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NATIONAL COOPERATIVE HIGHWAY RESEARCH PROGRAM 

Systematic, well-designed research provides the most ef-
fective approach to the solution of many problems facing 
highway administrators and engineers. Often, highway 
problems are of local interest and can best be studied by 
highway departments individually or in cooperation with 
their state universities and others. However, the accelerat-
ing growth of highway transportation develops increasingly 
complex problems of wide interest to highway authorities. 
These problems are best studied through a coordinated 
program of cooperative research. 
In recognition of these needs, the highway administrators 
of the American Association of State Highway and Trans-
portation Officials initiated in 1962 an objective national 
highway research program employing modern scientific 
techniques. This program is supported on a continuing 
basis by funds from participating member states of the 
Association and it receives the full cooperation and support 
of the Federal Highway Administration, United States 
Department of Transportation. 
The Transportation Research Board of the National Re-
search Council was requested by the Association to admin-
ister the research program because of the Board's recog-
nized objectivity and understanding of modern research 
practices. The Board is uniquely suited for this purpose 
as: it maintains an extensive committee structure from 
which authorities on any highway transportation subjgct 
may be drawn; it possesses avenues of communications and 
cooperation with federal, state, and local governmental 
agencies, universities, and industry; its relationship to its 
parent organization, the National Academy of Sciences, a 
private, nonprofit institution, is an insurance of objectivity; 
it maintains a full-time .research correlation staff of special-
ists in highway transportation matters to bring the findings 
of research directly to those who are in a position to use 
them. 
The program is developed on the basis of research needs 
identified by chief administrators of the highway and trans-
portation departments and by committees of AASHTO. 
Each year, specific areas of research needs to be included 
in the program are proposed to the Academy and the Board 
by the American Association of State Highway and Trans-
portation Officials. Research projects to fulfill these needs 
are defined by the Board, and qualified research agencies 
are selected from those that have submitted proposals. Ad-
ministration and surveillance of research contracts are 
responsibilities of the Academy and its Transportation 
Research Board. 	 - 
The needs for highway research are many, and the National 
Cooperative Highway Research Program can make signifi-
cant contributions to the solution of highway transportation 
problems of mutual concern to many responsible groups. 
The program, however, is intended to complement rather 
than to substitute for or duplicate other highway research 
programs. 
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FOREVVORD This report deals with methods of upgrading low-quality coarse aggregates to 
acceptable durability and strength levels for use in bituminous and portland cement 

	

By Staff 	concrete pavement mixtures. The findings, based on laboratory testing, will be of 

	

Transportation 	interest, to engineers concerned with design, construction, and performance of 

	

Research Board 	highway pavements. 

The performance of high-type pavements, of either PCC or bituminous 
concrete, is influenced by many factors. Some of these are materials, environment, 
traffic loading, construction practices, and maintenance. One of the most important 
factors in the satisfactory performance of a pavement is the incorporation of coarse 
aggregate consisting of sound, durable particles free from objectionable coatings. 
The rapid depletion or inaccessibility of such high-quality aggregates requires that 
methods be devised for upgrading of low-quality materials. 

The objective of this study was to advance methods of upgrading coarse 
aggregates for use in bituminous and PCC pavement mixtures. The upgrading 
procedures studied were impregnation, coating, and chemical treatment. The 
beneficiation. addressed recognized problems such as freeze-thaw damage, stripping, 
degradation, alkali-aggregate reactions, and D-cracking. 

This study did not address (a) pavement surface characteristics, such as skid 
properties, texture, and roughness, or (b) mixtures applied as seal coats or thin 
surface treatments. 	 . 	. 

Several upgrading methods studied in the project have shown significant 
promise and are recommended by the researchers for further refinement. A pre-
liminary guide for field evaluation of upgrading procedures is included in an 
appendix. 	. 	 , 
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UPGRADING OF 
LOW-QUALITY AGGREGATES FOR 

PCC AND BITUMINOUS PAVEMENTS 

SUMMARY 	To put the major findings of this research into proper context, the limitations 
presented by the objectives and scope of the original problem statement should be 
noted. This research covered primarily coating and impregnation methods of up-
grading. Where applicable, chemical treatments (admixtures) were also consid-
ered. Mechanical means of upgrading were specifically excluded, as was upgrading 
for the purpose of improving skid resistance.. The research was concerned with 
upgrading poor- or marginal-quality aggregates for portland cement concrete 
(PCC) and bituminous concrete (BC) paving mixtures. 

Aggregate Problem Areas 

Based on a preliminary review of the literature, it was decided to evaluate 
potential upgrading methods in the following aggregate-related problem areas: 

1. In portland cement concrete: 
Resistance to freezing and thawing 
D-cracking 
Alkali-carbonate reactivity 
Alkali-silica (alkali-aggregate) reactivity 

2. In bituminous concrete: 
Stripping 
Degradation 

Some aggregate-related problem areas were disregarded because they were 
considered to be of insufficient importance or presented too little potential for solu-
tion by the methods studied here. These included expansive and shrinking aggre-
gates and aggregates containing minor deleterious components or objectionable 
coatings relative to PCC. Likewise, abscirptive (excessive or selective) aggregates 
and aggregates with objectionable coatings were not considered relative to BC 
paving mixtures. 

Laboratory Evaluation of Upgrading Methods/Materials 

A range of coatings and impregnants was found to be highly effective in 
upgrading frost-sensitive aggregates. Aggregates susceptible to D-cracking were 
found to be amenable to upgrading by certain polymeric impregnants. Coatings 
failed to improve the performance of alkali-carbonate reactive aggregates; how-
ever, certain chemical admixtures were highly successful in reducing expansions 
due to alkali-carbonate reactivity. Coatings appeared to offer promise for the 
alkali-silica problem, but the results were inconclusive. Except for some improve-
ment in the mechanical strength of soft, friable aggregates, impregnants failed to 
provide significant upgrading of degradable aggregates. Epoxy coatings improved 
the performance of some stripping-sensitive aggregates. Certain admixtures also 



proved to be effective in preventing stripping. The epoxy coating appeared to 
adversely affect the mechanical properties of the paving mixtures. However, there 
is reason to believe that most problems of this nature can be overcome by modifica-
tions in mixture design procedures or by producing thinner coatings. 

Costs 

Treatment costS were found to vary widely; in general, such costs were highest 

for coatings and lowest for admixtures. It is believed that coating costs can be 
reduced through additional research on application methods to reduce coating 

thickness appreciably without reducing effectiveness. 

Field Evaluation 

A 'Preliminary Guide" (Appendix F) was prepared for field evaluation of the 
upgrading procedures that demonstrated significant promise in the laboratory. 

However, additional laboratory research should first be carried out in order to 
optimize the treatment methods and to evaluate a wider range of treatment 
materials, with the primary goal of reducing costs while maintaining effectiveness. 

CHAPTER ONE 

INTRODUCTION AND RESEARCH APPROACH 

The availability and reserves of proven high-quality 
mineral aggregates have become matters of national con-
cern. Previous research (NCHRP Report 135) (1) ex-
plored this problem in considerable detail and concluded 
that the supply of aggregates proven suitable for highway 
construction has already been exhausted in many areas of 
the country. Currently, the annual consumption of mineral 
aggregates in the United States is about one billion tons 
each of crushed stone and gravel. Highway construction 
presently uses about one-fourth of the production of each 
of these two aggregate sources for a total of about one-half 
billion tons per year. Furthermore, estimates by the U.S. 
Bureau of Mines indicate that the need for mineral aggre-
gates will double by the year 2000. The situation is com-
pounded by the loss of existing sources through zoning 
restrictions, pollution control, and appreciating land values 
(2). 

In areas of the nation where high-quality aggregates do 
not exist or have been depleted, there nearly always exist 
marginal- or poor-quality aggregates. If these aggregate 
materials can be economically processed or treated to 
remove their deleterious characteristics, the aggregate 
shortage may be alleviated. Two potential approaches are 
available to mitigate the deleterious effects of poor or mar-
ginal aggregates: (1) beneficiation of aggregates by proc- 

esses designed to eliminate specific deficiencies, and (2) by 
incorporating admixtures in paving mixtures to counteract 
the problems. Beneficiation might be accomplished in 
several ways, such as: 

Coating aggregate particles to render them innocuous. 
Impregnating aggregate particles with penetrating 

sealants. 
Treating aggregate particles with chemicals that 

counteract deleterious reactions. 
Blending (diluting) marginal aggregates with high-

quality aggregates. 
Removing deleterious particles by mechanical means 

(heavy media separation, "jigging," elastic rebound, etc.). 

The use of admixtures to counter the effects of marginal 
aggregates has not been widely investigated. However, 
various admixtures have been successfully used to combat 
stripping problems in bituminous paving mixtures. 

OBJECTIVE AND SCOPE 

The over-all objective of this research was to advance 
methods of upgrading coarse aggregates of poor or mar-
ginal quality to acceptable durability and structural levels 
for use in high-type bituminous and portland cement con-
crete (PCC) pavement mixtures. In accordance with the 



project statement the procedures to be investigated were 
limited to coatings, chemical treatments, and impregna-
tions. It was assumed that chemical treatments included 
the use of admixtures. Mechanical means of beneficiation 
were specifically excluded, and blending was relegated to 
secondary significance. Also, beneficiation of aggregates to 
improve the skid resistance of pavement surfaces was 
specffically excluded from this research by the project 
statement. Finally, only natural mineral coarse aggregates 
(gravels and crushed stone) were considered in this study. 

RESEARCH APPROACH 

The research approach taken in this project assumed that 
the purpose of upgrading aggregates is to significantly 
reduce or eliminate deficiencies in durability which lead to 
reduced pavement service life. No effort was expended to 
improve the mechanical properties of aggregates, per se, 
but rather to counteract aggregate-related deficiencies of 
paving mixtures by treating the aggregates or using admix-
tures. The steps involved in this research approach were 
as follows: 

Identification of problems associated with coarse ag-
gregates in PCC and bituminous paving mixtures. 

Identification of appropriate testing procedures for  

aggregate-related problems and for evaluation of candidate 
upgrading procedures. 

Identification of candidate upgrading procedures and 
classes of materials. 

Selection of suitable test aggregates for evaluating 
candidate upgrading procedures and materials. 

Laboratory testing of candidate upgrading procedures 
and materials using selected aggregates. 

Development of a preliminary guide for limited field 
(pilot plant) studies of the more promising upgrading 
procedures/materials, based on the laboratory test pro-
gram. 

The methodology and execution of these six steps are 
given in detail in Appendixes A through F. Identification 
of the problem areas, testing procedures, upgrading proce-
dures/materials, and suitable test aggregates were based on 
an extensive literature search. The results of that literature 
search and a proposal for the laboratory test program were 
presented in an Interim Report submitted to the National 
Cooperative Highway Research Program in May 1977 
(revised in January 1978 to reflect the NCHRP review 
panel's comments). Findings presented in the Interim 
Report have been updated and are included in the Appen-
dixes of this report. 

CHAPTER TWO 

FIND! NGS 

The research was carried out in six steps, the first four—
identification of problem areas, test methods, treatment 
methods/materials, and test aggregates—were pursued by 
means of a detailed and intensive search of the technical 
literature, augmented by the experience of the researchers 
and the assistance and commentary provided by the proj-
ect's NCHRP review panel. 

LITERATURE REVIEW 

Problem Areas Related to Coarse Aggregates in PCC 
Paving Mixtures 

The problem areas identified relative to coarse aggregates 
in portland cement concrete mixtures are discussed in the 
following paragraphs. Detailed discussions are presented in 
Appendix A. 

Freeze-Thaw Deterioration 

Freeze-thaw deterioration is an almost universal problem 
in climates that possess the environmental prerequisites 
(3, 4). The mechanism involved is one of disruption of 

PCC by excessive hydraulic pressures associated with the 
volumetric increase resulting from the liquid-solid phase 
change of water during freezing. Depending on the aggre-
gate's porosity (volume of voids) and permeability (pore 
size and tortuosity), the mode of destruction may be one 
of expansion and fracturing of the aggregate particles, 
dis?uption of the surrounding cement paste phase, or a 
combination of these (5, 6). Therefore, porosity and 
permeability are the important physical properties of the 
aggregate related to freeze-thaw destruction. 

Popouts 

Popouts are produced by the freezing of critically satu-
rated porous aggregate particles in the near surface zone 
of a concrete structure (7). The occurrence of popouts in 
the absence of general freeze-thaw deterioration is un-
common, and in this instance structural damage is usually 
not consequential. Porosity, as indicated by specific gravity 
and absorption, is the important aggregate physical prop-
erty involved in this problem area. 
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D-Cracking 

D-cracking is primarily associated with the use of certain 
limestones in pavement slabs in some midwestern states. 
The problem apparently involves freeze-thaw activity in 
conjunction with certain environmental factors that control 
the availability of moisture (8). It is a problem exclusively 
associated with slabs on grade. Properties that affect the 
sorption characteristics of the aggregate, such as porosity 
and permeability, seem to influence D-cracking suscepti-
bility. 

Alkali-Carbonate Reaction 

The alkali-carbonate reaction is an expansive, apparently 
chemical, reaction that occurs with certain carbonate ag-
gregates. All the carbonate aggregates found to be reactive 
to the alkalis in concrete are strikingly similar in mineral-
ogical characteristics: fine-grained calcitic rocks contain-
ing interstitial clay minerals and isolated dolomite rhombs 
(9). The mode of attack is not clearly understood, but it 
is believed to consist of dedolomitization, base exchange, 
and alteration of clay minerals, with osmotic pressure 
supplying the resultant destructive force (9, 10, 11). The 
aggregates most susceptible to alkali-carbonate reaction 
are found in a certain formation in the Canadian shield 
(12, 13), but problems have also been observed in the 
United States in some eastern and midwestern states (9, 
11, 14, 15, 16, 17, 18, 19). 

Alkali-Silica Reaction 

Like alkali-carbonate reactivity, the alkali-silica reaction 
involves a chemical reaction between the alkali in cement 
and certain aggregate types. The types of aggregates in-
volved in this instance contain reactive silicate minerals 
(20, 21, 22). The problem is widespread, but occurs most 
frequently in the United States in the west, midwest, and 
southeast. The destructive mechanism involves the forma-
tion of alkali-silicate complexes which take up water, 
almost without bounds, to form voluminous silica gels 
(23, 24); 

Cement-Aggregate Reaction 

The cement-aggregate reaction is similar to the alkali-
silica reaction except that the alkali does not have to be 
supplied by the cement paste (25, 26, 27). The mechanism 
involved is believed to entail the concentration of alkali in 
the pore fluid near the surface of concrete under severe 
drying conditions. Under this condition, even a low alkali 
cement may react with sensitive aggregates. This is a very 
localized problem, occurring in the United States only in a 
small section of the midwest. 

Expansive Volume Chdnge 

Certain aggregates, principally of the carbonate variety, 
undergo destructive expansion in the presence of water. 
The rock type involved closely resembles material suscepti-
ble to alkali-carbonate attack, except that dedolomitization 
has already taken place (28, 29). The occurrence of this  

problem has been documented with certain aggregates in 
New York State. Although it has not yet been reported 
elsewhere, its presence may be quite widespread, as it can 
easily be confused with alkali-carbonate or freeze-thaw 
damage. 

Shrinkage Volume Change 

In certain rare instances, aggregates have been observed 
to undergo excessive shrinkage in hardened concrete, re-
sulting in loss of aggregate/paste bond and consequent 
reduction in concrete strength (30, 31). Only one instance 
of this problem has been reported in the United States. 

Minbr Deleterious Constituents 

This problem relates to aggregates that, although other-
wise acceptable, contain small percentages (usually less 
than 1.0 percent) of minerals that are highly deleterious in 
concrete. The reactive minerals include magnesia, pyrite, 
marcasite, gypsum, zeolites, and montmorillonite clays 
(32, 33). Problems caused by the presence of minor 
deleterious constituents are not as prevalent as one might 
suppose, probably because these minerals are not typically 
associated with the rock types most often used for aggre-
gates. Also, most of these minerals are quite reactive and 
will break down when exposed to natural weathering (i.e. 
before the aggregates are incorporated in concrete). 

Objectionable Coatings 

Surface deposits' or alteration of aggregate particle 
surfaces may result in reduced bond strength between the 
aggregate and the cement paste. The extent of problems 
with aggregates in PCC owing to the presence of surface 
coatings is apparently minor, as indicated by the rare 
treatment of this topic in the technical literature. 

Problem Areas Related to Aggregates in Bituminous 
Paving Mixtures 

Stripping 

Loss of adhesion between the aggregate and the asphaltic 
binder in a bituminous concrete pavement is termed 
"stripping." It is a moisture-related problem that may be 
influenced by, but not dependent upon, pore pressures 
induced by traffic loadings and freeze-thaw action (34). 
It is dependent primarily on the surface properties and 
mineralogic' character of the aggregate, but it is also influ-
enced by the chemical makeup of the asphalt binder. The 
aggregate types most likely to cause problems are siliceous 
materials (34, 35), but some carbonates have, also pre-
sented problems (36). The problem is encountered in all 
sections of the United States and is especially of concern 
with open-graded friction-course mixtures that are highly 
permeable and therefore potentially more vulnerable to the 
effeèts of moisture. 

Degradation 

Degradation refers to the breakdown of aggregate par-
ticles. This may result from handling and stockpiling 



operations, compaction during construction, or from traffic 
loadings (37, 38, 39). It may also result from weathering 
(chemical action) or a combination of weathering and 
compaction (40). The results of degradation are: (1) a 
loss in pavement stability due to a reduction in particle 
contact, and (2) embrittlement of the binder due to the 
production of excess fines (41). Mechanical degradation 
may occur with a variety of rock types and results from 
low strength or inherent mechanical weakness of the aggre-
gate. Chemical degradation is usually associated with ultra-
basic, extrusive igneous rocks (basalts) containing certain 
interstitial secondary minerals (principally glass) (39, 41, 
42, 43). On exposure to the atmosphere, the secondary 
minerals weather rapidly to clay minerals, producing fines 
and seriously weakening aggregate particles so that they 
become susceptible to further breakdown in handling or 
under load. Degradation problems have been associated 
primarily with basic and ultrabasic igneous rocks, prin-
cipally in the northwest and in California and Idaho, and 
with a few limestones in the midwest, and some greywackes 
in New York State (42, 44). 

Absorption 

The absorption of excess asphalt binder by the aggregate 
is a matter of economics because asphalt cement is, by a 
very wide margin, the most expensive ingredient in the 
mixture, and absorbed asphalt is wasted asphalt. The 
problem of absorption appears to be one of minor propor-
tions, probably because highly absorptive aggregates are 
avoided for bituminous paving mixtures. Some aggregates 
apparently selectively absorb certain constituents of the 
asphalt cement (45), which can result in pseudo-hardening 
or aging of the pavement. 

Objectionable Coatings 

The comments made previously about the effect of objeè-
tionable coatings on PCC aggregate are also applicable 
here, especially regarding the tendency of fines to inhibit 
coating of the aggregate, which in turn can lead to strip-
ping. However, as in the case of 'objectionable coatings on 
PCC aggregate, this does not appear to present a serious 
problem for BC aggregate except as it affects stripping. 

Selection of Problem Areas for Upgrading Studies 

Aggregate-related problems were chosen for further 
study in this research program on the basis of three cri- 
teria: (1) the severity of the problem in terms of the 
damage inflicted; (2) the geographical extent of the prob-
lem; and (3) the estimated potential for upgrading aggre-
gates by the methods falling within the purview of this 
research. The problem areas relative to PCC aggregates 
selected for further study in this research were freeze-thaw, 
D-cracking, alkali-silica reaction, and alkali-carbonate reac-
tion. Those chosen for bituminous paving mixture aggre-
gates were stripping and degradation. Detailed discussions 
justifying the choice of these problem areas may be found 
in Appendix A. 

Selection of Test Methods 

The selection of the test methods used to evaluate test 
aggregates and upgrading treatments was based on infor-
mation derived from the literature search. Several poten-
tial test methods were available for each problem area, but 
none could be considered as generally accepted. An even 
greater problem existed with regard to the test values 
considered to represent failure criteria. Often, the failure 
criteria adopted were based on a single literature source or 
even arbitrary standards, as in the case of the effect of 
treatments on the mechanical properties of PCC and bitu-
minous concrete. The selected test methods and failure 
criteria are discussed briefly in the following paragraphs. 
Detailed discussions of the various test methods and the 
rationale employed in choosing each method appear in 
Appendix B. 

Freeze-Thaw Testing 

The method selected for evaluation - of the effects of 
freeze-thaw action on portland cement concrete was ASTM 
C 682, "Standard Recommended Practice for Evaluation of 
Frost Resistance of Coarse Aggregates in Air-Entrained 
Concrete by Critical Dilation Procedures." The failure 
criterion chosen was 75 micro-strain, based on theoretical 
considerations involving the elastic limit of the paste 
phase (46). 

D-Cracking 

The test method selected for the evaluation of D-crack-
ing-susceptible aggregates in PCC involved the periodic 
determination of residual length changes of specimens 
subjected to approximately 350 freeze-thaw cycles, carried 
out in accordance with ASTM C 666 (Procedure A), 
"Standard Test Method for Resistance of Concrete to 
Rapid Freezing and Thawing." This was based on method-
ology for the evaluation of D-cracking potential developed 
by the Ohio Department of Transportation (47). The 
failure criterion adopted was residual expansions greater 
than 0.05 percent at 300 cycles, as proposed by the Ohio 
DOT. 

Alkali-Carbonate Reaction 

The test method chosen for evaluation of aggregates and 
treatments relative to the alkali-carbonate reaction problem 
was ASTM C 157, "Length Change of Hardened Cement 
Mortar and Concrete," using the water storage option 
described therein. The alkali content of the test mixtures 
was adjusted to 2 percent by weight of the portland cement 
(expressed as Na90) using sodium hydroxide. The failure 
criterion selected was 0.05 percent expansion at 84 days, 
as proposed by the National Research Council of Canada 
(cited in [48]). 

Alkali-Silica Reaction 

The same test procedure used for alkali-carbonate reac-
tive aggregates was used for alkali-silica reactive aggre- 
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gates. However, the failure criterion adopted was 0.05 
percent expansion at 180 days, based on information from 
a Highway Research Board questionnaire (49). 

Stripping 

Three test procedures were selected for evaluating 
stripping in bituminous paving mixtures: 

Marshall stability: before and after conditioning 
(vacuum saturation followed by 140 F (60 C) soak). 

Stiffness: E-modulus (50) and resilient modulus 
(51) before and after conditioning (vacuum saturation, 
0 F (-18 C) freeze followed by 140 F (60 C) soak). 

Strength: Diametral tensile strength (50) before and 
after conditioning (vacuum saturation, 0 F (-18 C) freeze 
followed by 140 F (60 C) soak). 

As per the work plan, stiffness-strength measurements after 
freeze-soak conditioning, and Marshall stability tests after 
immersion, were performed on the mixtures made with 
treated aggregates, and stiffness-strength measurements 
were performed on all the treatment-admixture specimens. 
Failure criteria per se were not employed in the stripping 
tests. Rather, comparisons of specimens with and without 
treatment and before and after conditioning were used to 
evaluate the treatment methods/materials or admixtures. 

Degradation 

Six test procedures were used to evaluate methods of 
reducing degradation problems: 

Outdoor exposure of unconfined, uncoated aggregates 
for 23 weeks (percent loss on No. 4 sieve). 

The Los Angeles Abrasion Test (ASTM C 131). 
Pressure slaking (52). 
The Washington Degradation Test (AASHTO T 

210). 
Compaction-degradation using three levels of. com-

pactive effort, applied by means of the kneading compactor 
(change in gradation). 

Measurement of swelling of compacted mixtures dur-
ing outdoor exposure. 

As in the case of the stripping tests, failure criteria per se 
were not applied. Instead, the effects of the aggregate 
treatments were evaluated on the basis of test performance 
with and without aggregate treatment. 

Effect of Treatment on Mechanical Properties of Mixture 

For the aggregates used in portland cement concrete, the 
effect of the various treatments on the mechanical proper-
ties of the concrete was evaluated by comparing 28-day 
compressive strengths of concretes made with treated and 
with untreated aggregates. The criteria, arbitrarily chosen, 
to evaluate the effects of the treatments were: compressive 
strength of treated specimens greater than 95 percent of 
control specimen, satisfactory; 75 to 95 percent, marginal; 
and less than 75 percent, unsatisfactory. For the aggre-
gates used in bituminous paving mixtures, the effects of the 
various treatments on the mechanical properties of the  

asphaltic concrete were evaluated by comparing Marshall 
stability, E-modulus, resilient modulus, and tensile strength 
values of mixtures containing treated and untreated aggre-
gates. The criteria were chosen arbitrarily and expressed 
as a percentage of the untreated (control) specimen: 
greater than 80 percent, satisfactory; 50 to 80 percent, 
marginal; and less than 50 percent, unsatisfactory. 

Identification of Upgrading Methods and Materials 

The choices of upgrading methods and materials tested 
for each of the several problem areas were based on several 
considerations: 

An assessment of the probable success of the treat-
ment method/material, based on the nature of the destruc-
tive mechanism involved. 

The availability of the treatment material. 
The suitability of the treatment material in the en-

vironment presented. 
The practicality of the treatment method/material 

combination. 

The primary treatment methods evaluated were coatings 
and impregnations. However, technical considerations re-
lated to the destructive mechanisms led the researchers also 
to evaluate admixture treatments in two of the problem 
areas—alkali-carbonate reaction and stripping. Coating 
and impregnation materials were selected to represent a 
wide range of materials potentially available to upgrade 
aggregate performance. The materials selected were meant 
to represent classes of materials—thermosets, thermoplas-
tics, and others—and should not be interpreted as the only 
materials available to upgrade aggregates. Impregnation 
using epoxy, methyl methacrylate, boiled linseed oil, poly-
ethylene glycol, kraft lignin, and sulfur was used on a 
freeze-thaw-susceptible aggregate of small pore size and 
on D-cracking-susceptible aggregates.. Coatings of epoxy 
and linseed oil emulsion were tried on a freeze-thaw-
susceptible aggregate of large pore size and on alkali-
carbonate and alkali-silicate-reactive aggregates. Epoxy 
and kraft lignin coatings were tested on stripping-sensitive 
aggregates, and epoy and kraft lignin impregnation pro-
cedures were tried on aggregates subject to degradation. 
The admixtures tested in conjunction with one of the alkali-
carbonate-reactive aggregates were dimethyl sulfoxide, 
lithium carbonate, and ferric chloride. The admixtures 
tested with the stripping-sensitive aggregates were hydrated 
lime, amine, sodium dichromate, and acid pretreatment. 
Detailed discussions related to the rationale involved in 
the selection of the treatment methods and materials are 
given in Appendix C. 

I- 

Selection of Test Aggregates 

Selection of the test aggregates was based on an exten-
sive review of the literature in conjunction with the per-
sonal experience of the researchers and personal commu-
nications with other researchers. The screening process by 
which the test aggregate scurces were chosen from the 
list of 106 potential candidates was based on the following 
considerations: 



Aggregate problem area. 
The degree to which the aggregates in a given prob-

lem area are affected (choose the most susceptible). 
The availability of quality aggregates in the geo-

graphical area from which each potential test aggregate 
source comes (choose those from areas lacking quality 
aggregates). 

Mineralogy or morphology (try to cover a range of 
types). 

Level of documentation of aggregate source relative 
to problem area (higher priority to aggregates having well 
documented histories relative to the problem area). 

Availability of aggregate (all other factors equal, 
choose the aggregates that are easiest to obtain). 

In all, 21 aggregates were selected for testing: two for 
freeze-thaw (one large pore size, the other small pore 
size), three for D-cracking, three for alkali-carbonate re-
action, four for alkali-silica reaction, six for stripping, and 
three for degradation. Details regarding the method of 
aggregate selection and the sources of the test aggregates 
chosen are given in Appendix D. 

LABORATORY TEST PROGRAM 

Details of the laboratory test program are given in 
Appendix E. Test results are summarized in Appendix F. 
Only the results of the test programs relative to each of 
the problem areas will be briefly summarized here. 

