement 

structural performance cannot be judged solely on the basis of uniaxial test 

results; a combination of several test modes is necessary for adequate 

performance evaluation. 

4) Asphaltic concrete modulus and failure data demonstrate a simple power 

law dependence on strain rate. Such dependence impl Les that lLnear visCOL'lastic 



behavior for this material is a reasonable engineering assumption. It also 

suggests that the test procedures might be simp.liried by substitution of a 

constant load (creep) schedule for the more commonly applied constant strain 

rate schedule. 

5) Additions of elastomeric polymers (synthetic and natural rubber and 

the like) have a significant effect on asphalt cement structural performance. 

Failure behavior is improved but such additions may either increase or decrease 

the elastic modulus, depending on the base asphalt source. 

6) Based on limited experiments performed in this study, substitution of 

ground reclaimed rubber for part of the aggregate has little effect on the 

mechanical behavior of asphaltic concrete. Thus such substitution should be 

justified primarily on the basis of being a possible method for solid waste 

disposal. 

As a result of the findings of this study, the following recommendations 

are made: 

1) Serious consideration should be given to application of the fundamental 

approach to asphalt structural performance, as proposed in this study, for ac-

quisition of basic pavement design data, selection of asphalt cements, and for 

asphalt quality control. However, the required additional research to further 

develop and improve the test methods should be supported to completion so that 
' 

this scheme can be applied in a practical way and with confidence. 

2) Methods of sample preparation should be studied carefully, with re-

· spect to how well the samples represent asphaltic concrete produced in highway 

construction as well as to improvement of the accuracy and precision of the test 

methods themselves. 

3) Further research on test methods to be used in the fundamental evalu-



and fatigue test methods. 

4) The application of structural performance evaluation methods should be 

extended to include the study of the effects of asphalt aging on both field and 

laboratory samples. 
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HETHODOLOGY 

Hachine Deformation 

All materials testing was performed with an Instron Universal Testing 

Machine Hodel No. TTD. The indicated deformation obtained from the Instron 

pen trace includes both the actual specimen deformation and the machine defor

mation. A method of accurately correcting for the machine deformation was 

incorporated in the computer routine (Figure 2). 

For each mode of testing, a different test set-up was required. A cali

bration trace for each test set up was obtained by loading only the machine 

and associated fixtures to a force greater than any failure load of the materials 

to be tested. 

Dimensions and Data 

The pertinent dimensions of each specimen were recorded accurately to the 

nearest one-hundredth of an inch. In the case of the uniaxial and double-lap 

shear specimens, four lengths, widths, and weights were recorded and averaged 

to obtain the final dimensions used for calculations. The hydrostatic and 

split-cylinder specimens were of a poker chip configuration with a constant 

diameter of four inches making it necessary to record only three heights or 

thicknesses for each specimen. The single size aggregate hydrostatic specimens 

had a constant thickness equal to the glass bead diameter used in the specimens. 

The orientation of these dimensions varied with the specimen configuration. 

The \veight in air and the weight in water of each specimen were recorded 

accurately to the nearest tenth of a gram. The theoretical specific gravity 



calculations were based upon the mix design and were read into the routine. 

Using the theoretical specific gravity, the weights in air and water, and the 

specimen dimensions according to the two methods described by Rice pro-

vided the specific gravity and void content per specimen. One method used the 

theoretical specific gravity, the weight in air, and the average dimensions 

whereas the other method used the weight in air and the weight in water. 

Both methods were employed as it vms not known initially which one would 

give the better results. The latter metiwd proved to be the most reliable. 

Test Results and Data Reduction 

Four values taken directly from the Instron trace of each specimen tested 

were required. These values represented the x and y coordinates of the point 

on the trace at which the first maximum load occurred and the point at which 

a load equal to one-half of the maximum load occurred before failure. 

Because of the slow material response at the lower strain rates, many 

of the traces were erratic at the beginning of the curve. This caused dif

ficulty in determining the exact starting point for computing the strain. To 

provide consistency in the location of this starting point, a line >vas drawn 

tangent to the curve at the point equal to half of the ultimate load. This 

tangent line was then extrapolated to the zero force level. The point of 

intersection was then referenced as the initial point of zero strain thus 

eliminating the erratic section of the trace. The slope of this tangent line 

was labeled the initial tangent modulus (Figure 3). 

Because the computer routine was developed specifically for reducing 

Instron test data, the raw test values could be entered directly into the data 

deck. Along with these values the crosshead rate, chart speed, full scale 

setting, and test set-up number must be entered for each specimen tested. The 



conversion of the raw test data from chart units to stress and strain was 

written into the routine. The routine in its present form is therefore useful 

only for Instron test data. 

Analysis 

The calculated values of ultimate stress, ultimate strain, tangent modulus, 

and secant modulus for the specimens in each mix were grouped according to 

strain rate and were averaged. A simple deviation from these averages for 

eacn strain rate group was calculated. By averaging the deviations of each 

strain rate group for each mix, a single value indicating the spread of the 

data for the calculated quantities in each mix was obtained. 

Simple deviations were used because the small number of points in each 

average eliminated the use of standard deviations. Finally the four average 

deviations in each mix were averaged to obtain a single value termed the 

field average deviation. This term was used only as a crude measure of the 

data scatter for each mix as a means of quick comparison. 

Constitutive Relations and Statistical Evaluation 

The constitutive relations for the characterization were determined by 

applying geometric laws and power laws to the average values calculated for 

stress, strain, secant modulus, and tangent modulus. The relations were 

calculated using two sets of units for the fundamental properties to provide 

for quick application of the relations witnout converting units. 

For eaci1 constitutive relation , a coefficient of correlation and a 

Student t value \vas calculated. The coefficient of correlation indicated the 

extent of dependency .of the dependent variable upon the independent variable 

for each relation. Application of the Student t test indicated how well these 



relations represented the data. By finding the working probability in a 

Student t table corresponding to tne degrees of freedom and the Student t 

value for a given relation, the probability of that relation being valid 

was established. 



USER 1 S GUIDE 

The purpose of this guide is to provide a brief explanation of the 

formats required for keypunching the data cards and to show the proper order 

of the cards in the data deck. Enough explanation will be given to allov7 

a person reasonably familiar vlith computer programming to code and punch 

the test data without understanding the logic of the routine. 

Program Language 

The program is written in Fortran IV for use with a Watfor compiler. 

The program in its present form is designed for use in the IBM 360-65 

central processing unit available at the Data Processing Center of Texas 

A&N University. The program can be readily adapted for use with another 

compiler or installation. The operating procedures of the facilities 

available to the user should be checked before implementing the program. 

Data Formats 

Calibration Data: 

The data immediately follo~<Jing the data entry card is the calibration 

data. The first card for each set of calibration data is called the cali

bration title card. The test set-up number, full scale setting, crosshead 

rate, and chart speed are entered on ti:lis card. The latter three values 

pertain to the Instron settings at which the calibration trace was run for that 

particular test set-up. Yne remaining cards contain the x and y coordinates 

of a series of points taken from the calibration trace. Each card contains 

a single· set of coordinates. .\ maximum of twenty points can be stored for 

each test set-up including the zero point. The zero point is written into the 



program thus eliminating the need to enter this point with a data card. 

Examples 1 and 2 illustrate the read formats for the calibration title 

and data cards. 

Example 1 -- Calibration Title Card 

READ (5,105) NTSC, FSC, CHC, esc 

Col. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 No. 19 20 21 22 23 24 25 26 

rJ ,) J 0 2, o tl 0 0 0 o, b 10 0 0 0 z, b ,o 0 s, b b b 
Field IS lx F.J.O lx F6.3 lx F4.1 

Example 2 -- Calibration Data Card 

READ (5,107) XC(NTSC,I), YC(NTSC,I), LCIS, LS 

Col. 
No. 1 2 3 4 5 6 7 8 9 10 

,o 2 • 0 Of 10 2 • 0 
Field F5.2 lx F5.2 

Specimen Data: 

11 12 13 14 15 

o, 0 o, b 
lx 211 

16 17 18 19 20 

b b 

i'1ix Title Card - The first card in each set of specimen data cards is called the 

mix title card. This card contains the mix number, tile code number for the 

mode of testing, the theoretical specific gravity, and if applicable the bead 

diameter. Example 3 illustrates tne read format for this card. 

Example 3 -- Mix Title Card 

READ (5,109) HIX, G, .:-lODE, FRAC, SGT, BD 

Col. 
No. 1 2 3 4 5 G 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 

,o 2 ljBIJ 21b 1o . 5 0 o, b ,z 1 3 91 b 1 o 5 0 o, 
Field I3 lAli2 lx F5.3 lx F5.3 lx F5.3 



The term mix denotes all the specimens which came from the same mixture 

of binder and aggregate. Each mix has a particular percentage of binder or 

other additives and is unique in its composition. For ease of identification, 

eaci1 mix is assigned a number termed ti1e mix number. Therefore, the variable 

'!'fiX' in the read statement represents the mix number. 

The variable 'G' represents a field allocation for a single literal 

character which can be included in the mix number to denote a subdivision 

within the mix. For example, a group of specimens from a mix numbered 15 

which are to be tested differently or treated differently from the remaining 

specimens in the mix could be labeled 15B. This allows ready identification 

of the specimen composition yet indicates that a different test procedure 

was used. If a letter is to be part of the mix number, it should be entered 

in the field designated for tl1e 'G' variable. If no letter is desired, the 

field should be left blank. 

The variable 'MODE' represents a code number for the stress state and 

stress sign imposed upon the specimens in the mix during testing. For the 

purposes of this computer program, a change of stress state and/or a change 

of stress sign are considered different modes of loading. Table 1 lists the 

modes and corresponding code numbers. 

The variable 'FRAC' represents a fractional value dependent upon the 

mode of loading. This value indicates the fractional part of the ultimate 

load at \vhich the initial tangent was drawn to the Instron trace of each 

specimen tested in a particular mix. Table 1 also lists the 1 FRAC' values 

corresponding to the modes of loading. 

The variablL' 'SCT' represents the theoretical spec.l.fic gravity of thv 

mix material. This value varies with each mix design. 



The variable 'BD' represents the average glass bead diameter. This vari-

able is used only for Mode 6. For all other modes the field should be left 

blank. 

Dimension Card 

The cards which follow the Mix Title Card are termed the Dimension Cards. 

Upon these cards are entered the dimensions pertinent to the specimen configur-

ation along with the weight in air and the weight in water. one card for each 

specimen in the mix is punched. 

,xample 4 Dimension Cards for Uniaxial and Shear Specimen 
Configurations 

READ(5,142) NS(I),Wl,W2,W3,W4,Dl,D2,D3,D4,Hl,H2,H3,H4,WA(I),WW(I),LCIS,LS 

ol. No. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 .15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 
,o 0 lul • 6 0 1 0 6 4 1 6 6 1 6 2 1 5 6 1 6 4 1 

'ield 13 12 F5.2 

ol. No. 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 

6 0 6 0 4 6 0 6 6 

ield 

ol. No. 53 54 55 56 57 58 59 60 61 62 63 
b b -2JJ 0 3 2 7 5 1! 0 0 1 

ield F6.1 211 

0 6 6 0 

xample 5 Dimension Cards for Poker Chip and 
Split Cylinder Specimen Configurations 

READ(5,150) NS(I),Hl,H2,H3,WA(I),WW(I),LCIS,LS 

ol. No. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

0 0 litO • 5 2 21!0 5 2 7!1 0 5 2 11!0 2 

ield I3 F5.3 F5.3 F5.3 

ol. No. 31 32 33 
,o o, b 

ield 

6 11 o 5 9 3 

F6.1 

21 22 23 24 25 26 27 28 29 30 

4 3 2!1 0 1 4 0 8 I 

F6.1 F6.1 



Test Result Card 

The test result cards are placed directly after the dimension cards. A 

single card is punched for each specimen. Each card contains the specimen num-

ber, test set-up number, full-scale setting, crosshead rate, chart speed, X and 

Y values for the secant modulus, and the X and Y values for the initial tangent 

modulus. Examples 6 and 7 show the formats for these cards. 

Example 6 Test Result Card for Uniaxial, Poker Chip, 
Shear, and Split Cylinder 

READ (5, 111) NS (I), NTS (I), FS (I), CH( I), CS (I), YS (I), XS (I), YT (I), XT (I), LCIS 

Col. No. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 

l.~ .. 2H~-~ 6 11 o o o o, 6 ,o 0 0 2 o I 6 '2 0 o, 6 1 0 

Field . I2 I2 1x 

Col. No. 30 31 32 33 

10 9 5 

Field F5.2 

Example 7 

F5.0 lx F6.3 1x F4.1 lx 

34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 

o 1 6 10 4 3 0 o, 6, 0 3 6 o, 6 L2.J 

lx F6.3 1x F5.2 1x I1 

Test Result Card for Binder Hydrostatic 
(Single Size Aggregate) 

8 6 Ot 

F5.2 

51 

READ(5,176) NS(I),NTS(I),NB(I),FS(I),CH(I),CS(I),YS(I),XS(I),YT(I),XT(I),LCIS,LS 

Col. No. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 

L~ __ !HQ.....§J 6 t1 3 8t 6 tl 0 0 0 0 1 6 1 0 0 2 0 0 j 6 ,1 0 01 6. 

Field I2 I2 1x I3 lx F5.0 1x F6.3 1x F4.1 1x 

Col. No. 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 

I 0 9 6 o, 6 I 1 0 5 0,1 6 ,o 4 3 0 0 I 6 L 0 6 2 5! 6 

Field F5.2 lx F5.2 lx F6.3 lx F5.2 

Col. No. 53 54 55 56 57 

10 Ot 6 6 6 

Field 211 

The terms 'LCIS' and 'LS' which appear at the end of each read statement 

except those for the title cards are the execution terminators of the computer 

rpl-,,... "---........ fTf'"ITC'f .: ..... .,..._ ..... 'L.'L..- ....... -.: ..... .&...:.--- .C. ..... - f1..-. ... .a.. .......... -...:1 ,:_ ..... ..-.a-1 ____ 1 

6 

1x 



is 'last set'. A set is defined as the group of calibration data cards for a 

test set-up or the group of dimension cards for a mix or the group of test re

sult cards for a mix. 

If the card is the last one in the set, the integer '1' should be punched 

in the field allocated to 'LCIS'. If the card is the last card of the last set 

in the data deck, the integer '1' should also be punched in the field allocated 

to 'LS 1 • The fields for 'LCIS' and 'LS' should be left blank for all cards 

except those to which the above conditions apply. 

The proper sequence of the cards in the data deck is extremely important 

for correct execution of the program logic. Fig. .1 

sequence of the data cards. 

illustrates the correct 



Table 1 - Modes of Testing 

Stress State and Sign 

Uniaxial Tension 

Uniaxial Compression 

Hydrostatic Tension 

Hydrostatic Compression 

Biaxial Shear 

Hydrostatic Tension 
(Single Size Aggregate) 

Split Cylinder 

MODE 

1 

2 

3 

4 

5 

6 

7 

FRAC 

0.50 

0.50 

0.50 

0.05 

0.50 

0.50 

0.50 



/ Test Result Cards 

/ Dimension Cards 
/ Mix Title Card 

/ Test Result Cards 

/ Dimension Cards 
~ Mix Title Card 

/ Calibration Data Cards 
/ Calibration Title Card r $DATA 

Fig. 1 - Sequence of Data Cards 



Y(4) -----------------------------

Y(3) -------------------

Y(2) 

Y(I)~~~~~----~~--X-(4~)-----

A(2) 

Y = a + bx 

A(3) 

TANGENTIAL APPROXIMATION OF CALIBRATION CURVES 

FIG. 2 



SF --------------------------------------------

TF ----------------------------------

I 
I 
I 
I 
I 

~-· DMTB ---r-•1=-- DMT ---1 
~----------OMS------~ 

~----------DMTA--------~·1 
,____ __________ _ D M SA -------·- -----·-------- -- ---·-·-

CORRECTION FOR MACHINE DEFORMATION 
FIG. 3 



PROGRAM LISTING 



c 
c 
C********A COMPRE~FNSIVE ANALY~IS OF ASPHALTIC CONCRETE TEST DATA******* 
c 
c 

c 

INTFGER OPT ,DEGF 
D I MENS I UN XC I 2 0 , 2 0 l , YC I 20 t2 0 l , DC I 2 0, 2 0 I tF C I 2 0, 20 l , AC I 2 0, ?.0 I , oC ( 20 r 

*20 l r "JS ( 30 l , AW ( 30 l , A 0 ( 3 0 l , A H ( 3 0 l r WA ( 30 l , WW ( 30 l , ARE A (30 l t AHO ( 30 l , TFD 
* ( 3 0 I , NT S ( 30 l , F S ( J 0 l , C H ( 3 0 l , C S ( 3 0 l r YS (3 0 l r X S 13 0) r Yf ( 30 I r X T I 30 I , SF ( 3 
*0 l , HI 3 0 l , S I 30 I , E I 30 I , SEC ( 3 0 I , TAN ( 30 l , E Tl 3 0 J , OM T I 3 0 I r D IT I 30 I rOMS I 3 
*0 l r DIS I 30 ) r AR I 1 51 r A Sl 15 I rAE I 1 5) r AS EC ( 151 , AT AN ( 15) , AF IT ( 10 I , BF IT ( 10 
* l , R 130 l , D S ( 151 , DE I 151 , 0 SEC I 15 I , D TAN (15 l , NB l3 0 l 

C******************MACHINE DEFORMATION********************************** 
c 

4 04 wK. 1 TF ( n r 10 l ) 
READI5,105l NTSC,FSC,CHC,CSC 
WRITF(t,l06) NTSC,FSC,CHC,C~C 
I::::l 

4 00 I:::: I+ l 
REA0(5,107l XCINTSCtlltYCINTSC,IJ,LCISrLS 
IFILCISI 999,400,401 

401 NCP=I 
XCINTSCr1l=O.O 
YC (NT SC, 1) -=0. 0 
F C I NT SC , 1 l = 0 • 0 
DCINTSCrU=O.O 
00 402 I=2rNCP 
FC I NT SC, I I= ( YC I NT SC, I l ) *F SC 11 O. 0 
OCINTSC,Il=IXCINTSC,Ill*CHC/CSC 
BCINTSC,I-li=IFCINTSC,II-FCINTSC;i-111/IDCINTSCrll-DCINTSCri-111 

402 AC I NTSC, I-ll =FC I NTSC r I-U -BC I NTSC~)-_1 l *DC ( NTSC.t ~-1 I 
BCINTSCrNCPI=BC(NTSCrNLP-11 
ACINTSC,NCPI=ACINTSC,NCP-11 
NROw=O 
DO 403 I=lrNCP 
NRDW=NROW+l 
WRITE(6,l08l XC(NTSC,IlrYCINTSC,II,DC(NTSC,IlrFCINTSC,II,AC(~fSCrl 

* J , BC HJT SC , I I 
lF(NROW-5) 403,750,403 

750 WRITE(6,178l 
NROW=O 

403 CONTINUE 
IFILSl 999,404,406 

C******************INITlAL INPUT**************************************** 
c 

406 kEAD(5,1091 MIXrGtMOOErFRAC,SGT,BD 
JIL T=i 
GO TO (4llr411,412,412,411r443,412l,MUDE 

411 WRITE(6,l401 
'GO TO 407 

412 WRITEI6r148l 
407 GO TO (431r432,433,434r435r436r437),MODE 
431 WRITE(6,1101 MIX,G 

GO TO 1420r421,999,423,424,425,426,427r590),JILT 
432 wRITEI6rl251 MIXrG 

GO TO (420,421,999,423r424,425r426,427r590JrJILT 
433 wRITF.Ifrl26) MlXrG 
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c 

G 0 T CJ ( 44 4 , q S 9, 99 'J, 4 2 3, '+ 2 4 , 4 2 ~, 4 2 6 , 4 2 7 , 5 '> 0 l , J ll T 
434 ~RlTE(6,1271 MIX,G 

GO TO (444,999,999,·423,424,425,426,427,590) ,JILT 
435 ~RITE(6,12AI MIX,G 

GO TO 1420,421,999,421r424,425,4Z6,427r590I,JILT 
436 wRITEI6,153l MIX,G 

GO TO (999,999,999,423,424,425t426t427,590I,JILT 
437.wRITEU:,l8ll MIX,G 

GO TO (444,999,999,423t424,425,426,427,590l ,JILT 

C******************DIMENSIONS FOR UNIAXIAL OR SHEAR********************~ 
c 

c 

4 2 0 WR IT E ( o, 141 I 
NROW=O 
I=O 

440 I=I+l 
READ ( 5, 142 l NS ( I I , W 1, WZ , w 3, W4, D 1, 02, D 3 , 04, H 1, H 2, H3, H4, WA ( I ) , WW ( I ) , 

*LCIS,LS 
ND=NS ( I) 
AW(NDI=!Wl+w2+W3+W41/4.0 
AO(NDI=(D1+02+03+041/4.0 
AH(NOI=lHl+H2+H3+H4l/4~0 
WA ( NO l = WA ( I I 
wwlNDl=wwlll 
NROW=NROW+l 
WRITE(6,1431 NSll),Wl,W2tW3tW4,01,D2,D3,D4,Hltk2~H3,~4 
IF ( NROW-5) 600,61 O, 600 

610 WRITE (6, U8) 
NROW=O 

600 NSAMP=l 
IFILCISI 999,440,441 

C******************DATA fOR UNIAXIAL OR SHEAR*************************** 
c 

441 WRITE(6,1441 
JILT=2 
GO TO 407 

421 WRITE(6,145J 
SSGW=O.O 
SSGM=O. 0 
SVSGW=O.O 
SVSGM=O.O 
NROW=O 
DO 442 I=l,NSAMP 
ND=NS (I I 
VOL=AWINDI*ADlNDl*AHINOl 
SGM=WAINDI/Il6.42*V0ll 
SGW=WA(NOl/(WAlNOJ-WWlNDll 
VSGM=lOO.O*tl.O-SGM/SGTl 
VSG~=!OO.O*Il.O-SGW/SGT) 
S SGM= S SGt-1+SGM 
SSGw=SSGW+SGW 
SVSGM=S VSGM+VSGM 
SVSGW=S VSGW+VSGw 
NROW=NROW+l 
wR I TE I 6, 14 6 l N S ( I I tAW( NO I , AD (NO l , AH ( N 0 l , VOL, WA ( N D l , WW (NO l , S GM, SGW, 

*VSGM,VSGW 
lFlNROW-5) 442,62C,442 

620 wRITE(6,178l 
NROw=O 
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c 

442 CONTINUt 
ASGM=SSGM/NSAMP 
ASGii=SSGW/NSAMP 
AVSGM=SVSGM/NSAMP 
AVSGw=SVSGW/NSA~P 
IF(NSAMP .EI.). 10 .OR. NSAMP .EQ. 15 .OR. NSAMP .EQ. 201 GO TO 630 
WRITEI6tl47) ASGM,ASGw,AVSGM,AVSG~,SGT 
GO TO 443 

630 WRITE(6,179) ASGM,ASGw,AVSGMtAVSGw,SGT 
GO TO 443 

C********~*********DlMENSIONS AND DATA FOk HYDROSTATIC MCDES(3,4t******* 
c 

c 

444 WRITE(6,l49) 
I=O 
SSGM=O.O 
SSGW:O.O 
SVSGM=O.O 
SVSGW=C.O 
NROW=O 

445 I =I+ 1 
REA0(5,150) NS( Il,Hl,H2,H3,WA(l ),Wwtll ,LCIS,LS 
ND=NS( ll 
AH(ND)=(H1+H2+H31/3.0 
VOL=12.56*AH(NDI 
riA(NDI=WA(l) 
WW(ND)=WW(l) 
SGM=WA(NOJ/(16.42*VOL) 
SGW=WAtNOl/fWA(hO)-WW(NDll 
VS&M=lC0.0*(1.0-SGM/SGTI 
VSGW=lOO.O*(l.O-SGW/SGTl 
SSGM=SSGM+SGM 
SSGW=SSGHSGW 
SVSGM=SVSGM+VSGM 
SVSGW=S VSGW+VSGW 
NROW=NROW+l 
N SAMP= I 
WRITE ( 6, 151) N S (I-,, Hl, H2, H3, AH (NO) , VOL, WA( NO) t WW (NO l t S GMtS Gwh V SGM, 

*VSGW 
IF( NROW-5) 650,660,650 

660 WRITE(6tl78l 
NROW=O 

650 IF(LCISI 999,445,490 
490 ASGM=SSGM/NSAMP 

ASGw=SSGw/NSAMP 
AVSGM=SVSGM/NSAMP 
AVSGW=SVSGW/NSAMP 
lF(NSAMP .EQ. 10 .OR. NSAMP .EQ. 15 .OR. NSAMP .EQ. 201 GO TO 640 
WRITE(6,1521 ASGM,ASGW,AVSGM,AVSGw,SGT 
GO TO 44'3 

640 wRITE(6,180I ASGM,ASGw,AVSG~,AVSGw,SGT 
GO TO 443 

C******************TEST RESULTS***************************************** 
c 

443 JIL T=4 
WRITEI6tl021 

.GO TO 407 
423 WRITE(6,1121 

I~O 
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c 

452 I=I+l 
GO TU l49~r493,49lr491,473,494,49li,M80E 

4 93 READ ( 5 , 11 l l NS ( I l , NT S ( I l , F S ( I I , C H ( I l , C S ( I l , Y S ( I I , X S I I l , Y T ( I l, X T ( I ) 
*rLCIS 

GO TO 49? 
4 91 R £:A 0 ( 5 , 1 7 2 l N S ( I l , N T S ( I l , F S ( I l , C IH I l , C S ( I l , Y S ( I l , X S ( I l , YT ( I l t XT ( I l 

*,LCIS 
GU FJ 49? 