Portland Cement Concrete Aggregates—Problem Areas 

A summary of the test results on upgrading PCC aggre-
gates is given in Table F-i. It is important to note that 
the results given in that table are based on criteria that 
are highly empirical and even arbitrary in some instances. 
Furthermore, the results are not representative of optimum 
treatment conditions in all cases. These points are dis-
cussed further in Chapter Three. 

One general point with regard to the test results is 
that the kraft lignin impregnant produced such severe air 
entrainment and set retardation that it was not possible 
to fabricate usable specimens. Therefore, results discussed 
in the following paragraphs exclude kraft lignin impreg-
nant. 

Freeze-Thaw 

Both coatings tested (epoxy and linseed oil emulsion) 
and all the impregnants except sulfur (epoxy, methyl 
methacrylate, boiled linseed oil, and polyethylene glycol) 
reduced freeze-thaw susceptibility to acceptable levels. The 
coatings were used on a large pore size, frost-sensitive 
aggregate and the impregnants were used on a fine pore 
sized material. The reductions in freeze-thaw susceptibility 
were quite dramatic, as shown in Figures E-8 and E-9. 

D-Cracking 

Only impregnants were used with the D-cracking-sus-
ceptible aggregates. These were the same impregnants 
used in the freeze-thaw tests. All the imprégnants reduced 

D-cracking susceptibility to values below the failure cri-
terion. One aggregate particularly sensitive to D-cracking 
showed dramatic reductions (see Fig. E-12). However, 
excessive weight losses (not a failure criterion in the test 
method used) occurred with polyethylene glycol and sul-
fur. Weight losses in these instances exceeded those of the 
control specimens. 

Alkali-Carbonate 

Epoxy and linseed oil emulsion coatings failed to prevent 
damage from alkali-carbonate reaction, although the lin-
seed oil emulsion did result in a significant reduction in 
damage in one instance. Of the three admixtures tested, 
dimethyl sulfoxide failed to produce any significant re-
duction in alkali-carbonate reactivity. The other two ad-
mixtures, lithium carbonate and ferric chloride, produced 
dramatic reductions in alkali-carbonate reactivity (Fig. 
E-15 and E-16). Although these reductions still failed to 
bring the reactivity into the acceptable range, it must be 
pointed out that the optimum admixture concentrations 
were not achieved in these tests. Also, this test was par-
ticularly harsh: the alkali content of 2 percent (expressed 
as Na2O and based on the weight of cement in the mix-
ture) is exceedingly high and the aggregate is particularly 
alkali reactive. 

Alkali-Silica 

In general, the two coating materials tested, epoxy and 
linseed oil emulsion, reduced expansions due to alkali-
silica reactivity to acceptable levels. However, none of 
the aggregates tested appeared to be strongly reactive 
(only two of the four. managed to exceed the failure cri-
terion in the untreated state, providing a rather untenable 
base for evaluation (Fig. E-20). 

Effect of Treatments on Mechanical Properties of PCC 
Mixtures 

The effects of the various treatments on the mechanical 
properties of the PCC test mixtures were evaluated by 
means of compressive strength tests. While aggregate type 
appeared to interact somewhat with treatments to influ-
ence compressive strength, the following general results 
were obtained. Epoxy coatings and impregnants did not 
appear to have a detrimental effect on compressive 
strength. Linseed oil emulsion coatings and boiled linseed 
oil and polyethylene glycol impregnants consistently re-
duced compressive strengths by 25 percent or more. Methyl 
methacrylate impregnation appeared to lower the com-
pressive strengths of PCC mixtures by 5 to 25 percent, 
and sulfur-impregnated aggregates dispalyed highly var-
iable behavior depending on aggregate type. Among the 
admixtures tested, dimethyl sulfoxide and ferric chloride 
actually improved the compressive strengths of the con-
crete mixtures. Lithium carbonate, however, seemed to 
produce an optimum effect on compressive strength at in-
termediate concentrations. High concentrations of lithium 
chloride appear to result in severe strength reductions 
(greater than 25 percent). The compressive strength tests 
are summarized in Table E-20. 



It should be pointed out that detrimental effects on 
compressive strength produced by treatment methods/ 
materials can probably be overcome by adjusting mixture 
proportions. In this research, the only effects of the treat-
ments taken into account in the mixture proportioning pro-
cedures were those that influenced properties used in the 
ACI mixture proportioning method (ACT 613): absorp-
tion, specific gravity, and unit weight. 

Aggregates for Bituminous Paving Mixtures—Problem 
Areas 

The test results on the upgrading of aggregates are sum-
marized in Tables F-2 and F-3. As noted previously, the 
acceptability of the treatments is based on relative perfor-
mance in test procedures for which there is little field 
verification. Care must therefore be exercised in interpret-
ing the results. 

Degradation 

Kraft lignin impregnation failed to upgrade the test 
aggregates sufficiently with respect to weathering, abrasion, 
or compaction forms of degradation. Epoxy impregnation, 
on the other hand, gave mixed results. For the basalt, 
which was primarily subject to weathering (chemical) 
degradation, the epoxy provided no protection. In fact, 
the epoxy actually accelerated the degradation process. 
For a porous, poorly cemented limestone susceptible to 
degradation by abrasion and compaction, epoxy. impregna-
tion gave marginal to satisfactory improvement. 

Stripping 

Success of the various treatments/ procedures/materials 
varied with different aggregates. The different evaluation 
criteria (Marshall stability, E-modulus, tensile strength, 
and resilient modulus) produced different results for dif-
ferent aggregates. In general, the following observations 
were noted. Unmodified kraft lignin is not acceptable as 
an antistripping treatment because of its solubility in water. 
Epoxy coatings can improve stripping resistance; however,  

the resulting mixtures are more plastic because of the 
smoothness of the coating and the resulting loss of inter-
particle friction. Epoxy (and other) coatings are promis-
ing but require additional research to find ways of reduc-
ing coating thickness and improving mixture stiffness. 

The acid wash was not successful with the aggregates 
tested and even appeared to aggravate stripping in the 
sand with aggregate No. 97. The acid wash may be bene-
ficial with aggregates that have surface coatings (dust), as 
evidenced by the marginal improvement with aggregate 
No. 93. Hydrated lime was the most successful treatment, 
on the basis of the calculated ratios (Tables E-28 and E-
29) and visual observations (Table E-30). The commer-
cial antistripping agent (amine) provided some improve-
ment in the stripping resistance of each aggregate except 
aggregate No. 98, which contained swelling clay particles. 
Sodium dichromate provided about the same improvement 
in stripping resistance as the amine and appears to be 
promising for use with asphalt cements as well as emul-
sions. 

Effect of Treatments on Mechanical Properties of 
Bituminous Paving Mixtures 

In general, the Marshall stability values of the bitumi-
nous paving mixtures were not affected by the treatments. 
However, a considerable loss in stiffness (E-modulus and 
resilient modulus) was noted with the epoxy treatments. 
These data were in agreement with the high flow values 
recorded for some of the epoxy-treated aggregate mix-
tures. Thinner coatings, crushed aggregate particles, and 
stiffer asphalt grades should minimize this effect. Some 
stiffening of the hydrated lime mixtures was observed, 
while one of the amine mixtures was softened appre-
ciably. In general, except for the acid wash, the treatments 
do not appear to adversely' affect the mechanical properties 
of the mixtures. This conclusion should be considered 
as tentative and must be verified on an individual basis by 
additional laboratory and field testing with a wider range 
of admixtures, asphalts, and aggregates. Fatigue resistance 
was not included in this research. 

CHAPTER THREE 

INTERPRETATION, APPRAISAL, APPLICATION 

INTERPRETATION AND APPRAISAL OF THE TEST" 
RESULTS 

General 

In interpreting the results of the research conducted, 
it must be remembered that a high degree of empiricism 
exists in the test methodology as well as in the acceptance 
criteria. This is an inescapable fact that plagues all re- 

search involving laboratory simulation of field conditions. 
To the extent that it was practical to do so, the researchers 
employed test methods that either: (1) closely simulated 
field conditions; (2) measured variables related to the 
failure mechanisms; or (3) used the procedures and failure 
criteria that enjoy the widest acceptance among the re-
searchers in this area. 



Treatments for Problem Areas Related to PCC 
Aggregates 

General 

Kraft lignin impregnation will be discussed first as it 
was one of the treatments that failed to produce results 
because of an unanticipated problem. Seven of the PCC 
test aggregates were impregnated with kraft lignin, in 
accordance with the original research plan. However, it 
was not possible for six of the seven aggregates to obtain 
a concrete mixture that would set up. Furthermore, the 
entrained air contents of the mixtures were excessively 
high. In retrospect, it is evident that problems of this 
nature might have been anticipated with raw kraft lignin. 
In addition to kraft lignin, sugars and other carbohydrates 
remaining from the pulping processes are probably the 
source of set problems. Also, resinous organic compounds 
are active surfactants that will provide air-entraining ac-
tion. It is possible that chemical modification of the kraft 
lignin would permit it to be used in PCC mixtures. How-
ever, modification of treatment materials is beyond the 
scope of this research project. Kraft lignin is attractive 
as a treatment material because it is a waste material 
available in relatively large quantities at low cost. How-
ever, the need for further processing to render it useable 
may remove this economic advantage. This is a matter 
that requires further investigation. 

The second general point made here is the -matter of 
the frequently low-compressive strength results obtained 
with concrete specimens containing the treated aggregates 
or admixtures, as compared with control (untreated) 
specimens. It should be pointed out initially that the mix-
ture proportions for concretes containing treated aggre-
gates were different from their companion control mixtures 
by virtue of the effect of the treatment on the specific 
gravity, absorption, and unit weight of the coarse aggre-
gate. In other words, all mixtures were proportioned 
in accordance with ACI 613 using data appropriate to the 
aggregate as incorporated in the concrete. This is in con-
formance with standard mixture proportioning procedure. 
The problem is that the treatment methods may have 
changed properties of the aggregate that are not taken 
into account in the ACI mixture proportioning procedure. 
One example is the effect of coating Areatments on the 
surface characteristics of aggregate particles, which influ-
ences the paste-aggregate bond. This is, of course, a 
detrimental effect of aggregate treatment and the reason 
that the compressive strength tests were run. The im-
portant point, however, is that low compressive strength 
results for treated aggregates should not, ipso facto, rule 
out a particular treatment method. There are ways of 
bringing the compressive strengths up to the control val-
ues—higher cement factors coupled with lower water/ 
cement ratios and use of water-reducing admixtures, for 
example. Although it appears that there may be some 
aggregate-treatment interaction involved, in general, lin-
seed oil emulsion coating and boiled linseed oil, poly-
ethylene glycol, and sulfur impregnants gave compressive 
strengths that were 25 percent or more below control 
values. 

Freeze-Thaw 

Epoxy and linseed oil emulsion coatings and epoxy, 
methyl methacrylate, boiled linseed oil, and polyethylene 
glycol impregnants were all found to be eminently success-
ful in upgrading highly frost-susceptible aggregates. Even 
sulfur, the only impregnant that did not meet the failure 
criterion, improved the frost resistance of these aggregates 
by a factor of five. The high degree of success in prevent-
ing freeze-thaw damage is considered to be a matter of 
no small consequence. First of all, the test method used 
(ASTM C 682) is considered to be the most rational of 
the test procedures used for the various problem areas, 
lending a high degree of credence and applicability to the 
results. Second, freeze-thaw susceptibility is generally con-
sidered to be the most common characteristic limiting the 
use of aggregate materials in portland cement concrete. 
The results, in fact, suggest that there exists a wide range 
of coating or impregnation, materials that are capable of 
eliminating the frost susceptibility of aggregates. As the 
range of possible treatment materials increases, so do the 
chances of meeting the economic constraints of any given 
set of circumstances. 

D-Cracking 

All the impregnants tested (epoxy, methyl methacrylate, 
boiled linseed oil, polyethylene glycol, and sulfur) were 
successful in controlling D-cracking, as determined by 
expansion during rapid freeze-thaw cycling. Because D-
cracking is a problem caused by freezing of water in 
critically saturated aggregate particles of undesirable pore 
characteristics,' these findings tend to corroborate the re-
sults of the investigations previously discussed. However, 
in this instance, excessive weight losses were observed with 
polyethylene glycol and sulfur impregnants. That this may 
be a problem in using these two impregnants became ap-
parent in the more severe rapid test method (ASTM C 
666). Nevertheless, the results are again indicative of the 
possible existence of a wide range of suitable impregnants, 
and the - comments made previously about economic con-
siderations are equally applicable here. 

Alkali-Carbonate Reaction 

It appears that treatment by coatings is not generally 
suitable for upgrading alkali-carbonate-reactive aggregates. 
On the basis of theories developed during the course of 
this research project, the use of inorganic admixtures to 
provide interfering cations was tried as a means of reduc-
ing alkali-carbonate reactivity. The admixtures tested were 
lithium carbonate and ferric chloride. Although the ex-
,pansions measured during the course of the tests were in 
excess of the failure criterion for both admixtures, signi-
ficant reductions in expansion were achieved. It should 
be pointed out that the admixtures were tested against the 
most alkali-carbonate-reactive aggregate known. Also, the 
alkali content of the test mixtures was adjusted to 2 per-
cent (expressed as Na2O) of the weight of the cement, a 
value considerably higher than would normally be en-
countered in practice. Finally, and of considerable sig- 
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nificance, is the fact that the optimum concentrations of 
admixtures were not achieved during these tests. The ex-
pansions of the specimens containing lithium carbonate 
and ferric chloride at the maximum concentrations tested 
were about 40 and 50 percent, respectively, of the expan-
sions of the control specimens. The data indicate that at 
higher admixture concentrations, expansions would be re-
duced even further. Taking into account the severity of 
the test, the highly significant reductions in expansion 
achieved, and the fact that even greater improvements 
appear possible through higher admixture concentrations, 
the results of the admixture tests must be considered to be 
highly significant. It should also be noted that the use 
of admixtures has a distinct economic advantage over other 
upgrading techniques in terms of lower capital investment 
and handling costs. Obviously, this is an area that re-
quires further effort to establish optimum admixture con-
centrations, but the potential for success is quite high. 

Alkali-Silica Reaction 

Evaluation of upgrading methods with respect to this 
problem area was plagued by the difficulty of working 
with test aggregates that were not highly reactive. In 
fact, the control specimens for two of the four test aggre-
gates did not exceed the failure criterion, and those for 
the remaining two aggregates were barely reactive. Con-
sequently; even though the linseed oil emulsion coating 
showed promise in reducing expansion, the results of this 
test must be considered inconclusive. 

Treatments for Problem Areas Related to Aggregates in 
Bituminous Paving Mixtures 

General 

As was the case with portland cement concrete aggre-
gates, treatment with kraft lignin was unacceptable for use 
in bituminous paving mixtures. In this instance the prob-
lem was excessive stripping, even with the nonstripping 
carbonate aggregate, and it occurred in both coating and 
impregnation procedures. This is not to say that kraft 
lignin should be stricken from further consideration as an 
upgrading material. However, unmodified kraft lignin is 
apparently not acceptable. Chemical treatment of kraft 
lignin might render it a suitable treatment material; how-
ever, this step was beyond the scope of the research re-
ported here. 

There is also a general mixture design problem asso-
ciated with epoxy coatings. Because the coatings reduce 
the surface texture of the aggregates, the epoxy-coated 
aggregates result in bituminous paving mixtures that dis-
play significant reductions in stiffness, as compared with 
mixtures containing untreated aggregates. This phenom-
enon becomes increasingly evident with softer asphalt 
cement and rounded aggregates. 	 - 

Stripping 

It appears from the results of the experiments conducted 
that both admixtures and coatings offer promise in up-
grading stripping-sensitive aggregates. As discussed prey- 

iously, admixtures, when technically suitable, usually pos-
sess a distinct economic advantage over other treatment 
methods because of lower capital and processing costs. 
Hydrated lime, a commonly used antistripping admixture 
in field practice, was found to vary in effectiveness with 
aggregate source. Surfactants, such as the sodium di-
chromate evaluated in this research, are heat-stable and 
can be applied directly to the aggregate surface. They are 
apparently effective antistripping agents with both emul-
sions and asphalt cements. Amines also provided some 
benefit as antistripping admixtures, though their effective-
ness varied with aggregate type. 

Degradation 

No suitable means was found in this research to upgrade 
aggregates subject to chemical (weathering) degradation. 
Even impregnation with epoxy failed to stem the attack. 
It is hypothesized that some component of the epoxy it-
self, perhaps the curing agent, attacked the susceptible 
interstitial minerals in the chemically degradable aggre-
gates. If this is true, impregnation using a polymer im-
pregnant that does not itself attack the aggregate might 
be a more successful technique. However, the range of 
impregnants or coating materials that can be used with 
aggregates for bituminous paving mixtures is severely 
limited by the high temperatures involved in the batching 
of bituminous mixtures. 

For aggregates subject to mechanical (abrasion or com-
paction) degradation, such as soft or porous limestones, 
impregnation with epoxy does provide a means of up-
grading. 

Over-all, upgrading of aggregates relative to degradation 
problems does not appear promising, based on research 
results. 

COSTS AND ECONOMIC CONSIDERATIONS 

Alternatives for securing suitable aggregate materials in 
a situation in which such materials are not naturally avail-
able are: (1) employment of technically feasible processes 
for upgrading locally available poor or marginal materials; 
(2) manufacture of synthetic aggregates; and (3) impor-
tation of suitable quality aggregates. The choice of alter-
natives is largely a matter of economics, and the factors 
involved are numerous and complex. Suitable processes 
and materials must be identified relative to deficiencies 
associated with locally .available upgradable materials. 
Then, upgrading costs including material, maintenance, 
operation, and capital recovery must be estimated for each 
combination of aggregate, upgrading method, and treat-
ment material that is technically feasible for the given 
situation. If the manufacture of synthetic aggregates is 
technically feasible (depending on the local availability 
of suitable raw materials), then the costs of manufacturing 
these aggregates must be determined. Finally, transporta-
tion and° handling costs associated with the importation 
of suitable aggregates must be determined. 

Unit costs for the various alternatives will no doubt be 
strongly sensitive to aggregate quantity requirements. Al-
ternatives involving lower capital recovery requirements, 



11 

such as upgrading with admixtures and importing quality 
aggregates, will generally be more favorable for low 
quantity needs. If quantity requirements are large, how-
ever, higher capital investments (e.g., impregnation or 
coating treatments) may prove to be more economical. 
Each situation is different, and it is not possible to present 
a cost rating of the alternatives. 

In order to aid in evaluating the economics of impreg-
nation, coating, and admixture upgrading procedures, cur-
rent costs for the materials found in this research to be 
suitable for various purposes are given in Table F-4. 

FIELD IMPLEMENTATION: PRELIMINARY GUIDE 

A Preliminary Guide, prepared for the treatment of 
aggregates, based on the results of the research, is included 
in Appendix F. Detailed recommendations are included 
for pilot plant studies to provide field evaluation of the 
recommended upgrading procedures. The procedures rec-
ommended for field evaluation in the Preliminary Guide, 
based on the results of this research, are: 

Epoxy coating of highly porous, freeze-thaw-sensi-
tive aggregates for PCC mixtures. 

Epoxy impregnation of small pore size, freeze-thaw-
sensitive aggregates (e.g., chert) for PCC mixtures. 

Impregnation of D-cracking susceptible aggregates 
with (a) epoxy and (b) methyl methacrylate. 

Addition of 7 percent by weight of the mixing water 
of ferric chloride admixture to PCC mixtures containing 
alkali-charbonate-reactive aggregates. 

Addition of additives to bituminous paving mixtures 
containing stripping-sensitive aggregates as follows: com-
mercial antistrip additives (such as amines), sodium di-
chromate, and hydrated lime. 

Use of hot-mixed emulsions in conjunction with addi-
tives. Selection of materials for field trials is to be based 
on successful laboratory evaluation, as described in Ap-
pendix F. 

Flow diagrams outlining treatment procedures and ap-
propriate technical data are provided in the Preliminary 
Guide, Appendix F. 

CHAPTER FOUR 

CONCLUSIONS AND SUGGESTED RESEARCH. 

CONCLUSIONS 

The following generalized conclusions are warranted on 
the basis of the research described in this report. Specific 
information about each of the conclusions may be found 
in the appropriate sections of the report (see especially 
Chapters Two and Three and Appendixes E and F). 

Freeze-thaw-sensitive aggregates can be rendered in-
nocous by impregnation or coating, using a variety of 
treatment materials. 

Aggregates susceptible to D-cracking problems can 
be successfully upgraded with certain polymeric impreg-
nants. 

Expansion of concrete due to alkali-carbonate re-
activity can be significantly reduced by means of admix-
tures that provide suitable interfering cations, in solution. 
Aggregate coating treatments are apparently not effective 
in mitigating the alkali-carbonate problem. 

Aggregate coating treatments appear,  to reduce sus-
ceptibility to alkali-silica reaction. However, the results 
must be considered inconclusive because of the low re-
activities of the aggregates used in the research. 

The use of impregnants, in general, does not appear 
to be feasible for upgrading degradation-susceptible aggre-
gates for bituminous paving mixtures. However, soft, 
easily abraded aggregates can be improved by epoxy 
impregnation. 

Stripping problems can be combatted by the use of 
admixtures, but effectiveness varies with aggregate source 
and admixture type. 

Several treatment materials appear to have detri-
mental effects on the mechanical properties (compressive 
strength) of portland cement concrete mixtures. However, 
it is believed that this situation can be remedied by taking 
appropriate corrective action in mixture design procedures. 

S. Epoxy coatings lowered the Marshall stability, tensile 
strength, and stiffness (modulus) of the bituminous paving 
mixtures, especially those with rounded aggregates and 
softer binders. A lesser effect was noticed on Marshall 
stability and tensile strength than on stiffness. 

Unmodified raw kraft lignin is not a suitable impreg-
nant or coating material for either PCC or bituminous 
paving mixtures; it reacts with the binder in both cases, 
producing unacceptable mixtures. 

Treatment material costs are generally favorable for 
admixtures and. some impregnants (sulfur, kraft lignin, and 
boiled linseed oil), but restrictively high for epoxy coatings 
of thicknesses obtained in this research. 

RECOMMENDATIONS 

The major recommendation of this research is that 
further laboratory studies be carried out before a field 
evaluation program is instituted in order to optimize the 
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choice of methods and treatment materials. The recom-
mendations contained in the Preliminary Guide are on 
sound technical ground. However, as a matter of cost 
effectiveness in the long run, it is thought by the research-
ers that a number of points, enumerated in the following, 
need to be investigated in the laboratory before going into 
the field. The recommendations for further laboratory 
study are as follows: 

Investigate an expanded range of treatment materials 
for freeze-thaw- and D-cracking-sensitive aggregates to 
identify the least costly, but most effective, treatment 
materials. 

Extend the investigation of lithium carbonate and 
ferric chloride admixtures for alkali-carbonate reaction to 
determine concentrations needed for maximum effective-
ness. Also, the effects of these admixtures on other proper-
ties of PCC mixtures, such as freeze-thaw behavior and 
corrosion of reinforcing steel, should be studied. 

Repeat experiments with alkali-silica-reactive aggre-
gates using more highly reactive aggregates. 

Investigate the effectiveness of surfactant-type admix-
tures for the stripping problem, using asphalt cement. 
Examine a wider ranger of admixtures of this type to 
optimize the selection with respect to cost and effectiveness. 

Investigate treatment procedures for achieving thinner 
epoxy coatings to enhance the cost-effectiveness of this 
technically effective upgrading procedure. 

Evaluate the long-term effect of admixtures on asphalt 
behavior and on antistripping effectiveness. Hydrated lime 
and other fillers especially should be studied in terms of 
absorption and fatigue behavior. 

Evaluate the effectiveness of multiple treatments, 
e.g., sodium dichromate and hydrated lime together. 

Investigate the effects of mixture variables, such as 
air voids, the nature of the sand (i.e. source, versus un-
treated), asphalt grade, and asphalt source on the effective-
ness of various treatment methods. 
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APPENDIX A 

AGGREGATE PROBLEMS AMENABLE TO UPGRADING 

This appendix reviews and synthesizes information from 
the literature about the identification of problem areas 
associated with coarse aggregates in portland cement con-
crete (PCC) and bituminous concrete (BC) paving mix-
tures. It also includes identification of the aggregate prop-
erties associated with each of the problem areas so that 
preliminary assessments may be rendered regarding the 
potential for upgrading poor or marginal aggregates. Prob-
lem areas related to pavement surface properties were not 
considered in this research, as specified in the research 
prospectus. In accordance with the research plan, upgrad-
ing methods considered were limited primarily to coatings 
and impregnation. However, chemical treatments, admix-
tures, and blending were also considered where appropriate. 

AGGREGATES FOR PCC PAVING MIXTURES 

Freeze-Thaw Deterioration 

Deterioration of PCC by the action of freezing and 
thawing can result from deficiencies in either the paste 
phase or the -aggregate phase. The paste phase can readily 
be protected by incorporating a suitable entrained air void 
system. Freeze-thaw destruction of the coarse aggregate 
fraction, with resultant damage to the concrete, can occur 
in two ways or in a combination of these ways (1, 2). 
With aggregates of moderate to high porosity and low 
permeability, the hydraulic pressures developed in the rock 
pores ahead of the advancing ice front during freezing can 
be of sufficient magnitude to cause fracturing of the aggre-
gate. With aggregates of high porosity and high permea-
bility, the pressures developed by water being forced out of 
the rock during freezing can break the paste-aggregate 
bond and disrupt the surrounding paste phase. 

Assessment of the Problem 

The freeze-thaw problem is an almost universal one in 
climates that possess the environmental prerequisites (3, 4). 
It is considerably more prevalent with gravels than with 
ledge rock, although it is not uncommon in the latter in-
stance. The rock types that seem to be particularly affected 
are mostly sedimentary materials, such as cherts (essen-
tially all), most shales and siltstones, and some greywackes, 
sandstones, and limestones. Some metamorphic (e.g., 
schists and phyllites) and igneous (e.g., porous andesite and 
pumice) rock types can also be troubtesome.- 

Potential for Upgrading  

having small pore sizes (low permeabilities) this could 
probably best be accomplished by impregnation, because 
the high capillary potential of these aggregates will aid in 
the upgrading process. Aggregates having large pore 
volumes and sizes (high permeabilities) would likely be 
more amenable to boating treatments. Chert is an example 
of the first type and vesicular lava (andesite) an example 
of the second. In the case of the latter type, impregnation 
might not even be economically practical because of large 
porosities (up to 40 percent), but blocking the pores at the 
surface with a viscous coating material might be feasible. 

Chemical treatments, blending, and admixtures were not 
considered to be viable alternative procedures for upgrad-
ing freeze-thaw susceptible aggregates. 

Conclusions 

Freeze-thaw susceptibility of coarse aggregates in PCC 
was considered to be of sufficient severity and extent to 
warrant consideration. Impregnation and coating proce-
duresS  appeared to offer a high probability of success for 
upgrading freeze-thaw susceptible aggregates. Accordingly, 
the upgrading of freeze-thaw susceptible aggregates by 
impregnation and coating procedures was investigated. 

Popouts 

Popouts are small, conical-shaped spalls on the surface 
of concrete, which result from the excessive expansion of-
aggregate particles near the concrete surface (7). The 
destructive mechanism usually iniolves the freeze-thaw 
process previously discussed. Consequently, this problem 
is frequently observed to occur in conjunction with the 
general deterioration of concrete related to frost-susceptible 
coarse aggregates. Where the popout problem is observed 
in the absence of general freeze-thaw deterioration, the 
offending particles are generally few in number and are 
porous, lightweight materials. Because of the low specific 
gravity of such particles, they tend to "float" to the top 
surface of the concrete mass, where the relatively shallow 
concrete cover is not sufficient to withstand the pressure 
generated by the water freezing in the particles. Gravels, 
especially those of glacio-fluvial origin, are the primary 
problem materials involved here. The susceptible particles 
are usually soft siltstones or shales or lightweight cherts, 
commonly amounting to well under 10 percent of the total 
volume of an otherwise sound aggregate. Some aggregates 
have been found to produce popouts by expansion asso-
ciated with water sorption characteristics, but these are 
rather rare. 

Because the mechanism of destruction here has been 
well established and documented, it was considered quite 
likely that upgrading could be achieved by drying followed 
by sealing of the penetrable pores (5, 6). With aggregates 

Assessment of the Problem 

In terms of frequency of occurrence, the popout problem 
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is considered to be of relatively minor consequence al-
though it is widely distributed geographically. In terms of 
structural damage to concrete, it is generally more of a 
nuisance than a threat to the integrity of the concrete. 

Potential for Upgrading 

Although it is physically possible to upgrade popout-
prone aggregates by impregnation or coatings, as in the 
case of freeze-thaw susceptible materials, beneficiation can 
be achieved more economically through mechanical means 
(heavy media separation or jigging) (8, 9). In one in-
stance it was found to be economical to hand-pick offending 
particles from a conveyor to beneficiate a popout-prone 
aggregate (10). In this way the relatively small percentage 
of offending particles was removed as opposed to treating 
the entire aggregate mass. 

Conclusions 

Popout-prone aggregates can best be upgraded by me-
chanical beneficiation procedures that result in removal of 
the offending particles. Therefore, popouts were not con-
sidered further as a problem area for this research. (Note: 
Some of the aggregates selected for testing under the 
freeze-thaw problem area may also produce popouts, but 
this was considered incidental to the freeze-thaw problem.) 

D-Cracking 

D-cracking is manifested as a series of fine cracks which 
parallel joints, edges, and larger structural cracks in pave-
ment slabs. Usually, it is initially observed as a dark dis-
coloration of the edges of slabs; on closer examination, the 
fine closely spaced D-cracks are revealed. Very often a 
powdery deposit of varying color will be found at the 
surface of the cracks. It is a freeze-thaw related phenome-
non, but the actual process involved still remains undefined 
(11). Undoubtedly, aggregate pore size and distribution 
play a part in this, as in other freeze-thaw problems. D-
cracking seems to start in the lower levels of pavements 
and has been observed in all components of the highway 
system except bridge decks (11). This may indicate that 
D-cracking is largely a drainage problem, but research to 
date has not verified this. 

Studies of some aggregate types and sources have indi-
cated that a certain reduction in size has been observed to 
lead to a decrease in D-cracking (12, 13). It has been 
reported that nearly all D-cracking has been associated 
with sedimentary rocks, including limestone, dolomite, 
chert, shale, sandstone, and greywacke (11). It is some-
times found to occur in conjunction with the more preva-
lent freeze-thaw deterioration and with alkali-carbonate 
reaction (14, 15, 16). 

Assessment of the Problem 

D-cracking has been primarily associated with use of 
limestone aggregates in PCC pavements in a few mid-
western states. It is a problem of serious proportions in 

Kansas (16), Ohio (14, 17, 18), Iowa (15, 19), and 
Missouri (13). It is a highly deleterious form of attack 
which may take anywhere from 3 to 20 years to become 
evident, but once started it results in rapid and often total 
disintegration of the concrete. 

Potential for Upgrading 

Because D-cracking is somehow related to the freeze-
thaw problem and to the moisture in aggregates, it was 
proposed that impregnation and possibly coatings could be 
used to ameliorate the problem. There is evidence to sug-
gest that blending with nonsusceptible aggregates may re-
tard the problem (16). There is no evidence to indicate 
that chemical treatments or admixtures exist that would be 
of any help. 

Conclusions 

Although apparently somewhat limited in geographical 
extent, D-cracking is a very serious problem in areas where 
it occurs. Impregnation was believed to offer the greatest 
potential as a means of upgrading D-cracking susceptible 
aggregates. Therefore, the upgrading of D-cracking sus-
ceptible aggregates was attempted using impregnation tech-
niques. 

Alkali-Carbonate ReactiOn 

Alkali-carbonate reaction is an expansive, chemical reac-
tion that occurs with certain carbonate aggregates in PCC. 
Distress in affected concrete is manifested in expansion of 
the concrete and extensive "map" cracking, which in severe 
cases can result in virtual destruction of the concrete (20). 

The rock materials afflicted with this problem all appear 
to possess strikingly similar physical, chemical, and min-
eralogical characteristics. They are extremely fine-grained 
calcitic rocks containing interstitial clay minerals and iso-
lated dolomite rhombs (20). The mechanism of attack is 
not clearly understood, but probably involves processes of 
dedolomitization, base exchange, and alteration of the clay 
minerals (20, 21, 22). Swenson and Gillot (20) postulated 
that dolomite rhombs embedded in the calcitic-clay matrix 
contain impurities of an active clay mineral. On dedolo-
mitization, this clay is made accessible to concrete pore-
water solution, and exchange sites on the clay surfaces 
adsorb sodium ions and water, producing excessive swell-
ing. Evidence supporting this hypothesis is that when 
saturated concrete beam specimens are dried, expansion 
stops, then proceeds immediately when rewetted. Assum-
ing that the mechanism proposed by Swenson and Gillot is 
correct, a possible solution to the expansion problem based 
on double-layer theory becomes readily apparent. The 
double-layer theory of clays states that several environ-
mental conditions act to increase the potential swelling of 
the clay (i.e., increase the double layer thickness) - Swell-
ing will occur when the cation valence is low, concentration 
is low, dielectric constant is high, or temperature is high. 
Therefore, obvious methods to decrease the swelling poten-
tial are (1) to increase cation concentration, (2) to increase 
cation valence, or (3) a combination of both methods. 
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Because of the complex reactions involved in cement 
chemistry and the multitude of interacting ions in the pore 
fluid, it was not practical to select cation concentrations 
based on double-layer theory alone. Therefore, an empiri-
cal approach was used to evaluate this possible technique 
for upgrading alkali-carbonate reactive aggregates. 

Assessment of the Problem 

The most susceptible materials occur in a formation in 
the Canadian shield in the vicinity of Kingston, Ontario 
(23, 24), but problems have also been encountered in 
New York State, Virginia, Ohio, and some midwestern 
states (15, 20, 22, 25, 26, 27, 28,,29). Like D-cracking, 
the geographical extent of the problem is somewhat limited, 
but it can be a serious form of deterioration. 

Potential for Upgrading 

Because the reactive mechanism apparently requires 
moisture and alkali or hydroxyl ions from the cement paste 
to proceed, several possible upgrading procedures were 
immediately apparent: 

Prevent direct contact between the aggregate and the 
cement paste (coatings). 

Reduce the surface area available for the reaction to 
occur (impregnation). 

Reduce the amount of reactive material (blending 
with nonreactive aggregates). 

Reduce or counteract the alkali activity (admixtures). 

Coatings, especially semipenetrating coatings, seemed to 
offer the most promise, provided that a suitable coating 
material could be found that was impermeable to moisture 
and alkali and hydroxyl ions. Impregnation also warranted 
consideration, although it might not provide a sufficient 
barrier to prevent attack at the outer surface of the aggre-
gate particles. Work has already been done on blending 
techniques. However, the use of cation admixtures to sup-
press swelling tendencies was a new approach and received 
some consideration. 

Conclusions 

Alkali-carbonate reaction is a problem of serious con-
cern, although somewhat geographically limited. The sus-
pected mechanism of attack suggested that semipenetrating 
aggregate particle coatings would offer the highest potential 
for success in mitigating the problem. Therefore, this prob-
lem was investigated in conjunction with coating-type 
upgrading procedures. Also, the potential affieliorative 
effect of cation admixtures was. investigated. The main 
question that exists regarding research in this area is 
whether or not upgrading procedures are economically 
feasible in view of the known beneficial effects of using 
low-alkali cement in concrete (30, 31). However, recent 
energy conservation measures and decreasing availability 
of low-alkali raw materials in cement manufacture have 
made low-alkali portland cement increasingly difficult to 
obtain. 

Alkali-Silica Reaction 

Like alkali-carbonate, the alkali-silica reaction is an ex-
pansive chemical reaction that occurs with certain aggre-
gates in PCC. Concrete subject to alkali-silica reaction 
expands appreciably and forms wide "map" cracks that 
generally display exudations of water-rich silica gel (32). 
Virtually total disintegration of the concrete usually re-
sults. The primary rock types involved, which all contain 
reactive silica, are (in order of decreasing severity): 
opaline cherts, limestones, and shales; rhyolites, andesites, 
and other acidic lavas containing glass matrix; and siliceous 
limestones and sandstones with chalcedonic matrix (33, 
34, 35). The aggregate materials affected are primarily 
gravels, but the problem may occur with some ledge rocks. 
The primary mechanism of deterioration apparently in-
voles a chemical reaction of the susceptible silica minerals 
with alkalies from the cement paste to produce alkali-
silicate complexes, which hydrate readily to form volumi-
nous silica gels (31, 36). 

Assessment of the Problem 

Alkali-silica reaction problems are more widely encoun-
tered than alkali-carbonate problems. The geographical 
regions most severely affected are the west, the midwest, 
and the southeast portions of the United States. As men-
tioned previously, alkali-silica reaction is a highly destruc-
tive mechanism. 

Potential for Upgrading 

The same observtions made about the alkali-carbonate 
reaction problem apply equally to the alkali-silica reaction 
problem, except that swelling clay minerals are not present. 
The use of pozzolanic admixtures as well as low-alkali 
cements has proved successful in mitigating, often even 
stopping, the problem (32, 34). Blending with nonreactive 
aggregates can alsp reduce the problem, but care must be 
exercised, as the maximum reactivity apparently occurs at 
some intermediate (pessimum) concentration of reactive 
particles. As in the case of the alkali-carbonate problem, 
coatings seemed to present the highest probability of suc-
cessfully deterring alkali-silica reaction. Impregnation. 
might also work. 

Conclusions 

The alkali-silica reaction problem is a serious form of 
aggregate-related deterioration in PCC, which can be a 
problem over a, fairly wide geographical portion of the 
United States. It is believed to be amenable to solution 
by coatings and possibly by impregnants. Accordingly, 
this problem was studied relative to coating-type upgrading 
methods. However, analogous to the alkali-carbonate reac-
tion problem, there is some question regarding the eco-
nomics of such procedures in the light of the demonstrated 
ability of low-alkali cements, as well as pozzolans, to miti-
gate the problem. 

Cement-Aggregate Reaction 

Cement-aggregate reaction was previously believed by 
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certain workers (37, 38, 39) to be different from alkali-
silica reaction primarily because of inadequate examination 
of the aggregate to identify the alkali-silica reactive con-
stituents and because distress in certain situations was not 
found to increase with increasing alkali (content of the 
cement. Hadley (40) clarified both of these points and 
showed that concentration of the alkali in the pore fluid 
near the surface of the concrete under severe drying condi-
tions produces an environment that can result in alkali-
silica reaction, even with low-alkali cements. Therefore, 
because this problem is apparently only a special form of 
alkali-silica reaction, it will not be considered separately. 

Disruptive Volume Change (Expansive) 

Most of the mechanisms of the destruction of PCC re-
lated to deleterious features of the coarse aggregate involve 
expansive volume changes. However, this topic area refers 
specifically to those aggregates that undergo destructive 
volume change with changes in moisture content, usually 
in conjunction with cyclic temperature variations. The type 
of aggregate primarily involved here closely resembles the 
variety found to be involved in the alkali-carbonate reac-
tion problem—clay-bearing dolomitic limestone (41, 42). 
The major difference between the two seems to be that the 
dedolomitization reaction has already. occurred in the ag-
gregate materials subject to disruptive volume change. 
Other rock types are also subject to this form of attack, 
but these are materials that are not normally employed as 
aggregates because of their generally poor characteristics 
(shales and siltstones). 

Assessment of the Problem 

To date, documented evidence of destructively expansive 
aggregates relative to the mechanism described above has 
been obtained only for certain rock formations in New 
York State. However, becaue the mechanism, rock type, 
and mode of failure are similar to those of the alkali-
carbonate reactionproblem, it is possible, even likely, that 
the disruptive volume change mechanism occurs elsewhere, 
but is identified as alkali-carbonate reaction. It can also 
be easily confused with freeze-thaw problems. 

Potential for Upgrading 

Because the destructive mechanism requires the presence 
of water, and the reaction sites are interstitial clay minerals, 
impregnation or cation admixtures seem to offer the most 
promise as an upgrading technique. Coatings should also 
work provided they are sufficiently impenetrable to mois-
ture (including vapor phase). 

Conclusions 

Because the geographical area in which this problem has 
been recognized is quite limited, it was not pursued in this 
research. 

Disruptive Volume Change (Shrinkage) 

cies in concrete (43, 44). This results in the loss of aggre-
gate bond and a consequent reduction in the strength of 
the concrete. It is believed to be a drying shrinkage 
problem. 

Assessment of the Problem 

The problem of shrinking aggregates is exceedingly rare. 
Although it is reportedly prevalent in South Africa, only 
one instance of its occurrence has been identified in the 
United States: 

Potential for Upgrading 

Because the problem is a water-related one, it is quite 
possible that it could be eliminated by impregnation or 
coating of the aggregate particles. Other upgrading tech-
niques did not appear to be applicable. 

Conclusions 

Because of the extremely,  limited occurrence of this 
problem, it was not pursued in this research. 

Minor Deleterious Constituents 

This problem area relates to aggregates that •contain 
minerals known to produce deleterious reactions with 
hydrated portland cement. This is considered separately 
from the "reaction" type problems previously discussed 
because the react We constituents are dangerous when pres-
sent in very small concentrations in the aggregate. In-
cluded in this category are such minerals as magnesia, 
sulfides or sulfites (pyrite and marcasite), sulfates (prin-
cipally gypsum), and base exchange media (zeolites and 
montmorillonite clays) (45, 46). 

Assessment of the Problem 

Severe deterioration of concrete can result from very 
small concentrations (less than 1 percent in most instances) 
of the minerals mentioned. Problems are not common, 
however, probably because most of the minerals listed are 
rapidly eliminated or rendered innocuous through weather-
ing processes and, therefore, present no problem by the 
time the aggregates are incorporated in concrete. 

Potential for Upgrading 

The potential for upgrading aggregates subject to this 
problem by the methods considered here is believed to be 
very poor because of the small percentage of the deleterious 
constituents in the aggregate and their varied nature. 

Conclusions 

Because of the limited nature of this problem area and 
the small fraction of the affected aggregate involved, this 
problem area was not considered further in this research. 

Objectionable Coatings 

	

In certain, apparently rare instances, aggregates have 	Objectionable coatings are coatings on the individual 

	

been encountered that display excessive shrinkage tenden- 	aggregate particles which may interfere with particle- 
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matrix bonding or may be reactive with the matrix or the 
aggregate itself. These may include mineral materials such 
as dust or clay, or chemical materials such as precipitated 
salts. It is a problem most frequently associated with 
gravels, but it may also occur with crushed aggregates as 
dust coatings. 

Assessment of the Problem 

Although attention is called to the potential deleterious 
nature of aggregate particle coatings in ASTM Designation 
C 295, the virtual total absence of coverage of this topic in 
the technical literature tends to indicate that it does not 
constitute a serious problem. 

Potential for Upgrading 

Dust and clay coatings can most easily be removed by 
mechanical means (washing), which was nof within the 
purview of this research project. Reaction rims in gravels 
might be, rendered innocuous by impregnation. The other 
upgrading techniques were not considered to be applicable 
here. 

Conclusions 

In view of the apparent absence of a serious problem in 
this area, as judged from lack of treatment in the literature, 
this problem area was not considered further in this 
research. 

AGGREGATES FOR BC PAVING MIXTURES 

Stripping 

Stripping is the loss of adhesion between the aggregate 
and the asphaltic binder in a bituminous concrete pave-
ment. It results in cracking, surface raveling, aggregate 
loss, and, in general, a serious deterioration of the pave-
ment. Basically, stripping can be said to be caused by the 
entrance of water into the pavement matrix. Just how the 
mechanism operates, however, is still in debate. Certainly 
the major role in the stripping process is played by the 
surface characteristics of the aggregate, both chemical and 
physical. The relative "wettability" of the aggregate as 
measured by the surface energies or contact angles among 
the aggregate, asphalt, and water is important (47). This 
depends on the mineralogy of the aggregate as well as such 
physical aspects as weathering, which tend to decrease 
surface energies. The surface texture or anchor pattern 
presented by the aggregate may also play a part from the 
purely physical standpoint of bonding. In some instances, 
stripping, may be initiated or aided by the action of traffic 
or freezing and thawing (48). It has also been suggested 
that spontaneous emulsion formation may be a contributing 
factor (49). Dust or other surface coatings that tend to 
reduce adhesion may enhance stripping tendency. 

The aggregates most likely to cause problems are sili-
ceous materials such as quartz, quartzite, sandstone, chert, 
granite, and rhyolite (48, 491. However, some limestones 
are also affected, probably because of "dusting" (surface 
coating) problems (50). 

Assessment of the Problem 

The stripping problem is insidious because it can start 
on the underside of the pavement and progress upward 
(49). By the time its effects are manifested at the surface, 
the pavement is virtually destroyed. Thus it is a highly 
deleterious form of attack. Although a Transportation 
Research Board questionnaire (51) indicates that the prob-
lem is found in all areas of the United States, the literature 
seems to indicate that it is especially prevalent in the welt. 
Stripping is also of concern in open-graded friction courses 
and some states routinely specify an antistrip agent for this 
type of paving mixture. 

Potential for Upgrading 

The potential for upgrading stripping-prone aggregates 
by coatings and impregnation is not believed to be promis-
ing. However, coatings seem to offer, the most promise. 
Antistripping agents are currently being used in practice, 
and considerable research has been done on chemical treat-
ment of aggregates and use of admixtures to overcome 
stripping problems (49, 50, 52, 53, 54, 55, 56, 57). Anti-
stripping agents added to the aggregate or asphalt appear 
to be the most promising from a practical viewpoint. 

Conclusions 

The stripping problem was considered to be one of 
sufficient magnitude and extent to warrant further study. 
The most promise for success in alleviating this problem 
seemed to lie in the area of antistripping agents (chemical 
treatment of aggregates, or additives). Coatings have not 
been appreciably studied and might be an effective upgrad-
ing technique. Therefore, the stripping problem was studied 
in the light of upgrading susceptible aggregates by coating 
methods and by use of admixtures. 

Degradation 

The term "degradation" is used to describe all types of 
breakdown of the aggregate particles in bituminous con-
crete pavements and base courses. The mechanism may 
be purely mechanical; that is, resulting from compactive 
effort during construction or traffic loading (58, 59, 60). 
It may also be chemical, involving weathering processes, 
or it may be a combination of mechanical and chemical 
mechanisms (61). In any case, the result is a loss of 
stability due to reduction of particle contact and pseudo-
aging (embrittlement) of the pavement caused by produc-
tion of excess fines (62). Chemical degradation is primar-
ily associated with some ultrabasic, extrusive igneous rocks 
(basalts) containing secondary minerals (60, 62, 63, 64). 
Typically, this material will pass acceptance tests when 
freshly crushed, but the secondary minerals (principally 
interstitial glass) quickly weather to clay minerals. This 
produces fines and weakens the aggregate to the point 
where further breakage can readily occur through physical 
means. Aggregates of this type have even been known 
to degrade in stockpiles. 

Some carbonate rocks and greywackes have been found 
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to be degradable (63, 65).. The process in these materials 
is believed to be primarily physical, related to low strength 
or inherent mechanical weaknesses. 

Assessment of the Problem 

Although apparently not as widespread a problem as 
stripping, degradation is a highly serious problem where 
it occurs. It has been identified primarily with basalts 
from the northwest and Idaho (59), basic and ultrabasic 
igneous rocks in California (66), a few midwestern lime-
stones, and greywackes in New York State (63). 

Potential for Upgrading 

The only upgrading procedure that appeared to offer 
sufficient potential for success to warrant further consid-
eration was impregnation. Furthermore, only impregnants 
capable of imparting appreciable improvements in me-
chanical properties (i.e., strength) were considered to be 
useful. 

Conclusions 

In view of the serious consequences of degradation on 
pavement life, the moderate geographical extent of this 
problem, and the considered potential for success in up-
grading by impregnation, this problem was included in 
this research. 

Absorption 

When the pore size or .pore volume of an aggregate 
is considerable, asphalt absorption can be a major prob-
lem in bituminous pavements. There are several reasons 
for this. First, if appreciable absorption of the asphalt 
takes place, the effective asphalt content of the paving 
mixture is reduced, resulting in an increase in air voids 
and lowered durability (67, 68, 69). This can result in 
shrinkage cracks, raveling, and general disintegration of 
the pavement in acute instances. Also, there is a cost 
factor if allowance is made for absorption by means of 
higher asphalt content. 

In addition to the general problem of absorption, cer-
tain aggregates may be subject to selective absorption 
(69). This occurs when certain constituents of asphalt 
cement (the malthenes or oils and lighter resinous frac-
tions) are preferentially absorbed by the aggregates. The 
result of selective absorption is an increase in the as-
phaltene content of the binder, a process akin to aging. 
Consequently, embrittlement and reduced pavement life 
ensue. 

All highly porous aggregate materials are associated 
with excessive absorption. Sandstones are the primary 
offenders, but some limestones and dolomites can also 
present problems (70). 

Assessment of the Problem 

In terms of severity, absorption ranks well below degra-
dation and stripping as an aggregate-related source of 
pavement failure. Furthermore, although it may be en- 

countered throughout the United States, the incidence of 
problems related to absorption appears to be low. On 
the basis of the literature review, selective absorption ap-
pears to be quite rare as a cause of pavement distress. 

Potential for Upgrading 

Although the potential for upgrading absorptive aggre-
gates by coatings and possibly impregnation was consid-
ered promising, the economics seemed to be questionable. 

Conclusions 

In view of the apparently minor nature of the problems 
associated with absorptive aggregates and the questionable 
economics of upgrading, this problem area was not con-
sidered further in this research. 

Objectionable Coatings 

The major deleterious effect of coatings on aggregate 
particles in BC paving mixtures is their influence in the 
stripping problem (previously discussed). The comments 
made previously with respect to objectionable coatings on 
aggregates in PCC paving mixtures are also appropriate 
here. Therefore, this is not considered as a separate sub-
ject. 

SUMMARY 

The aggregate problem areas described in this appendix 
and the recommendations for upgrading are given in 
Table A-i. In summary, the problem areas selected for 
further study were: 

PCC: Freeze-thaw. 
PCC: D-cracking. 
PCC: Alkali-carbonate reaction. 
PCC: Alkali-silica reaction. 
BC: Stripping. 
BC: Degradation. 
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SUMMARY OF AGGREGATE PROBLEM AREAS AND SELECTIONS FOR UPGRADING 	 - 

Potential for Upgrading 
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This appendix considers various testing procedures for 
identifying problems and for evaluating upgrading meth-
ods relative to the six problem areas identified in Ap-
pendix A as being potentially amenable to upgrading. In 
the interest of.brevity, detailed discussions of the methods 
obviously not suited to the special needs of this research 
project are avoided; however, the reasons for summary 
dismissal are made clear in those instances. In all cases, 
untreated aggregates were tested in the same manner as 
treated aggregates to compare the effects of aggregate 
treatment. 

PCC PAVING MIXTURES 

Freeze-Thaw 

A rather wide variety of potential freeze-thaw methods 
was available for consideration. Some involved freeze-
thaw testing of individual particles; others used unconfined 
aggregates; still others involved aggregates in concrete. 
The single-particle tests (linear expansion, confined and 
unconfined (1), and volumetric expansion (1)) were not 
considered further, inasmuch as this research deals with 
aggregates rather than particles. (The difference is of 
prime importance in dealing with heterogeneous aggre-
gates such as gravels.) Time and equipment limitations 
also precluded consideration of single-particle tests. Fin-
ally, none of these methods are standard test procedures 
and they have not enjoyed sufficient use in the past to 
validate their use in this research. Unconfined freeze-
thaw testing of aggregates (2) is also subject to the latter 
two deficiencies described and, therefore, was also not 
considered further. 

Of the four methods identified for evaluation of freeze-
thaw resistance of aggregates in concrete, two (ASTM 
C 666 and ASTM C 682) are standard test methods. 
ASTM C 666, "Standard Test Method for Resistance of 
Concrete to Rapid Freezing and Thawing," involves rapid 
freezing of concrete specimens in water ("Procedure A") 
or in air ("Procedure B") and thawing in water. ASTM 
C 682, "Standard Recommended Practice for Evaluation 
of Frost Resistance of Coarse Aggregates in Air-Entrained 
Concrete by Critical Dilation Procedures," involves a slow 
freeze-thaw cycle that approximates the maximum freezing 
rates commonly found in the field. ASTM C 682 dis-
criminates aggregates well with respect to frost sensitivity 
and is the only test that even comes close to approximating 
conditions in nature (1, 3, 4, 5). 

One of the two nonstandard test methods involves 
measuring specimen length changes while rapidly freezing  

concrete specimens in air (6). The other is a unidirec-
tional freeze-thaw cycling procedure, achieved by cyclic 
variation in the position of the 0 C isotherm in a specimen 
that is suspended with the cold end in air and the warm 
end in water (7). Because both of these methods are non-
standard, have been used to a very limited extent, and 
require specialized equipment, they were not considered 
further. 

Selected Test Procedure. Either ASTM C 666 or ASTM 
C 682 could have been used in this research to evaluate 
freeze-thaw-prone aggregates. However, the rapid freeze-
thaw facilities (ASTM C 666) were needed for evaluation 
of the D-cracking problem (discussed later). Therefore, 
ASTM C 682 was used for evaluation of freeze-thaw prob-
lems. The test specimens were prepared, conditioned, and 
tested in accordance with ASTM C 682 with the following 
exceptions: 

Aggregate conditioning consisted of soaking in water 
for 24 hr prior to incorporation in the concrete specimens. 

Each batch (aggregate-treatment combination) con-
sisted of three specimens, all of which were conditioned 
by soaking in water at 35 F for three weeks following 
the prescribed curing period. 

Freeze-thaw cycling was continued for each speci-
men until either the dilation exceeded 1,000 micro-inches 
(25.4 micro-metres) or 12 cycles had been completed, 
whichever occurred first. 

D-Cracking 

There does noV exist a national standard method for 
evaluating D-cracking problems. It is known that D-crack-
ing is a freeze-thaw related phenomenon, but it is critically 
dependent on other, as yet undefined, conditions (8). 
Most of the attempts to arrive at a satisfactory test method 
for D-cracking have been carried out by the Portland 
Cement Association (8, 9, 10) and the Ohio Department 
of Transportation (11, 12). The best results to date have 
been achieved with variations of ASTM C 666 (9, 10, 11, 
12), described previously under freeze-thaw tests. How-
,ever, sorption tests have also provided some degree of 
success (8). 

Selected Test Procedure. Clearly, the only logical choice 
of a test method for D-cracking was ASTM C 666. Ac-
cordingly, the method of test recommended by the Ohio 
Department of Transportation (DOT) (11) (ASTM 
C 666, Procedure A, with periodic length measurements 
as the test variable) was used with the following ex-
ceptions: 
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Specimen size was 3 x 3 x 14 in. (7.6 x 7.6 x 35.6 
cm) (Ohio DOT uses 3 x 4 x 15 in., or 7.6 x 10.2 x 
38.1 cm). 

Each specimen was subjected to a total of about 
350 freeze-thaw cycles (Ohio DOT uses 300). 

Six freeze-thaw cycles were run per day (Ohio DOT 
uses eight). 

Each aggregate-treatment combination was repre-
sented by two specimens (Ohio DOT uses three). 

Alkali-Carbonate Reaction 

A wide variety of test methods has been used to eval-
ulate alkali-carbonate reactivity. However, these methods 
can be classified into four general types as follows: 

Expansion of unconfined aggregate specimens in 
NaOH solution (rock cylinder—ASTM C 586 and sawed 
rock prisms [131). 