4 94 R E AD ( 5 , 1 7 6 J N S ( I l , f\i T S ( I l , N B ( I I , F S ( I l , C rl ( I l , C S ( I l , Y S ( I l , X S ( I I , Y T ( I l 
*,X T ( I l , LC IS, l S 

492 ND=NSI I l 
GO TO I 446r446t447,447t448,44ll,447l ,MUOE 

446 AREAIIl=AW(NDI*AO{NOl 
AHDIIl=AH(NDl 
GO TO 450 

44·7 AREA(l)=l2.56 
Al-10 ( I I= AH (NO) 
GO TO 450 

448 NDP="JS( 1+1 l 
ARE A ( I I =A 0 ( N D I * AW ( N D l +A 0 ( NO PI* A wIN OP l 
AHD(Il=(AHINDl+AHINDPill2.0 
GO To 450 

449 AHDIII=BD 
AREA( Il=l2.56-0.785*Ntl( IhBD**2.0 

450 NT=I 
IF (I .EQ. ll GO TO 680 
IF!CH( I l-CH( I-ll l 670,680,670 

670 WRITF(6,178) 
6 8 0 WR IT E ( 6 , 11 3 J N S ( I J , NT S I I ) , F S ( I I , C H ( I l , C S ( I ) , Y S I I l , X S ( I I , Y T ( I I , X T ( I 

*I ,AHOI I l, ARFA( I l 
IFILCISl 999,452,451 

C******************DATA REDUCTION*************************************** 
c 

451 

424 

BOO 
801 

454 

455 

456 

W~ITEI6,103l 

JILT=5 
GO TIJ 407 
W~ITE(6,114l 

KT=O 
KS=O 
DO 453 I=1 rNT 
R( I l=100.0*CH( l) IAHO( I I 
NT SD=NTS (II 
SF ( I) =Y S I I) *F S I I l I 10. 0 
IF(MODE .NE. 71 GO TO 800 
0=4.0 
S ( I l = ( 2 • 0 * S F I 1 l I I ( 3 • 14* A H 0 I I l * D l 
GO TO 801 
S ( I ) .::SF ( I I I AREA (1 l 
TF 0 ( I l = YT( I l * F S ( I II 10. 0 
TF! I ):cFf\AC*SF( I l 
FRACT=lf( ri/TFD (1 l 
KT=KT+l 
M;TftiJ-FC(NTSD,KTl 
IFlMI 455,455,454 
DMT!II=TF!IliBC{NTSn,KT-1) 
D IT ( 1 l = XT (I l *F RAC T*CH{ I l IC S (I l 
DMTA=ITF(ll-AC(NTSO,KT-llliBCtNTSD,KT-11 
KS=K S+ 1 
M=SF(l)·-FC{NTSD,KS) 
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c 

lF(~) 457,457 1 456 
457 OMSA=(SF(J)-AC!NTSO,t<.S-1lliBC!NTSi.>,KS-U 

DMTB=DMTA-DMT! II 
Dt-15( I I=DMSA-OMTB 
DIS ( I l = XS (I I *CH (I l I CS ( I l 
IF(MODE .NE. 71 GO TO 803 
C=!5.22*FS!Illi!10.0*AHD!Il I 
TAN (I l= IC*Yll I I)/( ( D IT (I l-DMT! I l l*100l!. 01 
SEC (I I = ( C *Y S ( l l I I ( ( IJ IS ( I l -D MS ( I ) I* 100 0. 0 I 
E ( I l = ( 0. 3 5 O*Y S ( I l *f S ( I l I I ( 100. O*AH 0 ( I l *SEC ( I I I 
GO TO 804 

803 E:!ll=IDIS!Il-OMS!III*lOO.OIAHD(ll 
F.T ( I I·= (0 IT( 11-D MT ( I I l * 1 00. 0 I AHD ( I l 
SEC ( I I= S ( I l I( E ( I l * 1 o. 0 I 
TAN (I I= TFt I ) I (AREA ( II *E T( I l * 1 O. 0) 

804 KT=O 
KS=O 
WR I TE ( 6 , 11 5) N S ! I l , R ( I l , Sf ( I l , T f ( I l , D M S ( I l , D 1 S ( I) , DMT! I I , D IT ( I l , S l 

*ll,E( I),SECIIltTANtll 
IFII .E.Q. NTl GO TO 453 
IFICH(lt-CH!I+1ll 690,453,690 

6 90 WR I TE ( 6 , 1 7 8 I .. . . . 
453 CONTINUE 

C******************ANALYSIS********************************************* c . . 
WPITE(6,104) 
JILT=6 . 
GO TO 407 

42 5 WRITE l 6, 116) 
lF{MODE-41 459,458,459 

458 J=O 
DO 460 I=1,NT 
IFlE(Il .LT. 0.0 .OR. TANlll 
J=J+1 
NS(JI=NSII l 
R(Jl=R(I) 
SIJl=S(Il 
E(JI=E(Il 
SECIJ)=SECI I I 
TAN(Jl=TAN(l) 
CH!Jl=CHIII 

460 CONTINUE 
NT=J 

459 AR(11=C.O 
AS! U=O.O 
AE(U=O.O 
ASECl U=O.O 
ATAN( 1)=0.0 
NIA=O 
NAD=O 
KR=1 
CHINT+11=0.0 
DO 461 I=1,NT 
AR!KRI=AK(KR)+R!Il 
AS(KRI=AS(KRI+SIIl 
AEIKRI=AE(KRI+E(ll 
ASECIKRI=ASEClKRI+SECI I I 
ATANIKRl=ATAN(KRI+TAN(I) 
NIA=NIA+1 . 

.LT. 0.01 GO TO 460 
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c 

IF(Crl(ll-CH(l+Ul 463,461,4o3 
462 GO TD 461 
461 DNIA=NIA 

AR(KRI=AR(KRl/ONIA 
AS(Kkl=AS(KRI/DNIA 
AE(KRl=Af(KRI/DNIA 
ASEC(Kkl=ASECIKRl/DNIA 
ATAN(KRl=ATAN(KRl/DNIA 
DSIKR)=O.O 
DE(KRI=O.O 
USFCIKRI=O.O 
DTAN(Kf<l=O.O 
IFINIA-11 999,465,466 

466 IP=I+l 
DO 4o4 J=1,NIA 
0 S ( KR I= D S ( K R l +A BS ( AS ( KR I-S ( I P-J I I 
DEIKRI=OF(KRI+ABSIAE(KR)-E( IP-Jll 
DSEC(KRl=DSFC(KRl+ABS(ASEC(KRl-SEC(IP-Jll 

464 OTAN(KRl=DTANIKR)+ABSIATAN(KRl-TAN(IP-Jll 
DS(KR}=100.0*DS(KRl/(DNIA*ASIKRll 
0E(KRl=100.0*DEIKR)/(ONIA*AE(KRll 
DSEC ( KR l=l 00 .O*DSE C ( KR) I (ON I A*ASEC ( KR)) .. 
OTAN(KRl=lOO.O*DTAN(KRl/(O~IA*ATAN{KRll 
NAD=NA0+1 

465 wRITE(6,117l AR(KRI,ASIKRl,AfiKRI,ASECIKRl,ATANIKR),DSIKRl,OEIKRI, 
*DSFCIKR),OTANIKRl,NIA,NSIIl - -

IF(NIA-11 q99,467,468 
468 N IAM=N I A-1 

DO 469 J=lrNIAM 
469 WRITE16rl18l NSII-Jl 
467 KR=KR+l 

NIA=O 
ARIKRI=O.O 
AS(KRl=Q.O 
AE(KRl=O.O 
ASFCIKRl=O.O 
ATAN(KR)=O.O 

461 CONTINUE 
NAR=KR-1 
DNAD=NAD 
AOS=O.O 
AOE=O.O 
AOSEC=O .0 
AOTAN=O.O 
DO 470 J=1rNAR 

-ADS : ADS + DS(Jl 
AOE = ADE + OE{J) 
ADSEC = AOSEC + DSECIJI 

470 AOTAN=ADTAN+DTAN(Jl 
t\DS = ADS l DNAO 
ADE= t.:.J£1 Df~< AD 
ADSEC = ADSFt I ON~~ 
ADTAN = ADTAN I DNAO 
FAD = (ADS +ADE +ADSEC +ADTANI/4.0 
WRITEI6,119l ADS,AOE,ADSEC,ADTAN,FAD 

C******************EQUATIONS FOR RESULTS BY LEAST SQUARES FIT*********** 
c 

IFINAR-:-11 999,472,481 
481 NRUN=1 140 



471 WK!Tf(t,l2ll 
J I L T=7 
GO TU 407 

426 W~ITEI6tl54l 
NE=l 
IJPT=2 
CALL FITINAR,OPT,AS,AR,A,B,RES,Nf,MdDErCOCrDEGFrST0DTI 
IF(OPT .E<.i. 0) GO TO 503 
AF IT<NE l=A 
BFIT(NFI=B 
WRITEI6rl61) BFITINEirNE,AFITINEJ,Rf:S,COC,DE'GF,STUDT 

503 NE=NE+l 
OPT=2 
CALL FlT(NAR,OPT,AErAR,A,B,RESr~E,MODErCOCrDEGFrSTUDT) 
AFIHNfJ=A 
BFIT(NEl=B 
~P-ITE(6,1621 BFITINEI,NE,AFITINEJ,RES,COC,DEGF,ST0DT 
NE=NE+l 
OPT=3 
CALL FITINAR,OPT,AR,AE,A,BrRES,NE,MODErCOCrDEGFrSTUOT) 
AFIT(NFl=A 
BFIT(NFI=B 
WRITE16rl63l NE,AflTINEI,BFITINEJ,RES,COC,OEGF,STUDT 
NE=NE+l 
OPT=2 
CALL FIT!NAR,OPT,ASEC,AR,A,BrRES,NF,MODErCOCrDEGFrSTUDT) 
AFITINEJ=A 
BFITINU=B 
wRITEI6rl641 BFITINElrNE,AFITINEI,RES,COC,DEGF,STUOT 
NE=NE +1 
OPT=2 
CALL FITlNAR,OPT,ATANrAR,ArBrRES,NE,MODE,COCrDEGFrSTUDT) 
AF IT( NF l =A 
BFITINU=B 
WRITEI6r165l BFITINElrNE,AFITlNEl,RES,COC,DEGF,STUDT 
NE=NE+l 
WR I TE ( 6 r 1 55 l 
OPT=2 
CALL FITINAR,OPT,ASrAE,A,B,RES,NE,MODE,COC,DEGFrSTUDTJ 
IF(OPT .EQ. OJ GO TO 507. 
AFIHNU=A 
BFITINE l=B 
W R I T E I 6 , 1 6 61 B F IT I N E l , N E , A F IT ( N E I , R E S , CO C , DE G F , STU 0 T 

507 NE=NE+l 
OPT=2 
CALL FltiNAR,dPT,AE,AS,A,B,RES,NF,MODE,COC,DEGF,STUDTJ 
AFIT(NE)=A 
IFIOPT .EQ. O) GO TO 500 
BFITINE}=B 

. WRITEI6rl67) BFITINEJ,NE,AFITINEJrRES,COCrDEGF,STUDT 
'500 I'<E=NE+l 

OPT=3 
CALL FlTINAR,OPTrAE,AS,ArBrRES,~E,MOOE,COC,OEGF,STUDT) 

IFIDPT .EJ. OJ GO TO 501 
AFITINE)=A . 
BFITINEJ=B 
WRITEl6rl731 NE,AFITINEJ,BFIT(NEJ,RESrCOCrDEGF,STUDT 

501 NE=NE+l 
OPT=3 
CALL FitiNAR,OPT,AS,AE,A,B,RESr~E,MOOE,COC,DEGF,STUDTt 
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c 

IF(OPT .h.). 0) GO TO 502 
AFlT!NFl=A 
BFIT(;"<fl=& 
wQITE(6rl68) f'<F,AFlT(NF.lrBFITINE:l,RFS,COC,OEGF,STUDT 

502 !F(f\IRUf\;-ll 999,475,476 
475 wRITEI6tl69l 

DO 480 I=l,NAR 
AR( I l=AR( I 11100.0 
ASill=ASIIl 
AE( ll=AE( I 1/100.0 
ASECI I I=ASfC( I 1*1000.0 

480 ATAN(ll=ATAN(II*lOOO.O 
NRUN=NRUN+1 
GO TO 471 

476 WRITE(6tl70l 

C******************CONVERSIONS AND TIME TO FAILURE********************** 
c 

c 

WR l T E ( 6 r 13 0 ) 
JILT=S 
GO TO 407 

427 BS=BFIT14l/11.0-BFITI2)) 
IFIAFIT(7) .EQ. 0.01 GO TO 505 
BR = 1.0/BS 
BSN=-BS 
BRN=-BR 
ASM=AFITI4l*AFITI2l**BS 
H=3.14*BS*{l.O-~S*BSl/SlN(3.14*BSl 
ACSR=SIN{3.14*BSl/13.14*ASM*BS*(l.O-BS*BSll 
ACE:=ASM*(l.O-BSl 
ACS=SIN(3.14*BSl/(3.14*ASM*BS*(l.O-BSll 
AFCER=AFIT(2) ..... 
BFCER=BFIT(2)-l.O 
BFCSR= ( BF IT ( 2 l-1. 01 I( BF IT( 4)+1.01 
AFCSR=AFIT(2l*H**BR*(H**BR/AFIT{4))**BFCSR 
AFCE=:(ASM*( l.O-BS)!AFIH7l l**BR . 
BFC E= ( 1.0-BF IT (7) l*BR 
AFCS=(AFIT(7l/ACSl**BR 
BfCS={BFIT(7)-l.Ol*BR 
AQ=AF1Tt4l*H~*BRN 
BQ=BF IT 141+1.0 
WRITEI6rl3ll BSN,BFCER,ASM,AFCER,BS,BFCSR,ACSR,AFCSRrBQ,AQ,BSN,BFC 

*ErACE,AFCE,BSN,ACE,BS,BFCS,ACS,AFCS,BS,ACS 
WR I T E ( 6 r 1 7 U 

C>Uh***********SAMPL E CALCULAT rONS OF Tl ME TO FA I LURE****************** 
c 

c 

WR IT E { 6 , 1 7 7 ) 
JILT=9 
GO TO 407 

590 CALL TIME(NAR,AR,AE,AFCER,BFCER) 
-- GO TO 472 

5015 WRITE(6tl75l 
472 IF(LSI 999,406,999 
999 CONTlNUE 

wRITE(C,l36l 
STOP 

C***********~******FURMAT STATEMENTS************************************ 
t 

142 



101 FCRMAT( 1 1 1 /// 1 •,'56X'MACHINE DFFtJRMATION'l 
102 FOKMAT{'l'/1/' 1 ,60X'TEST RE:SULTS'l 
103 FORMAT( '1 1 ///' 'r59X 1 0ATA RE:OUCTIONI) 
104 FORMATt'l'/// 1 •,62X 1 ANALYSIS 1 l 
105 FORMAT(l5,1X,F5.0,lX,F6.3,lX,F4.ll 
106 FORMATI'0',39X, 1 NTS-= ',!2,5Xr 1 FS = •,F6.0,5X, 1 CH = •,F6.3,5X, 1 CS 

*= •,F4.1// • •,zax,•x•,14X, 1 Y'rl3X,'D'.l4X,'F'r14Xr'A 1 ,14Xr'B 1 /l 
107 FOR~AT(2(F5.2t1Xlr21ll 
108 FURMATt' ',25X,F6.3,9X,F6.3,7X,4(E10o3t5XIl 
109 FORMAT( 13,lA1,I2,3(1X,F5.3l) 
110 FORMAT( 1 0 1 45X'MIX = 1 13,1A1 1 9X'MODE =UNIAXIAL TENSION') 
111 FORMATt212,1X,F5.0,1X,F6.3,1X,F4.1,1X,2(F5.2,1XI,F6.3,1XrF5.2t1X,l 

*Ill 
112 FORMAT( 1 0',21Xr 1 NS'3X'NTS 1 4X 1 FS'7X 1 CH 1 6X'CS'5X'YS 1 6X 1 XS 1 6X 1 YT•6X•X 

*T'6X 1 AH 1 5X 1 AREA'Il 
113 FORMAT(• 1 e21X,2(l2,3XI,F6.0,3X,F6.3,3XtF4.1t612X,F6.3)) 
114 FORMAT('O'l7X•NS•6X'R'5X'SF 1 5X'TF 1 6X 1 DMS'6X 1 DIS'6X'DMT 1 6X 1 DlT 1 7X 1 S 

*'8X 1 E'7X 1 SEC'6X 1 TAN 1 /I 
115 FORMAT(• •17Xrl2,1X,F8.3,2(1X,F6.1),1X,F8.5t3(1X,F8.5),1X 1 F7.1,3F9 

•• 21 . . . . 

116 FORMATI'0',34X 1 AR 1 4X 1 AS 1 6X•AE 1 7X 1 ASEC 1 6X 1 ATAN 1 4X 1 DS 1 5X'DE 1 4X 1 DSEC' 
*3X 1 DTAN'3X'N'2X 1 NS 1 1) -. . ·-·· ...... . 

117 FORMAT( 1 •,3oX,FB.3rF6.1,F7.2,2(1X,F9.21,4F7.2 1 2t2Xrl211 
118 FORMAT( 1 1 t105Xd2l . 
119 FORMAT(• 1 t74X,•ADS'4X 1 ADE 1 3X 1 AOSEC 1 2X'ADTAN 1 4X'FAD 1 /' 1 ,71X,4F7.2 

*•1X,F7.21 . . . 
121 FORMAT( 1 1 1 /// 1 1 35X 1 EQUATIONS OF CONSTANT STRAIN RATE RESULTS BY L 

*EAST SQUARES FIT' I . . ... ····· - ··- .. ·-

125 FORMATI'0',43X 1
1 MIX-= 1 13r1A1,9X,'M0DE: UNIAXIAL CDMPRESSION 1 l 

126 FDRMATI 1 0 1 t43X'MIX = 1 13,1Al,9XiM06E; HYDROSTATit TENSION') 
127 FORMAT( '0',42X 1 MIX = 'I3,1Al,9X 1 MODE =HYDROSTATIC COMPRESSION') 
128 FORMAT(•0',45X'MIX = '13,1A1,9X 1 MODE =DOUBLE LAP SHEAR'l 
130 FORMAT('l'///' 1 50X'CONVERSIONS AND TIME TO FAILURE') 
131 FORMAT( '-'34X'CONSTANT STRAIN RATE. MODULUS'//' iS3X,El0.3,25XrElO. 

*31' 1 34X'CERM = 1 E10.3' T'17X 1 TTF = 1 E10.3 1 R'/// 1 1 34X 1 CONSTANT S 
*TRESS PATE COMPLIANCE:'//' 1 53X,El0.3,25X,E10.3/ 1 1 34X 1 CSRC = 'ElO. 
*3' l'17X•TTF = 1 El0.3 1 Q1 / 1 '53X,El0 •. 3/' 1 34X 1 Q = 'E10.3 1 R'/11 
*' 1 34X'CONSTANT STRAIN MODULUS 1 // 1 1 53XtEl0.3,25X,(lo.3/• 1 34X 1 CEM 
* = 'E10.3 1 T 1 17X 1 TTF -= 'El0.3 1 E 1 / 1 '53X,E10.3r25Xt 1 0 1 / 1 1 34X 1 S(T 
*> = 1 E1o.:.P T'llXiF'/' 1 65X 1 0 1 ///' 1 34X 1 CONSTANT STRESS COMPLIANCE 
*'II' '53X,El0.3,25X,El0.3/ 1 '34X 1 CSC = 1 E10.3 1 T 1 17X1 TTF = •E10.3 
*' S'l' '53X,El0.3,25X•0 1 / 1 1 34X 1 E(T) = 1 El0.3 1 T'l1X 1 S'/ 1 1 65X 1 0't 

136 FORMATI 1 1 1 59X'AD HADES TECUM' l 
140 FORMATP1 1 ///' 1 61X 1 DIMENSIONS') 
141 FORMAT( 1 0 1 ,23X'NS 1 4X 1 wl 1 5X 1 W2 1 5X 1 W3 1 5X 1 W4 1 5X'01 1 5X 1 D2 1 5X'D3 1 5X 1 D4 1 

.. --· - -- *'5 X' H1 • 5 X I H 2 I 5 X • H 3 I 5 X. H 4 ill 
142 FDRMATII3,12F5.2t2F6.1t2ll) 
143 FORMAT~' 1 t23X,I2,12(2X,F5.2)1 
144 FORMATC 1 1 1 /// 1 1 64XIDATA') 
145 FORMA H • a • , zox • NS • 5 x • AW '7 x • AD '7 x • AH' 7 x • VOL 1 6 x • wA • 7 x • ww • 7 x • SGM • 6X 1 s 

*GW 1 5X 1 VSGM 1 5X 1 VSGW 1 /) 

1 46 F 0 R MAT( 1 t ~ 19 X, I3 , 4 ( 3 X , F 6 o3 ) , 2 ( 3 X ~ F 6. l ) t 4 ( 3 X, F 6. 3 ) ) 
147 FORMAT('0 1 ,70X'AVERAGE 1 2X,F6.3,3(3X,F6.3l// 1 1 73X 1 SGT = 1 F6.3) 
148 FORMAT( '1 1 /// 1 1 56X'OIMENSIONS AND DATA') 
149 FORMATI 1 0 1 t22X'NS 1 3X'H1 1 5X 1 H2 1 5X 1 H3 1 5X 1 AH 1 6X 1 VOL 1 5X 1 WA 1 6X 1 WW 1 6X 1 SG 

*M~5X 1 SGW 1 4X 1 VSGM 1 4X'VSGW 1 /l 
150 FORMATI13,3F5.3,2F6.1,2Ill 
151. F 0 RM AT( I I '22 X f I 2, 4 ( 2X 'F s. 3)' 1 X' F 7. 3' 2 ( 2 X' F6. 1 ) f 4 ( 2 X' F6. 3) l 
152 FORMAT(•0•,69X, 1 AVERAGE 1 2X,F6.31312X,F6.3)// 1 1 72X'SGT = 'F6.3t 
153 FORMATI'0',32~'MIX = '13t1A1,9X 1 MODE =HYDROSTATIC TENSION (SINGLE 

143 

11480 
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c 

* SILc AGGREGATEI'l 
154 FORMAT{ '- 1 ,21X'EQUATION'l7X'FUNCTION'21X 1 RESIDUAL 1 6X 1 CUC 1 5X 1 DEGF 1 5 

*X'STUDT'l 
155 FORMATt•-•,58X'FAILURE ENVELOPE•) 
161 FOkMATt 1 0',53X,El0.3/' 1 24X,Ilr10X'S = 'El0.3' R'20X,El0.3 1 5X,F6 

*.4,5Xrllr4X,F8.4) 
162 FORMAT{ '0 1 ,53X,El0.3/ 1 '24Xtlltl0X'E = 'El0.3 1 R1 20XtEl0.3,5X,F6 

*•4r5X,Il,4X,F8.4l 
163 FORMAT{ 1 0 1 r24X,Il,10X 1 E = 1 c10•3' +I'E1Q.31JLOG R 1 3XrE10.3,5X,F6 

*.4,5X,I1,4X,F8.4l 
164 FORMAT( '0',53X,El0.3/ 1 1 24X,I1rlOX 1 SEC = 'El0.3 1 R'20X,E10.3,5X,F6 

*.4,5Xri1,4X,F8.4) 
165 FDRMAT('0',53X,El0.3/' 1 24X,Il,l0X 1 TAN = 1 El0.3 1 R1 20XrEl0.3 1 5X,F6 

*.4,5X,Il,4X,F8.4) 
1 6 6 F 0 R MAT{ I 0 • , 53 X I E 1 0. 3 I I I 2 4X ' I1 ' 1 0 X • s t E 1 0 • 3 • E • 2 0 X I E 10 • 3 I 5 X ' F 6 

*.4,5X,Il,4X,F8.4) . 
167 FORMAT( 1 0 1 r53X,E10.3/ 1 1 24X,Il,l0X'E = 'E10.3 1 S 1 20X,E10.3,5X,F6 

*•4,5X,I1,4X,F8.4) 
168 FORMAT( '0',24X,I1,10X'E 1 ElC.3' +( 1 El0.3'llOG S1 3X,E10.3,5X,F6 

*.4,5X,I1,4X,F8.4) 
169 FORMATt 1

-
1 r35X'WHERE MOD IN KSir SIN PSI, E IN !'ERC_~NT,_T .IN f:iti•• 

* R IN PERCENT/MiN 1 l 
170 FORMATP- 1 ,35X 1 WHERE MOD IN PSI, S IN PSI, E IN IN/IN, T IN MIN, R 

*IN IN/tiN-MIN)') 
111 FORMAH•-',43X'WHERE MOD IN PSI, SIN PSI, E IN IN/IN, TIN MIN,'/ 

*' '38X'R IN IN/( IN-MINI, CJ IN PSI/MIN• l 
172 FORMAT(212,lX,F5.0,lX,F6.3,1X,F4.1,1X,2(F5.2,1X),F6.3tlX,F5.2,2X,l *I U . . .. - .. - - - -- . . . . 

173 FORMATl'0',24X,Il,lOX 1 S = 1 El0.3 1 +{'El0.3')LOG E1 3XrEl0.3,5X,F6 
*.4,5X,Il,4X,F8.41 

175 fORMATt 1 - 1 ,24X 1 CDNSTITUITIVE RELATIONS NOT APPLICABLE BECAUSE 11 E1 

* 1 CANNOT BE DEFINED IN TERMS OF ~~s~••) 
176 FORMAT(212,1X,I3,1X,F5.0,1X,F6.3,1XtF4.lt1X,2(F5.2,1XI,F6.3,1X,F5. 

*2tlX,2Ill ... . - --- -
177 FORMAT!'l'/// 1 1 t41X'COMPARISON OF SAMPLE TIME TO FAILURE COMPUTAT 

*IONS' l . 
1 7 8 F 0 R M AT (I ' ) 

179 FORMAT(' 1 ,70X 1 AVERAGE 1 2X,f6.3,3(3X,F6.3)//' 1 70X 1 SGt = 1 F6.31 
180 FORMAT!' ',69X, 1 AVERAGE 1 2XrF6.3,3(2X,F6.31// 1 '72X 1 SGT = 1 F6.3) 
1ST FORMATi 10 1 ,46X 1 MIX = 1 i3,lAi,9X'MODE·= SPLIT CYLINDER' I 

Ei>iD 

C******************SUBROUTINE FIT FOR LEAST SQUARES CALCULATIONS******** 
c 

SUBROUTINE FIT(N,OPT,Y,x,A,B,RE~,NE,MODf,COC,OEGF,STUDTI 
INTEGER OPT ,OEGF 
REAL Xtl51,Y(l51,DX(l5),0Y(l5) 

C OPT=l Y=A+BX 
C OPT=2 Y=AX**Br LOGY=LOGA + BLOGX 
C OPT=3 Y=AB**X, LOGY=LOGA + X LOGB, X=A + b LU~{ 

n= 'MoOt-4l 617, 616,617 
616 GO TO (609,617,617,617,617,609,f09,609,609),NE 
617 DN=N 

SUMX=O.O 
SUMY=O.O 
SUMXX=O.O 

'SUMXY=O. 0 
YA=O.O. 
DO 6::l:J l=l,~J 
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·c 

DX(li=XIII 
DYIII=YIIJ 
YA=YA+YIIl 
GO TO 160lr602r603lrOPT 

602 DXIIl=ALCJGlOIXIIIl 
620 DYI I I=ALO\>lOIYIIIl 

GO TO 601 
603 DYIII=ALOGlOIYIIll 
601 SUMX=SUMX+DX(Il 

SUMY=SUMY+DY(ll 
SUMXX=SUMXX+DX(ll*DXlll 

600 SUMXY=SUMXY+OXIll*DYill 
YA=YA/DN 
DYA=ALOGlO(YAl 
DEN= DN*SUMXX - SUMX*SUMX 
A=(SUMXX*SUMY-SUMX*SUMXYl/DEN 
B=IDN*SUMXY-SUMX*SUMYI/OEN 
RES=O.O 
Sf V=O. 0 
STV=O.O 
GO TO (611r607~611),0PT 

607 A~10.0**A . . . 
611 DO 615 I=1rN 

GO TO (612,613r614J,OPT 
612 YE=A+B*XIll 

RES=RES+IABSIYIIl-YElJ**2.0 
SEV=SEV+IABStYE-YAll**Z.O 
STV=STV+IABS(Y( I l-YAl 1**2.0 
GO TO 615 

613 YE=A*XI ll**B 
DYE=ALOG101YEJ 
RES=RES+tABS(DYIIJ-DYEil**2.0 
SEV=SEV+(ABSIDYE-DYAll**2.0 
STV=ST~+IABS(DYI1l-DYAJI~*2.0 
GO TO l:.l5 

6 14 Y E =A+ B* X I I J 
RES=RES+IABS(DY(I J-YEll**2.0 
SEV=SEV+tABSIYE-DYAll**2.0 
STV=STV+IABSIOYill-DYAll**Z.O 

615 CDNii~0E . . .. 
GO TO 1850r850,608l,OPT 

6 08 A=-A/B 
B=l.O/B 

850 DEGF=N-2 
COC=SQRTISEV/STVJ 
cbco=1;o-coc•coc 
IFICOCO .LF. 0.0) GO TO 618 
STUDT=(COC*SQRTIDN-2.0))/SQRTICOCDJ 
GO TO 606 

618 STUDT=O.O 
GO TO 606 

609 WRITE (6 ,174) NE 
OPT=O 
A=O.O 

606 RETURN 
174 FORMAT(I0 1 ,24Xrl1r10X 1 EQUATION IS NOT APPLICABLE') 

END 

C********SUB~OUTINE TIME FOR SAMPLE CALCULATIONS OF TIME TO FAILURE***** 
c 
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SUBRGUTINE TIME(N,AR,AF,A,hl 
KEAL AFI151,AU15l 
wRITEILt200) 
SRAT=O.O 
DN=N 
DO 700 l=l,N 
TTFT=AEill/ARIIl 
TTFE=A*AR ( II**B 
RATIO=TTFT/TTFE 
SRAT=SKAT+RATIO 

700 ~~ITE(6,201l AR(l),TTFT,TTfE 1 RATIO 
AVRAT=SRAT /DN 
WRITE!6,202) AVRAT 
RETURN 

2 00 FORMAT ( 1 0 1 , 39 X' AR 1 12 X' TTF T' l4X' TTF E' 13 X 1 RAT I 0 1 /' ' , 3 5X' ( IN/ IN-MIN l 
*'3X'IAE/AR,MIN) 1 3X'(FROM EQUATION,MINl 1 3X'(TTFT/TTfEl'/) 

201 FORMAT! 1 ',35X,Fl0.6,5X,F8. 4,iOX,F8.4,7X,Fll.41 
202 FORMAT(' I ,69X, 1 AVERAGE TTFT/tTfE'F8.4) 

END 
c 
C*************************NOMENCLATURE********************************** c ~· - - ·-· -
C A,B INTERCEPT AND SLOPE IN Y= A + BX 
C AREA CROSS SECTIONAL AREA OF SPECIMEN, SQUARE (NCHES 
C BD AVERAGE BEAD DIAMETER 
C CH CROSSHFAD SPEEO, IN/MIN 
C CDC COEFFICIENT OF CORRELATION 
C CS CHART SPEED, IN/MIN 
C DFGF DEGREES OF FREEDOM 
C OtF DEFORMATION AND FORCE IN CALIBRATION, IN., LB. 
C DIS,DMS DEFORMATION INDICATED AND MACHINE FOR SECANT, IN. 
C DIT,DMT DEFORMATION INDICAtED AND MACHINE FOR TAN~ENT, IN. 
C E ULTIMATE STRAINt PERCENT 
C ET INITIAL TANGENT STkAf~, PERCENT 
C FAD FIELD AVERAGE DEVIATION 
C FRAC FRACTION OF ULTIMATE LOAD FOR DETERMINING TANGENT 
C FS FUll SCALE 
C H, Wt D SPECIMEN HEIGHT, WIDTH, DEPTH 
C JILT CONTROL TO PRINT HEADINGS 
C l DIMENSIONS 
C 2 OAT~ 
C 3 DIMENSIONS AND DATA 
C 4 TEST RESULTS 
C 5 DATA REDUCTION 
C 6 ANALYSIS 
c-- 7 CONSTI TUIT I VE RELATIONS 
C 8 CONVERSIONS 
C KR COUNTER OF AVERAGE RATES 
C KS COUNTER ON SECANT FORCE INCREMENT FROM CALIBRATION 
C KT COUNTER ON TANGENT FORCE INCREMENT FROM CALIBRATION 
C LCIS LAST CARD IN SET 
t LS LAST SET 
C MODE OF LOADING 
C 1 UNIAXIAL TENSION 
C 2 UNIAXIAL COMPRESSION 
C 3 HYDROSTATIC TENSION 
C 4 HYDROSTATIC COMPRESSION 
C 5 DOUBLE LAP SHEAR 
C 6 HYDROSTATIC TENSIONISINGLE SilE AGGREGRATEl 
C 7 SPLIT CYLINDER 
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c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

r~AD NUMBER OF A VEt<_ AGE DEVIATIONS 
"'AR NUMtlER ilF AVERAGE. STRAIN RATES 
NB NUMBER OF BEADS PER SPEC P1EN 
NCP NUMBER OF CALl BRAT ION POINTS 
NE NUMBER OF EQUATIONS 
f'.IA NUMBER IN AVERAGE 
NS SPEC I MEN NUMBER 
NSAMP NUMBER OF SAMPLES 
NT NUMBER OF TESTS IN MIX 
PREFIX A AVERAGE 
PREFIX 0 DEVIATION 
PREFIX s SUM 
Q STRFSS RATE:, PSI/MINUTE 
R STRAIN RATE, PERCENT/MIN 

C RES RESIDUAL 
C S ULTIMATE STRESS,PSI 
C SEC ULTIMATE SECANT MODULUS, KSI 
C SEV SUM OF EXPLAINED VARIANCE 
C SF,TF SFCANT AND TANGENT FORCE, LBS. 
C SGM SPECIFIC GRAVITY MEASURED, NUMERIC 
C SGT SPECIFIC GRAVITY THEORETICAL, NUMERIC 
C SGW SPECIFIC GRAVITY WEIGHED IN ~ATER, NUMERI~ 
C STUDT VALUE OF 'T' FOR OBTAINING THE LEVEL OF SIGNIFICANCE 
C OF THE COEFF IC lENT OF CORRELATION FROM A STUDENT 
C 'T' DISTRIBUTION TABLE 
C STV SUM OF TOTAL VARIANCE 
C SUFFIX C CALIBRATION 
C SUFFIX 0 DUMMY 
C T TIME, MINUTES 
C TAN INITIAL TANGENT MODULUS, KSI 
C TTF TIME TO FAILURE, MINUTES 
C TTFE TIME TO FAILURE BASEQUPON EQUATIONS 
C TTFT TIME TO FAILURE BASED UPON TEST RESULTS 
C VOL VOLUME OF SPECIMEN, CUBIC INCHES 
C VSGM, VSGW AIR VOID, PERCENT 
C WA wEIGHT IN AIRr GRAMS 
C WW WEIGHT IN WATER, GRAMS 
C XA,YA AVERAGE X OR Y DATA 
C ~t,~t GRAPH DI~ISibNS IN CALIBRAiiO~ 
C XE,YE ESTIMATE OF X OR Y FROM EQUATION 
C XS,YS GRAPH DIVISIONS TO ULTIMATE SECANT 
C XT,YT GRAPH DIVISIONS TO ·INITIAL TANGENT 
C FOR SHEAR SPECIMEN DIMENSIONS, AH IS DISTANCE BETWEEN PLATES, AW 
C IS MEASUR~D ALONG THE PLATES, AND AD IS THE THIC~NESS 

SDATA 
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APPENDIX Bl 

Double Lap Shear Specimen Dimensions, 

Specific Gravity and Void Content 



APPENDIX Bl-A; Mix 15 

NS .I.W AD AH VOL WA ww SGM SGW VSGM VSGW 

Void Void 
Avg. Avg. Avg. Wt. Wt. Sp.Gr. Volume Volume 

Width Depth Height Volume in in Sp.Gr. from from from 
Spec. w 15 H v Air Water from Water SGM SGW 

No. ~ ~ (in.) (cu. in.) ~) ~ Dimen. Displ. (Percent) (percent) 

1 3.917 o.n1 1. 890 6.793 269.3 157.2 2.414 2.402 1.014 1. 504 
2 3.920 o. 872 1.820 6.225 257.1 150.2 2.515 2.405 1. 392 
3 3.877 0.910 1. 807 6.378 255.8 149.8 2.443 2.413 -0.148 1.058 
4 3.927 .0.902 1. 790 6.345 252.7 147.8 2.426 2.409 0.550 1.232 
5 3.930 o. 905 1.775 6.313 270.7 15tl.O 2.611 2.402 1.519 

6 3.930 0.902 1. 897 6.730 268.6 156.9 2.431 2.405 0.345 1.408 
7 3.827 o. 937 1.905 6.836 268.6 156.9 2.393 2.405 1.884 1. 40tl 

,_. 8 3.832 0.925 1.795 6.363 253.5 147.8 2.426 2.398 0.527 1.669 
+:- 9 3.835 0.932 1.805 6e455 250.1 145.9 2.360 2.400 3.253 1. ~91 \0 

10 3. 837 0.915 1.795 6. 303 251.9 147.2 2.434 2.406 0.205 1.356 

11 3.842 0.930 1.813 6.477 254.3 148.4 2.391 2.401 1. 964 1.545 
12 3.832 0.910 1. 83 7 6.408 256.3 149.7 2.436 2.404 0.135 1.422 
13 4.037 o. 942 1.785 6.793 267.4 156.1 2.397 2.403 1.702 1.496 
14 4.032 o.920 1.767 6.557 260.2 151.8 2.4l1 2.400 0.917 1.584 
15 4.030 o. 927 1.780 6.653 264.1 154.2 2.417 2.403 0.884 1. 4 72 

16 4.025 0.935 1.773 6.671 262.5 153.2 2.397 2.402 1. 739 1.532 
17 4.040 0.937 1. 825 6.912 272.9 159.3 2.404 2.402 1·417 1. 5C5 
18 4.020 o. 925 1. 885 7.009 278·9 163.0 2.423 2.406 0.646 1.337 
19 4.015 0.912 2.135 7.822 309.2 180.8 2.407 2-408 1.295 1.267 
20 4.072 0.927 2. 033 7.677 309.9 181.2 2.458 2.408 1.274 

21 4.002 0.907 1. 987 7.219 283.9 166· 6 2.395 2.420 1.804 C.767 
22 3.965 o. 927 1.865 6.859 275.8 161.3 2.449 2.409 1.241 

AVERAGE 2.429 2.405 1.390 

Theoretical Specific Gravity 2.439 



APPENDIX Bl-B; Mix 20 

. NS AW AD AH VOL WA lvw SGM SGW VSGM VSGW 

Void Void 
Avg. Avg. Avg. Wt. Wt. Sp.Gr. Volume Volume 

Width De.E_th Hei_g_ht Volume in in Sp.Gr. from from from 
Spec. w D H v Air Water from Water SGM SGW 
No. (in.) (in.) (in) (cu. in.) (~) (gms) Dimen. DisEl. (Eercent) (percent) 

1 3.962 0.960 2.002 7.618 298.4 174.6 2.386 2.410 2.186 1.115 
2 3.962 Oe980 1. 967 7.640 297.6 174.6 2.372 2.420 2.739 0.799 
3 3.975 0.982 2.015 1. 869 304.1 177.9 2.353 2.410 3.509 1. 203 
4 4.005 0.970 1. 985 7.711 297.1 173.1 2.346 2·396 3.798 1.764 
5 3.870 0._982 1· 982 7.538 296.5 173.8 2.395 2.416 1.784 0.924 

6 3.890 0.970 1. 942 7.330 285.9 167.1 2.376 2.407 2.603 1.330 
1 3e875 0.930 1. 955 7.045 285.2 166.5 2.465 2.403 -1.080 1.489 ,.... 
8 3.870 0.947 1.907 6.994 213.5 159.2 2.381 2.393 2.362 1.893 Vl 

0 3.892 0.942 1.925 7.062 280.1 163.7 2.415 2.406 0.965 1.338 9 
10 3.890 0.947 1. 972 7.270 284.1 166.0 2.380 2.406 2.424 1.370 

11 3.922 o. 980 2.025 7.784 307.7 180.2 2.407 2.413 1.297 1.052 
12 3. 915 o. 962 1. 915 7.216 287.2 168.1 2.424 2·411 o.62o 1.131 
13 3.912 o. 950 1.940 7.211 285.0 166.1 2.407 2.397 1.308 1.723 
14 3.915 0.955 1.955 7.309 285.2 166.4 2.376 2.401 2.572 1. 571 
15 3. 927 0.945 1.910 7.089 279.0 162.5 2.397 2.395 1.726 1. 810 

16 3.940 0.962 1.927 7.310 286·9 16 7.3 2.390 2.399 1.994 1.647 
17 3.797 0.957 2.0-10 7.309 284.2 166.1 2.368 2·406 2.903 1.335 
18 3.785 0.935 1e937 6e857 272.0 159.2 2.416 2.411 0.948 1.134 
19 3.785 o. 952 1. 927 6.949 270.5 157.9 2.371 2.402 2.802 1.504 
20 3.773 0.942 1e930 6.862 273.3 159.2 2.425 2.395 0.554 1.793 

21 3.783 0.952 1.975 7.116 282.o 164.6 2.414 2.402 1.041 1.515 
22 3.780 o. 957 1.902 6.886 274.8 160.7 2.430 2.408 0.350 1.254 

AVERAGE 2.395 2.405 1. 791 1.398 

'J'hpnrPI"il'<~1 SnPl'ifi~ r.r .. vil"v :;1_4':\Q 



APPENDIX Bl-C; Mix 21 

NS AW AD AH VOL WA ww SGM SGW VSGM VSGW 

Void Void 
Avg. Avg. Avg. Wt. Wt. Sp.Gr. Volume Volume 

Width De.E_th Height Volume in in Sp.Gr. from from from Spec. w D H v Air Water from Water SGM SGW No. (i.n.) (in.) (in.) <cu. in.) (gms) ~ Dimen. Displ. (percent) (percent) 

1 3· 910 0.997 1.890 7.371 288.5 167.8 2.384 2.390 2.274 2.ooo 
2 3.907 0.997 1.895 7.386 286.0 165.3 2.358 2.370 3.315 2.tl49 
3 3.910 0.990 1. 932 7.481 290.0 168.2 2.361 2.31H 3.199 2.360 
4 3.925 ·o.985 1e962 7e58J 294.2 172.0 2.361 2.408 3.178 1.290 
5 3.937 c. 975 1. 902 7.304 286.9 166.4 2.392 2.421 1.917 o. 734 

6 3.835 o. 975 1.917 7.110 282.0 164.9 2.395 2.408 1.789 1.263 .... 
1 3.827 0.967 1. 845 6.832 273.9 160.4 2.442 2.413 -0.103 1.057 \J1 .... 
8 3.817 0.965 1. 877 6.916 277.8 162.8 2.446 2.416 -0.291 0.957 
9 3. 822 0.967 1.892 6.999 276.1 161.3 2.402 2.405 1.497 1. 392 

10 3.827 0.970 1. an 6.961 274.8 160.2 2.404 2.398 1.430 1.685 

11 3. 855 1.000 2.010 7.749 302.9 175.2 2.381 2.372 2.390 2.748 
12 3.850 0.985 1· 842 6e987 275.6 160.1 2.402 2.386 1.510 2.167 
13 3.865 0.985 1. 895 7.214 219.3 162.7 2.358 2.395 3.33C 1.789 
14 3.845 o. 975 1. 840 6.898 211.2 158.3 2.394 2.402 1.828 1.512 
15 3.835 o. 972 1.882 7.021 277.9 162.5 2.411 2.408 1.164 1.265 

16 3.852 o. 965 .2.(.13 7.705 302.5 177.0 2.391 2.410 1. 966 1.·174 

AVERAGE 2.393 2.399 1.900 1.641 

Theoretical Specific Gravity 2.439 



APPENDIX B2 

Uniaxial Tension Specimen Dimensions, 

Specific Gravity and Void Content 



APPENDIX B2-A; Mix 9 

NS AW AD AH VOL WA ww SGM SGW VSGM VSGW 

Void Void 
Avg. Avg. Avg. Sp.Gr. Volume Volume 

Width Depth He_!.ght Volume Wt. in Wt. in Sp.Gr. from from from 
Spec. w n H v Air Water from Water SGM SGW 
No. (in.) (in.) (in.) (cu. in.) (gms) (gms) Dimen. Dis pl. (percent) (percent) 

13 1.450 1.575 5. 957 13.605 516.3 298.2 2.311 2.367 5.244 2.941 
14 1.587 1. 385 5.962 13.110 501.2 288.8 2.328 2.360 4.537 3.251 
15 1. 582 1.345 5. 932 12.62 7 483.2 278.d 2.331 2.364 4.448 3.075 
16 1. 310 1.· 505 6.025 11.879 461.9 267.3 2.368 2.374 2.905 2.682 
17 1.375 1.525 6· (;30 12.644 491.0 284.2 2.365 2.374 3.037 2.654 

18 1.597 1.367 6.015 13.140 506.8 293.4 2.349 2.375 3.695 2.629 ..... 19 1. 427 1.587 6.025 13.654 523.0 302.8 2.333 2.375 4.353 2.619 VI 
w 2(' 1.412 1. 537 6. 042 13.123 514.8 297.8 2.389 2.372 2.043 2. 733 

AIJERAGE 2.347 2.370 3.783 2.823 
• 

Theoretical Specific Gravity 2.439 



APPENDIX B2-B; Mix 10 

NS AW AD AH VOL WA ww SGM SGW VSGM VSGW 

Void Void 
Avg. Avg. Avg. Sp.Gr. Volume Volume 

Width Depth He2:_ght Volume Wt. in Wt. in Sp.Gr. from from from 
Spec. w n H v Air Water from Water SGM SGW 
No. (in.) (in.) (in.) (cu. in.) (gms) (gms) Dimen. Dis pl. (percent) (percent) 

l3 1. 550 1.367 5. 862 12.426 482.6 280.8 2.365 2.391 3.025 1. 949 
14 1. 517 1.46C 5. 870 13.005 509.6 296.4 2.386 2.390 2.158 1.999 
15 1. 537 1· 2 7(: 5. 852 11.428 453.0 263.7 2.414 2.393 1.019 1· 885 
16 1. 450 1.422 5. 915 12.200 4 70.1 27 2.1 2.347 2.3 74 3.788 2.655 
17 1.528 1. 370 5. 905 12.357 485.5 280.9 2.393 2.373 1.897 2. 709 

...... 18 1.4 77 1.390 5.892 12.102 466.2 268.9 2.346 2.363 3.806 3. 120 
~-~ 19 1. 530 1.417 5. 910 12.81 7 498.7 Z88.o 2.371) 2.367 z.a48 2.957 .!'-

zr· 1.450 1. 392 5. 907 11.92 8 473.5 273.2 2.411:S 2.364 0.878 3.077 

AVERAGE 2. 380 2.377 2.427 2.544 

Theoretical Specific Gravity 2.439 



APPENDIX B2-C; Mix 11 

NS AW AD AH VOL WA ww SGM SGW VSGM VSGW 

Void Void 
Avg. Avg. Avg. Sp.Gr. Volume Volume 

Width Depth He2:_gh~ Volume Wt. in Wt. in Sp.Gr. from from from 
Spec. w n H v Air Water from Water SGM SGW 
No. (in.) (in.) (in.) (cu. in.) (gms) (gms) Dimen. Dis pl. (percent) (percent) 

13 1.535 1.445 5. 870 13.020 508.1 296.0 2.377 2.396 2·557 1. 781 
14 1. 502 1. 397 5.1357 12·299 477.1 277.2 2.362 2.387 3.139 2.145 
15 1.542 1.470 5. 852 13.270 512.4 297.8 2.352 2.3ti8 3.586 2.103 
16 1.528 1.; 430 5.882 12.849 512.4 298.2 2.429 2.392 0.426 1. 921 
17 1. 507 1.362 5. 902 12.124 472.0 274.8 2.371 2.394 2.786 1.865 

18 1. 45 7 1.460 5. 905 12.566 492.3 286.5 2. 386 2.392 2.172 1.922 
..... 19 1.545 1. 412 5. 892 12.859 510.9 297 .o 2.420 2.388 0.795 2.011 
U1 20 1.480 1.427 5. 915 12.497 488.2 284.1 2 ·379 2.392 2.451 1. S28 ln 

AVERAGE 2.384 2.391 2.239 1.967 

Theoretical Specific Gravity 2.439 



APPENDIX B2-D; Mix 12 

NS AW AD AH VOL WA ww SGM SGW VSGH VSGW 

Void Void 
Avg. Avg. Avg. Sp.Gr. Volume Volume 

Width Depth He_!.ght Volume Wt. in Wt. in Sp.Gr. from from from 
Spec. w n H v Air Water from Water SGM SGW 
No. (in.) (in.) (in.) (cu. in.) (gms) (gms) Dimen. Dis pl. (percent) (percent) 

13 1. 580 1. 4 70 5. 992 13.918 52"1.8 305.5 2.309 2.374 5.310 2.654 
14 1. 552 1.367 5. 990 12· 7l 7 4f:He0 282.5 2.332 2.381 4.378 2..361 
15 1.590 1.477 5.975 14.037 539.8 313.0 2.342 2.380 3.975 2.416 
16 1.542 1. 430 5.917 13.C53 507.4 294.4 2.367 2.382 2.934 2. 331 
17 1. 523 1. 495 5.927 13.492 518.0 300.5 2 •. 338 2.382 4.132 2.353 

1B 1.552 1.292 5. 917 11.874 457.9 266.1 2.349 2.387 3.709 2.116 
...... 19 1. 542 1.357 5.922 12.401 475.9 275.2 2.337 2.371 4.179 2.780 
ln 
0\ 2(• 1.43 7 1. 405 5. 945 12.007 460.8 267.7 2e337 2.38b 4.172 2.160 

AVERAGE: 2.339 2.381 4.C99 2. 396 

Theoretical Specific Gravity 2.439 



APPENDIX B2-E; Mix 13 

NS AW AD AH VOL WA ww SGM SGW VSGM VSGW 

Void Void 
Avg. Avg. Avg. Sp.Gr. Volume Volume 

Width Depth Hei:_ght Volume Wt. in Wt. in Sp.Gr. from from from 
Spec. w n H v Air Water from Water SGM SGW 
No. (in.) (in.) (in.) (cu. in.) (gms) (gms) Dimen. Dis pl. (percent) (percent) 

13 1·547 1.425 5.597 l2. 344 497.7 291.5 2.456 2.414 1·619 3. 29 8 
14 1.547 1. 430 5.607 12.409 476.6 278.8 2. 339 2.410 6.287 3.465 
15 1.46 7 1.450 5.600 11.916 481.B 281.9 2.462 2.410 1.346 3.437 
16 1.395 1.402 5. 967 11.675 476.2 280.0 2.484 2.427 0.482 2.760 
17 1. 502 i. 430 5.S57 12.800 523.9 305.9 2.493 2.403 0.134 3.718 

18 1. 410 1.490 5. 952 12.506 508.0 299.4 2.474 2.435 o.aa4 2.433 
19 1. 512 1. 410 5. S52 12·694 514.8 303.9 2. 470 2.441 1.052 2. 205 ..... 20 1.4 72 1.323 5. 942 11.572 475.3 280.6 2.501 2.441 -0.214 2.196 V1 

'-I 

AVERAGE 2.460 2.423 1.449 2. 9.39 

Theoretical Specific Gravity 2. 49o· 



APPENDIX B2-F; Mix 14 

NS AW AD AH VOL WA ww SGM SGW VSGM VSGW 

Void Void 
Avg. Avg. Avg. Sp.Gr. Volume Volume 

Width Depth Height Volume Wt. in Wt. in Sp.Gr. from from from 
Spec. w 15 - ' v Air Water from Water SGM SGW H 
No. (in.) (in.) (in.) (cu. in.) (gms) (gms) Dimen. Dis pl. (percent) (percent) 

13 1. 412 1.452 5. 870 12.043 471.8 275.6 2.386 2.405 2.179 1.407 
14 1.323 1o440 5.902 11.241 437.2 255.6 2.369 2.407 2.882 1.292 
15 1. 377 l. 440 5. 882 11.669 459. 1 268.1 2.396 2.404 1.756 1.449 
16 1.392 1. 430 5. 830 11.609 461.3 269.0 2.420 2.399 0.780 1.646 
17 1. 385 1. 457 s. 857 11· d24 45ti.3 267.5 2.361 2.402 3.218 1. 517 

18 1. 422 l. 465 s. 852 12.196 480.i:S 280.1;l 2.401 2.404 1.565 1.435 
,~ 

19 1·347 1. 427 5. 857 11.267 444.8 259.2 2.4C4 2.391 1·426 1.740 \.11 
CXl 20 1.420 1. 432 s. 840 11· 879 467·5 27 2.9 2.397 2.402 1. 734 1. 502 

AVERAGE 2.392 2.402 1.942 1.499 

Theoretical Specific Gravity 2.439 



I 

I 
I 



APPENDIX B3 

Uniaxial Compression Specimen Dimensions, 

Specific Gravity and Void Content 



APPENDIX B3-A; Mix 9 

NS AW AD AH VOL WA ww SGM SGW VSGM VSGW 

Void Void 
Avg. Avg. Avg. Sp.Gr. Volume Volume 

Width Depth He2:_ght Volume Wt. in Wt. in Sp.Gr. from from from 
Spec. w D H v Air Water from Water SGM SGW 
No. (in.) ~ (in.) (cu. in.) (gms) (gms) Dimen. Dis pl. (percent) (percent) 

1 1e542 1.483 5.985 13.686 540.7 313.2 2.406 2.311 le352 2. 554 
2 1.652 1.645 5. 957 16.195 737.7 370.7 2.774 2.010 ****** 3 1. 512 1.648 5. 887 14.6 71 587.4 340.6 2.438 2.380 o.o2't 2.416 
4 1.542 1.650 s. 875 14.953 527.2 305.8 2.147 2.381 11.961 2.369 
5 1.477 l. 515 5.985 13.397 ':i13.0 297.2 2.332 2.377 4.384 2.534 

6 1. 400 1.527 5. 'i47 12.719 482.5 278.9 2.310 2.370 5.274 2.836 
1 1.492 1. 507 5. 'i70 13.432 521.8 302.5 2.366 2.379 2.999 2.444 
8 1. 532 1.432 6.047 13.276 488.9 283.7 2.243 2.383 8.047 2.314 
9 1.407 1.552 6. 020 13.155 513.2 296.8 2.376 2.372 2.585 2.766 ...... 