Reactivity of crushed, unconfined aggregate in NaOH 
solution (chemical method—ASTM C 289 and pressure 
cell method [14]). 

Expansion of mortar prisms (ASTM C 227 and 
ASTM C 342). 

Expansion of concrete prisms (ASTM C 157 (15) 
and variations thereof (14, 16,17,18)). 

Chemical tests involving the interaction of aggregate 
materials and alkaline solutions (the tests falling into the 
first two categories above) may indicate potential alkali 
reactivity in concrete, but they are not as reliable or as 
reproducible as tests involving the aggregates in concrete 
(19). Tests falling in both the second and third categories 
re4uire that the aggregate be crushed to fine gradations, 
which made the tests in these groups inappropriate for 
this research. The concrete prism methods have been 
found to be the most reliable means of assessing alkali-
carbonate reaction (16). 

Selected Test Procedure. ,The literature clearly indicates 
that expansion of concrete prisms presented the best means 
of evaluating alkali-carbonate reaction. Therefore, speci-
mens were prepared and tested in accordance with ASTM 
C 157, "Length Change of Hardened Cement Mortar and 
Concrete," using the water storage option described therein. 
Sodium hydroxide was added to the concrete mixture to 
make the total alkalies (Na,O equivalent) equal to 2 per-
cent by weight of the portland cement content. The tests 
were run for 32 weeks, with length measurements taken 
at the times prescribed in ASTM C 157. Three specimens 
were made and tested for each aggregate-treatment com-
bination. In the only departure from ASTM C 157, the 
specimen size was 3 x 3 x 14 in. (7.6 x 7.6 x 35.6 cm) 
in order to use the same molds used for making the D-
cracking specimens (ASTM C 157 specifies a specimen 
size of 3 x 3 x 111/4  in. (7.6 x 7.6 x 28.6 cm). 

Alkali-Silica Reaction 

The test methods that have been used for evaluation of 
alkali-silica reactions are included in the methods described 
in the previous section on alkali-carbonate reactions. These 
include chemical activity (ASTM C 289), expansion of  

mortar prisms (ASTM C 227), and expansion of concrete 
prisms (ASTM C 157) (19,20, 21).. As in the case of the 
alkali-carbonate reaction problem, the first two of these 
methods were not considered appropriate for this research 
project. 

Selected Test Procedure. Exactly the same test proce-
dure selected for the alkali-carbonate reactive aggregates 
was used for the alkali-silica reaction problem. 

BC PAVING MIXTURES 

Stripping 

With some aggregates, water has the tendency to strip 
or displace the asphalt from the aggregate. Many so-called 
stripping tests have been proposed to measure this mecha-
nism (22), but they have not been uniformly successful 
because of the importance of mixture variables, such as 
asphalt content and air voids. Sample conditioning, such 
as the degree of saturation, pore water pressure, and 
freeze-thaw cycling, also affects the water resistance of 
bituminous mixtures (23). 

The immersion compression method (ASTM D 1075) as 
well as immersion Marshall procedures have been used to 
evaluate the effect of water on compacted bituminous mix-
tures (22). These procedures have not always met with 
success when compared with field performance; however, 
they can be useful when tempered with local experience. 
Recent research by Lottman (24) on development of a test 
procedure for predicting the effect of water on bituminous 
mixtures has shown that sample conditioning is an im-
portant factor. He used the loss in diametral strength and 
diametral modulus to predict the resistance of bituminous 
mixtures to water. The specimens were preconditioned 
using vacuum saturation, 140 F soaking, and freeze-thaw 
cycling. 

Selected Test Procedure. The testing methods .(E-modu-
lus and diametral tensile strength) and conditioning proce-
dure recommended by Lottman (24) were used to evaluate 
the resistance to water of both the treated and untreated 
mixtures. In addition, Marshall stability (after immersion) 
and the diametral (resilient) modulus as proposed by 
Schmidt (25) were used. The diametral modulus was per-
formed as a nondestructive test on the E-modulus, diame-
tral strength, and Marshall samples. Conditioning included 
140 F soak after vacuum saturation and 0 F freezing. The 
effectiveness of each treatment or antistripping agent was 
evaluated by comparipg the loss in property (E-modulus, 
Marshall stability, etc.) before and after sample condi-
tioning. 

Degradation 

Certain aggregates are susceptible to degradation before 
being combined with either asphalt or cement. The degra-
dation may occur from weathering (basalts (26, 27, 28, 
29) or from mechanical degradation or abrasion during 
handling operations (soft limestone (30)). There are no 
generally accepted procedures for evaluating the resistance 
of an aggregate to the mechanical or chemical degradation 
resulting from handling and weathering. The Los Angeles 
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abrasion test (ASTM C 131) has been variously considered 
as a measure of abrasion, impact strength, and crushing 
resistance. The particular degradation mechanism it re- 
flects often depends on the nature of the particular aggre-
gate, as with the fracturing of blast-furnace slag or the 
abrasion of fines from limestone. Other measures of 
mechanical degradation include wet abrasion (e.g., Wash-
ington degradation test, AASHTO T 210) and sulfate 
soundness. 

Another form of degradation that occurs with some 
aggregates in bituminous pavements apparently results 
from the compactive effort applied during construction or 
subsequent compaction by traffic loads. As in the case of 
"stockpile" degradation, discussed previously, there are no 
generally accepted methods for evaluating degradation due 
to compaction. Methods involving the determination of 
aggregate gradations before and after compaction of bitu-
minous paving mixtures were deemed to be acceptable for 
the purposes of this research. The compactive effort can 
be conveniently applied in the laboratory by means of the 
Marshall drop hammer (ASTM D 1559) or the California 
kneading compactor (ASTM D 1561). The latter tech- 
nique was considered the more appropriate of the two 
because it produces a shearing action more like that experi- 
enced under field compaction and is somewhat less severe 
with regard to impact than the Marshall drop hammer. 
Also, compaction levels attained with the kneading com-
pactor are more consistent with field compaction. 

Selected Test Procedure. In view of the varied nature of 
the degradation problem and the absence of a widely ac- 
cepted test procedure, a variety of tests were selected. 
Those related, primarily to "stockpile" degradation (me-
chanical and chemical) included such "standard" tests as 
the Los Angeles abfasion test (ASTM C 131) and the 
Washington degradation test (AASHTO T 210). The L.A. 
abrasion test was used as a measure of the mechanical 
integrity of the aggregate, although a high L.A. abrasion 
loss may result from a number of different degradation 
mechanisms, depending on the nature of the aggregate. 
Attention was focused on the nature of the fines resulting 
from this tsst. The Washington degradation test, which is 
also an abrasion test, was included because it is used by a 
number of agencies and has been correlated with 'field 
performance. A wet (modified) L.A. abrasion test would 
have been an acceptable substitute, but it is more cumber- 
some to run and requires more aggregate than the Wash-
ington test (31). Duplicate samples were run in each of 
these two tests for all aggregate-treatment combinations. 

Two other tests of degradation by weathering (chemical) 
action, both nonstandard, were run. The first test was rela-
tively simple. A 1000-g graded sample (No. 4 to 3/4  in. 
or 4.76 to 19.0 mm) of each aggregate was subjected to 
alternating one-week periods of wetting and drying for six 
months, and the weight loss was measured. Three samples 
were run for each aggregate-treatment combination. 

The second test performed is one that is commonly used 
to delineate the presence of unburned clay in lightweight 
aggregates. In this test, samples of aggregate were exposed 
to elevated temperature and pressure to determine their 
resistance to slaking (32). There is no previously reported 

experience with this test method for evaluating weathering. 
However, there were sufficient theoretical reasons .to be-' 
lieve that the slaking test might be a useful tool for this 
purpose and to warrant using it in this research. In this 
instance two samples were run for each aggregate-treatment 
combination. 

The final degradation test involved compaction of bitu-
minous paving mixtures. Degradation under compaction 
was evaluated by determining aggregate gradation before 
and after compaction. Compactive effort was applied by 
means of the California kneading compactor (ASTM D 
1561) on bituminous mixtures at optimum asphalt cement 
contents. Three specimens at each of three levels of com-
pactive effort were used for each aggregate-treatment com-
bination. 

SUMMARY 

A summary of the test procedures used in this research 
is presented in Table B-i. 
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Stripping 
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Concrete Beam Expansion 
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Voids Analyses 
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ASTM C 157 
ASTM C 157 

ASTM D 1559 
ASTM D 1188, 2041, 2726 

E-Modulus & Diametral Tensile Str. (24) 
Marshall Immersion 	 ASTM D 1559 
Resilient Modulus 	 () 

Unconfined Wet-Dry 
L. A. Abrasion 	 ASTM C 131 
Washington Degradation 	 AASHTO T 210 
Pressure Slaking 	 Tex-431-A 
Compaction Degradation 	 ASTM D 1561 

1See Asphalt Institute Manual MS-2 

WILLIAMS, F. M., TREFNY, N., PAXTON, J. T., and 
DAVIS, H. D., "Development of Laboratory Methods 
for Determining D-Cracking Susceptibility of Ohio 
Gravel and Limestone Coarse Aggregates in Concrete 
Pavements." OHIO-DO T-07-74, Ohio DOT (Oct. 
1974) 66 pp. 
AxoN, E. 0. and LLND, J., "Alkali-Carbonate Reac- 
tivity-An Academic or a Practical Problem?" Hwy. 

Res. Record 45 (1964) pp. 114-125. 
GILLOTT, J. E., "A Cell Test Method for the Study of 
Alkali Carbonate Rock Reactivity." Proc. ASTM, Vol. 
63,pp. 1195-1205 (1963). 
NEWLON, H. H., and SHERWOOD, W. C, "An Occur-
rence of Alkali Reactive Carbonate Rock in Virginia." 
HRB Bull. 355,pp. 27-42 (1962). 
SWENSON, E. G., and GILLOT, J. E., "Alkali-Car-
bonate Rock Reaction." Hwy. Res. Record 45 (1964) 
pp. 21-40. 
BUCK, A. D. "Control of Reactive Carbonate Rocks 
in Concrete." Final Report AEWES-TR-C-75-3 (1975) 
80 pp. 
EMERY, J. J., and DRYSDALE, R. G., "Evaluation of 
Potential. Alkali-Carbonate Reactions." ASTM STP 
597, pp. 11-24 (1976). 
MIELENZ, R. C., "Chemical Tests for Alkali Reac- 
tivity of Concrete Aggregates." HRB Res. Rep. 18-C 
(1958) pp. 26-28. 
DUNN, J. R., and OzoL, M., "Deleterious Properties 
of Chert." Rep; RR64-6 (Final Report), Bur. Phys. 
Res., New York State Dept. of Pub. Works (1964) 

25 pp. 
MATHER, B., "Physical Tests on Concrete and Mor- 
tar." HRB Res. Rep. 18-C (1958) pp. 21-24. 
MAJIDZADEH, K., and BROIJLD, F. N., "Effect of Water  

on Bitumen-Aggregate Mixtures." HRB Spec. Rep. 98 

(1968) 77pp. 
JIMENEZ, R. A., "Testing for Debonding of Asphalt 
from Aggregates.' Transp. Res. Record 515 (1974) 

pp. 1-17. 
L0TTMAN, R. P., "Predicting Moisture-Induced Dam- 
age to Asphaltic Concrete." Final report on NCHRP 
Project 4-8(3) (Feb. 28, 1974). 
SCHMIDT, R. 1., "Effect of Temperature, Freeze-Thaw, 
and Various Moisture Conditions on the Resilient 
Modulus of Asphalt-Treated Mixes." Transp. Res. 

Record 515 (1974) pp. 27-39. 
HENDRIcKs0N2'L. G., and SHUMWAY, R. D., "Analysis 
of Questionnaire on Aggregate Degradation." Hwy. 

Res. Cir. 144 (July 1973) 14 pp. 
TURNER, R. S., and WILSON, J. D., "Degradation of 

Some Washington Aggregates." Bull. 232, Washington 

State Inst. Tech. (1956). 
BUCKLAND, A. H., "The Degradation of Roading 
Aggregate." New Zealand Road Fed. (1966) 13 pp. 
MOAVENZADEH, F., and GOETZ, W. H., "Aggregate 
Degradation in Bituminous Mixtures." Hwy. Res. 

Record 24 (1963) pp. 106-137. 
AUGI-IENBAUGH, B., JoHNsoN, R. B., and YODER, E. J., 
"Degradation of Base-Course Aggregates During Com- 
paction." Tech. Rep. 166, Cold Regions Res. and Eng. 
Lab., U.S. Army Dept(1966). 
LARSON, L. J., MATHIOWETZ, R. P., and SMITH, J. H., 
"Modification of the Standard Los Angeles Abrasion 
Test." Hwy. Res. Record 353 (1971) pp. 15-24. 
LEDBETTER, W. B., MOORE, W. M., and GALLAWAY, 
B. M., "A Synthetic Aggregate Classification System- 
Final Report." Res. Rep. No. 81-15F, Texas Transp. 

Inst. (May 1971). 



APPENDIX C 

IDENTIFICATION OF UPGRADING METHODS AND MATERIALS 

27 

PREVIOUS RESEARCH AND APPLICATIONS 

In recent years, considerable research has centered on 
polymer impregnation of porous materials, particularly 
concrete (1, 2). The majority of this research has been 
conducted with methyl methacrylate and similar monomers 
(1, 2), although dther resin systems such as epoxy (3, 
4, 5) and linseed oil (6, 7) have been used. Enhancement 
of concrete properties has been achieved using these and 
other resin systems. 

Coating and impregnation of low-quality aggregates with 
various resins have also been suggested as means of bene-
ficiation (8). The properties of aggregate impregnated 
with methyl methacrylate (MMA), chlorostyrene, and 
combinations of these and related systems have been re-
ported (9, 10). Significant reductions in losses in sound-
ness and abrasion were achieved for greywacke sandstones 
through treatment with organic (polymer) and inorganic 
(CaF0  BaCO3, and CaCO3 ) materials (11). Dolomitic 
limestone impregnated with MMA showed drastic reduc-
tions in both asphalt and water absorption, while providing 
excellent heat stability (9). Steinberg and Colombo (10) 
impregnated arkose sandstone and Oregon tuff with five 
different monomer systems. The compressive strengthand 
modulus of elasticity of the impregnated aggregate in-
creased depending on the monomer used and the weight 
loading of the monomer in the aggregate. Further, the best 
results were obtained for dry aggregates and monomers 
with viscosities greater than that of MMA. These studies 
established the potential for beneficiation of low-quality 
aggregates. The need for detailed research remained in 
specific aggregate problem areas and treatment materials. 

As mentioned in Appendix A, research on chemical 
treatment of aggregates and use of admixtures to overcome 
stripping problems has led to identification of several 
promising antistripping agents (12, 13, 14, 15, 16, 17, 18, 
19). Also, as discussed in Appendix A, the theoretical 
considerations involved in the alkali-carbonate reaction 
problem suggested that certain cationic admixtures might 
provide ameliorative effects. Except for recommendations 
about antistripping agents for bituminous concrete aggre-
gates and cationic admixtures for alkali-carbonate reactive 
aggregates, this appendix deals with the primary beneficia-
tion methods, coating and impregnation. 

IMPREGNATION AND COATING TECHNIQUES 

Treatment Methods 

The primary types of aggregate beneficiation treatments 
considered here may be classified as coatings (external and 
internal) and impregnation. The external coating of aggre-
gates is a technique in which the aggregate surface is  

covered with a continuous film of material. This film 
should contain a minimum of flaws, because flaws would 
permit access, especially by water, to the aggregate. In-
ternal coatings are coatings of the internal pore system, 
where the total porosity of the aggregate may not be filled 
with the coating material. Impregnation of the aggregate 
usually means filling as much of the porosity as possible. 

External coatings can be applied to aggregates by either 
dipping or spraying techniques, using a suitable treatment 
material. Internal coatings and impregnation generally 
can be achieved by the following techniques, but a particu-
lar technique does not necessarily apply to all materials: 

Soak. Porous material is lowered into a vat of treat-
ment material and allowed to soak for a specified time. 

Vacuum. Porous material has a vacuum maintained 
on one section so that the treatment material is pulled into 
and through the material. 

Pressure. Treatment material is forced into the 
porous material by the application of external overpressure. 

Solvent exchange. Porous material is saturated with 
a solvent and immersed in a monomer-solvent mixture. 
The monomer-solvent mixture is changed periodically, and 
in each change the ratio of monomer to solvent increases 
until it approaches 1:0. 

Vacuum-soak. Porous material is placed in a cham-
ber under a vacuum and a liquid impregnant is permitted. 
to enter the chamber and cover the material. The material 
is then allowed to soak in the impregnant for a specified 
period of time. 

Vacuum-pressure. This technique is the same as the 
vacuum-soak technique except that during the time the 
material is soaking in the impregnant the chamber is 
placed under a prescribed overpressure. 

Various combinations of methods 1 through 6. Soak-
ing, solvent exchange, and vacuum-soak were deemed to 
be the principal methods that would be used for obtaining 
an internal coating. Impregnations, on the other hand, 
could be achieved with any of the seven methods. How-
ever, the vacuum method was not considered to be feasible 
with aggregates. 

In addition to these seven methods, patents have been 
issued for obtaining ceramic coatings on aggregates by 
heating in a rotary kiln in the presence of a fluxing agent 
(8). 

In considering the type of external coating, internal 
coating, or impregnation desired, one must also take into 
account the probability that a. purely external or internal 
coating or a total impregnation of the pore system can 
never be achieved. Typically, any of the techniques de-
scribed previously will likely produce, using the same treat- 
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ment material, combinations of external and some internal 
coating, external and internal coating with impregnation, 
etc. Hence, the technique of monomer application used 
will be dictated by other factors. 

In addition to the methods that can be used for achieving 
a coating or impregnation, other factors, such as time and 
volume of material to be treated, must be considered. In 
the case of a given aggregate treatment material combina-
tion to achieve a given monomer loading, if the methods 
are ranked from fastest to slowest, the following order is 
obtained: vacuum-pressure, vacuum-soak, pressure or 
vacuum, soak, solvent exchange. When large volumes of 
material are to be treated, this ranking changes slightly, or, 
from fastest to slowest: soak or vacuum-soak, vacuum-
pressure, pressure or vacuum, solvent exchange. The main 
reasons for the change in the order are materials handling 
and size and strength considerations on overpressure 
chambers. 

The application techniques that offered the most promise, 
in terms of effectiveness and practicality, for this research 
were soak and vacuum-soak. Both methods can be used to 
obtain external coatings, internal coatings, and impregna-
tion. Because of limitations of time and, to a degree, 
equipment, only the soak method was used in this research. 
It is worthy of note that where large volumes of material 
are involved (i.e., commercial operations) savings in im-
pregnation time through the use of vacuum or vacuum/ 
pressure may be offset by additional material handling time. 

Requirements of Treatment Materials 

Important properties of the different candidate materials 
(depending on the treatment technique used) include vapor 
pressure, contact angle, boiling point, melting point, den-
sity, viscosity, toxicity, flash point, solubility, and polym-
erization characteristics of polymeric materials. It is diffi-
cult to rank these properties in importance. Nevertheless, 
an evaluation of the two primary treatment methods, soak 
or vacuum-soak, led to a grouping of the properties. For 
these methods the most important properties probably are 
viscosity and contact angle. 

Viscosity can be directly related to soaking time. Thus, 
less viscous systems result in substantial time savings. 
However, low-viscosity monomers, although having re-
duced impregnation time compared to high-viscosity 
monomers, have a tendency only to coat the large voids in 
porous materials rather than to fill them. 

Contact angle is an important property that is related to 
the capillary uptake of liquids in porous media. Values for 
contact angle are not available for specific aggregates and 
treatment materials. Thus, for a given system, data must 
be obtained for the conditions anticipated. 

For polymeric treatment materials (i.e., monomers that 
are to be polymerized in a given process), next in im-
portance in this property evaluation are polymerization 
characteristics. The temperature of polymerization, the 
time to complete the reaction, and the volumetric shrink-
age upon polymerization are particularly significant. Other 
treatment material properties are not as important as 
viscosity, contact angle, and polymerization characteristics. 

For instance, vapor pressure, toxicity, and flash point can 
often be handled by the proper selection of the system and 
engineering design. Proer temperature control can take 
care of boiling- and melting-point problems in most cases. 

In addition to treatment material properties, other fac-
tors that were considered included availability and cost. 
Availability is important, particularly if large volumes of 
aggregate are to be treated. This tended to preclude the 
investigation of such potential systems as waste pulping 
liquors that have to be modified and prepolymer systems 
because at present they are not commercially available in 
volume. Cost becomes critical if it is excessive. The costs 
of monomer, catalyst or curing agent, crosslinking agents, 
diluents, etc., must be taken into account. 

In addition to treatment material requirements, the solid 
or in-place properties also must be considered. Of primary 
importance in this regard are water vapor transmission 
through the treatment material, its mechanical strength, its 
potential enhancement of the mechanical properties of the 
aggregate, and the interplay effects of the chemical environ-
ment surrounding the treated aggregate and the treatment 
material. 

Monomers and polymers that may be used in treating 
low-grade aggregates can be divided into three general 
classifications: thermoplastics, thermosetting materials, and 
others. Many potential candidate materials were consid-
ered. These included methyl methacrylate, furfural sys-
tems, epoxies, commercial polyesters, phenolics, ethylene 
glycols, boiled linseed oil, linseed oil emulsions (curing 
compounds), sulfur, wax, styrene, and waste pulping 
liquor. In the present case it was decided, because of the 
large number of tests, to evaluate one monomer/polymer 
each of the thermoplastics and thermosetting materials, 
and five systems from the others (linseed oil, glycols, etc.). 

No monomer/polymer system was found to be perfect 
in regard to all of the desired criteria. Many potential 
materials were eliminated because of their presently limited 
monomer production and/or their relatively severe polym-
erization conditions. The systems selected were methyl 
methacrylate (thermoplastic); epoxy (thermosetting); lin-
seed oil emulsion, boiled linseed oil, ethylene glycol, pulp-
ing liquors (Kraft black liquor or lignosulfonates), and 
sulfur (others). Properties of some of these candidate 
materials are given in Table C-i. 

Desired Properties of Treated Aggregates 

In general, almost all of the aggregate problem areas 
except mechanical degradation are related to water absorp-
tion. For reduced water absorption, methyl methacrylate, 
epoxy, linseed oil emulsion, boiled linseed oil, ethylene 
glycol, pulping liquors, and sulfur were considered to be 
potential treatmçnt materials. Mechanical degradation is 
related to aggregate strength, and only methyl methacry-
late, epoxy, and sulfur were believed capable of enhancing 
the mechanical properties of the aggregate. 

Different properties of the various candidate treatment 
materials influenced whether they were used for coatings 
or impregnation. Methyl methacrylate has a high vapor 
pressure, and evaporation from the surface makes it diffi- 
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TABLE C-i 

SOME PROPERTIES OF CANDIDATE COATING AND/OR IMPREGNATION TREATMENT MATERIALS (1) 

Vapor Pressure Melting Boiling Flash 
mm Hg (20°C) Point °C Point °C Density Density Viscosity CPS Point °C 

Material (Monomer) (Monomer) (Monomer) (Monomer) (Polymer) (Monomer) (Monomer) 

Methyl 'Methacrylate 35 -48.2 101 0.94 1.18 0.56 10 

Epoxy Resin 
(EPON 828) very low <R.T. (2) >100 1.15 1.16 Up to 10,000 249 

Boiled Linseed 
Oil low <R.T. (2) 316 0.938 ---- 60 403 

Ethylene Glycol 
(MW 	1000) 	 very low 	%R.T. (2) 	197. 	1.12 	---- 	Solid at room 

temperature 	232 

Sulfur 	 very low 	113 	 445 	1.96 	---- 	Solid at room 
temperature 	207 

Linseed Oil Emul- 	 Adjusted by 
sion (Curing 	

- (2) 	 " 	 addition of 
Compounds) 	 very low 	<R.T. 	_ 	 0.985 	 water 

(1) Pulping liquors are not included in this table. The various pulping processes and tree species produce 
different types of spent pulping liquors. Sulfite process (120-180°C) lignins (lignosulfonates) usually 
have a pH range of 2.0 to 9.0 and these lignins are not severely degraded relative to the lignin struc-
ture of the wood. Sulfate pulping (approximately 160°C) lignins (Kraft process) produce a severely 
degraded lignin molecule as compared to the lignosulfonates, and the Kraft liquor can have a .pH range of 
7.0 to 9.0. Both of the liquors are soluble in water and are produced in a diluted form (with water). 

0) Room temperature. 

cult to obtain an acceptable coating, although it can be 
used very successfully as an impregnant (assuming the 
volumetric shrinkage upon polymerization (approx. 29 
percent) is acceptable). Methyl methacrylate has excellent 
resistance to an alkaline environment. Epoxy can have a 
high viscosity and may have to be thinned by increasing 
the temperature or by dilution for impregnation in a con-
venient time scale. However, its high viscosity makes it 
very acceptable as a coating material. In addition, epoxy 
has excellent chemical resistance in an alkaline environ-
ment. Boiled linseed oil readily forms a film in the pres-
ence of air, but as a film it is not very effective in retarding 
moisture transmission. Three coats of boiled linseed oil on 
wood retards the moisture movement by only about 21 
percent (20). Nevertheless, it has been used successfully 
to reduce the total porosity by about 80 percent in the 
impregnation of concrete (7). Linseed oil emulsions 
(curing compounds) are probably better than boiled lii-
seed oil in retarding moisure movement, which indicated 
that the curing compound would be a better coating mate-
rial than the boiled linseed oil. Boiled linseed oil, on the 
other hand, would probably be a good impregnant. 

Ethylene glycol and pulping liquors are water soluble 
and would be better suited to impregnation than coating. 
If the molecular weight of the ethylene glycol is about 
1,000, it is quite certain that it would be difficult for water 
to remove the ethylene glycol from the pore structure of 
the aggregate. The molecular weights of lignins in waste 
pulping liquors are unknown, but they are believed to be  

quite high and it would probably be difficult for water to 
remove them from aggregates after impregnation. Pulping 
liquors might have value as impregnants for aggregates for 
both PCC and bituminous concrete. Because of their rela-
tively low pH and water solubility, it was concluded that 
they would be usable as coating materials only for bitu-
minous concrete aggregate. Sulfur might be susceptible to 
degradation in an alkaline environment and its long-term 
serviceability in portland cement concrete had to be con-
sidered. Further, because it must be in a molten form, fire 
and fume hazards posed a problem. 

CHEMICAL ADMIXTURES 

Alkali-Carbonate Reaction Problem 

Some aspects of the alkali-carbonate expansive reaction 
problem indicated a potential for solution through the use 
of chemical admixtures. Expanding carbonate rocks have 
been observed in widely separated geologic and geographic 
provinces. Generally, these rocks are quite similar in com-
position and texture. Many are argillaceous, fine-grained 
rocks, and contain approximately equal proportions of 
calcite and dolomite in the carbonate portion, with the 
dolomite rhombs separated by areas of fine-grained calcite. 

Work by Swenson (21) and Hadley (22) showed that 
the following factors significantly affect the rate of expan-
sion of concrete made with reactive aggregates: 

i. The expansion rate and total expansion are related 
directly to the alkali content of the cement. 
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A good correlation exists between the rate of expan-
sion of concrete made with a susceptible aggregate and the 
rate of expansion of the rock in alkali solution. 

The rate of expansion is a function of moisture and 
temperature. 

The expansion of concrete increases with increasing 
maximum particle size of the aggregate. 

All deleteriously alkali-reactive rocks exhibit a dedolo-
mitization reaction between the cement alkalis and the 
dolomite fraction of the rock. Hadley (23) has shown 
that the reaction can be written 

CaMg (CO3) 2  +2 MOH— Mg(OH) 2  + CaCO3  + M.,CO3  

in which M represents K, Na, and/or Li. The factors 
influencing the rate of reaction of dolomite were found to 
be (23): 

Dolomite grain size—smaller grains increased reac-
tion rate. 

Amount and grain size of associated calcite—equal 
amounts of calcite and dolomite caused greatest expan-
sions. 

Solution strength—the greater the concentration, the 
greater the expansion. 

Ionic species—reaction rate was found to decrease 
with the following series: Na> K> Li. 

Many hypotheses have been developed to explain the 
mechanism of expansion. About the only thing they have 
in common is the acknowledgment that the dedolomitiza-
tion reaction occurs. The two considered to possess the 
highest credibility are discussed in detail in the following. 

Osmotic Swelling Mechanism 

As the alkalis in the pore fluid of the concrete migrate 
through the rock pores, they eventually come into contact 
with dolomite rhombs in the matrix of the rock where the 
chemical reaction known as dedolomitization occurs. As 
previously shown in the chemical equation for dedolomiti-
zation, the reaction products are alkali carbonate, calcium 

TABLE C-2 

HYDRATED RADII OF VARIOUS IONS 

Ion 	 Hydrated Radii (A) 

Li+ 	 7.3-10.0 

Na 	 5.6-7.9 

3.8-5.3 

Ca 3.6-5.0 

Ca 9.6 

-4- 
Mg 
4 

10.8 

Fe +3 067(a) 

(a)Non-hydrated radius.  

carbonate, and brucite (Mg(OH)2). Calcium carbonate 
is relatively insoluble, so it will be precipitated out of solu-
tion as calcite in rock pores. The Mg(OH), is only slightly 
soluble (24), but the alkali carbonate is soluble and will 
enter solution (25). Hadley (22) has suggested that the 
reaction products are "locked" around the dolomite rhombs 
with the clay-calcite matrix acting as a semipermeable 
membrane. How are the products locked around the 
dolomite, when the alkalis are free to move through the 
pores to attack the dolomite in the first place? Consider 
the ionic radii as given in Table C-2. Now, if the alkali in 
the cement is predominately NaOH, the dedolomitization 
reaction can be written 

2NaH-20H- +CaMg(CO3)2—> 

2 Na CO3  + CacO3  + Mg -  +2 (OH) 

Sodium hydroxide will be disassociated in solution and 
will exist as hydrated ions of sizes 6.5 A and 1.33 A. 
These will migrate through the rock pores to attack the 
dolomite rhombs. The reaction products will go into solu-
tion as Na (hydrated), CO3  (hydrated), Mg (hy-
drated), and OH-. If the maximum pore size in the rock 
is considered to be of about 8 A radius, the reaction 
products, CO,,= and Mg - , will be "trapped" inside. To 
maintain electrical neutrality, the cations Na and OH -
will have to remain "trapped" near the dolomite rhombs 
also. This theory may explain why lithium hydroxide 
causes less expansion than the other alkalis when concen-
trations of the same activity (23) are used. From Table 
C-2 the hydrated radius of lithium is 7.3 to 10.3 A, which 
may limit its access into the rock pores, and dedolomitiza-
tion can occur only at the interfaces and along microcracks 
in the rock. 

Based on the osmotic swelling mechanism proposed by 
Hadley, and the theory concerning the pore-size-limiting 
role of interstitial clay, it should be possible to equalize the 
ion concentrations by appropriate ion additions, thus elimi-
nating swelling potential. Several important criteria must 
be established before choosing what ions to add to the 
concrete as follows: 

The ions must not interfere with, or alter in any 
adverse way, the hydration, set, or strength of portland 
cement concrete. 

The ions must not contribute to the dedclomitization 
reaction. 

The ions must not react to form any other expansive 
or deleterious substances. 

The ideal cation admixture will not have any deleterious 
effects on the cement hydration reactions or its products. 
It will be a large-ion species, so that it cannot migrate 
through the rock pores, and it must disassociate in the 
saturated Ca(OH), pore fluid. 

Substances that will not interfere with hydration and 
not have any deleterious effects on concrete when added in 
small amounts include neutral salts, alkali hydroxides, 
alkali carbonate, and some nitratesand phosphates. Alkali 
hydroxides were not considered because these are the 
substances to be avoided. Not enough is known about the 
effect of nitrates and phosphates to warrant their use. 
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Alkali salts and carbonates appeared to offer the best 
prospects. To satisfy the large ion size requirement of 
Hadley's hypothesis, LiC1 and LiOCO3  were considered. 
Li2CO3  appeared to be the more reasonable choice for 
three reasons. First, carbonates are the ion species on the 
other side of the "semipermeable clay membrane"; second, 
Li2CO3  is slightly more soluble than LiCI; and third, 
Swenson and Leggett (26) have shown that concrete made 
with expansive aggregate when stored in chloride salt solu-
tions will produce greater expansions. 

Expanding Clay Lattice Mechanism 

As mentioned previously, one of the characteristics com-
mon to all alkali-carbonate-susceptible rocks is that they 
contain appreciable quantities of clay minerals in their 
matrixes. Swenson and Gillot (25) proposed that, upon 
dedolomitization, cracks and channels will open up the 
dolomite rhombs permitting water access to "active" clay 
minerals. 

In the case of swelling clays (montmorillonites), most 
of the- swelling that occurs upon hydration is due to 
"double-layer repulsion" generated by the attraction of 
cations to the negatively charged, layered clay mineral 
system. Expansion, a direct manifestation of the "double-
layer" thickness, varies directly with dielectric constant 
and absolute temperature, and inversely with ion concen-
tration and valence. However, for aqueous solutions, 
dielectric constant is also a function of temperature, and 
Mitchell (27) has shown that the product of dielectric 
constant and absolute temperature remains relatively con-
stant over the temperature range commonly considered. 
Thus, the effect of temperature can generally be neglected 
as a flist approximation. The charge distribution between 
adjacent parallel plates in the layered clay system can be 
computed from Bolt's equation (28) for a single ion 
species. Collis-George and Bozeman (29) have developed 
equations applicable to mixed ion systems. The results 
are that in mono- and divalent systems there is a much 
greater concentration of divalent cations than monovalent 
cations in the double layer, even if the concentration of 
monovalent ions is much greater in the bulk solution. This 
would suggest that small additions of higher-valence ions 
to the system will actually determine the double layer. 

Several idealizing assumptions are involved in the 
double-layer. theory. These include considering the ions 
as point charges, uniform distribution of charges on the 
particle surface, large particle surface relative to the thick-
ness of the double layer, and a fixed dielectric constant 
of the solution. The most important of these assumptions 
is the first concerning ion size. According to Stern (30), 
the larger the ion size, the thicker the layer required to 
accommodate the necessary number of cations, and the 
greater the repulsion. Another factor is that of pH. Clay 
particles may have hydroxyl (OH) - ions exposed on plate 
edges. High pH may force H ions into solution, leaving 
particles with a greater effective negative charge than in 
low pH. Thus, in higher pH, greater interparticle repul-
sion may result. Although the theoretical computations 
do not always agree with observed behavior, many authors  

(31, 32, 33, 34) have shown that, in general, actual swell-
ing behavior is closely approximated by the theoretical 
results. As previously stated, Swenson and Gillot (25) 
have proposed that expansion may be due to the presence 
of an expanding lattice clay in the dolomite rhomb. This 
clay may be a bentonite or montmorillonite, and as long 
as it is sealed off from a supply of water, it will not ex-
pand. When the dolomite rhombs begin to be attacked by 
the alkali in the pore fluid, channels may open up, pro-
viding access for water into the active clay. The expansive. 
forces generated in a clay are due to osmotic swelling 
potentials. The double layers act as the semipermeable 
membrane, holding the cations in a region between the 
interacting layers. 

In the discussion of the double-layer theory, it was 
noted that the larger the valence of the cations the lower 
the expansion. One may ask then, Why does not the 
high concentration of Ca ions in the pore fluid inhibit 
the expansion? Based on the foregoing theory and the 
9.6 A hydrated radius of Ca, it can be seen that 
Ca- would be unavailable to the double layer in the 
interior of the rock. This implication that the rock pores 
are limited to sizes in the 8 to bA radius range is at 
best hypothetical, but it does serve to explain experimental 
observation concerning the expansion. 

In considering admixtures for reducing swelling tend-
ency in the presence of an active clay mineral, a slightly 
different problem than that of a strictly osmotic mecha-
nism is presented. The same general idea applies (that is, 
to equalize concentrations across the osmotic semiperme-
able membrane), but because the nature of that membrane 
is different in both hypotheses, different materials should 
be used. In accordance with the double-layer theory, to 
decrease swelling pressures one must increase cation con-
centration of the pore fluid, increase the valence of the 
cation, decrease ion size, or lower the pH. In concrete, 
little can be done to reduce the pH, but valence, concen-
tration, and ion size may be altered to some extent. The 
same considerations pertaining to the soundness, strength, 
and reactivity with cement apply as before, but the func-
tions of the ideal admixture in this case are to include 
in the pore fluid a highly concentrated, high-valence 
cation with a small ion radius, that readily migrates through 
the rock pores to the exchange sites on the clay mineral 
surface. 

Again, salts, hydroxides, carbonates, nitrates, and phos-
phates were considered along with several polar, organic, 
water miscible liquids. FeCl3  was chosen because of its 
known effects on concrete and its relative abundance, but 
mainly because of the high valence and small size of 
Fe -  (0.67 A). Dimethyl sulfoxide, a substance that ap-
pears to have remarkable properties as an anti-swelling 
agent in clay soil systems, was also chosen (35). This is 
a polar organic liquid that is completely miscible in water. 
Its effects on swelling properties when used with a mont-
morillonite are given in Table C-3. 

Stripping Problem 

There are a number of approaches.-to solving stripping 
problems. These include: (1) adding an adhesion-promot- 
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TABLE C-3 

COMPARISON OF SORPTION VALUES OF 
BENTONITE WITH WATER AND DMSO 
(IN ML/G OF CLAY) (35) 

Time 1 hr 1 day 6 days Final 

H 2  0 0.304 0.880 1.714 11 + 

DMSO 1.334 1.480 1.516 1.52 

ing chemical to the asphalt, (2) changing the chemistry 
of the aggregate by a chemical treatment, and (3) en-
capsulating the aggregate with a coating that is unaffected 
by the presence of water. The main emphasis in this re-
search was on the third approach because little or no re-
search has been done in this area. 

With regard to admixtures and chemical treatments, 
considerable use is currently being made of adhesion-pro-
moting chemicals, especially the amines. Several states 
routinely specify these materials and have developed lists 
of approved materials and suppliers. The efficacy of these 
chemicals is still open to question, particularly their heat 
stability, effect on asphalt properties, and long-term per-
formance under field conditions. 

Although some use is being made of materials that can 
alter the surface properties of the aggregate, this approach 
has not received much attention. Hydrated lime is prob-
ably the best example of this approach. In this research 
an acid treatment (SA-1) and treatment with sodium di-
chromate were investigated. 

RECOMMENDATIONS 

In summary, the best representative candidates for coat-
ings appear to be epoxy and linseed oil emulsion, and, for 
impregnations, methyl methacrylate, epoxy, boiled linseed 
oil, ethylene glycol, pulping liquors, and sulfur. In addi-
tion to coating treatments, two of the aggregate problem 
areas appear to be amenable to solution by means of chem-
ical treatments or admixtures. For the stripping problem, 
four of the treatments representing current field practice 
or techniques brought to the researchers' attention are rec-
ommended: hydrated lime, amine, sodium dichromate, and 
SA-1 pretreatment. For the alkali-carbonate problem, 
three chemical admixtures are recommended: dimethyl 
suif oxide, lithium carbonate, and ferric chloride. Table 
C-4 summarizes the aggregate problem areas and the treat-
ment techniques and materials selected for study in this 
research. 
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95% sulfur/5% tar (5), linseed oil emulsion (LOE), dimethyl sulfoxide (DS) , lithium carbonate (LC), 
ferric chloride (FC), hydrated lime (ilL), amine (A), sodium dichromate (SD), and SA-1 pretreatment 
(SA-l). 
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APPENDIX D 

SELECTION OF TEST AGGREGATES 

SELECTION CRITERIA 

General 

The primary factor governing the choice of test aggre-
gates was selection of the aggregate problem areas to 
be investigated (Appendix A). For most, if not all, of 
the aggregate problem areas, it was still necessary to select 
the test aggregates from a variety of candidate materials 
of differing generic type and geographic location. The 
choice of specific test aggregates representing a given 
aggregate problem area (e.g., freeze-thaw susceptibility) 
from a lengthy list of candidate materials is not as critical 
a problem as might first be imagined if one accepts a 
fundamental premise. This axiom is that the basic mech-
anisms that produce the deleterious effect, for a given 
aggregate problem, are invariant regardless of the source 
or mineralogy of the aggregate. Furthermore, as a corol-
lary, it is inferred that the selected treatment method(s), 
relative to a given problem area, will be effective irrespec-
tive of the source or mineralogy of the aggregate. These 
assumptions did not aid in identifying candidate materials, 
but they helped to waylay questions regarding adequate 
coverage of the problem area from the standpoint of ma-
terial variability. 

Within each of the selected aggregate problem areas, 
the primary selection criterion was .the degree to which 
the specific aggregate sources are affected by the problem. 
The object here was to choose those most severely af-
fected; if they could be upgraded, there should be no 
problem in upgrading less seriously affected aggregates. 
The difficulty in using "marginal" aggregates in this re-
search is twofold. First, the laboratory tests frequently 
lack sufficient discrimination to be of much use in show-
ing improvements in "marginal" aggregates, and second, 
a solution to a problem involving a "marginal" aggregate 
is much less generally applicable (i.e., it works for the 
aggregate tested and better ones, but it may not work for 
worse aggregates). 

The next consideration in the hierarchy of selection 
criteria was that test aggregates, if available, would be 
chosen from geographical areas known or believed to be 
deficient in suitable aggregate materials. This presented 
a dilemma in that such areas are frequently underlaid 
by bedrock considered to be unsuitable for use. in high-
way paving mixtures (e.g., soft sandstones or shales). It 
is entirely possible that such materials could be upgraded 
by the processes investigated here to provide usable aggre-
gates. However, because these materials were not used, 
no laboratory or field data were available on which to 
base a selection. Also, there were no quarry sites from  

which to obtain samples. Therefore, investigation of po-
tential aggregate materials of this type was not considered 
in this study. However, poor or marginal aggregate ma-
terials from geographical areas considered to be deficient 
in quality aggregates, for which laboratory or field per-
formance data were available, were given preference over 
aggregates displaying similar problems in geographical 
areas having sufficient sources of acceptable aggregates. 

Having satisfied the previously mentioned criteria, the 
selection of aggregate test sites for each of the aggregate 
problem areas was narrowed down to specific choices 
based on the following data from the literature or from 
personal knowledge of the researchers: 

Mineralogy or morphology of the aggregate sources 
(attempt to cover range). 

Extent of documentation of performance of the ag-
gregate (choose the most extensively.  documented). 

Accessibility of site or material (choose the most ac-
cessible) and level of cooperation of agency/supplier 
(maximize cooperation). 

In,  summary, the' hierarchy of criteria used here for 
selection of test aggregates, progressing from the general 
to the specific, was as follows: 

Aggregate problem area. 
Degree to which specific aggregate is affected (rank 

in problem area). 
Availability of quality aggregates in the geographical 

area from which the candidate aggregate comes. 
Mineralogy or morphology of aggregate. 
Level of documentation of aggregate source relative 

to problem area. 
Availability of aggregate material for testing. 

Aggregate Problem Areas 

The aggregate problem areas that appeared to possess 
sufficient potential for upgrading by the methods consid-
ered here were identified in Appendix A as follows: 

For aggregates in portland cement concrete paving 
mixtures: 

Freeze-thaw. 
D-cracking. 
Alkali-carbonate reaction. 
Alkali-silica reaction. 

2. For aggregates in bituminous concrete paving mix-
tures: 

Stripping. 
Degradation. 



35 

Rank in Problem Areas 
	

TEST AGGREGATE SELECTION 

Aggregate sources identified as being troublesome with 
respect to the various problem areas were ranked accord-
ing to laboratory test and field performance data pub-
lished in the literature. 

Availability of Quality Aggregates 

Delineation of the areas of the United States estimated 
to be deficient in quality aggregates was based on infor-
mation from NCHRP Report 132 (1). Approximately 
one-third of the U.S. has a potential availability rating of 
quality aggregates of "limited" or worse. Table D-1 sum-
marizes the information extracted from NCHRP Report 
132 relative to the estimated potential availability ratings 
and the factors that contribute to the ratings. Figure 
D-1 shows the locations of the areas indicated as having 
estimated potential availability ratings of "limited to prob-
lem" and "severe problem." 

The "aggregate potential" in the geographical area 
(state) represented by each aggregate source identified 
in the literature was computed as the arithmetic mean 
for the physiographic sections occurring in the state as 
defined in NCHRP Report 132 (1). The rating scale 
varies from 1 (abundant to adequate) to 4 (severe prob-
lem). 

Type of Aggregate Material 

To the extent possible from data in the literature, the 
aggregates were identified according to morphology, min-
eralogy, lithology, or other physical and chemical prop-
erties that would permit grouping. The purpose of this 
step was to try to assure, to the extent practical, that 
test aggregates would be selected to cover the range of 
aggregate types that might occur within each problem 
area. 

Degree of Documentation 

Each aggregate source identified in the literature was 
rated according to the extent of documentation regarding 
performance, petrology, and source. The more highly 
documented aggregates were considered easier to obtain 
and, more important, afforded greater opportunity for 
comparison with data generated in this research project. 

Availability of Aggregate 

The current availability of each aggregate source, as 
judged from the literature, was estimated to aid in the 
selection process. All other factors being equal, common 
sense would dictate procurement of test aggregates from 
the most readily available sources. 

POTENTIAL SOURCES OF TEST AGGREGATES 

Using the criteria described in the previous section, 106 
potential sources of test aggregates were identified cover-
ing the six selected problem areas. These are ranked 
according to the selection criteria in Table D-2. 

The aggregate sources selected for testing relative to 
the six selected problem areas are given in Table D-3. 
Table D-4 gives more detailed information on the sources 
of the selected test aggregates. 

AGGREGATE SITE VISITS 

Site visits were made for 6 of the 21 test aggregates. 
In general, these were made at the request of the agency 
or individual who was contacted regarding procurement 
of the aggregate, usually for the purpose of assisting in 
selection of the test sample. 

PineBlu ifs, Wyoming (Agg. No. 76) 

A site visit was made to an abandoned pit 2 miles 
north of Pine Bluffs, Wyo. The pit was abandoned be-
cause of depletion. The material there is a mixed alluvial 
gravel consisting predominately of quartz with granite and 
various other rock types that exhibit alkali-silica expansive 
reaction in portland cement concrete. The material was 
transported along the Lodgepole Creek from the high 
desert area to the west. Because the Lodgepole is pres-
ently a dry river most of the year, most of ' the gravel 
was probably deposited there during the pleistocene geo-
logic epoch. At this site 'about 600 lb of gravel was col-
lected from stockpiles left behind. 

Bishop, California (Agg. No. 67) 

Bishop is located about 300 miles northeast of Los 
Angeles near the Nevada border in a broad desert valley 
between the Sierra Nevadas and the White Mountains. 
About 4 miles north of Bishop there is a river gravel 
deposit, currently being worked, that exhibits alkali-silica 
expansive reaction. The deposit itself is located at the 
southern edge of an extensive basalt flow. The gravel is 
a mixture of basalt, granite, and other rock types that 
are very dense and hard, making an ideal gravel. Cali-
fornia specifications limit its use to low-alkali cement 
(<0.4 percent), but low-alkali cement is becoming harder 
to obtain in this area. Six hundred pounds of gravel was 
obtained from the stockpiles at the pit operation. Figures 
D-2 and D-3 show the effects of alkali-silica reaction in 
a walkway slab in Bishop made with this aggregate. 

Seattle, Washington (Agg. No. 58 and 87) 

Two sites were to be visited in Washington but they had 
already been sampled and the material was waiting in the 
laboratory. One sample (Agg. No. 87) was a crushed 
basalt from the Mats Bay Quarry. This basalt contains 
a high percentage 'of altered material (kaolinite, limonite, 
hematite) giving it a particularly bad degradation value 
of 2. The second material was an alkali-silica reactive 
rock from near Packwood, Wash. (Agg. No. 58) about 
100 miles southeast of Seattle. This material is river 
gravel from the Cowlitz River. It is of mixed rock types, 
primarily granite and basalt Also obtained at the highway 
laboratory was a core taken from a 40-year-old concrete 



TABLE D-1 

PHYSIOGRAPHIC SECTIONS HAVING ESTIMATED POTENTIAL AVAILABILITY 
RATING LOWER THAN "LIMITED" (1) 

(ap Area Pop. Rat- 
Code (sq ml) Den, log Aggregate Sources and Materials Problems 

I. 	Bedrock p edominantiv poor quality sandstones and shales:  

1 15,300 H LP - Soft sandstones 6 shales predominant bedrock F-t durability; abrasion 

- Crushed•basalts Stripping (?) degradation (?) 

- Gravel (not widely distributed) F-t durability; abrasion 

2 38,540 H LP - Sandstone predominant bedrock Abrasion 

- Gravels (especially Salinas River) Alkali-agg. reaction 

8 123,390 L SP - Soft sandstones & shales predominant bedrock F-t durability; abrasion 

- Gravels F-t durability; abrasion 

9 35,250 L LP - Soft sandstones & shales predominant bedrock F-t durability; abrasion 

- Gravels (localized problems) F-t durability; abrasion; 
alk-agg. reactions; stripping 

10 12,640 VL LP - Soft sandstones & shales predominant bedrock F-t durability; abrasion 

11 27,010 L LP - Soft sandstone predominant bedrock Abrasion 

- Gravels (limited quantity & quality) Abrasion; F-t durability 

12 33,460 L LP - Soft sandstones 6 shales predominant bedrock F-t durability; abrasion 

- Crushed basalt (good local areas) Limited availability -- 

15 26,110 

- 
M 

- 
LP - Soft sandstones, shales, and clay shales 

predominant bedrock F-t durability; abrasion 

- Gravels Stripping 

16 39,820 M LP - Crushed dolomite Alk-carb. react.; 0-cracking 

- Crushed sandstone Stripping; limited F-t dura. 

- Gravel Stripping; cement agg. react. 

17 28,720 L LP - Bedrock predominantly sandstone, shale, F-t durability; abrasion 
& gypsum, with some limestone 

- Gravel and caliche main aggregate sources  

18 20,430 MM LP - Ordovician dolomites (crushed) F-t durability; abrasion 

- Cambrian sandstones (crushed) Weak 

- Crushed quartzites Limited availability 

- Gravels Limited availability 

19 5,580 M LP - Soft sandstones6shales predominant bedrock Abrasion; F-t durability (?) 

- Crushed limestone (cherty) F-t durability; popouts (9) 

20 8,510 M LP - Soft sandatones&shales predominant bedrock'  Abrasion 

Gravels (good quality) Limited availability 

23 16,540 MM L-P - Soft sandstones & shales Abrasion; F-t durability (9) 

- Crushed carbonates (limestone & dolomite) Good, but limited 

Gravel (badly contaminated w/chert & shale) F-t durability 

25 45,930 H LP - Bedrock predominantly poor quality F-t durability • sandstones, limestones, 6 shales 
Gravel--malor aggregate source Limited availability 

II. 	Bedrock p edominantivyoor quality igneous materials  

4 15,850 VL LP - Predominant bedrock disintegrated pumice Weak; F-t dura.; alk—agg. 	(?) 

- Gravel Lim. avail.; alk—agg. reaction 

- Crushed basalt Lim. 	avail.; 	strip.; 	degrad. 	(9) - 
5 27,500 

- 
VL LP - Major bedrock granite (Idaho batholith) Degradation; stripping 

- Crushed basalt Degradation; stripping 

Gravel I Lim. avail.; alk-agg. 	reaction 

6 17,340 L LP - Predominant bedrock-lava flow Abrasion; degradation; stripping 

I - Gravel Lim. avail.; alk-agg.; stripping 

III. 	Bedrock esterie s generally not available due to thick deposits of transp3rted or residual materials 

3 10,520 L I 	LP - Gravel 	• Alkali-agg, reaction 

7 73,120 L LP - Gravel (overall quality poor--contains F-t durability; abrasion 
soft sandstone 6 shale)  

13 98,630 M LP - Large areas w/no agg. (old glacial lake beds) 
- Crushed stone Very limited availability 

- Gravel (frequently contaminated with soft 
sandstone and shale) F-t durability; abrasion 

14 133,180 1 	M LP - Gravel 	 • Cem.-agg. react.; stripping 

21 45,700 MM SP - Gravel Very limited availability 	- 

22 22,860 MM LP - Gravel Lim. availability; polishing 

24 34,680 M LP - Crushed limestone Limited availability 

- Coquina Limited availability 

Population density: H = High; MM - Medium High; M = Iedium; L = Low; VL Very Low. 

jAvailability rating: LP = Limited to Problem; SP Severe Problem. 
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Figure D-1. Physiographic sections having estimated potential availability. 

   

arch bridge, which was severely cracked. The core clearly 
showed the typical characteristics of alkali-silica reaction. 

Harrisonburg, Virginia (Agg. No. 45) 

Harrisonburg is the site of the much-researched alkali-
carbonate reactive rock from Virginia, designated in stud-
ies by Newlon, Sherwood, Mather, Buck, and others as 
"aggregate 1-8." This rock is the typical fine-grained, 
argillaceous, dolomitic limestone type frequently associated 
with alkali-carbonate reaction problems. In outcrop it is 
dense, thickly bedded, black limestone that weathers to 
a fissile, crumbly reddish-purple. It is present locally in 
an abandoned quarry on the outskirts of Harrisonburg 
(see Figure D-4) as a layer about 10 to 15 ft thick sand-
wiched between a• shaly limestone and a massive, high-
calcium limestone (see Figure D-5). About 700 lb of 
material was collected directly from the north quarry face 
(see Figure D-6) by breaking off large pieces of un-
weathered rock. Figure D-7 is a close-up view of the rock 
in situ. 

DESCRIPTION. OF THE KINGSTON, 

ONTARIO, AGGREGATE 

The Kingston, Ont., aggregate (Agg. No. 41) is con-
sidered to be the standard with which pther alkali-car-
bonate reactive aggregates are compared. Furthermore, it 
was used in this research project to evaluate a rather rad-
ical approach to the alkali-carbonate reactivity problem;  

namely, the use of cation admixtures. Therefore, although 
a site visit was not made, a description of the Kingston 
aggregate and the quarry site provided by the Ontario 
Ministry of Transportation and Communications is in-
cluded here. 

Source Location 

The "Kingston" aggregate used in this project came 
from the Pittsburgh Quarry. It was supplied by Peter 
Smith, of the Engineering Research and Development 
Branch, Ontario Ministry of Transportation and Com-
munications. The quarry is owned by McGinnis and 
O'Connor, Ltd., and is located in Pittsburgh Township, 
Frontenac County, on the west side of Highway 15, 2 
miles north of Barriefield, Ont., and 2 miles south of 
Highway 401. 

Geology 

The quarry is an exposure of flat-lying limestones with 
a working face of approximately 52 ft. The exposure is 
composed of Lower and Middle Black River beds, mainly 
light-grey lithographic limestone, dolomitic limestone, and 
shaly, silty buff dolomite. The particular unit sampled for 
this, study is shown in Figure D-8. It is referred t as 
Unit MG4 at the top of the Lower Black River Formation. 
Figure D-9 shows a stratigraphic section of the quarry and 
the location of Unit MG4. 
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TABLE D-2 

DOCUMENTATION AND RANKING OF POTENTIAL TEST AGGREGATES 

Agg. 
o. 