H' 1.510 1. 570 6.002 14.230 560.7 32 5.3 2.400 2.382 1.613 2.341 0\ 
0 

11 1.395 1.565 5.945 12.979 494.0 285.8 2.318 2.373 4.961 2. 718 
12 1.340 1. 597 5.945 12.726 496.5 287.1 2.376 2.311 2.582 2.786 

AVERAGE 2.374 2.346 2.670 2.465 

Theoretical Specific Gravity 2.439 



APPENDIX-B3-B; Mix 10 

NS AW AD AH VOL WA ww SGM SGW VSGM VSGW 

Void Void 
Avg. Avg. Avg. Sp.Gr. Volume Volume 

Width Depth He2:_ght Volume Wt. in Wt. in Sp.Gr. from from from 
Spec. w n H v Air Water from Water SGM SGW 
No. (in.) (in.) (in.) (cu. in.) (gms) (gms) Dimen. Dis pl. (percent) (percent) 

1 1.487 1. 492 5. 815 12.910 )04.9 292.8 2.382 2.380 2.344 2.399 
2 1. 552 1. 497 5. 8oS 13.635 534.9 309.0 2.389 2.368 2.046 2.917 
3 1. 500 1.462 5.905 12.954 524.0 300.4 2.463 2.343 -1.004 3.917 
4 1.547 1. 477 5. 882 13.450 519.8 301.2 2-354 2.378 3.499 2. 507 
5 1. 57 2 lo552 5. 770 14.086 553.7 323.0 2.394 2.400 1.850 1. 595 

6 1. 542 1. 5C2 5. 902 l3 .680 524.3 302.9 2.334 2.368 4.298 2. 907 
7 1.537 1. 435 5. 897 13.012 508.1 294.2 2.378 2.375 2.494 2. 607 
8 1.580 1. 482 5.845 13.691 531.3 308.5 2.363 2.385 3.101 2.228 
9 1. 523 1. 505 5. 850 13.404 527.0 305.5 2.394 2.379 1.831 2.451 ,_. If 1. 492 1. 37 2 5. 872 12.030 469.8 272.4 2.378 2.380 2.483 2.422 

"' ,_. 

11 1. 5 75 1. 500 5.857 13.838 546.4 317.4 2.405 2.386 1.408 2.172 
12 1. 530 1.387 5.867 12.456 480.8 21'i.1 2-351 2.384 3.617 2.266 

AVERAGE 2.382 2.377 2.331 2.532 

Theoretical Specific Gravity 2.439 



APPENDIX B3-C; Mix 11 

NS AW AD AH VOL WA ww SGM SGW VSGM VSGW 

Void Void 
Avg. Avg. Avg. Sp.Gr. Volume Volume 

Width Depth He2-_ght Volume Wt. in Wt. in Sp.Gr. from from from 
Spec. w n H v Air Water from Water SGM SGW 
No. (in.) (in.) (in.) (cu. in.) (gms) (gms) Dimen. Dis pl. (percent) (percent) 

1 1· 592 1. 560 5. 822 14.465 571.5 333.4 2.406 2.400 le345 1. 589 
2 1. 59 2 1. 537 5. 807 14.219 565.2 330.8 2.421 2.411 0.749 1.1:-H 
3 1. 613 1. it3 8 5.782 13.404 529.9 310.3 2.408 2.41.1 1.284 1.065 
4 1.528 1.. 53 7 5. 870 13.786 539.0 314.3 2. 38.1 2.399 2.313 l. 650 
5 1. 455 1. 4 72 5.880 12.598 496.1 288.0 2. 398 2.384 1.669 2.257 

6 1. 537 1.510 5. 902 13.703 539.8 314.5 2.399 2.396 1e64C 1.766 
1 1 •. 485 1.400 • 5.9vo 12.2b6 482.2 280.4 2.394 2.389 1.840 2.030 
8 l. 557 1.467 5. 820 13.302 525.0 30 7 .o . 2·404 2.408 1.452 1.261 
9 1. 501 1.it71 5.900 13.141 514.2 300.3 2.383 2.404 2.296 1. 438 

1(' 1. 470 .... 1.5it2 5.915 13.itl2 529.5 308.7 2.404 2.398 1.421 1.677 

"' N 
1.435 1. it07 5. 842 11.800 11 466.0 271.1 2.405 2. 391 1.394 1.969 

12 1.500 1.407 5. 875 12·404 411.5 273.2 2.315 2.378 5.082 2.513 

AVERAGE 2.393 2.398 1.879 1.696 

Theoretical Specific Gravity 2.439 



APPENDIX_B3-D; Mix 12 

--. 
NS AW AD AH VOL WA ww SGM SGW VSGM VSGW 

Void Void 
Avg. Avg. Avg. Sp.Gr. Volume Volume 

Width Depth He2:_ght Volume Wt. in Wt. in Sp.Gr. from from from 
Spec. w i5 H v Air Water from Water SGM SGW 
No. (in.) (in.) (in.) (cu. in.) (gms) (gms) Dimen. Dis pl. (percent) (percent) 

1 1.557 1o 457 5.860 13. 3•J3 525.2 307.3 2o404 2 .411) 1.416 1.178 
2 1o495 1o 465 5. 840 12. 791 494.6 284.5 2.355 2.354 3o444 3.480 
3 1. 382 1. 515 5. 912 12.384 482.4 279.6 2.372 2.379 2. 7 31 2.. 4 72 
4 1.452 1 .• 492 5. c:l3 7 12.872 49~ .4 287.2 2. 344 2.379 3.897 2.442 
5 1. 5 32 1. 512 5. 965 13.826 550.0 319.6 2.423 2.387 0.672 2.126 

6 1. 462 1.457 5. 992 12.774 496.7 290.') 2.368 2.403 2.905 1.476 
7 1. 460 1.432 5.992 12.533 491.5 285.5 2.388 2.386 z.on 2.176 
8 1.572 1.445 5.905 13o418 520.7 302.7 2.363 2.389 3.100 2.069 
9 1. 500 1. 555 5. 905 13.773 537.2 313.3 2.375 2.399 2.611 1. 628 

10 1.545 1. 502 5.922 13.748 518.2 302.0 2.295 2.397 5.884 1. 72 8 
,_. 
0\ 11 1. 577 1. 395 5. 967 13.132 508.0 295.1 2.35o 2.386 3.408 2.169 w 

12 1.517 1. 315 s. 972 11.918 459.1 265.9 2.346 2.376 3.814 2. 571 

AVERAGE 2.366 2.387 2.997 2.126 

Theoretical Specific Gravity 2.439 



APPENDIX B3-E; Mix 13 

NS AW AD AH VOL WA ww SGM SGW VSGM VSGW 

Void Void 
Avg. Avg. Avg. Sp.Gr. Volume Volume 

Width Depth He~gh~ Volume Wt. in Wt. in Sp.Gr. from from from 
Spec. w n H v Air Water from Water SGM SGW 
No. (in.) (in.) (in.) (cu. in.) (gms) (gms) Dimen. Dis pl. (percent) (percent) 

1. lo4 7C 1. 475 s. c;25 12.847 517.0 3C4. 8 2.451 2.436 lo8C8 2. 389 
2 1.547 1. 447 5. 635 l3.C70 524.8 308.9 2.445 2.431 2.0 31 2.614 
3 1.495 1. 517 5. 775 13.102 521. B 308.4 2.426 2.44~ 2.823 2.036 
4 1.48 2 l. 452 5.685 12.242 490.0 289.4 2.438 2.443 2.33~ 2. 13 7 
5 1. 5't 1 1. 51t7 5.587 13.381 541.0 318.0 2.462 2.426 1.349 2. 804 

6 1. 480 1.497 5.612 12.439 501.2 295.0 2.454 2.431 1.687 2.618 
1 1.492 1.395 5.610 11.680 472.7 277.9 2.465 2.427 1.255 2.781 
8 lo 575 1.460 5. 942 13o665 566.2 344.0 2.523 2.548 -1.100 -2.090 
9 1. 53 3 1.560 5. 982 14.302 560.8 330.0 2.388 2.430 4.328 2.652 

10 1. 5 !>0 1.555 5.980 14.413 568.5 333.9 2.402 2.423 3.761 2.914 
~ 

"' 11 1.47C 1. 432 5. 592 ll. 777 """ 484.8 285.0 2.507 2.426 -0.44iS 2. 787 
12 1.477 1.462 5.607 12.117 496.5 291.5 2.495 2.422 0.021 2.967 

AVERAGE 2.455 2.441 1.655 2. 217 

Theoretical Specific Gravity 2.496 



ltPPENDIX B3-F; Mix 14 

NS AW AD AH VOL WA ww SGM SGW VSGM VSGW 

Void Void 
Avg. Avg. Avg. Sp.Gr. Volume Volume 

Width Depth He2_ght Volume Wt. in Wt. in Sp.Gr. from from from 
Spec. w 15 H v Air Water from Water SGM SGW 

No. (in.) (in.) (in.) (cu. in.) (gms) (gms) Dimen. Dis pl. (percent) (percent) 

i 1.467 1. 4 70 5. 962 12.862 496.7 289.9 2.352 2.402 3.576 1. 524 
2 1.712 1. 4 75 5.985 15.118 592.0 345.9 2.385 2.406 2.220 1. 3 72 
J 1. 622 1. 450 6.030 14.186 552.4 322.3 2. 371 2.401 2.770 1. 570 
4 1. 667 1. 482 6.045 14· 944 575.3 336.6 2.345 2.410 3.871 1.183 
5 1.380 t". 440 5. 900 11.724 459.7 267.9 2.388 2.397 2.097 1. 732 

6 1.475 1.450 5. 900 12.619 522.6 304.9 2.522 2.401 -3.413 1.577 
7 1. 457 1.447 5. 875 12.395 487.2 284.7 2.394 2.406 1.850 1.356 
8 1. 382 1.457 s. 837 11.763 466.9 272.9 2.417 2·407 o.ass 1. 324 

..... 9 1.385 1.440 5. 832 11.632 460.6 268.7 2.411 2.400 1.128 1. 591 
0\ lC· 1.492 1.460 5. 852 12.75 3 499.4 291.4 2.:;85 2.401 2.219 1.560 l.n 

11 1. 337 1.438 5. 882 11.310 438.9 256.2 2.363 2.402 3 .1<11 1.505 
12 1.392 1. 452 5. 875 11· 883 461.8 269.4 2.367 2.40(\ 2.960 1. 591 

AVERAGE: 2.392 2.403 1.939 1. 490 

Theoretical Specific Gravity 2.439 





APPENDIX B4 

Splitting Tension Specimen Dimensions, 

Specific Gravity and Void Content 



APPENDIX B4-A; Mix 39 

NS AH VOL WA ww 

Avg. 

Spec. Height Measurement 

~ (in.) l!!!:l_ (in.) 

Height 
ii 

(in.) 

Volume 
v 

(cu. in.) 

Wt. 
in· 
Air 
~ 

Wt. 
in 

Water 
(gms) 

1 
2 
3 
4 
5 

1. 862 
1.951 
1.908 
1.922 
1.916 

6 1. 893 
1 1.906 
8 1.971 
9 . 1.942 

10 1. 874 

11 
12 
13 
14 
15 

16 
17 
18 
19 
20 

21 
22 
23 
24 

1.828 
1.800 
1. 887 
1. 999 
1. 887 

1.985 
1. 893 
1.948 
1.801 
1.929 

1.946 
1.966 
2.013 
1.957 

1.863 
1.946 
1.906 
1.929 
1.910 

1 .. 895 
1o918 
1. 982 
1.953 
1.885 

1. 8i4' 
1o789 
1.899 
2.002 
1. 896 

1.992 
1.873 
1.939 
1.798 
1.919 

1.939 
1.940 
2.002 
1.964 

1. 868 
1.956 
1. 899 
1.919 
1.900 

1.892 
1.916 
1. 968 
1.940 
1. 901 

1.831 
1. 811 
1. 916 
1.995 
lo894 

1. 966 
1. 910 
1. 939 
1. 786 
1.932 

1.864 
1.951 
1.904 
1. 923 
1.909 

1.893 
1.913 
1.974 
1.945 
1.887 

23.416 
24.505 
23.918 
24.157 
23.973 

23.780 
24.031 
24.789 
24.429 
23·697 

1. 828. ·-z.z:-955 
1.800 22.608 
1· 901 z3~ 872 ·· 
1•99CJ 25.103 
1.8CJ2 23.768 

945.0 
974.3 
949.0 
968.8 
961.8 
.. 
945.0 
965.0 
998~7 
980.1 
955.7 

924~2 .. 
CJ13.9 
959.2 

1016.0 
·9ao.o 

555.1 
511.5 
557.4 
568.7 
564.8 

555.5 
568.1 
586.5 
575.3 
562.8 

544.1 
539.2 
562.0 
595.4 

.. 573.4 

1. 98C · '24~ 88i-~Tol3. 2· ····59·2-:9-· 
1.892 23.764 976.2 571.9 
1o942 24.392 9f9.o 573.2 
1.795 22.545 914.8 534.9 
1:927 24.199 984.2 579.0 

1. 934 ·· -1-. 94·a·- "it.~· 362 
1.949 1.952 24.513 
1.996 2:oo4 25.166 
1.961 1.961 24.626 

975.8 
995.1 

1013.2 
9.9.5 .o 

572.5 
_584.3 
594.1 
582 .• 5 

AVJ:RAG.E 

Theoretical Specific Gravity 

SGM 

Sp.Gr. 
from 

Dimen. 

2.458 
2.421 
2.416 
2.442 
2.443 

2.420 
2.446 
2.45lt 
2.443 
2.456 

2.452 
2.462 
2.447 
2o465 
2. 511 

2.480 
2.502 
2.444 
2·411 
2.477 

2.439 
2.472 
2.452 
2.461 

SGW VSGM VSGW 

Void Void 
Sp.Gr. 

from 
Water 
Displ. 

2.424 
2.419 
2.423 
2.421 
2.423 

2. lt26 
2.431 
2.423 
2.421 
2.432 

z. 431 
2.439 
2.415 
2.416 
2.410 

2.411 
2.415 
2.413 
2.408 
2.429 

2.420 
2o422 
2.418 
2.412 

Volume 
from 

SGM 
(percent) 

-o. 111 
0.720 
0.928 

-0.139 
-0.180 

o. 773 
-0.268 
-0.597 
-0.179 
-0.705 

-0.530 
-0.931 
-0.329 
-1.060 
-2.957 

-1.680 
-2.575 
-o. z21 
-1.318 
-1.555 

-0.014 
-1.365 
-0.530 
""-0.889 

2.'t21 -0.682 

Volume 
from 

SGW 
(percent) 

0.627 
0.827 
0.640 
0.722 
0.670 

0.525 
0.314 
0.662 
0.730 
0.270 

0.309 
-o. 001 

0.988 
0.960 
1.180 

1.162 
1.003 
1. C86 
1.271 
0.413 

0.798 
o. 683 
0.879 
1.102 

O.l'tl 



( 
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APPENDIX B4-B; Mix 43 

NS Hl H2 H3 AH VOL WA ww SGM SGW VSGM VSGW 

Void Void 
Avg. Wt. Wt. Sp.Gr. Volume Volume 

Height Measurement He_!ght Volume in in Sp.Gr. from from from 
Spec. H v Air Water from Water SGM SGW 
No. (in.) (in.) (in.) (in.) (cu. in.) ~ ~ Dimen. Dis pl. (Eercent) (Eercent) 

1 1.940 1.942 1.939 1.940 24.3 71 967.1 570.3 2.417 2o437 3.523 2.705 
2 1.932 1.933 1·939 1.935 24.299 962.9 569.0 2.413 2.445 3.660 2.414 
3 1. 972 1. 974 1. 973 1. 973 24.781 967.0 566.0 2.3 76 2.411 5.130 3. 134 
4 1.910 1. 911 1.914 1. 912 24. 011 956.1 565.3 2.425 2.447 3.190 2.335 
5 1.914 1.912 1.915 1.914 24.036 958.0 566.3 2.427 2.446 3.099 2.365 

6 1.919 1.914 1. 917 1.917 24. 073 958.8 566. B 2.426 2.446 3.170 2. 359 
7 1.993 1.994 1.996 1.994 25.049 992.3 585.9 2.413 2.442 3.689 2.528 
8 1.969 t'. 9o 8 1.971 1.969 24.735 981.3 578.6 2.416 2.437 3.548 2.722 
9 1.907 1.913 1. 919 1. 913 24.027 948· 8 559.6 2.405 2.438 3.996 2.682 

10 1.980 1.984 1. 986 1.983 24.911 981.9 579.5 2.401 2.440 4.170 2. 590 ..... 
a-
00 11 1. 976 1.985 1· 955 1. 972 '24.768 969.8 572.0 2.385 2.438 4.807 2.678 

12 1. 984 1.984 1. 985 1. 984 24.923 990.8 586.6 2.421 2.451 3. 350 2.145 
13 2.016 2.024 2.028 2.023 25.405 1006.3 595.5 2.412 2.450 3.699 2. 211 
14 1.901 1. 899 1. 897 1.899 23.851 946.0 557.7 2.415 2.436 3.574 2.744 
15 1.945 1.945 1.949 1.946 24.446 910.0 572.5 2.417 2.440 3.532 2.585 

24.182 
" 564.5-16 1.9 25 1. 92 5 1. 926 1.9 25 956.8 2.410 2.439 3.807 2.637 

17 1.882 1.880 1. 879 1o/380 23.617 937 .o 553.5 2.416 2.443 3.543 2.464 
18 1· 931 1.933 1. 933 1. 932 24.270 964.0 569.0 2.419 2.441 3.434 2.575 
19 1. 9 31 1. 92 5 1. 926 1. 927 24. 207 962.0 569.0 2.420 2.448 3.384 2.282 
20 1.949 1.952 1. 952 1:951 24. 505 913.0 575.0 2.418 2.445 3.465 2.406 

21 1.993 1· 9<}3 1. 992 1.993 25.028 984.0 581.0 2.394 2.442 4.415 2. 52 7 
?.2 1.994 1.996 1. 993 1.994 25.049 994.7 587.2 2.418 2.441 3.456 2.556 
23 1.903 1.903 1.906 1.904 23.914 946.1 559.5 2.409 2.447 3.817 2. 306 
24 1. 982 1.973 1· 971 1o975 24.810 982.0 580.0 2.411 2.443 3.772 ·2. 484 
25 1.973 1.970 1.973 1.972 24.768 983.8 581.9 2.419 2.448 3.433 2. 2!:11 

26 1.88 3 1. 885 1.890 1.886 23.688 938.3 553.1 2.412 2.436 3.699 2.759 



• 

I 
I 



APPENDIX BS 

Hydrostatic Tension Specimen Dimensions, 

Specific Gravity and Void Content 
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APPENDIX BS-A; Mix' 16 

NS 

Sp.ec. 
po • 

Height Measurement 
•• 

(in.) (in.) (!f.n.) 

.......... 1· ··-·a: ·52 2 ·- tr ~"527---,r: ~·2 r .... 
J.· u.~l2 o.s12 o.514 
1 ·~.s·~· o.495 o.so7 
4 0.549 Q.543 0.54& 
, o • ~ 1 c a·~ 51~ o. ·i;. fii · 

AH 

Avg. 
Height 

il 
(in.) 

0 •. 523 
o. 513 
0.507 
0.547 
o.;I.3 

VOL 

Volume 
v 

(cu. in.) 

b.513 
6.439 
6.164 
6.866 
6:443 

WA 

Wt. 
in 
Air 

(ps) 

ilt3.2 
239.2 
L38.9 
l58.3 
~B~.u 

·-· ----;---u:-~94-'"'"o .·49 a -o:so2c':-4 9 a ·····b. '.25'5''' . ---2-fs.l. 
1 O.Sl~ 0.~12 0~510 O.Slb 6.477 240.5 
a o~'ji~ o;soa ·o~s21 o.sPr &.471 M'Cf.t 
9 o•so9 o.~o8 o.5ll o.510 6 • .Ct ·.240.9: 

h.i ii.)lif ... o.s·o.-s·· o.;it-91. o.5oJ .6'~3f2 .. "'23o.e 

··Ir-·-ij:-5"·cl'c.495 o. 5J.Z o-;-5a~r>·-.. 6~:3i~t·····-741.3. 
J.~ o.·Hi o.,o2 o.so, u·.s·Ol 6.)o4· .~a9.~t 
11 u. ~o2 o~~r3· ···o: sot u.s·~~ 6•llt 1 ···21 i .. o 
1 .. o.49o o.49S o.4Bo 0.4ii2 6.1¥4 l35.8 
iu u~469 ·o:·~o4 o. 503 <f. 492. t~. rao·"" '1'J2. o 

ww 

Wt. 
in 

Water 
(ps) 

l40.a 
138.4 
139.5 
l!:JO.O 
llti.7 

1.38~8 
140.0 
139.2 
J.it0.2 
l~ti. 0 

14·u·. ·:3· 
139.0 
131.J 
J.J7.1 
134.3 

SGM 

Sp.Gr. 
from 

Dimen. 

l.2.=.i3 
J...2.o~ 

2..2so 
2.291 
2.259 

2.319 
;..2.61 

'2•£60 
2.292 
2.281 

.~2 •. 309 

2.289 
2.274 
2.J22 
2.286 

SGW 

Sp.Gr. 
from 

Water 
Dis pl. 

2.375 
2.373 
2.403 
2.385 
2.383 

2.396 
2.393 
2.378 
2 .• 392 
;..397 

2.389 
2 •. 3&7 
2.377 
2.389 
.2.375 

--AVERAG·t:··· 2.283. 2.386 

Theoretical Sp·c~fic Gravity ''\,z.~tJ9 

VSGM VSGW 

Void Void 
Volume 

from 
SGM 

(percent) 

7.613 
7.242 
6.261 
o.065 
1.j80 

4.909 
7.280 
7.336 
6.033 
6.470 

5.320 
6.143 
6.761 
4.784 
6.255 

6.390 

Volume 
from 

SGW 
(percent) 

.2.624 
2.705 
1.459 
2.212 
2.302 

1. 748 
~.885 
2.492 
1.~17 
1.732 

2.046 
2.123 
2.537 
2.048 
2.640 

2.165 



APPENDIX B5-B; Mix 17 

NS Hl H2 H3 AH VOL WA ww SGM SGW VSGM VSGW 

Void Void 
Avg. Wt. Wt. Sp.Gr. Volume Volume 

He_!ght Volume in in Sp.Gr. from from from 
Spec. Height Measurement H v Air Water from Water SGM SGW 
No. (in.) (in.) (in.) (in.) (cu. in.) (gms) (gms) Dimen. Displ. (percent) (percent) 

1 o.~Hg C.:J'12 o.coc 0.?94 7.456 27o.9 A.6u. ·.; 2.2.6£ l..3ti7 7.273 2.12Y 
2. u.~7:'.> C.'i79 0.584 0.':;79 7.£.7o i.74.~ 160.2. i. • .2.'17 2.402 5.8i.j2 l.S34 
.) u.bC::l U.:J9b U.596 0.?99 1.S2'J 2d3.(; 164.8 2.291 2.394 6.074 1.835 
4 u.:>SI4 o.5e8 0.582 0.?88 7 •. Hl5 2 7£.. 0 !:'.>2.9 2.243 2.~64 8.036 6.363 
::> 0.5/C L. ::> 71 u.'Jo4 o.~o8 7. 138 2o7.l !5'::1.7 2. • 2. -,9 2..396 6.~66 1.69:> 

..... 
-..J tl u.oJ4 C.622. u. 62 3 o.o26 7.'d67 2!:>9.5 16!:>.0 2.241 2..3H3 8.11(; .2..308 ..... 7 o.s-18 (;.:::.97 o.s9o u.:>~:~'::l 7.473 215.$ 1.60.2 2.248 2.386 7.ti48 2.181 

ci J.olb v.oul u.bL9 0.609 7 .. 6:>3 £80.7 l.62.ti 2.2j4 2.381 b.<t17 2.385 
9 0.577 c :>'14 0.584 J.?bS 7.348 '~266. 1 l54.j 2.206 2.380 9.570 2.413 

lu u.o~'i u.o2o 0.618 0.624 7.842 2d 7. 3 165.6 2.2:H 2.3ol ti.?16 3.209 

ll O.o2C c.o34 0.615 o. 623 7.825 2ti2.3 16.3.0 2.197 .2..366 9.916 £.981 
O.o2C o.:J'1b u.632 o.ol7 7.74S 

.... 
27':>.8 1~8.6 2.16':Ji 2.353 11.086 3.51o 1£ 

AVERAGE: 2.241 2.373 ti.lOl 2.712 

Theoretical Specific Gravity 2.4341 



APPENDIX B5-C; Mix 18 

NS Hl H2 H3 AH VOL WA ww SGM SGW VSGM VSGW 

Void Void 
Avg. Wt. Wt. Sp.Gr. Volume Volume 

Height Measurement He_!ght Volume in in Sp.Gr. from from from 
Spec. H v Air Water from Water SGM SGW 
No. (in.~ ~in.~ ~in.) ~in.) ~cu. in.~ ~gms) (gms) Dimen. DisEl· ~Eercent) ~Eercent) 

1 o.~if9 c;t.Ja O.:tij:> 0.595 7.469 2.7S.j 1~9.0 2.2415 2.367 7.'164 2.946 
2 0.576 .O.~til o.sss 0 • .,~2 7.30o l.oo.'t 154.9 2.l2.1 2.~389 8.94~ 2.040 
3 u.ss'-1 C.bOS 0.575 c. 590 1. 40o 27"J.2 lol. l 2.263 2.412. 7.217 1.110 
4 0.590 u.s8o a. suo C • .?S3 1. "3£1 2.70.1 1':.)8.3 2 • .2!:>0 2.408 7.7't3 1.256 
~ L.~bU o.suu 0.5U3 O.Sd4 7.J3.l 2.oY.8 157.0 £ • .241 2.392 8.103 1.'733 

b o.~~o 0.~9.1 b. 5\i~-·- "'()';''59J 7.444 2.6o.ti 1:>.,.5 2.un 2.397 10.505 1.717 
..... 1 O.oll u.ouu u. 62 7 o.u15 1. 72.0 2.79.0 162.3 2.201 2.391 9.762 1.978 .... 8 u.sc;J 0.~92 o.5ts9 

... 

0.591 t. 427 l.ti~.u· 156.3 .2.212 2.377 9.294 2.538 N 

9 0.5'15 O.:J91 o. 601 0.596 7.482 2o9.1 1S6.7 2.191 2.394 10.188 1.840 
10 0.599 u.Si..J7 0.612 O. 6\U 7.569 l-12.2 1~8.1 2.190 2.386 10.20ti 2.188 

T~ o.5ti4 c·. 5u~ 0.596 U~Sdd -~7-~-lil 2.71. 5 1':.)7.3 2.240 2.377 8.153 2.5..25 
lS 0.~95 o.:>'-13 0.5<.13 o.S94 7 .4!).b 21-..0 1~~.9 2.238 2.401 8.244 1.542 
lo 0.58tJ 0.581 o. 589 c.5a5 7.352 2 12. 1 1.58.~ 2.259 2. 396 7.379 1.750 
17 0.5~0 C.!J~i•l 0.592 0.590 7.4!S 2.'/0.d 1:>7.8 2.224 2.396 8.804 1.744 
18 v.:.J77 (.;.~32 0.595 o·~ 5a :> 7.343 273.2. 1.5&.8 2.26b 2.388 7.104 2.086 

"I~ .. 1).~73 c.!J7H 0. 56tf 0~573 7~197 ~ 11 •. L !57.1 2.29~ 2.378 5.9"tl 2.498 

AVEKAGt: 2..232 2.191 B • .tt1Z 1. 981 

Theol'eUical Specific Gravity 2.~39 



APPENDIX B5-D; Mix 19 

NS Hl H2 H3 AH VOL WA ww SGM SGW VSGM VSGW 

Void Void 
Avg. Wt. Wt. Sp.Gr. Volume Volume 

Height Measurement He!,ght Voluine in in Sp.Gr. from from from 
Spec. H v Air Water from Water SGM SGW 

No. ~in.~ (in.) (in.) (in.) (cu. in.) ~~) (gms) Dimen. DiseL (eercent) <eercent) 

1 u., 7r-·a .-'(ji? c. ~ij"lj a·~ 5ij i ' i. 293 £65.1 1'+9.2 2.214· 2.281 4.86<1 1.705 
.l 0.595 0.583 o. 571 0.583 7.322 Zo4 • .~t 1"t'ii.3 £.199 2..297 5.500 1.283 
3 o.;,oo o.~tl2 c. 580 0.581 1 • .t!:'1.3 2.b6.3 150.2 2.224 2.294 4.438 1.431 
4 0.578 o.5tl5 0.568 0.577 7.247 2oC.9 .l.4o. 7 2.192 2.2d5 5.781 1.823 
,-
:J 0.62.7 o.ol7 0.619 O.b2l 7.800 284.8 loU.7 2.224 2.295 4.437 1.378 

6 o. ·57~ ··a:sti-2'·--·o·:·s·ay· -c·~--~8f 7._j02 2o~.c 149.4 2.210 2.2S2 5.014 1.487 
...... l 0.?85 0.!)'70 o.5do 0.580 1.2.89 2.o4.d 150.1 2..212 2.309 4.922 0.789 ...... 
w d u.t..Ol o.se:Ss o. ell 0.599 7.523 261.2 149.9 2.163 2.218 7.050 2.109 

9 u. ~ell c.5d7 0.584 0.586 7. J60 266.1 149.o 2.202 2.284 5.379 1.843 
10 

' 

o.~stf a:··~9o 
.. c.59o o. 590 1: ':t10 ~ob.4 150.0 2.189 2.289 5.<114 1.648 

•''"fi'' · ··;:; • 5 12 · ·· -c:·s<i4___ ·a : ~ra 6 · c.5a4~ "7.335. '2()3: 1 
... 

149.1 2.189 2.301 5.911 1.115 
12. 0.5d? 0.51j3 0.573 0.584 7.331 2o6.l 150.0 2.2U. 2.292 5.001 1.:>05 

0.582 o.~6a 0.585 o.sia 1•264 
'"' 

2.5b.2 145.0 2.165 2.2l:H 6.971 13 1.'180 
14 0.~85 0.~82 0.579 G.582 7.310 265.4 150.3 2.211 2.306 4 .. 979 0.910 
1~ 0.57i c.582 0.588 cr.saf 7 • .2<;3 266.3 150.3 2..224 2.296 4.43B 1.346 

lo u. 5if7 c. ~-84 0.572 o·.·s·aT • ''1.2.C'f"f'" 268.4 15T.7 2.240 2.300 3.740 1.164 

AVERA(Ji: 2.204 2.293 5.271 1.470 

Theoretical Specific Gravity 2.321 





APPENDIX Cl 

Double Lap Shear Results Taken From 

Instron Chart and Records 

Interpretation of Tabular Column Headings 

NS • . • Specimen Number 

NTS. Test Set Up Number 

FS • • Instron Full Scale Load Setting - Pounds 

CH • . Instron Cross Head Separation Rate- in./min. 

CS • Instron Chart Speed- in./min. 

YS • • Y-Coordinate of Ultimate Load from Instron Chart -
chart divisions 

XS . • • . • X-Coordinate of Ultimate Load from Instron Chart -
chart divisions 

YT • • • . • Y-Coordinate of Initial Tangent from Instron Chart 
(selected on tangent line) - chart divisions 

XT • • X-Coordinate of Initial Tangent 

AH • Average Specimen Height 

AREA • • Specimen Area in Shear 



APPENDIX Cl-A; Mix 15 

NS NTS FS CH cs YS xs YT XT AH AREA 

17 6 500. 0.002 0.2 1.990 8.840 2.000 6.950 1.822 7.208 
19 6 500. 0.002 0.2 1.590 8.620 2.000 8.590 1e97l 7el92 
21 6 500. 0.002 0.2 1.690 11.240 1.000 6.370 1.889 7.177 

13 6 500. 0.020 2.0 3.110 7.540 5.000 9.680 1.780 7.362 
15 6 500· 0.~020 2.0 .2.990. ,.ooo 5.000 9.110 1.839 7.285 

1 6 500. 0.200 1o.o 4.750 .3 .180 5.000 1.830 1.905 7.177 
9 6 500. 0.200 10.0 4.160 1.990 5.-ooo 1. 540 1.800 7.121 

..... 11 6 1000. o.zoo 2.0 2.690 •. 0.480 5.000 0.490 1.809 7.150 ..... 
VI 

1 6 2000. 2.000 50.0 2~2~. 1.380 5.000 ,1. 720 1.842 7.106 
5 6 1000 •. ·z;ooo 50.0 4.350 1.190 5.000 0.960 le794 7.130 



APPENDIX Cl-B; Mix 20 

NS NTS FS CH cs YS XS YT XT AH AREA 

19 6 500. 0.002 0.2 1.380 16.770 1.000 7.440 1.947 7.488 
21 6 500. 0.002 0.2 1.360 16.230 1.000 9.540 1.995 7.508 

13 6 500. 0.020 2.0 2.180 11.370 2.000 7.930 1.962 7.602 
15 6 500. 0.020 2.0 2.150 10.490 2e000 7·030 1.946 7.514 
17 6 500. 0 .. 020 2.0 2.060 9. 720 2.000 6.630 1.976 7.409 ..... 

....... 

'"" 9 6 500. 0.200 10.0 7.040 4.120 5.000 1.620 1.940 7.272 
11 6 500. 0.200 10.0 6.360 3.470 5.000 1.370 1.966 7.511 

1 6 2000. 2.000 50.0 4.120 1. 570 5.000 C.640 1.964 7.473 
5 6 2000. 2.000 5Q.O ~.020 1.060 s.ooc 0.520 1. 977 7.488 



APPENDIX Cl-C; Mix 21 

NS NTS FS CH cs YS xs YT XT AH AREA 

13 6 500. 0.002 0.2 l· 520 12.420 z.ooo 11.210 1.895 7.705 
15 6 500. o.ooz 0.2 1· 580 11.040 2.000 11.490 1e907 7e600 

9 6 .500. o.o20 z.-o 3.310 7.620 5.000 9.910 1.927 7.564 
11 6 5!>0. o.020 2.0 3.070 9e140 5·000 11.810 1.956 7.694 

,_. 5 6 500. 0.200 10.0 a. 210 3.010 10.000 1.890 1.910 7.578 
'-J 7 6 500. o.zoo 1o.o 9. 320 3.610 10.000 1.590 1.845 7.406 
'-J 

1 6 2000. 2.000 50.0 4.1J'tQ 2.010 5.000 0.630 1.884 7.584 



NS .. 

NTS 

FS • 

CH . 

cs . 

YS . 

APPENDIX C2 

Uniaxial Tension Results Taken From 

Instron Chart and Records 

Interpretation of Tabular Column Headings 

• Specimen Number 

• Test Set Up Number 

Instron Full Scale Load Setting - Pounds 

• Instron Cross Head Separation Rate - in,/min. 

• Instron Chart Speed- in./min. 

• Y-Coordinate of Ultimate Load from Instron Chart -
chart divisions 

XS • . • • . . X-Coordinate of Ultimate Load from Instron Chart -
chart divisions 

YT . . • • • • Y-Coordinate of Initial Tangent from Instron Chart 
(selected on tangent line) - chart divisions 

XT • X-Coordinate of Initial Tangent 

AH • • Average Specimen Height 

AREA . Specimen Area in Shear 



APPENDIX C2-A; Mix 9 

NS NTS FS CH cs YS xs YT XT AH AREA 

19 1 50. 0.002 0.2 3.800 14.800 5.000 13.000 6.025 2.266 
20 3 500. 0.00.2 0.2 0.340 13.860 o. 500 15.960 6.042 2.172 

17 3 500. o.ozo 2.0 0.700 13. 750 1.000 15.950 6.030 2.097 
18 3 soo. o.ozo 2. 0 0.340 11.150 0.500 17.100 6.015 2.185 

15 1 zoo. 0.200 1o.o· 3 ... 150 4.850 8.ooo 3.850 5.932 2.128 
16 1 500. 0.200 5.0 1.110 2.620 6,;000 2.530 6.025 1.972 

13 1 1000. 2.000 50.0 1.1t3Q 1.820 5.200 0.920 5.957 2.284 
14 1 1000. 2.000 50.0 1.440 1.360 4.920 0.900 5.962 2.199 -""-1 

\0 



APPENDIX C2-B; Mix 10 

NS NTS FS CH cs YS xs YT XT Ali AREA 

19 7 50. 0.002 0.2 4.910 13. 110 s. 300 9.510 5.910 2.169 
20 3 500. 0.002 0.2 0•300 10.600 0.500 10.100 5.907 2.019 

17 3 500. 0.020 2.0 0.500 5.400 1.ooo 2.200 5.905 2.093 
18 7 100. 0.020 0.5 4.080 3.090 6.600 3.460 5.892 2.054 

15 3 1000. 0.200 20.0 0.950 6.400 1.950 1. 9!>0 5.852 1.953 
16 3 500. 0.200 20.0 2.000 6. 200 2.500 1.4CO 5.915 2.063 

...... 13 7 1000. 2.000 so.o 2.080 1.300 4.770 0.600 5.862 2.120 00 
0 14 7 1000. 2.000 50.0 2.280 0.980 4.000 c.5lo 5.870 2.216 



Appendix C2-C; Mix 11 

NS NTS FS CH cs YS xs YT XT AH AREA 

19 7 50. 0.002 0.2 3.640 14.500 4.800 12.450 5.892 2.182 
20 1 50. 0.002 0.2 3.680 14.700 5.030 13.100 5.915 2.113 

17 1 100. 0.020 0.5 3.410 2.920 5.800 4.100 5.902 2.054 
18 1 100. 0.020 0.5 3.680 2. 870 5.390 3.260 5.905 2.128 

""' 

15 7 200. C.200 10.0 4.950 5·130 8.210 1.130 5.852 2.267 
1-' 16 1 200· 0.200 10.0 5.000 4.600 8.100 1.000 5.882 2e184 00 
1-' 

13 7 1000. 2.000 50.0 '3.219 1.720 7.000 0.650 5.870 2.218 
,, 

14 7 1000. 2.000 so.o 2.800 le450 7.200 o.750 5.857 2.100 
',, ........... "' 



APPENDIX C2-D; Mix 12 

NS NTS FS CH cs YS xs YT XT AH AREA 

19 7 50. 0.002 0.2 2.920 24.300 3.170 18. 60C 5.922 2.094 
20 1 so. 0.002 0.2 3.120 21.590 3.240 15.390 5.945 2. .o 20 

17 7 100. o.o2o 0.5 3.390 4.600 5.170 5.25C 5.927 2.276 
18 7 100. 0.020 0.5 2.880 4.460 4.860 5.530 5.917 2.007 

16 7 200. c. zoo 10.0 4.210 6.470 5.700 0.870 5.917 2.206 
...... 15 7 200. 0.200 1o.o 3.990 8.260 a.ooo 1.37C 5.975 2.349 
00 
N 

13 7 1000. 2.000 50.0 2. 520 l. 750 7.080 o.aoc 5.992 2..323 
14 1 1000. 2.000 50.0 1.960 1.880 5.000 0.56C 5.990 2.123 



APPENDIX C2-E; Mix 13 

NS NTS FS CH cs YS xs YT XT AH AREA 

19 1 50. 0.002 0.2 9. 800 5.430 9.650 3.930 5.952 2.133 
20 7 100. 0.002 0.2 4.610 5.460 7.480 4.660 5.942 1.947 

17 7 100. 0.020 0.5 9. 330 1·250 10.000 0.440 5.957 2.149 
18 1 100. 0.020 0.5 9.130 1.140 10.000 0.440 5.952 2.101 

15 7 200. C.200 10.0 8.600 2.240 9.000 0.690 5.600 2.128 .... 16 7 200. 0.200 10.0 8.190 2~140 9.100 0.820 5.967 1.956 
00 
w 

13 7 1000. 2.000 50.0 
" 

3.~1Q 0.870 4.~90 0.490 5.597 2.205 
14 1 1000. 2.000 50.0 3 •. 160 o. 890 4.570 0.450 5.607 . 2.213 



APPENDIX C2-F; Mix 14 

NS NTS FS CH cs YS xs VT xr AH AREA 

19 7 100. 0.002 0.2 1.940 13.090 2. 500 11.490 5.857 1-924 
20 3 500. 0.002 0.2 0.400 12·000 0.300 b.OOO 5.840 2.034 

17 1 100. 0.020 0.5 3.770 3.110 4.290 2.860 5. 857 2.019 
18 7 100. 0.020 o.5 4.200 2.960 6.200 3.630 5.852 2.084 

....... 15 1 200. C.200 10.0 4.090 4e650 7.010 1.520 5.882 1.984 
00 
~ 16 7 200. 0.200 10.0 3.990 5.020 7.190 1.820 5.830 1.991 

13 1 1000. 2.000 50.0 1.42_() 2.500 5.240 0.900 5.870 2.0"52 
14 1 1000. 2.000 50.0 1. 530 1• 560 2.830 0.360 5.902 1.904 



I 
I 



NS . 

NTS. • 

FS 

CH . 

cs . 

YS 

APPENDIX C3 

Uniaxial Compression Results Taken From 

Instron Chart and Records 

Interpretation of Tabular Column Headings 

· Specimen Number 

Test Set Up Number 

Instron Full Scale Load Setting - pounds 

Instron Cross Head Separation Rate- in./min. 

Instron Chart Speed- in./~in. 

Y-Coordinate of Ultimate Load from Instron Chart -
chart divisions 

XS • • • . . X-Coordinate of Ultimate Load from Instron Chart -
chart divisions 

YT . • • • • Y-Coordinate of Ultimate Load from Instron Chart -
(selected on tangent line) - chart divisions 

XT X-Coordinate of Initial Tangent 

All . Average Specimen Height 

AREA • Specimen Area in Shear 



APPENDIX C3-A; Mix ~ 



APPENDIX C3-B; Mix 10 

NS NTS FS CH cs YS xs YT XT AH AREA 

9 1 500. 0.002 0.2 2·210 24.270 3.500 27.750 5.850 2.291 
10 1 500. 0.002 0.2 2.140 29.950 3.500 32.100 5.872 2.048 

7 2. 1000. 0.050 1.0 2.120 4.930 4.000 6.400 5.897 2.206 
8 2 1000. 0.050 1.0 2.570 4.690 4.000 5.340 5.845 2.342 

3 2 1000. 1.000 5.0.0 5.210 10.600 8.ooo 5.210 5.905 2.194 
..... 4 2 1000. 1.000 50.0 5. 210 . 9. 980 s.ooo 5.080 5.882 2.286 
00 

5 2 1000. 1.000 50.0 6.190 8.620 8.ooo 5.040 5.770 2.441 -..,J 

11 6 10000. 20.000 50.0 1.330 0.460 5.130 0.580 5.857 \ 2.362 
12 b 10000. 20.000 so.o ..... 1.000. .0.510 a.2oo. 1.990 5.867 2.123 



APPENDIX C3-C; Mix 11 

NS NTS FS CH cs YS xs YT XT AH AREA 

9 2 500. 0.002 o. 2 1. 870 25.940 2.500 2 5.000 5.900 2.227 
10 1 500. o.oo2 0.2 1.820 27.000 2. 500 26.350 5.915 2.267 

1 2 1000. 0.050 1·0 1.790 4.440 3.000 5.370 5.900 2.079 
8 2 1000. 0.050 1.0 2.270 4.300 3.000 4.080 5e820 2.286 

..... 4 1 1000. 1.000 50.0 7.800 10.420 g·.ooo 7.680 5.870 2.349 Q) 
Q) 5 1 1000. 1.000 50.0 6.790 .. 10.620 9.000 5.480 5.880 2.142 

6 1 1000. 1.000 50.0 7.720 10.910 10.000 7.520 5.902 2.322 
'"' 

11 6 2 oooo. zo.ooo 50.0 1.190 0.140 6.650 0.680 5.842 2.020 
12 6 2000.0. .20.000 .50.0 ... .... 0.930 .... 0-.110 .. . 3.94,0 0.610 5.875 2.111 



APPENDIX C3-D; Mix 12 

NS NTS FS CH cs vs xs YT XT AH AREA 

9 1 .500. 0.002 0.2 1· 700 32.420 2. 500 32.760 5.905 2.332 
10 2 -500. o.ooz 0.2 1.410 39.940 2.000 39.200 5.922 2.321 

7 2 500. 0.050 1.0 3.240 6. 720 5.000 7.020 5.992 2.091 
...... 8 2 500. 0.050 1.0 3. 950 6.320 5e000 5.140 5.905 2.272 
00 
\0 

4 1 1000. 1.000 50.0 6. 500 15.550 9.000 10.670 5.937 2.168 
.5 l 1000. 1.000 50.0 8.040 .17 •. 120 9.000 9.360 5.965 2.318 
6 l 1000. 1.000 50.0 6.880 15.120 9.000 9.980 5.992 2.132 

11 6 20000. 20.000 50.0 1.120 0.600 4.500 0.600 5.967 2.201 
12 6 20000. 20.000. .50.D. .0 •. 750. .. 0 •. 740 .... 5 .• 80.0 1.2.30 5.972 1.996 



APPENDIX C3-E; Mix 13 

NS NTS FS CH cs YS xs YT XT AH AREA 

8 1 500. 0.002 0.5 5. 510 28.820 7e000 27.300 5.942 2.299 
9 1 500. 0.002 0.2 5.010 12.270 6.000 10.920 5.982 2.391 

10 2 500. 0.002 0.2 5.630 12.300 7.000 11.010 5.980 2.410 

6 2 500. 0.050 1.0 9.650 2.370 10.000 1.830 5.612 2.216 
..... 1 2 500. o.oso 1.0 . .8.7.30 . 2.300 1.0.000 1.810 5.610 2.0a2 
\0 
0 

3 1 1000. 1.000 20.0 .9 •. 580 2. 420 10.000 1.570 5.775 2.269 
4 1 1000. 1.000 20.0 9.150 2.400 10.000 1.460 5.685 2.15.3 

~ ~ ... ·~""" 

11 6 20000. 20.000 50.0 1.060 0.160 6.00() 0.730 5.592 2.106 
12 6 10000 •. 20.000. ~O.D ,_1 •. 710 ... -" 0.--.180 ... , 5 ... 6.0.0. 0.520 5.607 2.161 



APPENDIX C3-F; Mix 14 

NS NTS FS CH cs YS xs YT xr AH AREA 

9 2 500. 0.002 0.2 2.000 24.570 3.000 24.620 5.832 1.994 
10 1 500. 0.002 0.2 2.030 27.310 3.000 21.210 5.852 2.179 

6 1 500. o.o5o 1.0 4. 440 4.770 6.000 4. 65C 5.900 2.139 
8 1 1000. 0.050 1.0 2.090 3.990 3.000 4.190 5.837 2.015 

.... 3 1 1000. 1.000 20.0 5. 250 4.650 8.000 4.81C 6.030 2.353 '0 .... 4 1 1000. 1.000 20.0 5.660 4 .• 400 8.000 4.410 6.045 2.472 
5 1 1000. 1.000 20.0 5.230 4.200 s.ooc 4.400 5.900 1.987 

11 6 10000. 20.000 50.0 1.080 0.450 6.700 0.890 5.882 1.923 
12 6 20000. 20.000 50.0 0 •. 440. 0.520 4.370 1.610 5.875 2.023 



I 
I 



APPENDIX C4 

Splitting Tension Results Taken From 

Instron Chart and Records 

Interpretation of Tabular Column Headings 

NS .. . Specimen Number 

NTS •. . Test Set Up Number 

FS . Instron Full ~cale Load Setting - Pounds 

CH . . Instron Cross Head Separation Rate - in./min. 

CS ....• Instrbn Chart Speed- in./min . 

YS . Y-Coordinate of Ultimate Load from Instron Chart -
chart divisions 

XS • . . . • • X-Coordinate of Ultimate Load from Instron Chart -
chart divisions 

YT 

XT 

AH 

AREA 

Y-Coordinate of Initial Tangent from Instron Chart 
(selected on tangent line) - chart divisions 

X-Coordinate of Initial Tangent 

. Average Specimen Height 

Specimen Area in Shear 



NS 

9 
13 
15 

NTS 

14 
14 
14 

5 14 
6 14 -~r ···I4 
8 14 

14 
14 
14 
f4'' 

APPENDIX C4-A; Mix 39 

cs YS xs FS 

5cH>~ 
500. 
500. 

CH 

o·.oz() 
0.020 
0.020 

·r~·o 2 ~-·too··· ··1z.itso 
0.5 2.600 6.880 
0.5 2.330 8.300 

1000. o.ioo to.o 
500. o.200 10~0 · sao:··----- cr:z oo · ··- ·~s ~·o- ·· 
500. 0.200 5.0 

3.020 12.250 
6.200 9.350 
6~·ooo ... ·- ·5 ~ 5 4o 
5.630 5.9QO 

YT 

2. 600 
2.300 
2.300 

2-400 
5.300 
8 •. 3oo 
7.200 

XT 

8.250 
4.500 
6.200 

7.250 
5.750 
5.750 
5.600 

2000. 2.000 20.0 4.;.4lOi 2.l~O 3.750 1.180 
2CfOO~ 2.ooO 5(). Q· • ,;.300;-- > iit40.. ·4. 90.0 4. 300 
2000· 2.000 50.0 4.450 4.900 5.600 3.900 
·r<roo~"··· .... _2:-ocf<>' ·-·so~o--.... a:·6;r;o:~····~"'s~·ffo· ··--i. 4·oo ·· · ~3. 6oo 

10 
14 
16 

14 20000. 
14 20000. 
14 20000. 