Prob. 
Area 

Aggregate 
Source 

Aggregate 
Material 

Rank 

in Area 
(1) 

Agg. 
Pot. 
(2) 

Docu- 
meats- 
tion 
(3) 

Availa-
bility 
(4) 

Refer- 
ences 

1 Paducah, Ky. Chert Gravel 1 2.2 1 1 2, 	3 

2 Mt. Shasta City, Andesite/Pumice 1 1.5 1 1 4 
Calif. Gr. 

3 (5) (5) 1-4 ? 2 2 5 

4 Conklin, Iowa Crushed Limest. 2 2:7 1 1 4 

5 Columbus, lad. " 2 1.8 1 1 4, 	6 

6 (6) Chert Gravel 2 9 2 '2 7 

7 Pacific, Mo. " 	" 3 2.2 1 1 2, 3 

8 9' Indiana  3 1.8 2 2 8 

9, I (8) ' 	- 3 9 2 2 1 
10 Evanston, Wyo. River Gr. 	(Ss) 4 1.8 1 1 '' 
11 w Michigan Chert Glacial Gr 4 1.5 1 2 9 

12 a Glory, Iowa Crushed Limest. 5 2.7 1 3 2, 10 
'3 

13 ' Turner, Ran. " 	" 5 2.5 1 2 4, 	j, 

14 Columbus, Ohio S 2.0 1 1 4 

15 Warren, Pa. River Gr. 	(Ss) 5 1.5 1 1 13, 	14 

16 Allegany, N.Y. Glacial Cr. 5 1.4 1 1 13, 14 -- 
- (Kame) 

17 Portville, N.Y. Glaclo-Fluvial 
Cr. 

18 C2 Tionesta, Pa. River Cr. 	(Ss) 

19 Amity Hall, Pa. 
20 Fairview, Pa. 
21 Pittsburgh, Pa. 
22 Towanda, Pa. River Tar. Cr. 

23 Nescopeck, Pa. Glacio-Fluvial 
• Cr. 
24 Montoursville, Pa. River Ter. Cr. 

25 Fairfax Co., Va. Chert Gravels 

26 Montoursville, Pa. Crushed Limest. 
27 Turkey City, Pa. 
28 Clearfield, Pa. Crushed Sandst. 
29 Morrisville, Pa. River Cr. 
30 Kansas Crushed Limest. 
31 Marion, Ohio 
32 Raid Qy., 

Pattonsburg, Mo. 
33 Waterloo S. Qy. ,Iowa 
34 . Fredericktown. Ohio Ls&Dolomite,Gr. 
35 Columbus, Ohio Ls&Oolomite Cr. 
36 Cf Kinnikinnick, Ohio Gravel 
37 Im Piqua, Ohio 
38 Delaware, Ohio Crushed Limest. 
39 U Spore, Ohio 
to Columbus, Ohio 

41 Kingston, Oat., Crushed Limest. 
Can. 

42 Earlham, Iowa 
43 Pints Qy., 	Iowa 

44 Indiana 
45 

a 
Harrisonburg, Va. 

46 0 Doud, Iowa 
47 'f Cedar Rapids, Iowa 
48 U Decorah, Iowa 

49 Virginia Crushed Limest. 
50 Fayette, Iowa 
51 Missouri. Crushed Limest. 
52 Independence, Mo. 

53 Richton, Miss. Gravel 
54 Columbus, Miss. 
55 Tishomingo Co., 

Miss. 
56 Kimball, Nebr. 
57 Chattanooga, Teun. Gravel 
58 Packwood, Wash. River Gravel 
59 '3 Crystal Ck., Wash. 
60 '3 Carbon R., Wash. Andesite Gravel 
61 Puyallup R., Wash. 
62 '3 . 	Niaqually R., 

Wash. 
63 2. Nooksack R., Wash. 
64 White Salmon R., 

USC Wash. 
65 r Klickifat R., 

Wash. 
66 Templeton, Calif. Gravel 
67 Bishop, Calif. 
68 Atascadero, 	Calif. 
69 Oro Fino, Calif. 

70 Piru Creek, 	Calif. 

Remarks (Notes 

High Abs., 
Low Perm. 
Extr. High 
Abs. (15%) 

Meramec R. Cr. 
(7) 

(9) 
Also 0-Cr. 6 
A1kCarb. 
Also D-Cr. 

Low Sp. Cr. 
(50% <2.5) 

Low Sp. Cr. 
(50% <2.5) 

Prod,ices 
"Popouta" 
High Ns2SO4  
Loss 
(10). "Pop-
Outs" 

 

Also Alk-Carb. 

Also Alk-Carb. 

Also Alk-Carb. 
& F-T 

 

Also 
0-Cr. 6 F-T 

 

Also 0-Cr. 

 
Also D-Cr. 

 
Reportedly 
Reactive (17) 

(18) 
 

 

 
Cowlitz River 
White River 

Salinas River 
 

Salinas River 

Trib. 
at Santa Clara 
River 



TABLE D-2 (CONTINUED)• 

Rank Docu- 
in Agg. menta- Avails- 

Agg. Prob. Aggregate Aggregate Area Pot. tion bility Refer- 
No. Area Source Material (1) (2) (3) (4) ences Renark's(Notes 

71 Sisquoc, 	Calif. Gravel 1 1.5 2 2 37 Sisquoc River 
72 L Saticoy, Calif. ' 1 1.5 2 2 37 Santa ClaraR 
73 0i Aliceville, Ala. " 1 1.4 2 2 34 (18) 
74 	. . Sheffield, Ala. " 1 1.4 2 2 34 (18) 
75 U Hobbs Island, Ala. " 1 1.4 2 2 34 (18) 
76 ' M Pine Bluffs, Wyo. Mixed Gravel 1 1.8 2 1 (19) 
77 Laramie, Wyo. River Gravel 2 1.8 3 2 35 
78 Georgia " 	' 2 1.5 3 2 38 Savannah R. 
79 Rock Island, Wash. River Ter. Gr. 3 1.7 2 2 39 Also F-T 
80 Avon, N.Y. Crushed Stone 3 1.4 1 1 TO, 41 Agg. No. 	73 

(20). 
81 'i ' Leroy, N.Y. " 3 1.4 1 1 40, 41 Agg. No. 44 

• (20) 
82 <' Buffalo, N.Y. " 3 1.4 1 1 40, 41 Aggs. 	55,57, 

578 	(20) 
83 1 Washington, D.C. River Gravel 3 7 3 2 38 Potomac R. 
84 a Hoh River, Wash. Basalt Gravel 1 1.7 2 1 42 
85 Bogachiel Rv., Wash. ' 	" 1 1.7 2 1 42 
86 . 	a HumptulipsRv.,Wash. " 1 1.7 2 1 42 
87 Washington State Crushed Basalt 1 1.7 3 1 42 (21) 
88 g W Bedford, 	Iowa. Crushed Limest. 2 2.7 1 2 43 
89 Idaho Crushed Basalt 2 1.8 2 1 A4, !. (22) 
90 Grsyson, Ga. 	 Crushed Granite 1 1.5 1 1 (23) 
91 Piedmont Region, Va. 	" 1 1.5 1 1 (23) 
92 Colorado 	 Siliceous Gravel 1 1.8 1 1 (23) 
93 Roseburg, Oreg. 	Crushed Basalt 1 1.7 1 1 (19) 
94 I Rogue River, Oreg. 	Siliceous Gravel 1 1.7 1 1 46 "Bristol 

2 	. Silica' 	(24) 
95 ' Massachusetts 	Rhyolite 1 1.3 3 2 46 .  
96 Hatch, Utah 	 ? 2 2.1 3 1 47 
97 8 	I daho . 	. 	Basaltic Gravel 2 1.8 2 2 46 Bsnr.ock 

11142 	(23) 
98 Holbrook, Ariz. 	Siliceous Gravel 2 1.7 1 1 46, 	48 	I (23) 
99 Gore, Okla. 	Silic. Alluvial Gr 3 2.5 1 1 49- 
100 Mt. View, Calif. 	Limestone 3 1.5 2 1 
101 Keota, Okla. 	Cr. Silic. Sand- 

stone 4 .2.5 1 1 49 
102 Onspa, Okla. 	Cr. 	Silic. Sand- 

stone 4 2.5 1 1 49 
103 Cyril, Okla. 	Cr. Calc. Sand- 

stone 4 2.5 1 1 49 
184 Apex, Nev. 	 Limestone 4 1.6 2 1 
105 Miami, Okla. 	Crushed Chert 5 2.5 1 1 49 .  
106 Broken Bow, 	Silic. Alluvial 

Okla. 	 Gray. 6 	1  2.5 	1 1 	1 1 	1 49 	1 
Notes: 

Ranking of aggregate source with respect to given problem area, in order of decreasing severity (i.e., 
1 = most severe). 

Estimated potential availability of high-quality aggregate in the state from which the aggregate comes 
(based on data from NCHRP Report 132 11]): 1 	abundant to adequate 	2 = adequate to limited 

3 = limited to problem 	4 	severe problem. 
Degree of documentation in the literature of laboratory and field performance of the aggregate 
relative to the problem area:1 •= good 	2 	fair 	3 = poor. 
Estimated current availability of the aggregate for testing: 	1 = likely 	2 = questionable or unknown 

3 unlikely. 

Forty-one aggregate sources identified by NSGA-NRMCA code numbers. (Code nos. of aggregates having 
DF values <10: 4,8,18.31,32,34,47,49,50,51,53,54,55,60,71,79,85,89, and 90.) 

NSGA-NRMCA Lot 3691. 

Six sources--see reference for details. 
NSGA-NRMCA Lot 3701. 

Five sources--see reference for details (poorest are locations,  1 and 5). 
Three sources--see reference for details. 

Specific sites were not given. Reference states that "all Kansas limestones used in pavement con-
cretes have been associated with D-cracking." The following formations were identified: Argentine, 
Bethany Falls, Ervine Creek, Plattsmouth, Stoner, and Winterset (all Penna. age), and Cresswell 
(Permian age). 
Discussion with Mr. Jim Meyers, Iowa State Geologist (Bethany Falls formation). 
By far the worst material in this problem area; involves several quarries. 

Specific sites were not given; involves the following formations: Osgood, Salem, North Vernon 
(Silver Creek and Speed Members), St. Genevieve (Levias member), and St. Louis. 
Aggregates from 9 of 52 quarries sampled were reactive. Locations were not given. 

Ten percent of samples from all quarries in the state showed definite indications of reactivity. 
Data on specific sites were not given. 

Recent correspondence has revealed that this aggregate is primarily subject to D-cracking, 
not alkali-carbonate reactivity as indicated in reference 33. 

Related to serious deterioration of highway bridges in Georgia and Alabama. 
Recommended by state highway officials. 

Chert in Onondaga Formation. Potential problem indicated in laboratory; no evidence in field. 
Eocene basalts of western Washington. 

Eight quarries listed by state identification number. Performance varies widely within quarries. 

.Aggregates used in NCHRP Projects 4-8(3) and 4-8(3)-l. 

Recent correspondence has revealed that this aggregate is used primarily for decorative purposes 
and is not used as an aggregate in bituminous pavements. 
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tributed on the macroscale, but lack some uniformity on 
the microscale. Observational evidence shows that the 
dolomite is not sedimentary and its crystallization was 

Remarks 	 earlier than deposition of the rock. It is postulated that 
during deposition wave action broke up existing sediment 

For coating experiments and redeposited it in quieter waters. There, sheets of very 
For impregnation experi- 
ments 	 fine (0.2 —0.1 mm) irregular calcite accumulated, which 

were then covered by a more homogenous mixture of 

For both coating and 
micron-size calcite'  clay, fine quartz and other tiny crys- 

cation admixture 	 tals of detrital materials. A chemical analysis of the beds 
experiments 
For coating  experiments in the Pittsburgh quarry is given in Table D-5. 
only 

TABLE D-3 

'rEST AGGREGATE SELECTIONS 

Problem Area 	 Aggregate No.0  

PCC--Freeze-Thaw 	 2 

PCC--D-Cracking 	 31, 32, 33 

PCC--Alkali'-Carbonate 	 41(2) 

43, 45 

PCC--Alkali-Silica 	55, 58, 67, 76 

BC--Stripping 	 90, 91, 92, 93 
REFERENCES 

97, 98 
1. WITCZAK, 	M. 	W., 	"Relationships 	Between 	Physio. 

BC--Degradation 	 87, 88, 89 graphic Units and Highway Design Factors." NCHRP 
See Tables D-2 and D-4 for details on aggregate source. Rep. 132 (197') 161 
Although this source is outside the U.S. (Canada), it is the 
most severely affected material and has been extensively 2. 

- 
LARSON, T. D., BOETTCIIER, A., CADY, P., FRANZEN. 

documented. M., and REED, J., Identification of Concrete Aggre- 
gates Exhibiting Frost Susceptibility." NCHRP Rep. 

Petrology 15(1965) 66 pp. 

The petrology of the expansive rocks is described by 3. REILLY, R. J., "The Effect of Moisture Content and 

Gillot 	(50) 	as 	"very 	fine-grained 	dolomitic 	limestones Distribution on the Durability of Concrete Contain- 

which weather pale to dark grey." 	The dolomite in the ing Various Coarse Aggregates." 	M.S. thesis, Univ. 

rock 	occurs 	as well-formed 	crystals 	that 	are 	generally Maryland (1962). 

rhombic in shape and less than 0.05 mm in cross section. 4. LARSON, T. D., and CADY, P. D., "Identification of 

These rhombs also often showed inclusions of a dusky Frost-Susceptible Particles in Concrete Aggregates." 

material, which was unidentified but assumed to be clay. NCHRP Rep. 66 (1969) 62 pp. 

Only a small amount of iron and manganese was found 5. GAYNOR, R. D., and MEININGER, R. C., "Invcstiga- 

on chemical analysis of the dolomite, making it unlikely tion of Aggregate Durability in Concrete." Hwy Res. 

that the inclusions were anherite, ferrodolomite, or kut- Record 196 (1967) pp.  25-40. 

nahoritc. 6. WALKER. R. D., PENCE, H. J., HAZLETT, W. H., and 

The dolomite rhombs appear to be fairly evenly dis- ONG, W. J., "One-Cycle Slow-Freeze Test for Eval- 

,, 

J 
- 

Figure D-2. Walk way slab made with alkali-silica reactive ag-
gregate (aggregate No. 67), Bishop, Calif. 



TABLE D-4 

TEST AGGREGATES 

Aggregate Problem Area Source Location Rock Type Contact Phone No. 

P.C. 	Concrete: 1 Lake City, Ky. Chert Gravel J. H. Havens (606)254-4475 
Freeze-Thaw Clyde Reed Pit Ky. DOT 

P.C. 	Concrete: 2 Mt. Shasta, Hornblende- J. H. Woodstrom (916)444-4818 
Freeze-Thaw Calif. AndesiteGravel Calif. DOT Dist.Engr. 

P.C. 	Concrete: 31 Marion, Ohio Crushed Lime- J. T. !ton (614)466-5260 
0-Cracking stone Ohio DOT 

P.C. Concrete: 33 Waterloo South Crushed Lime- Jim Meyers (515)296-1204 
0-Cracking Qy., Waterloo, stone Iowa State Geologist 

Iowa 

P.C. 	Concrete: 32 	- Raid Qy. Crushed Lime- W. L. Trimm (314)751-3706 
D-Cracking Pattonsburg, Mo. stone Mo. State Hwy. Dept. 

P.C. Concrete: 	Alkali- 41 Kingston, Crushed Lime- Peter Smith (416)248-3355 
Carbonate Reactive Ontario stone Ont. Ministry of 

Trans. 	& Corn. 

P.C. Concrete: 	Alkali- 43 Pints Qy. Crushed Lime- Jim Meyers (515)466-5260 
Carbonate Reactive Waterloo, Iowa stone Iowa State Geologist 

P.C. Concrete: 	Alkali- 45 Harrisonburg, Crushed Lime- W. C. Sherwood (703)433-6473 
Carbonate Reactive Va. stone Geol., Dept. J 

Madison Univ. 

P.C. Concrete: 	Alkali- 55 Tishomingo, Quartz Gravel Buford Stroud (601)354-7370 
Silica Reactive Miss,  Miss. State Hwy.Dept. 

P.C. Concrete: 	Alkali- 67 Bishop, Calif. Mixed Gravel Bob Yeager (714)873-5851 
Silica Reactive Calif. DOT 

P.C. Concrete: 	Alkali- 76 Larson Pit. Mixed Gravel R. Warburton (303)777-7451 
Silica Reactive Pine Bluffs, Wyo. Wyo. DOT 

P.C. Concrete: 	Alkali- 58 Packwood, Wash. Mixed Gravel Roger LeClere (206)753-7103 
Silica Reactive Wash. State DOT - 

Bit. 	Concrete: 	- 87 Mats Mats Bay Crushed Basalt Roger LeClerc (206)753-7103 
Degradation Qy., Wash. Wash. State DOT 

Bit. Concrete: 88 Bedford, Iowa Crushed Lime- John Lame (712)243-3355 
Degradation stone Iowa DOT 

Bit. Concrete: 89 Boise Meridian Crushed Basalt C. B. Humphrey (208)384-3604 
Degradation Idaho Idaho DOT 

Bit. Concrete: 90 Grayson, Ga. Crushed W. Goulden or (404)363-7500 
Stripping - Granite Mr. Tyner - Ga.DOT (404)363-7567 or 

Bit. Concrete: 91 Piedmont Region Crushed G. W.- Maupin (804)977-0290 
Stripping Virginia Granite Va. Hwy. Res. Council 

Bit. Concrete: 92 Colorado Siliceous Bud Brakey (303)757-9249 
Stripping - Gravel Cob. Hwy. Dept. 	- 

Bit. Concrete: 97 Bannock 142 Mixed River C. B. Humphrey (208)384-3604 
Stripping Idaho Gravel Idaho DOT 

Bit. Concrete: 98 Holbrook, Ariz. Siliceous Grant Allen (602)261-7231 
Stripping Gravel 	- Arizona DOT 

Bit. Concrete: 93 Roseburg, Oreg. Crushed Basalt Jim Wilson (503)378-2621 
Stripping Oregon DOT 

* As designated in Tables D-2 and D-3 
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Figure 1)4. General vim' of quwrv near Harrisonburg, Va. 
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TABLE D-5 

CHEMICAL ANALYSES OF PITFSBURGH QUARRY 

Footage 
Sample Stratigraphic 	Above 	Si02 	A 2 3  0 	Fe203 	MgO 	CaO 	CO2 	S 	Total Unit 	Floor 

percent percent percent petcent percent percent percent percent 

1 MG1 0.0-10.2 5.24 1.64 0.82 7.45 43.30 39.40 0.21 98.06 

2 MG1 10.2-18.3 8.38 3.04 0.70 3.49 45.30 38.28 0.03 99.22 

3 MG2 18.3-24.3 17.98 5.73 1.40 10.40 28.78 33.27 0.69 98.25 

4 MG2, MG3, MG4 24.3-32.7 14.92 4.97 1.47 13.90 26.80 36.43 0.23 98.72 

5 MG5 32.7-40.8 9.34 2.67 0.89 4.99 42.76 38.45 0.11 99.21 

6 MG6, MG7, MG8 40.8-52.1 9.63 3.81 1.03 7.82 38.34 38.18 0.46 99.27 
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APPENDIX E 

LABORATORY TEST PROGRAM 

METHODOLOGY 

The laboratory test program was based on a detailed 
review of the literature and research in progress that had 
as its objectives: 

To identify problems associated with coarse aggre-
gates in portland cement concrete and bituminous concrete 
paving mixtures. Skid resistance was specifically excluded 
by the project statement. 

To identify aggregate properties and aggregate 
sources associated with the problem areas in Objective 1. 

To identify pertinent test methods relative to the 
problem areas in Objective 1. 

To identify methods and procedures for upgrading 
aggregates relative to the problem areas in Objective 1. 
Methods and procedures were limited to coatings, im-
pregnation, and chemical treatments (including admix-
tures); mechanical methods such as heavy-media separa-
tion and jigging were not considered. 

The literature search and review of research in progress 
was implemented through extensive use of the following 
abstracting and indexing services: Transportation Re-
search Abstracts, Highway Research Information Service, 
Engineering Index, American Concrete Institute Index, 
Portland Cement Association Bulletin Index, Chemical 
Abstracts, Geotechnical Abstracts, and Institute of Paper 
Chemistry Abstracts. The identified information sources 
were reviewed, abstracted, and keyworded into an acces-
sion number index system. 

The problem areas that appeared to present a reasonable 
opportunity for alleviation by aggregate upgrading were 
identified by synthesizing the literature search information 
on problem areas and the associated aggregate properties. 
Finally, pertinent test methods, potential sources of test  

aggregates, and appropriate treatment methods and mate-
rials were identified with respect to the selected problem 
areas through synthesis and thoughtful consideration of 
the literature relative to each of these subjects. 

Completion of these steps permitted development of the 
research plan for laboratory evaluation of procedures for 
upgrading poor or marginal aggregates. The methodology 
employed, as described in the foregoing is shown sche-
matically in Figure E-1. 

DETAILS OF LABORATORY RESEARCH PROGRAM 

General 

The detailed research program for the laboratory step 
followed naturally from the findings and recommendations 
of Appendixes A through D. For convenience, these find-
ings and recommendations are summarized in Table E-1, 
which is the framework of the laboratory research step. 
The detailed plan for the laboratory research step is pre-
sented in the following. Further details regarding specific 
test methods, upgrading procedures/materials, and test 
aggregates are given in Appendixes B, C, and D, respec-
tively. 

Portland Cement Concrete Paving Mixtures 

Preliminary Testing 

The fine aggregate used in all PCC test mixtures came 
from one shipment of a known high-quality siliceous allu-
vial sand. Gradation and fineness modulus (ASTM C 33 
and C 136) were determined for the fine aggregate. 
Specific gravity and absorption values (ASTM C 127) 
were also determined to facilitate mixture design. 

The test aggregates were graded according to ASTM 
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Identification of 	___________ Problem Areas 	
Problem Areas _____________ 	

Literature Ofl 	
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Test 
Methods 
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Methods 
& Mater- 
ials 

Recommended Test 
Program for Lab- 
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Figure E-1. Schematic of methodology for development of the laboratory test program. 

C 33 and C 136 and then recombined in the following 
proportions to provide a standard gradation throughout 
the test mixtures: 

Sieve Size 	, 	Percentage 
Range 	 by Weight 

3/4 -1 in. (19.0-25.0 mm) 25 
1/2 -3/4  in. (12.5-19.0 mm) . 	25 
%-½ in. (9.5-12.5 mm) 25 
No. 4-3/8  in. (4.75-9.5 mm) 25 

Specific gravity and absorption (ASTM C 127) and dry-
rodded unit weight (ASTM C 29) were determined for 
each test, before and after treatment, to facilitate the 
design of the test mixtures. 

The portland cement used in this research was a low-
alkali, Type I portland cement from a single production lot. 

Treatments 

The problem areas investigated, the selected test aggre-
gates, and the treatments evaluated are summarized in 
Table E-2. 

Mixture Design 

The PCC mixtures tested in this research program were 
designed in accordance with the American Concrete Insti-
tute Method for Design of Normal-Weight Concrete Mix-
tures. The following design criteria were employed: 

Slump: 2-3 in. (5.1-7.6 cm) 
Air content: 5 percent 
Water! cement ratio: 0.45 by weight 

Compressive Strength 

Compressive strength tests were carried out on concrete 
specimens containing treated as well as untreated test 
aggregates to determine whether the treatment. processes 
adversely affected the mechanical properties of the con-
crete. The test specimens were cylinders 4 in. (10.2 cm) 
in diameter by 8 in. (20.3 cm) high. Three replicate 
specimens were tested at the age of 28 days for each 
aggregate-treatment combination (61 combinations for a 
total of 183 specimens). 

Freeze-Thaw 

The freeze-thaw tests were carried out in accordance 
with ASTM C 671 and C 682, with the following excep-
tions:. 

Aggregate conditioning prior to mixing consisted of 
soaking for 24 hr. 

Specimen conditioning consisted of soaking in water 
at 35 F (1.7 C) for 3 weeks following the prescribed cur-
ing period (1 day in molds, 13 days in limewater). 

Freeze-thaw cycling was continued for each specimen 
until either the dilation exceeded 1,000 jL in. (25.4 mi-
crons) or 12 cycles were completed, whichever came first 
(test cycle: once every 2 weeks). 

The specimens used in this test were cylinders 3 in. 
(7.6 cm) in diameter by 6 in. (15.2 cm) high with cast-in-
place gauge studs at each end. Each aggregate-treatment 
combination was represented by three replicate specimens. 
The 10 test batches (30 specimens) that constituted the 
freeze-thaw program are summarized as follows: 
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TABLE E-1 

SUMMARY OF THE LABORATORY RESEARCH PROGRAM 

Problem Area 	 Test Methods 	Upgrading Treatment 
Method 	 Materials (2) 	

Test Aggregates (3) 

PORTLAND CEMENT CONCRETE 

Strength (Compressive) 	ASTMC 39 	(. . . all aggregate-treatment combinations + controls 
Freeze-Thaw 	 ASTM C 682 	Coating 	E,LOE 	 Andesite/Pumice Gravel (112) 

Impregnation E,MMA,BLO, Chert Gravel (#1) 
PEG, KL,S 

D-Cracking ASTM C 666 	Impregnation E,MMA,BLO, 3 Limestones (#31, #32, #33) 
PEG, 1U.., 	S 

Alkali-Carbonate ASTM C 157 	Coating E,LOE 3 Limestones (#41, #43, #45) 
Reaction Chem. Treat. (4) Limestone (#41) 

Alkali-Silica ASTM C 157 	Coating E,LOE 4 Gravels (#55, #58, #67, #76) 
Reaction 

BITUMINOUS CONCRETE 

Mixture Design (Marshall Method) (5) 
Stability and Flow 	ASTM D 1559 
Voids Analysis 	ASTM D 2726, 	(. . . all aggregate-treatment combinations + controls . 

D 2041, D 1188 
Stripping: 	 Coating 	E, KL 	 2 Crushed Granites (#90, #91fl 
Marshall Immersion(6) ASTM D 1559 	Chem. Admixture HL, A, SD,Siliceous Gravels (#92, #98) 	(9) 
E-Modulus & Tensile Str. 	(7) 	 AW 	 Crushed Basalt (#93) 
Resilient Modulus 	 (8) 	 I Basaltic Gravel 097' 

Degradation: 
Unconfined Wet-Dry 	(10) 	 Impregnation 	E, KL 
L.A. Abrasion 	ASTM C 131 	 2 Crushed Basalts (#87, #89) 
Washington Degr. 	AASHTO T 210 	 Crushed Limestone (#88) 
Pressure Slaking 	Tex-431-A 
Compaction Degradation ASTM D 1561 
Natural Weathering 	(11) 

Minor variations were made in some of the standard test methods to suit the needs of this project 
(see Appendix B for details). 
Epoxy (E), Methyl Methacrylate (NMA), Boiled Linseed Oil (BLO), Polyethylene Glycol (PEG), 
Kraft Lignin (KL), Sulfur (S), Linseed Oil Emulsion (LOE), Hydrated Lime (IlL), Amine (A), 
Sodium Dichromate (SD), and Acid Wash Pretreatment (AW). 
SeeTable 0-2, Appendix D for details of aggregates. 

Three chemical adrnixtures--dimethyl sulfoxide (1, 3, and 5% by wt. of mixing water), lithium 
carbonate (0.75, 3, and 5% by wt. of mixing water), and ferric chloride (3, 5, and 7% by wt.of 
mixing water). 
See Asphalt Institute Manual MS-2 (1). 

Marshall stability performed on specimens conditioned with vacuum saturation and 24-hour, 140°F 
soak. 
Lottman's tensile strength/E-modulus, performed at 73°F as outlined in NCHRP Report 4-8(3), Feb. 1974, 
pp. 97-111 (2). 

See Asphalt Institute (Pacific Coast Division) Manual PCD-1, and reference (3). 

Asphalt cement supplied with aggregates #90, #97, and #98. 
Outdoor exposure of unconfined aggregates. 

Outdoor exposure of compacted bituminous concrete specimens containing the test aggregates. 