20.000 
20.000 
20.000 

.50.() 
so.o 
5(f.o 

··r.tl(f" o:22o 4~ 5oo 
1.050 0.~50 2.600 
o. 99'(f'"''"'"(). 52(f'''•' '3. 560 

0.670 
0.450 
0.880 

AH 

1.945 
1.901 
1.892 

1.909 
1.893 
1.913 
1.974 

1.864 
1.951 
1.904 
1.923 

1.887 
1.999 
1.981 

AREA 

12.560 
12.560 
12.560 

12.560 
12.560 
12.560 
12.560 

12.560 
12.560 
12-560 
12.560 

12.560 
12.560 
12.560 



APPENDIX C4-B; Mix 43 

~· ') f,i TS f-S CH cs YS xs YT X r t'H ARF.l\ 

l (~ 1, 4 " •)('I. 0.020 1.0 ~. 51)() t+. ·~··J 7.RCC ?.0()8 , • c.? 7 12."560 
~' ·~ ].4 t::{ji.). 0.020 1.0 7.470 4.'10i; cs. 10 i' < • I.;"' (l l • c 7 r; 12.560 
">C:: 1 4 "i0(l. 0.0?0 l.O 7. 62 :J 4.')7tJ >) • ~0 ') 3. 7p() 1 • C)7? 12.560 ..' 

1 5 1'-.. , oon. 0.200 ;(0.0 8.600 P,./))0 4.000 ") ;_. 7h0 ! .C:'·E-- 12.?60 
]_ (-. 1 '· J l•I(J • 0.?00 10.0 8.971) 4. f. TO 6.900 ? • 720 1_. s? t:; 12.560 
1 7 1 '~ l 0')0. n.200 1 o. 0 9.00() 1• • 6 211 9. 0•)0 3 • ?no 1. ee.n 12.560 

..... 1 ") . ,_ ) '+ 5J()0. 2.000 ?0.0 4."i00 O.P30 5.400 0.700 1 • en:: L. 12.1)60 
\0 1 '3 14 5-00C. ?.noc 50.1) 4. ?7t) ? • 2 9') 3.400 1 • ? 3 i) '2.023 12.560 ,a:.. 

1 4 1. /T ~;000. ?.000 51).() 3.780 2. 350 4.800 .., . lSO ' .pqc; 12.560 

-::' , 14 ? 01)00. J o.ooo ::n.o 1. s•o l). 3 1-10 2.800 C.I':JOt:· 1 .C)G 3 12.560 
?2 1 4 ?00\)0. 10.000 50.0 1.540 0.3C)0 :1. 5CQ ').')90 1 .oo 4 12.560 
~ -~ 

c -- ~ lt ? ()()()(). 1 0.ono 50.0 1.5'i0 0. ~60 l.SOO O.?P.O 1. 904 12.560 





NS • 

NTS. • 

. FS • • 

CH • • 

cs . 

YS 

APPENDIX C5 

Hydrostatic Tension Results Taken From 

Instron Chart and Records 

Interpretation of Tabular Column Headings 

Specimen Number 

Test Set-Up Number 

Instron Full Scale Load Setting - Pounds 

Instron Cross Head Separation Rate- in./min. 

Instron Chart Speed- in./min. 

Y-Coordinate of Ultimate Load from Instron Chart -
chart divisions 

XS • • . • X-Coordinate of Ultimate Load from Instron Chart -
chart divisions 

YT • • • • Y-Coordinate of Initial Tangent from Instron Chart 
(selected on tangent line) - chart divisions 

XT X-Coordinate of Initial Tangent 

AH Average Specimen Height 

AREA • Loaded Specimen Area 



APPENDIX CS-A; Mix 16 

NS 

..... _,.--... "I 
2. 
3 

NTS FS CH cs 

·-.-5 --··--·~·ao:·~····· ·u~·ocrz ·· ·····a~·2 
~ ~00. O.OOL 0.5 
~ I~ob~ o.ob2 o.j 

YS 

··a~36o 

9.6~0 

4.120 

xs 

1.300 
3.2l:W 
3.110 

4 j iooo. o.o.zo s.o s.37o 4.4oo 
s ? 2000. o.o~o s.a 4.750 3.9~0 

· ··6-·· ····s~ ........... 2ooo-:···-·-·--o ... o2a-···-·;-:,.u····· 4:·aso ·· j. uoo 

1 5 scnro. o.2oo l.O.u J.7so r~rso 
B ~ suoo~ o. zoo 20. o ~.400 2. 360 

ll 5 ... SOOD~ ll~200 20.0 1 .. 57o~···· 2.SOO 
2.8 5 5000. 0.200 20.0 4.280 2.380 
""' '"~ _...,,"-.u'"'"'"""'""'-""~~~'·""""-...,.."·"'~"'__,._,.,_.,.,_, .. ,_<"_..,._,,_,_~_,_,__,.,",._~...,.··,."'"'-'•-"""•"'- ,~";;,..,._,._ •.•. ~,~~,,.. "''""•'"• ~""""' >(".~• ••· 

9 
12 
lj 
14 

10000. 
J.OOOO. 
lCOOO. 
lCOOO. 

2.000 50.0 2~960 C.7SO 
2~ 000 $0.0 .... ~~,390 o. 830 
2.000 50.0 3.~00 0.770 
2.000 ... 50.0 3~'19'('f"'"'0;770 

YT 

9.560 
10.000 
5.570 

6.000 
5.190 
j.ioo 

4.210 
4.000 
3'~ 900 
4.430 

4.010 
'' 3"'700 

3.460 
3~500 

XT 

1. 340 
3.030 
3.040 

4. 51.0 
3.<,40 
3.660 

1.220 
2.600 
2.030 
2.3~0 

C.99C 
0.890 
0.870 
0.830 

AH 

0.523 
0.513 
0.507 

AREA 

12.560 
12.560 
12.560 

0.547 1.2.560 
0.513 .12.560 
.0.498 12.560 

0.516 
0.515 
0.501 
0.492 

0.510 
0.507 
0.505 
0.492 

12.560 
12.560 
12.560 
12.5o0 

12.560 
12.~60 

12.560 
12.560 



APPENDIX CS-B; Mix 17 

NS NTS FS c cs YS xs YT XT AH AREA 

1 5 1000. · ·· -o~·cra·2· ···(r::s ··· 4.440 3.190 5.210 3.250 0.594 12.~60 
2 :> 10(,JO. 0.002 0.5 4.6SO 3.2::>0 5.750 3.550 0.579 12.560 
3 ~ 1000. 0.002 0.5 4.390 z.s~o 5:340 2.9b0 0.599 12.560 

4 I) 2CCO. 0.020 5.0 5.~80 5.250 6.740 5.49C 0.588 12.560 
..... 5 I) lOOO. 0.020 S.O 5.890 ').070 6.460 5.170 0.568 12.560 
\0 

..• '' ',,, "., ' ... '"~~""'''' ,~,.,_._.,..~""'"'""*'"'"""''""'"""'""""'""'"""~"" "'~-"'"""'~'' -..~ 

5.57o 0.626 ...... 6 ~ 2ooo. o.p2o s.o 4.960 6.420 5.160 12.560 

7 ·S 5000. 0.200 .20.0 5.400 ·~· .100 6.430 3.500 0.595 12.560 
8 I) 5000. 0.200 20.0 5.300 3.260 6.250 3.680 0.609 12.560 
9 ~ soou. . 0.200 20.0 . £>. 34U 3.160 6.100 3.490 o.s85 12.560 

i ()' .... 5 · foooo·.· .. -· ·- · :r~soo ·so.":"O -~····3 :·760 .. ' 

'"'()': 8 9 '() '3 .1'50 C.S7C 0.624 12.560 
l1 ~ 10000. 2.000 50.0 3.410 0.870 3.880 0.960 0.623 l2.S60 
1~ 5 H~GOO~ .2.000 ~o.o 3.620 1.010 4.5SO 1.240 01.617 12.560 



..... 
\C 
00 

APPENDIX CS-C; Mix 18 

NS NTS FS CH cs YS xs 
..... --·--··· ··c········ s··-· · iiYoo·~· · cr;-cfo2"'········ u:·5······· 4·:s7·a··· 3 •. ~10 

j.J10 
4.050 

l. ~ lO~.lO. 0.002 0.5 5.470 
3 5 1000. ~.66i 0.5 7.460 

4 s ~coo: . o:oio 5.0 ~.240 5.910 
5 ~ 2UUu. 0.020 5.0 6.110 ~.510 

_.,.., ........ ,_. .. ,.,"' "''''"'-'--·"<-~->·•·· ''. 

b :, RH.Ju:-··---·-·~o2 o----·-~r:cr -···7:97o · ··· ·s: 15o 
16 :, ~ooo. o.o2o ~.o 8.730 o.440 

7 5 5000. 0.200 20.0 ~.~20 3.330 
a 5 50t.IO. c.2oo 20~o ~s • .zoo ···z.9so 
q 5 sooo. o.2oo 2o.o.· s.7'5o 3.v9o 

····· -T~~-··'""5-· ---~-socrr:-··-···a-;Too · ·· 2o~iJ···~t;;T7tr ·· ··-~r:. ~rou 

YT 

s:41o 
6.400 
8.tt:,o 

9.110 
7.3.20 
9.150 
9.610 

6.220 
s•j40 
6.060 
1,'.510 

10 
18 
19 

5 
5 
5 

10000. 
lOOOU. 
lGOUO •.. 

2. ooo 5o. o ·- l~·s7o ····' o. s3o 4. o2 c 
2.000 so.o 3.400 0.870 3.950 
2 .ooo ·· so~o 2 •ao·o· ·--··-c; 750 :r;2oo 

. 

XT 

3.570 
3.810 
4.150 

6.110 
.5. 510 
5.57C 
o.640 

3.390 
2.980 
3.190 
3":o60 

o.930 
1.000 
c.aso 

AH 

0.595 
0.582 
0.590 

0.583 
0.~84 

0.593 
0.585 

0.615 
0.591 
0.596 
0.590 

0.603 
0.585 
0.573 

AREA 

1.2.560 
12.560 
12.5oO 

12.5b0 
12.:>60 
1£.560 
12.5b0 

12..560 
12.560 
12.560 
12.560 

12.560 
12.560 
12.560 



APPENDIX C5-D; Mix 19 

NS NTS FS CH cs YS xs YT XT AH AREA 

1 ~ .i.COO. 0.002 o.s 5.030 3.6.20 6.390 3.720 0.581 12.56() 
l. ~ llJOO. 0.002 0.5 6.030 3. <no 6.910 4.0GC 0.?83 12.560 
j 5 1000. 0.002 u.~ 6.410 4.120 7. 820 4.370 0.581 12.560 
4 !:> 1000. o.do2 0.5 5.460 3.t!70 6.ooU 3.970 0.577 12.560 

~ ~- 2 o a· <r:·~----,r:-O"zo·-· "·-s·~·o · "5~f9d .. ""5.130 6.140 ?.33C 0.621 12.560 
...... 0 5 2000. G.020 5.0 o.070 5.010 6.650 5.010 0.581 12.560 \0 
\0 7 ~ 2000. c.o2o 5.0 6.300 ,s;zso ].Oi.O 5.35C 0.580 12.560 

d 5 ,C(.;(;jQ. 0.020 5. c s.u7o 5.220 6.590 5.460 0.599 12.560 
. ·~- . .-~· . ...;.:, 

9 'J ~JOO. 0.200 .:::o.o 3.780 2.Boo 4•240 2.tWC 0.586 12.560 
rn~····-·- 5· · ·-:-5·tro u;·----··n#;"'ZtHf" ··· · ·-2U ~"1) .• __,7"4:;';'11 <:r· ..... 2 ·~ gOo 5.170 2.88C 0.590 12.560 
11 5 :>GUO. 0.200 20.0 4.640 L.890 5.210 ..;.020 0.584 12.560 
13 • :;; ~000. 0.200 .lo. o; · · 4~-420 ··· 2.180 4~950 2.880 0.578 12.560 

l~ 5 10000. 2.000 ~0.0 3;~90 ···o; a6o 3.680 C.920 0.584 12.560 
14 ? lOOOu. z.uoo so.o J. 720 0.930 4.050 C.970 0.582 12.?60 
p; .. .. 5"" TOoOT.l~- · ·2·:·o-uo '" su~: a······· "3:96a· -~-·n .9oo·· ·· 4:4oo· 1.030 0.581 ll.S60 
lb ) 1LOOO. 2.000 50.0 3.530 1.000 3 .. 860 1.020 0.581 12.560 

~ .. ~ ~-- ' .. 



II 

I I 

I I 



NS • 

NTS •• 

FS 

CH 

cs 

YS • 

APPENDIX C6 

Bead Test Results Taken From 

Instron Chart and Records 

Interpretation of Tabular Column Headings 

. Specimen Number 

Test Set-Up Number 

• Instron Full Scale Load Setting - Pounds 

• Instron Cross Head Separation Rate- in./min. 

Instron Chart Speed- in./min. 

• Y-Coordinate of Ultimate Load from Instron Chart -
chart divisions 

XS . • • • X-Coordinate of Ultimate Load from Instron Chart -
chart divisions 

YT • . . • Y-Coordinate of Initial Tangent from Instron Chart 
(selected on tangent line) - chart divisions 

XT X-Coordinate of Initial Tangent 

AH • • Average Specimen Height 

AREA . Specimen Area in Shear 



APPENDIX C6-A; Mix 24 

NS NTS fS CH cs YS xs YT XT AH AREA 

3 9 100. 0.020 1.0 2.400 C.490 5.400 C.700 0.620 2.904 
4 9 . 100. 0.020 2.0 2. 000 0.960 5.300 1. 190 0.620 2.904 

5 9 500. 0.200 20.0 3.900 1.080 6.000 1.240 0.620 2.904 
6 9 500. 0.200 50.0 2. 740 2.300 4.100 2.160 0.620 3.206 

('.) 

0 ...... 1 9 1000. 2.000 ;;o.o 2.940 0.460 5.000 0.500 0.620 2.602 
2 ') 2000. 2.000 50.0 5.o.550 Q.830 7.400 0.870 0.620 2.904 
7 ~ 5000. 2.000 50.0 2.050 0.770 .3.000 0.880 0.620 2.904 



APPENDIX C6-B; Mix 25 

NS NTS fS CH cs YS XS YT XT AH AKt:A 

3 9 100. 0.020 2.0 6.770 1.090 9.200 c. 960 0.346 2.860 
4 9 200. (.020 2.0 6.500 1.110 7.000 0.720 0.34b l.598 

5 .5 l.OOO. 0.200 50.0 2.800 3.650 3.800 3.400 0.346 3.lo2 
N 

6 .5 1000. 0.200 50.0 3.350 4.050 ·4.600 3.900 0.346 2.59ti 0 
N 

l 5 5000. 2.000 so.o 4.300 G.930 4.400 0.930 0.346 2.692 
2 5 5000. 2.000 50 .. 0 3.180 0.880 5.700 1. 290 0.34b 2.974 



APPENDIX C6-C; Mix 26 

NS NTS fS CH cs YS XS YT XT AH AREA 

3 9 200. 0.020 5.0 8.380 2.310 9.900 2.0.50 0.179 2.700 
4 5 .500. 0.020 5.0 4.150 2.550 5.500 2.5!>0 0.179 2.751. 
7 9 500. 0.020 5.0 3.530 2.200 5.500 2.300 0.179 2.474 

5 5 2000. 0.200 50.0 4.050 5.600 5.100 6.100 0.179 2.373 
6 5 2000. . 0.200 so.o 1.120 3.620 1.500 3.320 0.179 3.128 

N 
0 

1 5 5000 .. 2.000 so. 0 4.250 1.00\) 5.200 J.. 13 0 0.179 2.499 w 

2 5 5000. 2.000 50.0 ~.380 1.020 6.200 1.100 0.179 2.726 



APPENDIX D 

Calibration for Machine Deformation 

In this appendix, each sheet sunnnarizes the calibration data for the 

"Test Set-Up Number" (NTS) indicated. The NTS used for a given test is 

shown on each data sheet in Appendix C. The NTS applicable for each test 

mode are as follows: 

Test Mode NTS 

Shear 6 

Uniaxial Tensile 3 and 7 

Splitting Tensile 1, 2, and 6 

Hydrostatic Tension 5 

Bead Test 5 and 9 



APPENDIX D Machine Deformation 

Test Set-up Full Scale Load Instron Cross-Head Separation Instron Chart 
Number 1 Setting: 1000 lbs Rate: 0.005 in./min. Speed: 5 in. /min. 

X y D F A B 

X-Coord. Y-Coord. 
from from Tangent Tangent 

Instron Instron Machine Intercept Slope 
Chart Chart Deformati()n Force to D-F Curve to D-F Curve 

(Div.) (Div.) (in.) (lbs) (lbs) (lbs/in.) 

o.ooo o.ooo o.oooe 00 o.oooe 00 -o.oooe 00 O. 340E 05 
o.soo 0.170 0.500E-03 O.l70E 02 -O.l70E 02 0.680E 05 
1.000 0.510 O.lOOE-02 0.510E 02 -0.230E 02 o. 740E 05 
1. 500 0.880 O.l50E-02 0.880E 02 -O.llOE 02 0.660E 05 

N 
2.000 1.210 o.2ooe-o2 0.121 E 03 -0.510E 02 0.860E 05 0 

VI 

z. 500 1.640 o.25oe-oz O.l64E 03 -0.560E 02 o.aaoe 05 
3.000 2.080 0.300E-02 0.208E 03 -o.aooe 02 0.960E 05 
3. 500 2.560 0.350E-02 0.2 56E 03 -0.730E 02 0.940E 05 
4.000 3.030 0.400E-02 0.303E 03 -0.890E 02 0.980E 05 
4.500 3.520 o.45oe..:oz o.352E 03 -0.710E 02 0.940E 05 

. 5. 000 3.990 o.5ooe-o2 cf~399 e 03 -0.; f2iE 03 O.l04E 06 
5. 500 4.510 0.550E-02 0.451E 03 -O.l54E 03 O.llOE 06 
6.000 5.060 O.oOOE-02 o.5o6e 03 -0.178E 03 O.ll4E 06 
6.500 5.630 0.650E-02 0.563E 03 -0.204E 03 O.ll8E 06 
7.000 6.220 o.1ooe.:.;,oz 0.622E 03 -0.190E 03 0.116E 06 

e.ooo 7.380 · o.aooe:..-oz . ·6~·738E 03 · .:..o.21oe 03 0.126E 06 
e. 5oo 8.010 0.850E-02 o.eote 03 -0.270E 03 0.126E 06 
9.000 8.640 0.900E-02 0.864E 03 -0.342E 03 O.l34E 06 
9.500 9.310 0.950E-02 o. 931 E 03 -0.380E 03 O.l3EIE 06 

10.000 10.000 . O.lOOE-01 O.lOOE 04 -0.380E 03 O.l38E 06 



APPENDIX D Machine Deformation 

Test Set-up Full Scale Load Instron Cross-Head Separation Instron Chart 
Number 2 Setting: 1000 lbs Rate: 0.005 in./min. Speed: 5 in. /min. 

X y D F A B 

X-Coord. Y-Coord. 
from from Tangent Tangent 

Instron Instron Machine Intercept Slope 
Chart Chart Deformation Force to D-F Curve to D-F Curve 
(Div.) (Div.) (in.~ (lbs) (lbs) (lbs/in.) 

o.ooo ·o~ooo o.oooe 00 o.oooe 00 ~O.OOOE ()(j 0.360E 05 
0.500 0.180 o.5ooe-o3 O.l80E 02 -O.l50E 02 0.660E 05 
1.000 o. 510 O.lOOE-02 O.SlOE 02 -0.310E 02 o.a2oe 05 

!'.) 1. 500 0.920 O.l50E-02 0.920E 02 -0.490E 02 O. 940E 05 
0 2.000. 1.390 o.2ooe-o2 O.l39E 03 -0.610E 02 O.lOOE 06 
0\ 

2. 500 f.89o o.25oE-02 O.l89E 03 -0.960E 02 o.114E 06 
3. 000 2.460 0.300E-02 0.246E 03 -O.l62E 03 o.l36E 06 
3.500 3.140 O. 3 50E-02 0.314E 03 -0.218E 03 o.l52E 06 
4.000 3.900 o.4ooe-o2 o.390E 03 -0.250E 03 O.l60E 06 
4.500 4.700 0.450E..;;02 0.470E 03 -0.295E 03 o.11oe 06 

5.000 5.550 ·-· o.sooe-~2 · ·· o·.s55e t13 -o. 3ose 03 o.112e 06 
5. 500 6.410 0 • .550E-02 0.641E 03 -0.327E 03 O.l76E 06 
6.000 7.290 o.600E;;.;oz 0.129E 03 -o.375E 03 o.l84E 06 
6.500 8.210 0.650E-02 o.e21e 03 -0.427E 03 O.l92E 06 
7.000 9.170 o.1ooe;;.;oz 0.911E 03 -0.4341: 03 O.l93E 06 

1. 430 1o.·ooo . o~ 74·3e::o·2 ·o·~looe·~ o4· -0.434E 03 O.l93E 06 



APPENDIX D Machine Deformation 

Test Set-up Full Scale Load Instron Cross-Head Separation Instron Chart 
Number 3 Setting: 500 lbs Rate: 0. 010 in. /min. Speed: 10 in./min. 

X y D F A B 

X-Coord. Y-Coord. 
from from Tangent Tangent 

Instron Instron Machine Intercept Slope 
Chart Chart Deformation Force to D-F Curve to D-F Curve 
(Div.) (Div.) (in.) (lbs) (lbs) (lbs/in.) 

o.ooo o.ooo o.oooe 00 o.oooe 00 -o.oooe 00 0.250E 05 
0.600 0.300 0.600E-03 O.l50E 02 -0.600E 01 0. 350E 05 
1. 100 0.650 O.llOE-02 0.325E 02 -O.l37E 02 0.420E 05 
1. 600 1.070 O.l60E-02 0.535E 02 -0.201E 02 0.460E 05 

N 2.100 1. 530 0.210E-02 0.765E 02 -0.306E 02 0.510E 05 0 ...... 

2. 600 2.040 o.26oe-o2 O.l02E 03 -0.436E 02 0.560E 05 
3.100 2.600 o.31oe-o2 0.130E 03 -0.560E 02 0.600E 05 
3. 6(10 3.200 0.360E-02 0.160E 03 -0.452E 02 o. 570E 05 
4.100 3.770 0.410E-02 O.l89E 03 -0.698E 02 0.630E 05 
4.600 4.400 0.460E-02 o.22oe 03 -O.l02E 03 O. 700E 05 

5. 100 5.100 o.s1oe-o·z o.25SE 63 -O.ll2E 03 o.12oe 05 
5.600 5. 820 o.s6oE-02 0.291E 03 -O.l40E 03 O. 770E 05 
6.100 6.590 0.610E~02 0.330E 03 -O.l04E 03 0.710E 05 
6.600 7.300 0.660E-02 0.365E 03 -O.l63E 03 o.aooe 05 
7.100 8.100 o.710E-o2 o.4o5e 03 -O.l63E 03 o.aooe 05 

7. 600 8.900 o.76oe:...oz ---- cf. 445 e·· o3 -o. 2o1e 03 O. 850E 05 
8.100 9.750 o.a1oe-o2 0.488E 03 -0.236E 03 0.893E 05 
8.240 10.000 0.824E-02 o.sooe 03 -0.236E 03 0.893E 05 



APPENDIX D Machine Deformation 

Test Set-up Full Scale Load Instron Cross-Head Separation Instron Chart 
Number 5 Setting: 5000 lbs Rate: 0. 010 in. /min. Speed: 2 in. /min. 

X y D F A B 

X-Coord. Y-Coord. 
from from Tangent Tangent 

Instron Instron Machine Intercept Slope 
Chart Chart Deformation Force to D-F Curve to D-F Curve 
(Div.) (Div.) (in.) (lbs) (lbs) (lbs/in.) 

o.ooo o.ooo o.oooe 00 0.000 E no -O.OOOE 00 O. 378E 05 
o. 450 .0.170 0.225E-02 O.B5:>E 02 -0.500E 02 0.600E ()5 
0.950 0.470 0.475E-02 0.235E 03 -O.l35E 03 0.780E 05 

N 
1. 450 0.860 o.725E-02 0.430E 03 -0.223E 03 0.900E 05 

0 1.950 1.310 0.975E-02 0.655E 03 -0.300E 03 0.980E 05 00 

2.450 1.800 O.l22E-Ol 0.900E 03 -0.447E 03 O.llOE 06 
2.950 2.350 O.l48E-Ol O.ll8E 04 -0.477E 03 O.ll2E 06 
3.450 2.910 0.1 73E-Ol Oel45E 04 -0.650E 03 O.l22E 06 
3.950 3.520 O.l97E-Ol O.l76E 04 -0.649E 03 O.l22E 06 
4.450 4.130 0.223E-Ol o.2o1e 04 -0.783E 03 O.l28E 06 

4.950 4.770 o.248E-Ol 0.239E 04 -0.783E 03 O.l28E 06 
5.450 5.410 0.273E-Ol 0.270E 04 -O.lllE 04 O.l40E 06 
5. 950 6.110 0.298E-Ol 0.305E 04 -0.991E 03 0 .l36E 06 
6.450 6.790 0.322E-Ol 0.339E 04 -O.llBE 04 O.l42E 06 
6.950 7.500 0.347E-01 0.375E 04 -O.l25E 04 O.l44E 06 

7.450 8.220 o. 3 72E-(51 O. 411 E 04 -O.l48E 04 O.l50E 06 
1. 950 8.970 0.397E-Ol 0.449E 04 -O.l32E 04 O.l46E 06 
0 ~.l':n n "7nn n t • ., ?C:::-n1 n L._QI::C: f'IL._ _n 1 L._QE: n.t. n 1 c::nc nL 



APPENDIX D Machine Deformation 
'Y 

' 

Test Set-up Full Scale Load Instron Cross-Head Separation Instron Chart 
Number 6 Setting: 5000 lbs Rate: 0.010 in./min. Speed: 5 in. /min. 

X y D F A B 

X-Coord. Y-Coord. 
from from Tangent Tangent 

Instron Instron Machine Intercept Slope 
Chart Chart Deformation Force to D-F Curve to D-F Curve 

(Div.) (Div.) (in.) (lbs) (lbs) (lbs/in.) 

o.ooo o.ooo o.oooe 00 O.OO'lE 00 -O.OOOE 00 o.sooe 05 
0.450 0.090 0.900E-03 0.45:>E 02 0.458E-04 o.sooe 05 
C'. 9 50 0.190 0.190E-02 0.950E 02 -0.190E 02 0.600E 05 
1. 450 0.310 0.290E-02 O.l55E 03 -0.480E 02 O. 700E 05 

"" 
1. 950 0.450 0.390E-02 0.225E 03 -O.l07E 03 o.esoe 05 

0 
\0 

2. 450 0.620 0.490E-02 o.310E 03 -0.204E 03 O.l05E 06 
2. 950 0.830 o.590E-02 0.415E 03 -0.264E 03 o.115E 06 
3.450 1.060 0.690E-02 o. 530E 03 -0.367E 03 O.l30E 06 
3.950 1. 320 o.79oe-oz 0.660E 03 -0.446E 03 O.l40E 06 
4.450 1.600 0.890E-02 O.BOOE 03 -0.668E 03 o.l65E 06 

4.950 1.930 0.990E-02 0.965E 03 -0.767E 03 O.l75E 06 
5.450 2.280 O.l09E-Ol O.ll4E 04 -0.876E 03 O.l85E 06 
5. 950 2.650 0.119E,;_Ol 0.132 E 04 -O.lllE 04 0.205E 06 
6.950 3.470 O.l39E-Ol O.l74E 04 -0.122E 04 O. 213E 06 
7.950 4.320 O.l59E-0l 0.216E 04 -O.l50E 04 0.230E 06 

8.950 5.240 o.l79E-Ol o.262E 04 -O.l94E 04 0.255E 06 
9.950 6.260 O.l99E-Ol 0.313E 04 -0.244E 04 0.280E 06 

10.950 7.380 o. 219E-Ol 0.369E 04 -0.299E 04 0.305E 06 
11. 950 8.600 0.239E-Ol 0.430E 04 -0.407E 04 o. 350E 06 
12.950 10.0()'{) 0.259E-Ol o.5ooe 04 -0.407E 04 O. 350E 06 



APPENDIX D Machine Deformation 

Test Set-up Full Scale Load Instron Cross-Head Separation Instron Chart 
Number 7 Set ing: 500 lbs Rate: 0.050 in./min. Speed: 20 in. /min. 

X y D F A B 

X-Coord. Y-Coord. 
from from Tangent Tangent 

Instron Instron Machine Intercept Slope 
Chart Chart Deformation Force to D-F Curve to D-F Curve 

(Div.) (Div.) (in.) (lbs) (lbs) (lbs/in~) 

c. ocr> o.ooo O.OOOE 00 O.OOOE 00 -O.OOOE 00 0.267E 05 
o. 300 0.400 o.750E-03 0.200E 02 -0.300E 01 O. 307E 05 
0.600 0.860 O.l50E-02 0.430E 02 -O.l58E 02 0.392E 05 
O.B5C 1.350 0.212E-02 0.6 75 E 02 -0.243E 02 0.432E 05 

N 
1. 100 1.890 c. 275f-02 0.945E 02 -0.287E 02 0.448E 05 ....... 

0 

1. 350 2.450 0.337E-02 O.l22E 03 -0.233E 02 0.432E 05 
1.600 2.990 0.4-00E-02 O.l4-9E 03 -0.457E 02 0.488E 05 
1.850 3.600 0.462E-02 O.l80E 03 -0.531E 02 O. 504E 05 
2.10(' 4.230 o.525E-02 o. 211 E 03 -0.699E 02 0.536E 05 
2. 350 4.900 0.587E-02 o.245E 03 -0.840E 02 o. 560E 05 

2.600 5.600 0.650E-02 0.280E 03 -0.684E 02 o. 5.36E 05 
2.850 6.270 0.712E-02 0. 314E 03 -o .l03E 03 o. 584E 05 
3. 100 7.000 o.775E-02 o. 350E 03 -O.ll5E 03 0.600E 05 
3. 350 7.750 0.838E-02 o.3B8E 03 -O.ll5E 03 0.600E 05 
3.600 8.500 o.900E-02 0.425E 03 -0.862E 02 0.568E 05 

:3.850 9.210 o.962E_;02 o.46lE 0:3 -O.l48E 03 0.632E 05 
4.100 10.000 O.l02E-Ol 0.500 E 03 -O.l48E 03 0.632E 05 



APPENDIX D Machine Deformation 

Test Set-up Full Scale Load Instron Cross-Head Separation Instron Chart 
Number 9 S~tting: 1000 lbs Rate: 0. 010 in. /min. Speed: 5 in. /min. 

X y D F A B 

X-Coord. Y-Coord. 
from from Tangent Tangent 

Instron Instron Machine Intercept Slope 
Chart Chart Deformation Force to D-F Curve to D-F Curve 
(Div.) (Div.) (in.) (lbs) (lbs) (lbs/in.) 

o.ooo o.ooo O.OOOE 00 o.oooe 00 -o.oooe 00 o.560E 05 
0.500 0.560 O.lOOE-02 0.560E 02 0.200E 01 0.540E 05 
1.000 1.100 0.200E-02 0.110 E 03 0.600E 01 0.520E 05 
1. 500 1. 620 0.300E-02 O.l62E 03 0.600E 01 0.520E 05 

N 2.000 2.140 0.400E-02 0.214E 03 -O.lOOE 02 0.560E 05 1-' 
1-' 

2.500 2. 7o·o 0.500E-02 0.270E 03 -0.300E 02 o.600E 05 
3.000 3.300 0.600E-02 0.330E 03 -0.240E 02 0.590E 05 
3.500 3.890 0.700E-02 ll.389E 03 -0.380E 02 0.610E 05 
4.000 4.500 O.SOOE-02 0.45:)E 03 -0.780E 02 0.660E 05 
4.500 5.160 0.900E-02 o. 516e· 03 -0.690E 02 0.650E 05 

5.000 5.810 ·o~ l OOE -01··· o~·sate 03 -0~990E 02 0.680E 05 
5.500 6.490 O.llOE-01 0.649E 03 -C.l32E 03 o.11oe 05 
6.00(1 7.200 O.l20E-01 0.120E 03 -O.lOBE 03 0.690E 05 
6.500 7.890 O.l30E-01 0.789E 03 -O.l34E 03 o.11oe 05 
7.000 8.600 o.l40E;;.;Ol ·o.a6oe 03 -O.l62E 03 0.730E 05 

1.500 ·q·;·33o ,. "~ '"····· 
b~ 150E-C>l ···· c:r~cff3e· 03 ·-o. 236E 03 o.779E 05 

7.930 10.000 O.l59E-Ol O.lOOE 04 -0.236E 03 o.779E 05 



APPENDIX El 

Double Lab Shear; 

Summary of Data Reduction 



APPENDIX El-A; Mix 15 

NS R SF TF Dl4S DIS DMT DIT s E SEC TAN 

Max. 0.5 Max. Machine Indicated Machine Indicated Ult. Strain Force Force Deform. Deform. Deform. Deform. Ult. Sec. Tan. 

Rate at at at at Stress Strain Mod. Mod. 

Sample 
. Fs Ft SF SF Tu Gs GT y TF TF y 

No. %/min. (lbs) (in.) (in.) (in.) (in.) (in.) (psi) (percent) {ksi) (ksi) 

N 17 o. 110 99.5 49.7 0.00198 0.08840 0.00100 0.03458 13.8 4.74 o.29 0.37 ..... 
w 19 0.101 79.5 39.8 0.00159 0·08620 0.00079 0.03415 11.1 4.2.9 0.26 0.33 

21 0.106 84.5 42.2 0.00169 o. 112.40 0.00084 0.05383 u.s 5.86 0.20 0.21 

13 1.124 155.5 11.7 o. 00291 0.07540 0.00156 0.03010 21.1 4.07 o.52 0.66 
15 1.088 149.5 74.7 0•0028l o.o8ooo o. 00150 0.02724 20.5 4.20 0.49 o. 73 

7 10.499 23 7.5 118.8 0.00373 0.06360 o. 00198 o.o 1738 33.1 3.14 1.05 2.05 
9 11· 111 208·0 104.0 0.00334 0.03980 0.00173 0.01281 29.2 2.03 1e44 2.37 

11 11.057 269.0 134.5 0.00410 0.04800 o.o0224 0.01318 37.6 2.43 1.55 3.11 

1 108.548 452.0 226.0 0.00497 0.05520 0.00266 o.ot555 63.6 2.73 2.33 4.55 
5 111.498 435.0 217.5 0.00539 0.04 760 0.00311 0.01670 61.0 2.35 2·59 4.02 



I 
I 



APPENDIX El-A; Mix 15 

NS R SF TF DMS DIS DMT DIT s E SEC TAN 

Max. 0.5 Max. Machine' Indicated Machine Indicated 
Strain Force Force Deform. Deform. Deform. Deform. Ult. Ult. Sec. Tan. 

Rate at at at at Stress Strain Mod. Mod. 

Sample 
. Fs Ft SF SF 'u Gs ~ y TF TF y 

No. %/min. (lbs) (in.) (in.) (in.) (in.) (in.) (psi) (percent) (ksi) (ksi) 

N 17 o.uo 99.5 49.7 0.00198 0.08840 0.00100 0.03458 13.8 4.74 o.29 0.37 ...... 
w 19 0.101 79.5 39.8 0.00159 0·08620 0.00079 0.03415 11.1 4.29 0.26 0.33 

21 0.106 84.5 42.2 0.00169 0.11240 0.00084 0.05383 11.8 5.86 0.20 0.21 

13 1.124 155.5 11.1 0.00291 0.07540 0.00156 0.03010 21.1 4.07 o.52 0.66 
15 1.088 149.5 74.7 0;.00281 0.08000 0.00150 0.02724 20.5 4.20 0.49 0.73 

1 10.499 23 7.5 118.8 0.00373 0.06360 0.00198 o.ol138 33.1 3.14 1.05 2.05 
9 11· 111 208·0 104.0 0.00334 0.03980 0.00173 0.01281 29.2 2.03 1.44 2.37 

11 ll.057 269.0 134.5 0.00410 0.04800 o.oo224 0.01318 37.6 2.43 1.55 3.11 

1 108.548 452.0 226.0 0.00497 0.05520 0.00266 0.01555 63.6 2.73 2.33 4.55 
5 111.498 435.0 217.5 o. 00539 0.04760 0.00311 0.01670 61.0 2.35 2·59 4.02 



APPENDIX E2 

Uniaxial Tension; 

Summary of Data Reduction 



APPENDIX E2-A; Mix 9 

NS R SF T.F DMS DIS DMT DIT s E SEC TAN 

Max. 0.5 Max. Machine· Indicated Machine Indicated Ult. Ult. Sec. Tan. Strain Force Force Deform. Deform. Deform. Deform. Stress Strain Mod. Mod. Rate F Ft 
at at at at E ET Sample SF SF TF TF 

(J e: e: s u u s 
No. %/min. (lbs) (in.) (in.) (in.) ' (in.) (in.) (psi) (%) (ksi) (ksi) 

19 0.033 19.0. 9.5 0.00071 o.l4800 0.00036 0.04940 8.4 2.44 0.34 0.52 
20 0.033 17.0 8.5 0.00066 0.13860 0.00034 0.05426 7.8 2.28 0.34 0.44 

17 0.332 35.0 17.5 0.00099 0.13750 0.00050 0.05582 16.7 2·26 0.74 0.91 

N 
18 0.333 17.0 8.5 0.00066 0.11150 o.00034 0.05814 1. 8 1.84 0.42 0.40 

...... 
....... 

15 3.371 63.0 31.5 0.00191 0.09700 0.00103 0.01516 29.6 1.60 1.85 6.21 
16 3·319 55.5 27.1 0.00172 0.10480 o.ooo9o 0.00936 28.2 1.71 1·65 10.03 

13 33.571 143.0 11· 5 o. 0032.9 o.o 728.0,, o. 0.0166. 0.00.506 62.6 1.17 5.37 54.78 
14 33.543 144.0 72.0 0.00331 0.05440 0.00167 0.00527 65.5 0.86 7.64 54.21 



APPENDIX E2-B; Mix 10 

NS R SF TF DMS DIS DMT DIT s E SEC TAN 

Max. 0.5 Max. Machine· Indicated Machine Indicated Ult. Ult. Sec. Tan. Strain Force Force Deform. Deform. Deform. Deform. Stress Strain Mod. Mod. Rate F Ft 
at at at at 

ET Sample SF SF TF TF 
(j e: E e: s u. u s 

No. %/min. _{lbs) (in.) (in.) (in.) (in.) (in.) (psi) (%) (ksi) (ksi) 

19 0.034 24.5 . 12.3 0.00090 0.13110 0.00046 0.04405 11.3 2.20 0.51 o. 77 
20 o.o34 15.0. 7.5 o. 00060 0.106 co 0.00030 0.03030 7.4 1.78 0.42 0.73 

17 o. 339 25.0 12.5 o.o0089 0.05400 0.00050 0.00550 11.9 0.90 1.33 7.05 
f'.) 

18 0.339 40.8 20.4 0.00143 0.12360 0.00076 0.04278 19.9 2.07 0.96 1.39 ...... 
()) 

15 3.417 95.0 47.5 0.00214 0.06400 0.00113 0.00475 48.7 1.06 4.60 39.34 
16 3.381 100.0 50.0 0.00223 o.o62oo 0.00119 0.00560 48.5 1.01 4.80 32. 52 

13 34.115 208.0 104.0 0.00454 0.05200 ... 0.0.0232 0.00 .. 523 98.1 0.81 12.12 98.80 
14 34.072 228.0 114.0 0.00492 0.0392.0 0.00254 0.00581 102.9 o.58 17.62 92.38 



APPENDIX E2-C; Mix 11 

NS R SF TF DMS DIS DMT DIT s E SEC TAN . 

Max. 0.5 Max. Machine· Indicated Machine Indicated Ult. Ult. Tan. Strain . Deform. Deform. Deform. Deform. Sec. 

Rate Force Force Stress Strain Mod. Mod. 
F Ft 

at at at at 
Sample SF C1 E E ET E s SF TF TF u u s 
No. %/min. (lbs) (in.) (in.) (in.) (in.) (in.) (psi) (%) (ksi) (ksi) 

19 0.034 18.2 9.1 0.00068 o.l4500 0.00034 0.04721 8.3 2.45 0.34 o. 52 
20 0.034 18.4 9.2 0.00069 0.14 700 0.00035 0.04792 8.7 2.47 0.35 0.54 

17 0.339 34.1 17.0 0.00121 0.11680 o.ooo64 0.04821 . 16.6 le9b 0.85 1.03 
"' 18 o. 339 36.8 18.4 0.00130 o.l1480 0.00069 0.04451 17.3 1.92 0.90 1.17 ..... 
\0 

15 3.417 99.0 49.5 0.00245 0.10260 0.00126 0.00681 43.7 1.71 2.55 23.02 
16 3.400 100.0 50.0 0.00247 0.09200 .0.00128 0.00617 45.8 1.52 3.01 21.50 

13 34.072 321.0 160.5 0.00632 0.06830 ... 0.00329 0.00.596 144.7 1.06 13.60 158.94 
14 34.144 280.0 140.0 0.00596 0.05800 0•00324 o.00583 133.3 0.89 15.01 150.64 

~ ''"' ,..,,., ........... '~ 



APPENDIX E2-D; Mix 12 

NS R SF TF DMS DIS DMT DIT s E SEC TAN 

Max. 0.5 Max. Machine· Indicated Machine Indicated Strain 
Force Deform. Deform. Deform. Deform. Ult. Ult. Sec. Tan. 

Rate Force Stress Strain Mod. F Ft 
at at at at Mod. 

Sample e: s SF SF TF TF (J e: E ET No. %/min. (lbs) u u s (in.) (in.) (in.) (in.) (in.) (psi) (%) (ksi) (ksi) 

19 0.034 14.6 1. 3 0.00055 0.24300 0.00027 0.08567 7.0 4.09 0.17 0.24 
20 0.034 15.6 1. 8 0.00059 0.21590 0.00029 0.07410 1.1 3.62 0.21 0.31 

N 17 0.337 33.9 16. 9 0.00120 0.18400 0.00064 0.06885 14.9 3.08 0.48 0.65 
N 18 o. 338 28.8 14.4 0.00104 0.17840 0.00054 0.06554 14.4 3.00 0.48 0.65 0 

16 3e380 84.2 42.1 0.00241 0.12940 0.00137 0.00643 38.2 2.15 1.78 22.35 
15 3.347 79.8 39.9 0.00231 0.16520 o.oo130 0.00683 34.0 2.13 1.25 18.35 

13 33.375 252.0 126.0 0.00546 0.07000. 0.00292 0.00569 108.5 1.08 10.07 117.01 
14 33.389 196.0 98·0 o. 00430 0.07520 0.00219 0.00439 92.3 1.18 7.80 125.52 



APPENDIX E2-E; Mix 13 

NS R SF TF DMS DIS DMT DIT s E SEC TAN 

Max. 0.5 Max. Machine· Indicated Machine Indicated Ult. Ult. Sec. Tan. Strain Force Force Deform. Deform. :;)eform. Deform. Stress Strain Mod. Mod. Rate F Ft 
at at at at 

ET Sample SF SF TF TF cr E E 
E s u. u s 

No. %/min. · (lbs) (in.) (in.) (in.) (in.) (in.) (psi) (%) (ksi) (ksi) 

19 0.034 49.0· 24.5 0.00156 0.05430 o.ooo8o 0.01996 23.0 0.89 2.59 3.57 
20 0.034 46.1 23.0 0.00148 0.05460 o.ooo75 0.01436 23.7 0.89 2.65 5.17 

17 0.336 93.3 46.6 0.00232 0.05000 0.00119 0.00821 43.4 o.8o 5.43 18.42 
N 
N 

18 0.336 91.3 45.6 o.o0221 0.04560 0.00116 0.00803 43.5 0.73 5.97 18.83 
,..... 

15 3.571 172.0 86.0 o. 003 90 0.04480 o.oo 199 0.00659 80.8 0.73 11.07 49.17 
16 3.351 163.8 81.9 0.00373 0.04280 0.00190 0.00738 83.7 o.o5 12.79 45.55 

13 35.730 341.0 170.5 0.00666 0.03480 ... 0.00349 .0.00798 154.6 0.50 30.76 96.56 
14 35.667 316.0 158.0 0.00623 0.03560 o.oo324 0.00622 142.8 0.52 27.26 134.10 



APPENDIX E2-F; Mix 14 

NS R SF TF DMS DIS DMT DIT s E SEC TAN . 

Max. 0.5 Max. 
Machine· Indicated Machine Indicated Ult. Ult. Sec. Tan. Strain Force Force Deform. Deform. ' Deform. Deform. 

Stress Strain Mod. Mod. Rate F Ft 
at at at at 

ET Sample SF SF TF TF a E E 
E s u u s 

No. %/min. (lbs) (in.} (in.) (in.) (in.) (in.) (psi) (%) (ksi) (ksi) 

19 0.034 19.4 9.7 0.00073 0.13090 0.00036 0.04458 10.1 2.22 0.45 0.67 
20 0.034 20.0 10.0 0.00074 0.12000 o.ooo4o 0.04000 9.8 2.04 0.48 0.72 

17 0.341 3 7.7 18.8 0.00133 0.12440 0.00071 0.05027 18.7 2.10 0.89 1.10 
N 18 0.342 42.0 21.0 o.oo137 0.11840 0.00068 0.04918 20.2 2.00 1.01 1·22 N 
N 

15 3.400 81.8 40.9 0.00236 0.09300 0.00133 0.00879 41.2 1.54 2.68 16.26 
16 3. 431 79.8 39.9 0.00231 0.10040 0.00130 0.01010 40.1 1.68 2.38 13.28 

13 . 34.072 142.0 71.0 0.00326 0.10000 .. 0.00164 0.00488 69.2 1.65 4e20 62.81 
14 33.884 153.0 76.5 0.00351 0.06240 0.00177 0.00389 80.3 1.00 8.05 111.75 



• 



APPENDIX E3 

Uniaxial Compression; 

Summary of Data Reduction 



APPENDIX E3-A; Mix 9 

NS R SF TF DMS DIS DMT DIT s E SEC TAN 

Max. 0.5 Max. Machine· Indicated Machine Indicated Ult. Ult. Strain Deform. Deform. :::>eform. Deform. Sec. Tan. 

Rate Force Force Stress Strain Mod. Mod. 
F Ft 

at at at at 
Sample SF 

(J e:: E ET e:: s SF TF TF u u s 
No. %/min. (lbs) (in.) (in.) (in.) (in.) (in.) (psi) (%) (ksi) (ksi) 

9 o.o33 8l.Q 40.5 0.00114 0.26350 0.00061 0.08599 37.1 4.36 o.85 1.31 
10 0.033 100.5 50.3 o.oo136 o.34000 0.00076 0.11323 42.4 5.64 0.75 1.13 

6 0.841 157 .o 78.5 o. 00211 0.25500 o.ootoo o.o9485 73.4 4.25 1.73 2.33 

N 1 0.838 178.0 89.0 0.00249 0.24600 0.00135 0.09375. 79.1 4.08 1.94 2.56 
N 8 0.827 169.0 84.5 0.00225 0.22750 0 .• 00114 0.06689 11.0 3.72 2.01 2.71 .a:--

3 16.985 467.0 233.5 0.00481 0.25200 (),.00243 o.o8539 187.4 4.20 4.46 6.65 
4 17.021 407.0 203.5 0.00444 0.25100' 0.00231 0.07576 159.9 4.20 3.81 6.40 
5 16. 708 381.0 190.5 0.00417 0.27400, o.oo21o 0.11862 17C.2 4.51 3.78 4.37 

11 336.417 1070.0 535.0 o. 007_()8 .. JJ. 18 0.9() . Q.OQ412 0~02782 490.1 2.90 16.91 61.46 
12 336.417 640.0 420.0 o.oo685 0.19600 0.00365 0.03247 392.4 3.18 12.33 40.47 



APPENDIX E3-B; Mix 10 

NS R SF TF DMS DIS DMT DIT s E SEC TAN 

Max. 0.5 Hax. Machine· Indicated Machine Indicated Ult. Ult. Sec. Tan. Strain Force Force Deform. Deform. ::Jeform. Deform. 
Stress Strain Mod. Mod. Rate F Ft 

at at at at 
E ET Sample SF SF TF TF 

(j E 
E s u u s 

No. %/min. (lbs) (in.) (in.) (in.) (in.) (in.) (psi) (%) (ksi) (ksi) 

9 0.034 110. 5. 55.3 0.00153 o. 242 70 0.00075 0.08761 48.2 4.12 1.17 1. 62 
10 o.o34 107.0 53.5 0.00148 0.29950 0.00012 0.09813 52.2 5.07 1.03 1.57 

7 0.848 212.0 106.0 0.00218 0.24650 0.00113 0.08480 96.1 4.14 2.32 3.39 
8 (J. 855 257 .o 128.5 0.00256 0.23450 

N 
0.00137 o.oas11 · 109.7 3.97 2.76 3.80 

N 
\11 

3 16.935 521.0 260.5 0.00361 0.21200 0.00192 0.03393 237.5 3.53 6.73 21.90 
4 17.000 521.0 260.5 0.00361 0.19960 0.00192 0.03308 227.9 3.33 6.84 21.50 
5 17.331 619.0 309.5 0.00418 0.17240 0.00228 0.03900 253.6 2.92 8.70 19.92 

11 341.443 1330.0 665.0 o. 00874 0.18400 0.00475 o. 0300 7 563.0 2.99 18.82 65.11 
12 340.861 1000.0 500.0 0.00781 0.20400 .Q.00435 0.04854 471.1 3.34 14.09 31.27 



APPENDIX E3-C; Mix 11 

NS R SF TF DMS DIS DMT DIT s E SEC TAN 

Max. 0.5 Max. Machine· Indicated Machine Indicated Ult. Ult. Strain Deform. Deform. ::::>eform. Deform. Sec. Tan. 

Rate Force Force Stress Strain Mod. Mod. 
F Ft 

at at at at 
Sample SF (j e: E ET e: s SF TF TF u u s 
No. %/min. (lbs) (in.) (in.) (in.) (in.) (in.) (psi) (%) (ksi) (ksi) 

9 0.034 93.5 46.7 0.00129 0.25940 0.00071 0.09350 42.0 4.37 0.96 1.33 
10 0.034 91.0 45.5 0.00130 0.27000 0.00067 0.09591 40.1 4.54 0.88 1.25 

7 0.847 179.0 89.5 0.00202 0.22200 0.00109 o.oao 10 86.1 3e73 2.31 3. 21. 
N 8 o. 859 22 7.0 113.5 0.00231 
N 

0.21500 o.oo121 0.07718 99.3 3.65 2.12 3.80 
0\ 

4 17.0 36 780.0 390.0 0.00758 0.20840 0.00415 0.06656 332.1 3.42 9.71 15.62 
5 17.007 679.0 339.5 0.00658 0.21240 9~00.346 0.04134 316.9 3.50 9.05 24.60 
6 16.942 112.0 386.0 o. 00751 0.21820 0.00411 0.0580 5 332.5 3.57 9.32 18.19 

11 342. 319 2380.0 1190.0 0.01212 0.05600 0.00643 0.02434 1178.4 0.75 156.89 192.26 
12 340.426 186 o. 0 930.0 0.010.~4 -~-- 0 •. Q6 8. QO Q.OQ564 o. 028.80 881.0 0.98 89.92 111.74 



APPENDIX E3-D; Mix 12 

NS R SF TF DMS DIS DMT DIT s E SEC TAN 

Max. 0.5 Max. Machine· Indicated Machine Indicated Ult. Ult. Sec. Tan. Strain Deform. Deform. Deform. Deform. 
Rate Force Force Stress Strain Mod. Mod. 