Aggregate Treatment D-Cracking 

Mt. Shasta Coating—E Tests 	on 	aggregates 	susceptible 	to D-cracking 	were 
(No. 2) Coating—LOE carried out utilizing the rapid freeze-thaw test (ASTM 

None (control) C 666) in the manner developed by the Ohio Department 

Kentucky Chert Impregnation—E of Transportation (4), with the following exceptions: 

(No. 1) Impregnation—MMA 350 Rapid F-T cycles (6 cycles/day, 7 days/week). 
Impregnation—BLO Measure length change (rather than dynamic modu- 
Impregnation—PEG lus) initially and weekly throughout test. 
Impregnation—S The test specimens were prisms 3 in. (7.6 cm) by 3 in. 
Impregnation—KL (7.6 cm) by 14 in. (35.6 cm) with gauge studs cast in 
None (control) the 	ends. 	Each 	aggregate-treatment 	combination 	was 
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TABLE E-2 

SUMMARY OF PROBLEM AREAS, TEST AGGREGATES, AND TREATMENTS 
FOR PCC PAVING MIXTURES 

Problem Area 
Coating 

Aggregate 	 E 	LOE KL 

TreatmentsW 
Impregnation 	 Admix. 

E 	MMA 	BLO 	PEG 	S 	(cations) 

Freeze-Thaw Mt. Shasta Andesite (#2) 	x 	x 
Kentucky Chert (#1) .x x 	x 	x 	x 	x 

D-Cracking MariOn, Ohio-Ls. 	(#31) x x 	x 	x 	x 	x 
Waterloo, Iowa-Ls. (#33) x x 	x 	x 	x 	x 
Raid Qy., Mo.-Ls. 	(#32) x x 	x 	x 	x 	x 

Alkali- Kingston, Ont.-Ls. 2 
Carbonate (#41) 	 x 	x x 

Pints Qy., Iowa-Ls (#43) 	x 	x 
Harrisonburg, Va. 
-Ls. 	(#45) 	 x 	x 

Alkali- Tishomingo, Miss. (#55) 	x 	x 
Silica Packwood, Wash. (#58) 	x 	x 

Bishop, Calif. 	(#67) 	x 	x 
Pine Bluffs, Wyo. 	(#76) 	x 	x 

E = Epoxy, LOE = Linseed Oil Emulsion, KL = Kraft Lignin, MMA = Methyl Methacrylate, 
BLO = Boiled Linseed Oil, PEG = Polyethylene Glycol, S = 95% Sulfur/5% Tar. 

3 cations x 3 concentrations = 9 combinations. 

represented by two specimens. The 21 test batches (42 
specimens) that constituted the D-cracking program are 
summarized as follows: 

Aggregate Treatment 

Marion, Ohio Impregnation—E 
(No. 31) Impregnation—MMA 

Impregnation—BLO 
Impregnation—PEG 
Impregnation—S 
Impregnation—KL 
None (control) 

Waterloo, Iowa Impregnation—E 
(No. 33) Impregnation—MMA 

Impregnation—BLO 
Impregnation—PEG 
Impregnation—S 
Impregnation—KL 
None (control) 

Raid Qy., Mo. Impregnation—E 
(No. 32) Impregnation—MMA 

Impregnation—BLO 
Impregnation—PEG 
Impregnation—S 
Impregnation—KL 
None (control) - 

Alkali-Carbonate Reaction 

Tests on alkali-carbonate reactive aggregates were con-
ducted in accordance with ASTM C 157. In batching the  

concrete, sodium hydroxide (NaOH) was added to pro-
duce an alkali content of 2 percent by weight of the 
cement expressed as Na2O equivalent (including the Na2O 
and K20 already contained in the cement). The test 
specimens were the same size and configuration as the 
specimens made for the D-cracking tests. Each aggregate-
treatment combination was represented by 3 replicate 
specimens. The 18 test batches (54 specimens) that con-
stituted the alkali-carbonate test program are summarized 
as follows: 

Dosage 
Aggregate Treatment (% ) a  

Kingston, Ont. Admixture 
(No.41) Dimethyl sulfoxide 1, 3, 5 

Lithium carbonate 0.75, 3, 5 
Ferric chloride 3, 5, 7 

Coating 
Epoxy 
Linseed oil emulsion 

None (control) 

Pints Qy., Iowa Coating 
(No. 43) Epoxy 

Linseed oil emulsion 
None (control) 

Harrisonburg, Coating 
Va. (No. 45) Epoxy 

Linseed oil emulsion 
None (control) 

By weight of mixing water. 



50 

Alkali-Silica Reaction 

Tests on alkali-silica reactive aggregates were carried out 
in the same manner as for the alkali-carbonate problem 
previously discussed. The 12 test batches (36 specimens) 
that constituted the alkali-silica test program are sum-
marized as follows: 

Aggregate Treatment 

Tishomingo, Coating-E 
Miss. (No. 55) Coating-LOE 

None (control). 

Packwood, Coating-E 
Wash. (No. 58) Coating-LOE 

None (control) 

Bishop, Calif. Coating-E 
(No. 67) Coating-LOE 

None (control) 

Pine Bluffs, Coating-E 
Wyo. (No. 76) Coating-LOE 

None (control) 

Bituminous Paving Mixtures 

Preliminary Testing 

The same fine aggregate (sand) and mineral filler were 
used in all of the bituminous paving mixtures. The sand 
(from Montoursville, Pa.) was a washed, siliceous natural 
river sand that is used extensively in Pennsylvania in 
surface- and binder-course mixtures. It was subjected to 
a gradation analysis in accordance with ASTM C 136 and 
to specific gravity and absorption determinations in ac-
cordance with ASTM C 128. The sand was separated into 
the following individual size fractions: No. 4-No. 8 
(4.76 mm-2.36 mm), No. 8-No. 16 (2.36 mm-1.18 mm), 
No. 16-No. 30 (1.18 mm-0.60 mm), and No. 30 (0.60 
mm)-pan. The mineral filler was a ground .dolomitic 
limestone. A gradation analysis was performed according 
to ASTM D 546 (wet sieve), and the specific gravity was 
determined volumetrically using kerosene and a volumetric 
flask. 

The test aggregates were graded in accordance with 
ASTM C 136 and separated into the following size frac-
tions: 1 in.-3/4  in. (25.4 mm-19.1 mm), 3/4  in.-1/2  in. 
(19.1 mm-12.7 mm), ½ i.-/8 in. (12.7 mm-9.52 mm), 
and /8 in-No. 4 (9.52 mm-4.76 mm). Specific gravity 
and absorption were determined for each test aggregate, 
treated and untreated, in accordance with ASTM C 127. 
The gradation of the test samples was the same as used in 
the bituminous mixtures. The different size fractions of 
the test aggregates were treated with epoxy and lignin and 
then resieved prior to batching. This was necessary 1e-
cause the coatings were sufficiently thick to change the 
gradation of the coated aggregate. 

Specific gravities of the asphalt cements were determined 
according to ASTM D 70, and the viscosities of the as-
phalts as supplied were determined at 140 F (60 C) and 
275 F (135 C) in accordance with ASTM D 2171 and 
D 2170, respectively. Agencies supplying the aggregates 

were asked to supply asphalt only if they considered the 
asphalt source to be an influential factor in stripping re-
sistance. Therefore, a common AC-20 asphalt was used 
for all of the bituminous mixtures except for the following 
stripping aggregates: 

No. 93 (AR-4000 asphalt) 
No. 97 (120-1 50 penetration-grade asphalt) 
No. 98 (AR-2000 asphalt) 

Treatments 

The problem areas investigated, the selected test aggre-
gates, treatments and additives used in the laboratory 
research program are summarized in Table E-3. 

Mixture Design 

The mixtures were proportioned as binder mixtures and, 
whenever possible, reflected the gradations, air voids, and 
asphalt contents used by the supplying agencies. Two 
maximum aggregate sizes were used-3/4  in. (19.1 mm) 
and 1 in. (25.4 mm)-according to the maximum size of 
the aggregate supplied to the researchers. Gradations finer 
than 3/4  in. (19.1 mm) were avoided because they limited 
the quantity of treated aggregate in the mixture. Aggregate 
passing the No. 4 (4.76 mm) sieve could not be conveni-
ently treated (lignin or epoxy treatment); therefore, the 
material passing the No. 4 (4.76 mm) sieve was considered 
as fine aggregate 

Gradations used for the various aggregate sources are 
given in Table E-4. Aggregates No. 87, 88, 89, and 90 
were graded according to Gradationi. In order to adjust 
air voids and the voids in the mineral aggregate (VMA), 
the gradations for No. 93, 97, and 98 were adjusted as 
indicated. Aggregates No. 91 and 92 were both graded 
according to Gradation 3/4. 

A series of Marshall test specimens, prepared using 
various asphalt contents, was used to select an asphalt 
content for each aggregate-treatment (epoxy, lignin, and 
untreated) combination. The asphalt content selected for 
the untreated aggregate was also used for the mixtures 
containing admixtures. The detailed procedures used to 
design the mixtures included the following steps: 

For untreated aggregate, 9 specimens were prepared 
at three asphalt contents and complete voids, stability, and 
flow analyses were performed. 

If. Step 1 failed to bracket the desired air void and 
VMA levels, additional specimens (varied asphalt content) 
were prepared. 

If air voids and VMA still did not meet desired levels, 
the gradations of the fine and coarse aggregates were 
adjusted and Steps 1 and 2 were repeated until an accept-
able mixture was obtained. The design mixture was then 
selected. 

Based on the design mixture for the untreated aggre-
gate (Step 3) and on the water absorption and surface 
texture of the treated aggregate, trial asphalt contents for 
treated mixtures were selected. Steps 1 through 3 were 
repeated as needed to produce a design mixture for each 
aggregate-treatment (kraft ligniñ or epoxy) combination. 
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TABLE E-3 

SUMMARY OF PROBLEM AREAS, TEST AGGREGATES, TREATMENTS, AND 
ADDITIVES FOR BC PAVING MIXTURES 

Treatment 
Coating Impregnation Additives 

Kraft Kraft Hyd. Acid Sodium 
Problem Area 	Aggregate Epoxy Lignin 	Epoxy Lignin Lime Amine Wash Dichromate 

Stripping 	Cr. Granite, x x 	- - x x x x 
Grayson, Ga. 
(#90) 

Cr. Granite, x x 	- - x - x - 
Piedmont Reg., 
Va. 	(#91) 

Sil. Gr., Denver, x x 	- - x x x x 
Col. 	(#92) 

Cr. Basalt, x x - x x x x 
Roseburg, Oreg. 
(#93) 

R. Cr., Bannock, x x 	- - x x x x 
Idaho (#97) 

Sil.Gr., x x 	- - x x x x 
Holbrook, Ariz. 
(#98) 

Degradation 	Cr. Basalt, x x - - - - 
Washington 
(#87) 

Limestone, x x - - - - 
Bedford, Iowa 
(#88) 

Cr. Basalt, . x x -' - - - 
Idaho (#89) 

5. For mixtures incorporating chemical admixtures (hy-
drated lime, acid wash, amines, and sodium dichromate) 
the design mixture for untreated aggregate was used. 

The mixture design procedure attempted to maintain air 
voids and effective asphalt contents in the treated mixtures 
as close as possible to those of the untreated mixtures. This 
was necessary because of the effect of the percentage of air 
voids or permeability on the resistance of bituminous mix-
tures to water (2, 3). Target air voids were 8 percent 
(35-blow Marshall) for the degradation mixtures and 
4 percent (50-blow Marshall) foi the stripping mixtures: 

Effect of Treatment on Mechanical Properties 

Marshall stability/flow values for mixtures' containing 
treated aggregates were compared with the corresponding 
values for untreated aggregates to determine if the treat-
ment procedures affected the mechanical properties of the 
compacted paving mixtures. In addition, resilient modulus, 
E modulus, and tensile strength ratios were determined for 
the treated and untreated stripping aggregates and for the 
mixtures containing chemical admixtures. These test pa-
rameters were also used to determine the effect of treat- 

ment on , the mechanical properties of the compacted 
mixtures. 

Degradation Tests 

Six, different tests were carried out to evaluate the effec-
tiveness of the selected treatments on each of the degrada-
tion-sensitive aggregates. The tests used were: 

Unconfined wet-dry cycling for 6 months. 
Los Angeles abrasion (ASTM C 131). 
Pressure slaking (5). 
Washington degradation* (AASHTO T 210-64). 
Compaction degradation using three levels of corn-

p active effort. 
Swelling during outdoor exposure of compacted mix-

tures. 

The details of the degradation 'testing procedure are 
shown in Figure E-2. 

Stripping Tests 

Three test procedures were employed to evaluate the 
effectiveness of the selected treatments and additives on 
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TABLE E-4 prior to making the portland cement concrete and bitu- 
GRADATION OF BITUMINOUS MIXTURES minous concrete test specimens. Coating and impregnation 

U.S. Gradation, Percent Passing tests were carried out on selected aggregate sources in 
Sieve Size Grad. 1 Grad. 1M 	Grad. 3M Grad. 3/4 order to obtain information in the following areas: 

1 in. 100 100 	 100 100 Time required for aggregate treatment by coating or 
3/4 in. 88 88 	 88 100 impregnation. 

1/2 in. Suitable epoxy mix designs (limited testing was con- 74 74 	 74 84 
ducted in this area). 

3/8 in. 64 64 	 64 73 The effect of aggregate temperature on treatment: 
84 47 44 	 44 so hot (100 C) or cold (room temperature). 
#8. 	 32 	 30 	 28 	 35 

#16 	 21.5 	20 	 19 	 24 

830 	 15.5 	13.5 	12.0, 	16.5 

1/50 	 9.0 	8.4 	 7.3 	10.4 

#100 	 5.6 	5.5 	 4.7 	 6.9 

#200 	 4.2 	4.2 	 3.5 	 5.2 

I Sand 	 41.1 	38.0 	39.0 	42.5 

1 Filler 	 5.9 	6.0 	 5.0 	 7.5 

Aggregate 	87, 88 	93, 97 	98 	 91, 92 
No. 	 89, 90 

stripping-sensitive aggregates. The tests, including the 
conditioning procedures used, were: 

Marshall stability/flow tests (1) were performed on 
as-compacted specimens and on vacuum-saturated speci-
mens conditioned at 140 F (60 C). 

E-modulus/diametral tensile strength (2) tests were 
performed at 70 F (21 C) on as-compacted specimens and 
on vacuum-saturated specimens conditioned at 0 F (-17.8 
C) and 140F(60C). 

Resilient (diametral) modulus tests (3) were con-
ducted on selected Marshall and E-modulus specimens 
before and after conditioning. 

The details of the stripping test program are shown in 
Figure E-3. Specimens were compacted using 50-blow 
Marshall compaction. Marshall stability values for uncon-
ditioned specimens were taken from the mixture design 
data. 

Sample Sizes 

The number of specimens tested for each aggregate-
treatment combination for the tests given in Table E-1 is 
presented in Table E-5. 

PRELIMINARY WORK ON TREATMENT METHODS AND 
MATERIALS 

Coatings and Impregnants 

Preliminary Tests for Selecting Treatment Systems 

Preliminary tests were conducted using the selected 
treatment materials with some of the aggregate 'sources. 
These tests were conducted to establish aggregate-treatment 
combinations that could be used for treating aggregate 

To facilitate coating or • impregnation, all aggregates 
were washed to remove fines from the surface and then 
oven dried (105 C) in a forced-air oven prior to treatment. 
Data obtained included both the polymer mass uptake and 
water absorption after treatment for the selected aggregate 
sources. Selection of treatment methods was based on 
minimizing the water absorption of treated versus un-
treated (control) specimens for each aggregate-treatment 
material combination. 

Limited time was devoted to this preliminary aggregate-
treatment testing because of the large number of portland 
cement concrete and bituminous concrete specimens sched-
uled to be tested. However, the preliminary testing estab-
lished some of the treatment parameters that were subse-
quently used in treating the aggregates. Table E-6 gives 
the percent reduction in water absorption for treated as 
compared to control specimens for selected test aggregates 
and treatments. 

The two coating materials listed in Table E-6 were 
linseed oil emulsion (DeepgardR C) and an epoxy consist-
ing of diglycidyl ether of bisphenol A (Epon 828' 5*) 

with triethylenetetramine (TETA) as a room temperature 
curing agent. Epoxy resin was tested at 100 percent and 
50 percent stoichiometric curing agent concentrations. The 
50 percent stoichiometric concentration was chosen in 
order to prolong the pot lifef the resin mixture, particu-
larly when the resin mixture was applied to hot aggregate. 
Preliminary data indicate that the 50 percent stoichiometric 
concentration was equal to and in some instances better 
than the 100 percent stoichiometric concentration in reduc-
ing water absorption by the treated aggregate. As a result 
of the findings given in Table E-6, Aggregates No. 1 and 
43 were coated hot (105 C) and the other aggregates were 
coated cold (room temperature) in the main test program. 

Impregnations (soak technique) of the test aggregates 
were conducted at room temperature, except for boiled 
linseed oil and polyethylene glycol, where the aggregate 
was impregnated at elevated temperatures. As a result of 
the preliminary investigations, the following treatment pro-
cedures were adopted for impregnation of the test aggre-
gates with the various treatment materials: 

1. Krafr lignin. The aggregates were oven dried and 
allowed to cool to room temperature, after which they were 
soaked in a concentrated (50. to 60 percent solids) kraft 
lignin-water mixture for 48 hr. The impregnated aggre- 

* Registered trademark: Sonnborn Building Products Division, Contech 
Inc., Minneapolis, Minn. 

** Registered trademark: Shell Chemical Corporation. 
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Figure E-2. Testing of specimens in evaluation of treatments for resistance to degradation. 
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gates were then heat treated in an oven at 240 C for 24 to and allowed to cool to room temperature, after which they 
36 hr. were soaked in 100 parts methyl methacrylate (MMA), 

2. Epoxy. The aggregates were oven dried and allowed 10 parts trimethylol propane trimethacrylate (TMPTMA) 
to cool to room temperature, after which they were soaked and 6.5 parts 2,2'-azobisisobutyronitrile (AZO) by weight 
in a mixture of Epon 828, TETA and xylene, 100: 14.1: for 4 hr. The treated aggregates were then placed in a hot 
and 25 phr, respectively, for 1~ 	to•2 hr. 	The treated water bath (75 C) for. about 24 hr to polymerize the 
aggregates were then spread out on a screen for room- MMA-TMPTMA-AZO system. 
temperature polymerization. 4. Boiled linseed oil. 	The aggregates were oven dried 

3. Methyl methacrylate. The aggregates were oven dried 	and removed from the oven. While still hot (105 C), they 
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TABLE E-5 

SAMPLE SIZES FOR THE LABORATORY TESTS 

Number of Specimens 
Test 	 for Each Aggregate- 

Treatment Combination 

PCC--Compressive Strength 3 

PCC-'-Freeze-Thaw 3(a) 

PCC--D-Cracking 2(a) 

PCC--Alkalj-Carbónate Reaction 3 

PCC--Alkalj-Sjljca 3 

BC--Mixture Design (Marshall Method) 9(b) 

Stability, Flow and Voids Analysis 

BC--Stripping 
Marshall Immersion 3 
E-Modulus & Diametral Tensile Strength 

6b Resilient Modulus 9 

BC--Degradation 
lJnconflned Wet-Dry Cycles 	

3 a Washington Degradation 	
2(a) Pressure Slaking 	 2 

Compactive Effort (at 3 levels of 	
(a compactive effort) 	 3 

Los Angeles Abrasion 	 2 

Indicates limit based on time or equipment limitations. 
Same samples as Marshall, E-Modulus, and Diametral 

Tensile Strength. 

TABLE E-6 

REDUCTION IN WATER ABSORPTION DUE TO 
COATING OR IMPREGNATION USING SELECTED 
TREATMENTS AND AGGREGATES 

Reduction in Water Absorption. 
Aggregate Coatings Impregnants 
Source Epoxy Linseed Methyl- Boiled 
Number Cold Hot 1 	Oil Emul. Epoxy Methacrylate Linseed Oil 

1 0.0 100.0 75.6 58.5 46.3 

2 53.0 86.4 	59.8 100.0 71.2 80.3 

31 63.4 100.0 100.0 100.0 82.9 

32 65.0 0.0 100.0 65.0 40.0 

33 46.4 100.0 100.0 75.0 100.0 

43 31.0 85.9 	81.6 

55 70.4 66.7 	70.4 

58 85.7 100.0 	66.7 

1 	Reduction in water absorption 	[(water abs. of control, B - 
water abs. of treated agg.. %)/(water abs. of control, B)] x 100. 

2 Cold: Aggregate and epoxy both at room temperature. 
Hot: Aggregate was coated immediately upon removal from drying 

oven (105'0 and allowed to cool to room temperature 
while epoxy polymerized. 

were soaked in boiled linseed oil (BLO) and allowed to 
cool to room temperature during the impregnation for 
24 hr. The treated aggregates were placed in an oven 
(105 C) for about 24 hr to help accelerate the polymeriza-
tion of BLO. This polymerization step would not be neces-
sary if the treated aggregates could be exposed to the 
atmosphere at room temperature for a sufficient period 
of time. 

Polyethylene glycol (1000 M.W.). The aggregates 
were oven dried and placed in an oven at 55 to 60 C. 
Polyethylene glycol (PEG) was heated to 55 to 60 C and 
poured over the aggregates. The aggregates and PEG 
mixtures were maintained at 60 C for an impregnation 
time of 24 hr. The treated aggregates. were placed on a 
screen for cooling. 

Sulfur. The aggregates were oven dried, after which 
they were heated to 121 C. Sulfur (S) was mixed with 
2.5 percent tar by weight and the aggregates were added 
to the sulfur mix. The impregnation was carried out at 
121 C for 30 mm, and the treated aggregates were then 
placed on a screen to cool. 

Table E-7 is a summary of the coating and impregnation 
techniques used in treating the aggregate sources tested in 
this project. This discussion of treatment methods does 
not mean to imply that optimization of any coating or 
impregnation aggregate-treatment combinations has been 
achieved. Time restraints in the present project prechded 
optimization of aggregate-treatment combinations. 

Table E-8 lists the general properties of treatment mate-
rials used in the upgrading of selected aggregates. These 
materials represent a wide range of p,operties, which per-
mitted an extensive investigation of treatment materials for 
selected aggregate sources. The treatment materials used  

in this project were chosen to represent classes of materials 
and should not be interpreted as optimum treatment 
materials. 	- 

Preliminary Tests to Determine Treatment Material Uptake 

Table E-9 presents the uptake of treatment materials 
(coatings and impregnants) for the selected test' aggregates. 

Alkali-Carbonate Problem 

As discussed in Appendix C, three chemical admixtures 
were selected for testing as possible means of reducing 
alkali-carbonate reactivity. They are lithium carbonate 
(Li9CO3), ferric chloride (FeCI3), and dimethyl sulfoxide. 
The effects of the inorganic chemicals (lithium carbonate 
and ferric chloride) on the properties of fresh and hard-
ened concrete mixtures were not considered to be of suffi-
cient importance, on the basis of information in the tech-
nical literature (6), to warrant preliminary testing. Both 
chemicals are reported to produce set acceleration, and at 
a certain pessimum concentration (ito 2 percent by weight 
of the cement) lithium carbonate may produce flash set. 
Dimethyl sulfoxide (DMSO) is a polar organic liquid 
totally miscible in water. Because no data could be found 
about its effect on the properties of fresh and hardened 
concrete, a preliminary laboratory test was carried out on 
the 14-day compressive stiength of 2-in. (5.1 cm) mortar 
cubes containing various quantities of DMSO. The results 
are given in Table E-iO. Although there appears to be a 
decrease - in strength with increasing concentration of 
DMSO, the variation of the individual results within each 
group is too great to attach any significance to the magni-
tude of apparent strength loss. At any rate, the strength 
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TABLE E-7 

SUMMARY OF COATING AND IMPREGNATION TECHNIQUES 

Treatment 
Material 

Treatment Mate- 1 
rial Formulation 

Treatment 
Objective 

2 
TreatmentTechniques 

Epoxy (E) DGEBA Coating Aggregate was placed in epoxy mixture for 5 mm. 
TETA and then placed on screens to polymerize. 	Aggre- 
(50% Stoichiometric) gate sources no. 2, 32, and 55 were.treated at 

room temperature. 	Aggregate sources no. 1, 31, 
33, and 43 were removed from the oven, coated 
with epoxy while hot, and allowed to cool. 

Linseed Oil 100% LOE Coating Aggregate was placed in LOE for 5 mm. (room 
Emulsion (LOE) temperature) and then placed on screen for curing 

(7 days). 

Kraft Lignmn 50-60% solids Impreg- Aggregate was soaked in KL-water mixture for 
(KL) in water nation 48 hr. at room temperature. 	Impregnated aggre- 

gate was heat treated at 240°C for 24-36 hr. 

EpoxT (E) DGEBA: 	TETA: Impreg- Aggregate was soaked in epoxy mixture for 1-3/4 
Xylene (100:14.1: nation to 2 hr. 	Treated aggregate was spread out on a 
25 parts by wt.) screen for room temperature polymerization. 

Methyl- MMA: 	TMPTMA: 	AZO Impreg- Aggregate was soaked in MMA mixture for 4 hr. at 
Methacrylate (100:10:0.5 parts nation room temperature. 	Treated aggregate was placed 
(MMA) by wt.) in a hot water bath (75°C) for 24 hr. to 

polymerize MMA system. 

Boiled 100% BLO Impreg- Hot aggregate (105°C) was soaked in BLO. 	The 
Linseed Oil nation aggregate was allowed to cool to room temperature 
(BLO) during the impregnation (24 hr.). 	Treated aggre- 

gate was placed in a forced draft oven (105°C) 
for about 24 hr. to accelerate the polymerization 
of BLO.. 

Polyethylene 100% PEG Impreg- Aggregate was placed in oven (60°C) for 24 hr. 
Glycol (PEG) nation while soaking in PEG and then placed on screen to 

cool. 

Sulfur (S) 95% Sulfur/5% Tar Impreg- Aggregates heated to 121°6 were placed in sulfur 
nation mixture (121°C) for 30 mm. and then placed on 

screen to cool. 

1 Diglycidyl ether of bisphenol A (DGEBA), Triethylenetetramine (TETA), Methyl Methacrylate (MMA), 
Tr imethylol propane trimethacrylate (TMPTNA), 2,2 -azobisisobutyronitri1e (AZO). 

2 All aggregate sources were oven dried in a forced draft oven at 105°C prior to receiving 
treatments. 

loss did not seem to. be of sufficient magnitude to rule out 	supplied by Harry T. Campbell and Sons of Towson, Md., 
DMSO. 	 referred to as White Marsh sand. The physical properties 

The properties of the chemical admixtures selected for 	of the fine aggregate, as determined in the research agency 
testing in the alkali-carbonate program are given in Table 	laboratory, are: 
E-11. Fineness modulus 	 2.65 

PRELIMINARY TESTS OF STANDARD MATERIALS 	
Bulk specific gravity 	2.63 
Apparent specific gravity 	2.704 

Portland Cement Percent absorption 	 1.05 
The portland cement used in this research came from a 

single lot of low-alkali, Type I cement supplied by Alpha 
Portland Cement Company from their Lime Kiln, Md., 
plant. The pertinent parts of the mill certificate for this 
cement are shown in Figure E-4. 

Fine Aggregate for PCC 

The fine aggregate used in the portland cement concrete 
paving mixtures was a high-quality, alluvial quartz sand, 

The gradation curve for the fine aggregate is shown in 
Figure E-5. 