F Ft 
at at at at 

Sample SF (J e: E ET e: s SF TF TF u u s 
No. %/min. (lbs) (in.) (in.) (in.) (in.) (in.) (psi) (%) (ksi) (ksi) 

9 o.o34 85.0 42.5 0.00121 0.32420 0.00063 0.11138 36.4 5.47 0.67 0.97 
10 0.034 70.5 35.2 0.00101 0.39940 0.00053 0.13818 30.4 6.73 0.45 0.65 

1 0.834 162.0 81.0 0.00185 0.33600 0.00099 0.11312 77.5 5.58 l. 39 2.06 
N a 0.847 197.5 98.7 0.00205 0.31600 0.00105 0.10151· 86.9 5.32 1.63 2.55 
N 
....... 

4 16.842 650.0 325·0 0.00633 0.31100 0.00332 0.07706 299.8 5.13 5.84 12.07 
5 16.764 804.0 402.0 0.00736 0.34240 0.00387 o. 08362 346.9 5.62 6.18 12.97 
6 16.688 688.0 344.0 0.00666 0.30240 0.00351 0.07629 322.8 4.94 6.54 13.29 

11 335.149 2240.0 1120.0 O. Cl186 0.24000 0.00640 o. 02987 1017.9 3.82 26.63 129.42 
12 334.868 1500.0 750.0 0.00957 0.29600 o.OQ536 0.03181 751.7 4.80 15.67 84.86 



APPENDIX E3-E; Mix 13 

~s R SF TF DMS DIS DMT DIT s E SEC TAN 

Max. 0.5 Max. Machine· Indicated Machine Indicated 
Strain Deform. Deform. Deform. Deform. Ult. Ult. Sec. Tan. 
Rate Force Force Stress Strain Mod. Mod. 

F Ft 
at at at at 

Sample e: s SF SF TF TF (j e: E ET u u s No. %/min. (lbs) (in.) (in.) (in.) (in.) (in.) (psi) (%) (ksi) (ksi) 

8 o.o34 275.5 137.8 0.00311 0.11528 0.00160 0.04298 119.8 1.89 6.35 8.60 
9 0.0.33 250.5 125.3 0.00285 0.122 70 o.oo 146 0.04559 104.8 2.00 5.23 7.10 

10 0.033 281.5 140.8 0.00265 0.12300 0.00141 0.04428 116.8 2.01 5.80 8.15 

N 6 0.891 482.5 241.2 o. 00373 0.11850 0.00212 0.04415 217.7 2.04 10.65 14.53 
N 7 0.891 436.5 218.2 0.00345 0.11500 0.00191 0.03950 209.7 1.99 10.54 15.64 01 

3 17.316 958.0 479.0 0.00830 0.12100 0.00435 0.03760 422.3 1.95 21.64 36.67 
4 17.590 915.0 457.5 0.00798 0.12000 0.00416 o. 03340 424.9 1.97 21.56 41.31 

11 357.622 2120.0 1060.0 o. 01133 0.06400 0.00606 0.02579 1006.8 0.94 106.89 142.64 
12 356.666 1710.0 855.0 0.009.73 .... 9.()7200 .. Q• OQ5l.8 o. 03176 791.4 1.11 71.26 83.49 .. 



APPENDIX E3-F; Mix 14 

NS R SF TF DMS DIS DMT DIT s E SEC TAN · 

Max. 0.5 Max. Machine· Indicated Machine Indicated Ult. Ult. Strain Deform. Deform. Deform. Deform. Sec. Tan. 

Rate Force Force Stress Strain Mod. Mod. 
F Ft 

at at at at 
Sample SF 

(J e: E ET e: s SF TF TF u u s 
No. %/min. (lbs) (in.) (in.) (in.) (in.) (in.) (psi) (%) (ksi) (ksi) 

9 o.o34 100. 0· 50.0 0.00136 0.24570 0.00076 0.08207 50.1 4.19 1.20 1.80 
10 0.034 101.5 50.7 0.00145 0.27310 0.00075 0.09206 46.6 4.64 1.oo 1.49 

6 o.847 222.0 111.0 0.00298 o. 23850 0.00168 0.08602 103.8 3.99 2.60 3.63 
N 
N 

8 0.1357 209.0 104.5 0.00284 0.19950 0.00158 0.07298 . 103.7 3.37 3.08 4.24 
\D 

3 16.584 525.0 262.5 0.00539 0.23250 0.00279 0.07891 223.2 3.77 ~.93 8.84 
4 16.543 566.0 283.0 0.00575 0.22000 0.00301 0.07800 229.0 3.54 6.46 9.23 
5 16.949 523.0 261. 5 o. 0053 7 0.21000 0·00276 0.07191 263.2 3.47 7.59 11.23 

11 339.991 1080.0 540.0 0.00773 0.18000 0.00415 0.02869 561.7 2.93 19.18 67.33 
12 340.426 8ao.o 440.0 0.00799 ... 0.?0800 0.00383 ()~9 3242 435.1 3.42 12.72 44.70 





APPENDIX E4 

Splitting Tension; 

Summary of Data Reduction 



APPENDIX E4-A; Mix 39 

NS R SF TF DMS DIS DMT DIT s E SEC TAN 

Max. 0.5 Max. Machine Indicated Machine Indicated Ult. Ult. Strain Deform. Deform. Deform. Deform. Sec. Tan. 
Force Force Stress Strain Mod. Mod. Rate at at at at 

Sampl'7 
F Ft SF SF TF TF 

(J E E ET E s u u s 
No. %/min. (lbs) (in.) (in.) (in.) (in.) (in.) (psi) (percent) (ksi) (ksi) 

9 1.028 13 5. 0 67.5 0.00045 o. 24900 0.00022 0.08567 llol 1.67 1. 46 4.08 
13 1.052 130.0 65.0 o. 00043 0.27520 o. 00022 0.10174 10.9 1.84 1.30 3.11 
15 1.057 116.5 58.2 0.00039 0.33200 0.00019 0.12562 q.8 2.22 0.97 2. ':>3 

5 10.479 302.0 151.0 0.00101 0.24500 0.00050 0.09123 25.2 1. 64 3. 39 7. 2 3 
N 6 10.563 31 o.o 155.0 O.OOU>3 0.18700 0.00052 0.06726 26.1 1.25 4. 60 1 c. 95 
w ,_. 7 10.453 300.0 150.0 0.00100 0.22160 0.00050 0.08313 25.0 1.4!3 3. 71 13. 70 

8 10. 133 281.5 140.8 o.ooo94 0.23600 0.00047 0.08758 22.7 1.58 j.l1 1 c. 93 

1 107.277 894.0 447.0 0.00301 0.21300 0 .o 0149 0.07033 76.4 1. 41 11.92 3 o. 51 .. 
2 102.512 860.0 430.0 0.00298 0.20560 0.00143 0.07547 70.2 1.36 u. 35 35.42 
3 105.024 890.0 445.0 0.00300. 9· 19600 0.00148 0.06198 74.4 1.29 12.64 50.75 
4 103.986 864.0 432.0 0.00289 o. 23000 0.00144 o. 08406 71.5 l. 52 to. 33 24.31 

10 1060.071 2340.0 1170. 0 0.00884 o.osaoo 0.00459 0.03484 197.5 0.53 81.79 823.13 
14 1000.667 2100.0 1 050. 0 o. 008 07 0.18000 0.00412 0.03635 167.3 1.15 31.90 421.40 
16 1009.592 1980.0 990·0 o. 00768 0.20800 0.00388 0.04978 159.2 1.34 26.05 401.8 5 



APPENDIX E4-B; Mix 43 

NS R SF TF DMS DIS DMT DIT s E SEC TAN 

Max. o. 5 Max. 
Machine Indicated Machine Indicated 

Strain Deform. Deform. Deform. Deform. Ult. Ult. Sec. Tan. 

Rate Force Force Stress Strain Mod. Mod. 
F Ft 

at at at at 
Sample € s SF SF TF TF 0 € E ET u u s 

No. %/min. (lbs) (in.) (in.) (in.) (in.) (in.) (psi) (percent) (ksi) (ksi) 

J 9 J • Q38 425.0 212.5 0.00142 0.0~660 o. 00071 0.03160 35.1 0.57 13.51 34.19 

?_4 1.012 373. 5 !86. 8 0.00124 o.o8600 f). 00062 0.03154 30. 1 0.57 11.65 34.62 

25 l.Ol'• 381.C 190.5 o. 00127 0.09140 0.00063 0.0~470 30.8 0.60 ll.1q 32.25 

1 5 1.0. Z"Tf> 1160.0 430.0 0.00288 0.08510 0.00143 0.02967 70.4 0.57 27.06 37.99 
N 1A 10.3138 89 7 .() 44§.~.5 o. QO 30_2 0.09340 O. OQJ49 0.03536 74.2 0.61 26.9l. 55.24 w 
to 

17 1U.63f> 90 o. 0 4'50.0 0.00304 0.092'+0 0.00150 o. 03200 7fl .2 0.60 2 7. 96 81.92 

I? 100.790 22so.o 1125.(' 0.00855 o. osqoo 0. 0 6441 0.02911 lfl0.6 0.50 79.50 286.92 

1 3 98.879 ?13?.0 1 06 7. 5 0.00818 0.09160 0.00419 0.03089 168.1 0.56 66.05 164.27 

1 4 105.~19 189').0 945.0 o. 0073 9 o .. 09'1'00 o:oo37l 0.033136 158.5 0.58 59.99 218.76 

Zl 5(LC:84o ~-060. 0 1 536. 0 6. Clll7 o.o76·oo 0."00600 o;o2732 244.5 0.43 123. (;4 6"18.0~ 

2:? 50 1 .4?1 3C80.0 1540.0 0.01123 0.07800 0.00604 0.0?.596 245.9 0.45 120.74 919.74 

23 '32C::.21_0 3J.OO.O 1550.0 0.01129 0.07200 Q.Q0608 0.02411 259.3 0.41 140 .oo 54 7. 33 
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APPENDIX E5 -A; Mix 16 

NS 

Sample 
No. 

l 
2 
3 

R 

Strain 
Rate 

e: 
%/min. 

0.3b.2 
0.390 
O.H5 

SF 

Max. 
Force 

F 
s 

~ 

41&.0 
4ti2.~ 

412.(; 

TF 

0.5 Max. 
Force 

Ft 
(in.) 

DMS 

Machine 
Deform. 

at 
SF 

(in.) 

DIS 

Indicated 
Deform. 

at 
SF 

(in.) 

·2o9~·o··-- o~··ao62o a·.oi.3oci 
241.2 O.C0610 0.01312 
20o.o o.OOo19 0.01244 

DMT 

Machine 
Deform. 

at 
TF 

(in.2 

O.UG34ti 
o.oo3C9 
0.00343 

4 1.o~Y 1C74.0 53i.o u.b1136 o.o1760 o.005Y7 
~ 3.o99 95u.o 475.c o.u1u23 0.01576 ~.Ouj28 
t. ·-··-·4.oiz·· 9i6~·o4tH;:-o--o·:·o1o4i ··c.oJ.~44 c:r:oos~.t.2 

7 
8 

lJ. 

<; 

12 
l3 
14 

3d.785 
Jd.810 

937.5 
85U.O 
892~5 

1070.0 

o;o1o62 o.o23CO o.dd&s2 
0.01619 O.Ol360 0.00867 
O.C1o89 o.625CO .. (f.009.1.1 
0.01877 0.02380 C.OC~73 

·-----·-"·"---~---·~ ·~·-.. -·, ... .,_ ·-<·-···""'"'"•'·• '""''""_,... 

39~.414 29tiO.L 1490.0 
3~4~737 339J.u 1o~s.~· 
~~5.779 3LuC.G 1500.0 
406.~2~ 3190.0 1595.C 

u.02389 0~03000 
o. 026BY o~ o:n2o 
O.G2403 0.03080 
O. Of5~tL ... 0.03080 . 

0. OU21 
·a.uuay 
0.01.£:30 
0: {) 1307 

DIT 

Indicated 
Deform. 

at 
TF 

(in.) 

0.00~86 

0.00585 
0.00450 

0.00807 
o. 00721 
0~00700 

o.o10d1 
0.01105 
o. 009L9 
o. 01135 

O.(H4H 
0.01631 
0.0150<J 
0.01513 

s 

Ult. 
Stress 

0' 
u 

(psi) 

33.3 
38.4 
32.8 

85.5 
15.b 
77.7 

149.3 
135.4 
142.1 
170.4 

237.3 
269.'1 
23d .9 
2.54. c 

E 

Ult. 
Strain 

e: 
u 

· (percent) 

1.29 
1.37 
1.23 

1.14 
1.08 
1.00 

1.24 
1.44 
1.60 
1.02 

1 •• w 
1.2~ 

1.34 
1.09 

SEC 

Sec. 
Mod. 
E 

s 
(ksi) 

2.59 
2.80 
2.66 

7.49 
7.02 
7.78 

12.07 
'1.42 
8.88 

16.66 

i 'J. 79 
21.67 
17.84 
23.24 

TAN 

Tan. 
Mod. 
ET 

(ksi) 

3.67 
3.57 
7.81 

11.10 
10.03 
12.23 

16.42 
14.67 

195.66 
25.80 

24.17 
28.31 
21.6L 
30.41 



APPENDIX ES-B; Mix 17 

NS R SF TF DMS DIS DMT DIT s E SEC TAN 

Max. 0.5 Max. Machine Indicated Machine Indicated Ult. Ult. Sec. Tan. Strain Deform. Deform. Deform. Deform. 
Rate Force Force Stress Strain Mod. Mod. 

F Ft 
at at at at 

Sample SF SF TF TF 
(j e: E ET e: s u u s 

No. %/min. (lbs) (in.) (in.) (in.) (in.) (in.) (psi) (percent) (ksi) (ksi) 

l 0.337 444.G L2~. 0 o.CU6:>7 l,.Ol276 C.OC370 0.00:>54 35.4 1.04 3.39 5.70 
L 0.3'*5 4o 5. o 232.~ O.C06~1 o. 01300 o.uu3B7 0.00574 37.0 1.07 3.46 5.74 
3 () .3 34 43<:>.0 .d<;.~ 0.0065~ C.Lll4lJ c.00366 0.00490 35.0 0.~2 4.29 H.43 

4 3.401 ll7b.C 58b.C O.Ol2i9 o. on co 0.00653 0.00956 93.6 1.48 6.32 9.04 
:. J.51'1 il7d.u ::>d<; ~·c o. 6'123o 0.02CLB 0.00654 0.00943 93.6 1.40 6.68 9.24 

N 
~ 

6 3 .1 <;3 1114.0 5':.7.u 0.01172 O.OlSti'* 0.00619 0.00895 88.7 1.30 6.84 10.05 
VI 

7 j3.bl3 21CU.O 1350.0 0.022<:15 O.L3100 0.01205 u.01470 215.G 1.35 15.89 24.20 
8 32.Cl23 26SO.c lJ25.0 o. en 56 c. C3260 o. 01183 0.01560 211.0 1.65 12.81 17.04 
9 3<t. l!W 2670.1) 13.35.0 0. C22 72 u.C31oO u.Oll92 0.0152d 212.o 1.52 14.00 18.53 

' 

10 3~0. 342 376U.C J..bbO.C (i. (d 50 OeU.:i560 0.01541 0.02316 L99.4 0.98 30.62 12.06 
11 321.027 3410.0 1705.0 O.C2703 0.03480 o. 01398 0.01723 £71.5 1.25 d.77 26.02 
1£ 324 • .124 362li.i) lblO.O 0.0.28~1 G.0404ll G.Ol.<t84 1.).01913 2 88.2 1.93 14.95 1.8.15 



APPENDIX ES-C; Mix 18 

NS R SF TF DMS DIS DMT DIT s E SEC TAN 

Max. 0.5 Max. Machine Indicated Machine Indicated 
Strain Deform. Deform. Deform. Deform. Ult. Ult. Sec. Tan. 
Rate Force Force 

at Stress Strain Mod. Mod. 
F F at at at 

Sample SF (j £ E ET £ s t SF TF TF u u s 
No. %/min. (lbs) (in.) (in.) (in.) (in.) (in.) (psi) (percent) (ksi) (ksi) 

l u • .:l.:So -4~7 .o Ud-.':i o. o-a;;·1x ···o. o 14 G4 0.00381 O. 0\.lbO 3 36.4 1.23 2.95 4.87 
l 0 •. 344 S4/. 0 2"13. s u.00681 o.014ti4 O.OuJ:,l O.Ou6Si. 43.6 1.38 3.16 4.21 
.:1 u • .H9 /<ta.o 3 I J. u u.oc~<J4 c.OloZO c.0047u 0.007H j9.4 1.23 4.83 6.88 

4 3.4.l9 lo48.C H .. u •• o o.c1:,n G.02364 O.UOd4i. o.ouos 131.2 1.35 9.72. 14.47 
:> }~42._? U54.0 bll.O 0.013Ll:l 0.02204 O.OOb9l 0.01019 107.d 1.50 7.18 9.~8 

N 6 .:l •. H5 1'.i'1<t.O ··l•rr:· a-··o·.·o·1.;32. 0 .O.l OoO J.OQtiU 0.00970 Uo.9 0.89 14.25 23.94 ...., 
0\ lo .1.417 l 74(J. u a·n.o 0.016S7 0.02576 J.OOii91 0.0!206 U9.0 1. 57 8.85 12.89 

I .:SL.~3d JLjlC.U J.':ilJ':i.C o. C£410 o. l)_jJ:JO 0.01.234 0.01640 239.6 1.50 16.02 18.10 
d 33.822 L6JG.C U1~.u 0.02.241 u. 02950 C.Ol174 0.01415 209.4 1 • .:0 17.45 25.73 
9 J3.':i76 Lti7'.i.O l<t.H.S u.C2421 O.U3C90 u.Ol283 u.Ol513 2.l~.9 1.12 20.37 29.65 

i7 "JT:-879 .iJt>;.o 1542:5 o.C24o::.i (r;·a35·co J. 0126.4 o.ol734 245.6 1.75 14.01 15.42 

lu 3Ji..tl59 J5io.o Ud5.0 O.O£dl.o 0.03320 (l.014b3 0.01652 284.2 O.d4 33.98 45.40 
l.il 342.015 3'tlhl.O 1700.0 o. 02696 u.03~t80 O. 01 H3 0.01722 ;no. 1 1.34 20.19 24.12 
19 J•f'1.04u .ltHJO.l: 1.400.0 o.ci3bl 0.03000 o. 012 50 b.014b7 222.9 1.10 20.18 26.89 



NS 

Sample 
No. 

.. ·····r··· 
2. 
3 
4 

~ 

0 

7 
d 

9 
10 
Ll' 
u 

lL 
14 
15 
i'b 

APPENDIX E5-D; Mix 19 

R SF 

Strain F::~~ 
Rate F 

e: s 
%/min •. (lbs) 

TF 

0.5 Max. 
Force 

Ft 
(in.) 

DMS 

Machine 
Deform. 

at 
Sl' 

(in.) 

·u·~344··· 5o1.,r···:zsT~s· ... o~lioo3i' 
u.34j o03.U 301.5 o.oo7~4 

0.344 o47.0 323.5 U.C0792 
0.347 548.0 274.0 0.006ti2. 

3.221 1lJ8.C 51~.0 0.01103 
3 : ~·;;o ··1 214. o · ·6-oT~·a·····a:-oTz 63 
3.446 126C.O oJC.O O.G1J04 
J.3J9 11~4.0 5ot.o 0~01191 

DIS 

Indicated 
Deform. 

at 
SF 

(in.) 

o.bi't48 
0.015o8 
0.01o48 
0.015"t8 

o. 02052 
0~02004 
o. on oo 
u.ozo~:~8 

DMT 

Machine 
Deform. 

at 
TF 

(in.) 

O.UU32L 
0.00387 
C.00415 
0.00351 

C.C0517 
0.006 74 
0.00700 
o. 00630 

3" • u o 1 s 9 u ~ c s 4 s. c o. o 16 1 5 c. c2 1:1 co 
3).89~ 2.29~.0 1147.5 0.01998 0.02800 
3;;:147 232·\r. a··1 T6·cr:-o · ·a-: o2ul7 - a:;oni9o 
~4.51:12 l2lO.u 1105.0 o.C19J1 o.027b0 

'6.00859 
0.01043 

· ·a :·o'i o s·5 
.~.01 005 

34L.ool 3J~u.u 1o95.0 0.02689 
3H. o43 n2 o.o u3ou. o o. ci<nt 
344.432 3SoC.C 1980.0 0.03081:1 
3·.;4~2:-,~ T53o~cr··17<>5.·a-· ·a:o2f81f 

O.OH40 C.0138'J 
o~o372o o.Oi525 
0.03840 0.01623 
a. <Y4amr o:·ln441. 

DIT 

Indicated 
Deform. 

at 
TF 

(in.) 

0.00586 
0.00691:1 
u.007L3 
0.00653 

0.00901 
o. 0091~ 
0.00960 
0.00940 

O.Ol24d 
U.Ol.Z7cs 
o. 01345 
0.01286 

0.0169!> 
o. 01782 
0.011:154 
b.OU!bb 

s 

Ult. 
Stress 

(J 
u 

(psi) 

40.0 
48.0 
51.5 
43.6 

82.6 
96.7 

100.3 
':10.3 

150.!'> 
182.7 
184.7 
176.0 

269.9 
296.2 
315.3 
281.1 

E 

Ult. 
Strain 

£ 
u 

(percent) 

1.40 
1.41 
1.47 
1.50 

1.53 
1.28 
1.37 
1.50 

1.92 
1.36 
1.49 
1.47 

1.29 
1 •. H 
1.29 
2.09 

SEC 

Sec. 
Mod. 
E 

s 
(ksi) 

2.85 
3.39 
3.50 
2.91 

5.41 
7. 58 
7.31 
6.03 

7.84 
13.44 
12.36 
11.99 

20.'0 
Ll.59 
24.36 
13.47 

TAN 

Tan. 
Mod. 
ET 

(ksi) 

4.42 
4.49 
4.85 
4.17 

7.91 
11.70 
11.18 

8.74 

11.33 
22.91 
18.58 
18.09 

25.77 
33.49 
39.62 
19.49 



APPENDIX E6-A; Mix 24 

NS R SF TF DMS DIS DMT DIT s E SEC TAN 

Max. 0.5 Max. Machine Indicated Machine Indicated Ult. Strain Deform. Deform. Deform. Deform. Ult. Sec. Tan. 

Rate Force Force Stress Strain Mod. Mod. 
F Ft 

at at at at 
Sample SF SF 

(J E E ET E s TF TF u u s 
No. %/min. (lbs) (in.) (in.) (in.) (in.) (in.) (psi) (percent) (ksi) (ksi) 

3 3.L26 24.0 12.0 0.00043 0.00<180 0.00021 o. 00311 8.3 1.51 0.55 0.88 
4 3.226 20.0 10.0 0.00036 0.00960 O.OOC18 0.00225 6.9 1.49 0.46 1.03 

5 32.258 195.0 97.5 0.00367 0.01080 0.00181 0.00403 67.2 1.15 5.84 9.36 

6 32.258 137 .o 68.5 0.00256 0.00920 0.0()121 0.00289 42.7 1.07 3.99 8. 19 

N 1 322.5 H 294.0 147.0 0.00552 0.01840 0.00283 0.00588 113.0 2.08 5.44 11.47 
1,.1 

2 322.581 1110.0 555.0 O. Oll 69 0.03320 o. 00617 o. 01305 382.2 3.47 11.02 17.22 
\0 

1 322.581 lC25.0 512.5 0.01091 0.03080 0.005o9 0.01203 353.0 3.21 11.01 17.28 



APPENDIX E6-B; Mix 25 

NS R SF TF DMS DIS DMT DIT s E SEC TAN 

Max. 0.5 Max. Machine Indicated Machine Indicated Ult. Ult. Sec. Tan. Strain Deform. Deform. Deform. Deform. 
Rate Force Force at at Stress Strain Mod. Mod. 

F F at at 
E ET Sample SF SF TF TF cr £ 

£ s t u u s 
No. %/min. (lbs) (in.) (in.) (in.) (in.) (in.) (psi) (percent) (ksi) (ksi) 

3 ~.780 6 7. 7 33.1) 0.00122 0.01C90 0.00060 0.00353 23.5 2.d0 0.84 1.39 
4 5.780 130.0 6!:>.0 0.00242 0.01170 0.00120 0.00334 50.0 2.o8 1.87 4.05 

5 57.8C3 280.0 140.0 0.00449 0.01460 0.00233 0.00501 88.5 2.92 3.03 5.72 
6 57.803 33 5.0 16 7. 5 0.00520 0.01620 0.00279 0.00568 128.9 3.18 4.05 7. 7l 

N 578.034 2150.0 lC75.0 0.01885 0.03720 C.OC977 O.OlSHl 798.5 .5.30 15.05 lo.44 

""' l. .578. 034 lS90.0 795.0 0.01529 0.03520 o. 00811 0.01439 534.o 5.75 9.29 14.72 0 



APPENDIX E6-C; Mix 26 

NS R SF TF DMS DIS DMT DIT s E SEC TAN 

Max. 0.5 Max. Machine Indicated Machine Indicated Ult. Ult. Sec. Tan. Strain Deform. Deform. Deform. Deform. 
Rate Force Force at at Stress Strain Mod. Mod. 

F Ft 
at at 

E ET Sample SF SF TF TF 
(J £ 

£ s u u s 
No. %/min. (lbs) (in.) (in.) (in.) (in.) (in.) (psi) (percent) (ksi) (ksi) 

3 11.173 167.6 83.8 0.00314 0.00924 0.0015~ 0.00347 62.1 3.41 1. d2 2.90 
4 11.173 207.5 103.7 0.00346 0.01020 0.00173 0.0038~ 7S.4 3.77 2.00 3.19 
7 11.173 176.5 88.2 0.00332 0.00880 0.00163 0.0029~ 71.3 3.06 2.33 4.84 

5 111.732 810.0 405.0 0.00959 o. 02240 0.00519 0.00969 341.3 • 7.15 4. 71 6.79 
6 111.732 224.0 ll.Z.O o. oo::HJ 0.01448 0.00187 0.00496 71.6 6.00 1.19 2.U7 

N 1 lll7.:H8 2125.0 106~ •. ~ 0.0186~ 0.04000 0.00966 0.01847 850.3 11.93 7.13 8.64 ""' ,_. 
2 1117.318 2690.0 1345.0 0.02281 0.04080 0.01201 0.01909 987.0 10.01 9.86 12.47 
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