Asphalt Cement 

An AC-20asphalt cement was used for the bituminous 
mixtures, except for the stripping mixtures from sources 
93, 97, and,  98. Test data for the asphalts used in the 
project are given in Table E-12. 
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Fine Aggregate for BC gradations (percent passing) of the minus No. 30 sand and 
the mineral filler are given in Table E-13 along with The sand (from Montoursville, Pa.) 	was a washed, 
specific gravity and absorption data.  siliceous 	natural 	river sand that is used 	extensively in 

Pennsylvania in surface- and binder-course mixtures. 	As - 

discussed previously, the sand was separated into individual PRELIMINARY TESTS OF TEST AGGREGATES 
size fractions on the No. 4 (4.75 mm), No. 8 (2.36 mm), - 

General 	- 
No. 16 (1.18 mm), and No. 30 (0.60 mm) sieves. The - 

passing No. 30 fine aggregate was obtained by blending the To obtain basic data required for mix designs, some 
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minus No. 30 sand fraction and the mineral filler. The 	preliminary tests were carried out on treated and untreated 
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TABLE E-9 

TREATMENT UPTAKE (COATINGS AND IMPREGNANTS) BY THE 
SELECTED TEST AGGREGATES 

Aggregate Linseed I 	 Methyl 	Boiled 
Oil 	 Kraft 	 Metha- 	Linseed 
Emulsion 	Lignin 	Epoxy 	crylate 	Oil 

1 2.8 2.4 1.0 

2 8.9 3.8 

31 5.0 4.2 4.1 

32 1.1 1.5 2.5 

33 0.8 2.1 3.2 

41 2.4 1.3 

43 6.2 2.5 

45 1.6 1.6 

55 0.8 1.3 - 

58 3.3 1.1 

67 2.6 1.1 

76 

1 Treatment uptake, Z = (wt. of treatment absorbed/oven-dry wt. of aggregate) x 100 
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TABLE E-1O 

EFFECT OF DMSO ON STRENGTH OF CEMENT 
MORTAR CUBES' 
1 DMSO by wt. 
of mixwater 0 1 5 10 

Compressive 
Strength (psi) 3,050 3,425 2,675 1,625 

3,250 3,225 3,150 3,000 
3,075 2,250 2,275 2,750 

Average 3,125 2,967 2,700 2,458 

1 w/c = 0.427; Cement: Sand 	1:2.75; 14-day moist cured; Type I 
Portland Cement; Graded Ottawa Sand. 

TABLE E-11 

PROPERTIES OF ADMIXTURES 

DMSO Fed 3  Li2CO3  

(Anhydrous) 

Grade Certified ACS Sublimed Purified Certified ACS 

Appearance Clear, Colorless Dark Grey Powder White Powder 
Liquid 

Density gm/ml 1.095 
at 25C C 

Freezing Point 18.0% ---- 

Residue after 0.01% ---- - 
Evaporation 

Formula Weight 78.13 162.21 73.89 

TABLE E-12 

PHYSICAL PROPERTIES OF ASPHALTS USED IN RESEARCH PROGRAM 

Asphalt 
Property AC-20 120-150 pen AR 4000 AR 2000 

Viscosity at 275F (135C), c St 365 175 654 265 

Viscosity at l40F (60C), P 1941 495 4760 20l0 

Penetration 77°F (25°C), 56 109 60 
.56a 

lOOg, 5 mm. 

Specific Gravity 1.028 1.024 1.034 1.019 

Softening Point, °F 120.0 113.5 118.5 

(a) Residue from thin film oven test (ASTM D 1754) 
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Alpha 
Portland, 	

. AF.1 
Cement Company . 	. 
A division of Alpha Portland Industries, Inc. 

Alpha Building. Easton, Pa. 18042 

Regional Plants and Sales Offices: Birmingham, Ala., Cementon, N. Y., Jameaville, N. Y. 
Lime Kiln, 'Md., Orange, Tax., St. Louis, Mo. 

TESTS OF CEMENT STOCK FROM WHICH SHIPMENT WAS MADE 

CONTRACT NO. 

Mr. Philip Cady 
XMIM 	Dept. of Civil Engineering 	SHIP TO 

Penn State University 
212 Sackett Bldg. 
University Pak9  Pa 16802 

TIME OF SETTING 	 'I 
I 

I 
TYPE FINENESS 

Wagner 	Blaine 
I 	SOUNDNESS 
I 	AUTOCLAVE I 	AIR CONTENT I 	Vicat . 	Initial Vicat. 	Final Gillmore 	. 	Initial Gillmor. . FInal 

I 	Minut.s 

179 	' 
Hours 

5:55 
Minutes 

194 
Hours 
6:12

'  

I 
L.A. 2017 	3708 .018 	',.' 8.0 	% 

COMPRESSIVE STRENGTH 
PSI 	Day PSI 	Day 

3175 	(3) 424L4. 	(71  
Tons . Cai 

CHEMICAL ANALYSIS 
2-1-2 	SilIca' (SlO.) 

AlumIna (AIaOa) 
34 	Iron (FuOa) 

C 
2  S 
	= 21.5 

6'_3. 	LIms IC.Ol 
CAF 	= ]O,4 

4.7 	
1 MagnesIa (MgO) 

CaSO4 = 39 
2.. 	Sulphuric Anhydrld. (SQ.) 
fl 	c 	Lois an Ignl+Ien 

	

52.2 	Tric.Iclum SIIIca. (CaS) 
6.8 aO 0.21 

TtIe.Iclsm AIumIna. (CiA) 
0.21 Eq. = 0.51 

Insoluble ResIdue 

Figure E-4. Mill certificate for portland cement used in tests.' 

or Truck Numbers 

CHEMIST 

test aggregates. These tests included dry-rodded unit 
weight (ASTM C 29) and water absorption and bulk dry 
specific gravity (ASTM C 127). Water absorption test 
results on the treated aggregates are not reported because 
they were essentially nil. 

PCC Aggregate Tests 

Dry-rodded unit weights, determined in accordance with 
ASTM C 29, are presented in Table E-14 for untreated 
(control) and treated (coatings and impregnants) test 
aggregates. Water absorption for the untreated (control) 
aggregates, determined in accordance with ASTM C 127, 
are also given in Table E-14. 

Table E-15 summarizes the bulk dry specific gravities of 
untreated. (control) and treated (coatings and impreg-
nants) test aggregates determined in accordance with 
ASTM C 127. 

BC Aggregate Tests 

Bulk specific gravity and water absorption data for the 
untreated test aggregates and for the coated, impregnated, 
and washed test aggregates are given in Table E-16. The. 
specific gravity and absorption data were obtained in ac-
cordance with ASTM C 127. 

MIXTURE PROPORTIONS 

Portland Cement Concrete Mixtures 

The primary criteria for proportioning the portland 
cement concrete mixtures used in this research were 2- to' 
3-in. (5.1 to 7.6 cm) slump, 5 percent entrained air con-
tent, and 0.45 water/cement ratio (by weight). PCC mix-
tures were proportioned in accordance with the American 
Concrete Institute Recommended Prodedure for the Design 
of Normal-Weight Concrete Mixtures (ACI 613). The 



60 

IOC 

9C 

80 
z 

7C 

a. 
4 

6C 
00  

5C 
> 
I— 	4C 
4 

E 

200 
	

100 	50 	30 	16 	8 	4 	3/8 

U.S. STANDARD SIEVE NUMBER SIZES 

Figure E-5. Gradation curve for fine aggregate for PCC mixtures. 

TABLE E-13 

PHYSICAL PROPERTIES OF SAND AND MINERAL 
FILLER USED IN RESEARCH PROGRAM 

Property 	 Minus No. 30 	 Mineral 
Sand Size 	 Pillar 

Bulk Specific Gravity 	 2.530' 

Apparent Specific Gravity 	 2.816 

Water Absorption, percent 	2.8 

Percent Passing No. 30 	 100 	 2 

	

50 	 33 	 98 

	

100 	 5 	 85 

	

200 	 2 	 66 

(a) Determined on a sample representative of the gradation of the 
total sand used in mixture. 

batch quantities per cubic yard of concrete (dry basis) are 
presented in Table E-17, which also gives the measured air 
contents and slumps. A typical mixture design sheet, used 
for computing the values shown in Table E-17, is shown in 
Figure E-6, in which the factors for computing the quan-
tities of air-entraining agent and sodium hydroxide were 
derived as follows: 

Air-entraining admixture: The matiufacturer's rec-
ommendation for 5 percent entrained air content for the 
AEA used (neutralized Vinsol resin) is 3/4  fi oz per sack of 
cement. Converting, 0.75 fi oz X 29.59 ml/fl oz = 22.189 
mi/sack and 22.189 mI/sack of cement — 94 lb of cement! 
sack = 0.236 mI/lb of cement. 

Sodium hydroxide (added only to mixtures involving 
alkali-aggregate reactivity): Sodium hydroxide was added 
to give a total alkali content (as Na0O equivalent) of 
2 percent by weight of the cement. Given the molecular  

weights of K20 = 94.2, Na20 = 62.0, and NaOH = 40.0, 
the Na,O equivalent of the alkali already in the cement 
(see mill certificate, Fig. E-4) is: 

0.21% + (0.45%)[] = 0.51% = 0.0051 94.2 

Therefore, the amount of alkali as Na2O that must be 
added, as a decimal fraction of the weight of cement, is 
0.0200 - 0.0051 = 0.0149. 

The amount of NaOH that must be added to give the 
above alkali (NaO) content can then be calculated as 
follows: 

62.0 	 40.0 
Na9O + H.,O - 2 NaOH 
.0149 	 x 
62.0x= (.0149) (2) (40.0) 

x = 0.01923 

Converting to grams of NaOH per lb of cement gives 
(0.01923) (454 gm!lb) = 8.7825 gm NaOH per lb of 
cement. 

Referring to the measured air content in Table E-17, 
it should be noted that air contents were determined using 
the Chace meter. Air contents can be estimated to the 
nearest 0.5 percent with this device, and the accuracy is 
usually within 1 percent. The more accurate pressure or 
volumetric methods were not used because of the small 
quantities of treated aggregates available and the large 
number of mixtures involved. The air content measure-
ments averaged 4.1 percent, about 1 percent below the 
target value of 5 percent. They were generally in the 
3 to 5 percent range, but one very large value was en-
countered—an air content in excess of 12 percent in mix-
ture No. 50. Mixtures 49 and 50 involved aggregates 
impregnated with kraft lignin. Two additional mixtures 
(not shown in Table E-17) also. contained kraft-lignin- 
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TABLE E-14 

DRY-RODDED UNIT WEIGHTS FOR TREATED AND UNTREATED 
AGGREGATES AND WATER ABSORPTION FOR UNTREATED AGGREGATES 

Aggregate 
Source 

Linseed Methyl Boiled Polyeth- 
lWater ab- Unit wt. Oil Kraft Metha- Linseed ylene 

No. sorption, B lb./ft 3  Epoxy Emulsion Lignin Epoxy crylate Oil Glycol Sulfur 

1 4.18 91.23 91.62 84.80 93.40 91.32 91.32 93.40 

2 8.72 71.68 72.35 74.12 

31 2.17 92.23 • 96.07 80.65 96.07 90.14 91.92 93.10 

32 1.55 97.24 96.07 87.76 99.62 91.32 91.92 103.78 

33 2.30 91.23 95.47 86.58 96.07 87.76 95.47 96.07 

41 0.77 91.23 94.88 93.40 

43 7.96 86.47 85.98 90.43 

45 0.89 94.49 91.92 99.33 

55 	. 3.06 96.24 91.32 94.88 

58. 1.67 107.27 97.84 100.81 

67 1.00 	' 107.27 99.33 97.84 

76 	. 0.71 99.25 89.84 97.84 

TABLE E-15 

BULK DRY SPECIFIC GRAVITY FOR TREATED AND UNTREATED 
TEST AGGREGATES 

	

Agg. 	 I 	Linseed 	 Methyl 	Boiled 	Polyeth- 
Source Untreated 	Oil 	Kraft 	 Metha- Linseed ylene 

	

No. 	1(control) Epoxy Emulsion Lignin Epoxy crylate Oil 	Glycol Sulfur 

	

1 	2.326 	 2.28 	2.29 	2.44 	2..37 	2.35 	2.32 

	

2 	2.003 	2.02 	2.105 

	

31 	2.566 . 	 2.48 2.51 2.59 	2.53 	2.57 	2.51 

	

32 	2.641 	 2.64 	2.55 	2.65 	2.63 	2.54 	2.64 

	

33 	2.586 	 2.60 2.53 2.63 	2.58 	2.52 • 2.55 

	

41 	2.690 	2.48 	2.60 

	

43 	2.328 	2.17 	2.34 

	

45 	2.735 	2.62 	2.66 

	

55 	2.394 	2.33 	2.40 

	

58 	2.610 	2.40 	2.65 

	

67 	2.608 	2.44 	2.63 

	

76 	2.608 	2.36 	2.54 

impregnated aggregates (Nos. 32 and 33). In the latter 
two instances the concrete failed to set; the kraft lignin 
apparently acted as a strong set retardant. In the two 
cases recorded in Table E-17 (mixtures 49 and. 50), the 
kraft lignin apparently displayed water-reducing (deflocu-
lating) properties, as evidenced by the high values of 
slump. Kraft lignin displayed air-entraining (surfactant) 

) 

properties in these cases, as well. In retrospect these reac-
tions do not seem to be extraordinary, inasmuch as many 
of the commercial products for providing air entrainment, 
set retardation, and water reduction are derived from 
chemicals quite similar to kraft lignin. 

The measured slump values given in Table E-17 (ex-
cept for the cases discussed above) averaged a little over 
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TABLE E-16 

SPECIFIC GRAVITY AND ABSORPTION DATA FOR BC AGGREGATES 

Aggregate 
Test 	Treatment Degradation, Impregnation 	 Stripping, Coating 
Parameter 	 87 	88 	89 1 90 	91 	92 	93 	97 	98 

Bulk 	Untreated 2.4580 2.3602 2.8179 2.6153 2.6307 2.5978 2.7105 2.5874 2.5690 

Specific 	Acid. Wash 	--- 	--- 	2.6218 	2.6250 	2.6005 	2.7239 	2.5661 	2.5411 

Gravity Epoxy 	2.3706 2.3469 2.6920 2.5101 2.4995 2.5098 2.5807 2.5084 2.4898 

Kraft 	2.4129 2.3294 2.8148 2.5385 2.5937 2.5621 2.6655 2.5712 2.5572 
Lignin 	 . 	 I 

Water 	Untreated 5.8 4.6 1.8 0.6 0.5 1.0 3.5 0.9 1.3 

Absorption Acid Wash 	-- 	-- 	-- 	0.5 	0.5 	0.9 	2.8 	1.0 	1.6 

(Percent) Epoxy • 0.5 1.1 0.9 0.5 0.8 0.8 0.5 0.8 0.9 

Kraft 	6.3 	4.7 	1.6 	1.5 	0.8" 	1.1 	3.4 	1.0 	1.3 
Lignin 

2 in. (5.1 cm) and they typically fell in the range of 
11/2  to4in. (3.8-10.2 cm). 

Bituminous Paving Mixtures 

As discussed earlier, the control of air voids and, VMA 
was the - main criterion used in selecting asphalt contents 
for the different treatments. The epoxy coating reduced 
the absorbed• asphalt in the coarse fraction, reducing the 
required asphalt in the epoxy mixtures. Mixture prop-
erties for the degradation mixtures are given in Table 

Each of these mixtures was subsequently compacted 
at three levels of kneading compaction in order to assess 
the effect of compaction level on degradation. The follow-
ing average data were obtained for these mixtures: 

Avg. resultant 
Compaction level 	 air voids (%) 

Low-25 blows at 250 psi 	 12.3 
Medium-175 blows at 250 psi 	 7.6 
High-25 blows at 250 psi, plus 	 5.2 

150 blows at 500 psi 

In addition to the compaction-degradation specimens, a 
series of specimens were fabricated using 50-blow Marshall 
compaction, vacuum saturated, and placed out of doors 
in a pan of water. The specimens were maintained in 
a saturated condition for the duration of the outside 
exposure. 

The original intention was to use the same gradation for 
all of the stripping mixtures. Two different gradations 
were chosen according to the maximum size of the aggre-
gate, 1 in. (25.4 mm) or 3/4  in. (19.1 mm). No problems 
were encountered with Aggregates No; 90, 91, and 92. 
However, because of differences in particle shape and sur-
face texture, it was necessary to alter the gradation of 
Aggregates No. 93, 97, and 98 in order to obtain suffi-
ciently high air voids and VMA. The gradations were ad-
justed as indicated in Table E-4. 

Properties for the stripping mixtures are given in Table 
The Marshall stability, flow, air voids, and VMA  

data were taken from the Marshall design curves produced 
for each aggregate-treatment combination. Typical Mar-
shall design curves, are shown in Figure E-7. The tensile 
strength, E-modulus, and resilient modulus values shown. 
in Table E-19 were taken from the strength and E-modulus 
sample series, as shown in Figure E-3. 

The various aggregate-treatment-additive combinations 
required slightly different mixing procedures. Epoxy- and 
kraft-lignin-treated aggregates were handled like normal 
aggregates except that they were resieved after treatment. 

The acid wash was applied to the aggregates prior to 
batching. The procedure for using the acid wash was as 
follows: 

Individual size fractions of the coarse aggregate were 
brought to a saturated surface-dry condition. 

The different size fractions were combined to form 
a 3,000 gm sample of the same gradation to be used in 
the compacted samples, and placed in a stainless steel mix-
ing bowl. 

The aggregate was sprinkled with 62 gm of a 3-part-
per-thousand (wt. basis) solution of acid. 

The aggregate was then mixed in a Hobart N-50 
mechanical mixer using a whip beater for 3 mm. 

The aggregate was dried in an oven at 250 F (121 
C) and subjected to occasional agitation for 3 hr. 

It was then removed from the oyen, allowed to cool, 
and then batched and mixed in the same manner as the 
untreated aggregate. 

The sodium dichromate treatment (NA2CR2O7  . 2H2O) 
was applied 'directly to the aggregate as follows: 

The coarse aggregate fractions to be used in the com-
pacted specimens were batched, and each was placed in 
a plastic mixing'bowl. 

The aggregate. was sprinkled with 18 gm, of a 2 
percent (by weight) solution of sodium dichromate and 
distilled water. 

The aggregate was then stirred with a glass rod 
until a uniform coating of the sodium dichromate solution 



TABLE E-17 

BATCH QUANTITIES PER CUBIC YARD (DRY BASIS) FOR PCC MIXTURES 

1 
Batch Quantities, per cubic yard of concrete (dry basis)l Measured 

Fine 	Coarse 
Mix Agg Agg. Cement Agg. Agg. Water Air Ent. NaOH 
No. No. Treatment lb. lb. lb. lb. Admix.,ml added, 	lb. Air, B Slump, in. 

1 1 none 633 1017 1700 285 149.4 0.00 2.0 4.0 

2 2 none 633 1187 1335 285 149.4 0.00 3.5 3.5 

3 31 none 633 1179 1718 285 149.4 0.00 3.5 1.25 

4 32 none 633 1134 1812 285 149.4 0.00 2.5 2.75 

5 33 none 633 1210 1700 285 149.4 0.00 6.0 0.75 

'6 41 none 633 .1269 1700 285 149.4 12.17 2.0 0.75 

7 43 none 633 1119 1611 285 149.4 12.17 3.0 2.5 

8 45 none 633 1248 1760 285 149.4 12.17 4.0 1.25 

9 55 none 633 969 1793 285 149.4 12.17 3.5 1.0 

10 58 none 633 924 '1998 285 149.4 12.17 3.0 2.0 

11 67 none 	' 633 923 1998 285 149.4 12.17 3.0 3.0 

12 76 none 633 1075 1849 285 149.4 12.17 3.0 1.25 

13 2 E-Coat. 633 1177 1348 285 149.4 0.00 8.0 	. 5,0 

14 41 E-Coat. 633 1057 1768 285 149.4 12.17 5.0 2.0 

15 43 E-Coat. 633 990 1602 285 149.4 12.17 3.0 0.5 , 

16 45 E-Coat. 633 1213 1712 285 149.4 . 	12.17 3.0 0.75 

17 55 E-Coat. 633 1019 1701 285 149.4 12.17 3.0 3.0 

18 58 E-Coat. 633 929 1823 285 149.4 12.17 2.0 2.75 

19 67 E-Coat. 633 935 1850 285 149.4 12.17 3.0 1.5 

20 76 E-Coat. 633 1065 1674 285 169.4 1217 3.0 0.75 

21 2 LOE-Coat. 633 1201 1381 285 149.4 0.00 11.0 7.0 

22 41 LOE-Coat. 633 1172 1740 285 149.4 12.17 4.0 1.5 

23 43 LOE-Coat. 633 1037 1685 285. 149.4 12.17 3.5 0.0 

24 45 LOE-Coat. 633 1101 1851 285 149.4 12.17 3.0 3.5 

25 55 LOE-Coat. 633 933 1768 285 149.4 12.17 5.0 0.25 

26 58 LOE-Coat. 633 1067 '1878 285 149.4 12.17 3.0 0.0' 

27 67 LOE-Coat. 633 1108 1823 285 149:4 12.17 4.0 3.5 

28 76 LOE-Coat. 633 1080 1823 285 149.4 12.17 3.0 6.0 

29 1 BLO-Imp. 633 1044 1701 285 149.4 0.00 6.0 3.75 

30 31 BLO-Imp. 633 1185 1679 285 149.4 0.00 ' 7.0 1.25 

31 32 BLO-Imp. 633 1231 1701 285 149.4 0.00 6.0 2.0 

32 33 BLO-Imp. 633 1264 1635 285 149.4 0.00 6.0 0.75 

33 1 	. E-Imp. 	, 633 1116 '1580 285 149.4 0.00 4.0 -- 

34 31' E-Imp. 633 1356 1503 285 149.4 0.00 4.5 1.75 

35 32 E-Imp. 633 1244 1635 285 149.4 0.00 1.5 1.25 

36 33 	, E-Imp.. 633 1245 1613 , 	285 149.4 0.00 5.0 0.5 

37 1 S-Imp. 	. 633 958 1740 285 149.4 0.00 3.5 1.25 

38 31 S-Imp. '633 1114 1734 285 149.4 0.00 3.0 3.5 

39 32 S-Imp. 633 976 1933 285 149.4 0.00 2.0 ' 	1.75 

40 33 S-Imp. 633 1109 1790 285 ' 	149.4 0.00 3.0 1.5 

41 1 PEG-Imp. 633 	, 1027 1701 285 149.4 0.00 4.0 4.0 

42 31 PEG-Imp. 633 1178 1712 285 149.4 	- 0.00 5.0 3.5 

63 
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TABLE E-17 (CONTINUED) 
tch Quantities per cubic yard of concrete (dry basis) Measured 

Fine Coarse 
Mix Agg. Agg. ment 

r1b 
Agg. Agg. Water Air Ent. NaOH 

No. No. Treatment . lb. lb. lb. Mmix. ,ml added, lb. 	Air, 1 	Slump, in. 

43 32 PEG-Imp. 633 1159 1712 285 149.4 0.00 3.0 	1.5 

44 33 PEG-Imp. 633 1165 1779 285 149.4 0.00 3.0 	3.75 

45 1 M1'IA-Imp. 633 1055 1740 285 149.4 0.00 3.0 	4.0 

46 31 MMA-Imp. 633 1113 1790 285 149.4 0.00 4.5 	1.25 

47 32 t*IA-Imp. 633 1090 1812 285 149.4 0.00 5.0 	3.5 

48 33 MMA-Imp. 633 1113 1790 285 149.4 0.00 4.0 	2.0 

49 1 EL-Imp. 633,  984 1707 285 149.4 0.00 6.0 	8.0 

50 31 EL-Imp. 633 1100 1790 285 149.4 0.00 >12.0 	10.0 

Conversion Factors: 1 lb. 0.454 	kg; 1 in. = 2.54 cm. 
= Epoxy, LOE = Linseed Oil Emulsion, BLO = Boiled Linseed Oil, S Sulfur, PEG Polyethylene 

Glycol, MNA = Methyl Methacrylate, EL = Kraft Lignin; Coat. = Coating, Imp. = Impregnation. 

was achieved (judged by the color change of the aggre-
gate, because the sodium dichromate solution is bright 
orange). 

The aggregate was then batched and mixed in the 
same manner as the untreated aggregate. 

Hydrated lime is most effective as a treatment when 
added to the aggregate as a wet slurry. Approximately 1.0 
percent lime (based on coarse aggregate by weight) was 
mixed with water to form a slurry and then mixed into 
the coarse aggregate. The treated aggregate was then 
"cured" for 48 hr by placing it in an airtight plastic bag. 
The wet lime-coated aggregate was then removed from 
the plastic bag and oven dried as in the normal batching 
procedure, except that the weight of the mineral filler was 
adjusted according to the weight of hydrated lime added. 

The emulsions were hot mixed according to the pro-
cedure recommended by the supplier as follows: 

1. The amount of emulsion required to produce the 
appropriate asphalt content in the mix was added to the 
cold aggregate and mixed in a Hobart N-50 mixer, using 
a wire whip. 

The mix was then placed in an oven for 1 hr at 
250 F (121 C) and occasionally remixed by hand until 
complete aggregate coating was achieved. 

The mix was then removed from the oven and com-
pacted at 230 F (110 C). 

Amine anti-stripping additives were added directly to 
the asphalt or emulsion prior to batching. Approximately 
0.5 1 of the asphalt was heated to 180 F (82 C), the amine 
was added to the top of the asphalt and stirred for 5 mm. 
The same procedure was used for the emulsion except 
that it was not heated. The dosage rate was (weight basis 
as percent of the binder): antistrip 1, used with emulsion 
0.2 percent; antistrip 2, used with asphalt 0.5 percent. 

In terms of mixing, no special problems were encoun-
tered. The epoxy-coated aggregate was noticeably easier  

to coat, presumably because of its smooth surface texture. 
The sodium dichromate treatment appeared to make the 
aggregate harder to coat; however, complete coating was 
obtained. This seems to be due to the fact that the sodium 
dichromate-treated aggregate quickly became coated with 
the mineral filler during mixing, making it harder for the 
asphalt to coat the aggregate surface. 

EFFECT OF TREATMENTS ON MECHANICAL PROPERTIES 
OF PAVING MIXTURES 

Portland Cement Concrete Mixtures 

Compressive strength tests were carried out on PCC 
mixtures containing treated and untreated aggregates to 
determine whether the treatments had deleterious effects 
on the mechanical properties of the concrete. The cylin-
drical test specimens were 4 in. (10.2 cm) in diameter by 
8 in. (20.3 cm) high. Three specimens were tested at the 
age of 28 days for each aggregate-treatment combination. 
The results are given in Table E-20. 

In coating treatments, the epoxy, with only one excep-
tion, did not appear to have a deleterious effect on strength. 
However, the linseed oil emulsion appeared to produce 
significant strength losses. Among the impregnants, all but 
the epoxy and methyl methacrylate treatments appeared 
to significantly reduce compressive strength. Although the 
reasons for this are not clear, it appears that the different 
treatments have a widely varying effect on the water de-
mand of the mixture, which in turn inter-reacts with water-
cement ratio and workability. These effects are not amen-
able to adjustment by the ACI mixture proportioning 
procedure (i.e., changes in aggregate specific gravity and 
absorption) and therefore apparently involve surface ef-
fects or chemical reactions, or both. 

Except for the highest concentration of lithium car-
bonate used, the chemical admixtures did not seem to have 
a deleterious effect. In fact, ferric chloride appears to 
increase strength significantly. 
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Bituminous Paving Mixtures 
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TABLE E-19 

PROPERTIES OF THE STRIPPING TEST MIXTURES 
00 S ) 

0 0 C 	0. 
5 
0. .0 

(0 4_a 0) .4 4_a ,44 (.0 .-1 
(0  

1 0) 	(0 n -I 0) 	1_a 
00 (5 

5 
IC 00 	-44 

	

.4 	0 
Ql 
0 0 

.4 	C 
a SI 

0.0 Ia.) 0) Ia 	(0.0 0 	00 5'O,-I 00 C 	I.a.) 
000 
0Z 

500 Ia 
E. 

1400 
O 

(00 
IJ. 

.4O a)I.100 
Z00' 

.-4'' 
00) 

0)0 
ZX 

I 
0000 

0)4)5 
(00. 

AC-20 UT 1 5.0 5.0 13.6 2550 14.5 2170 248 106.1 
90 AC-20 Epoxy 1 5.0 5.5 14.4 2549 19.0 790 190 81.3 

AC-20 UT 3/4 5.5 4.5 15.0 2237 14.0 2840 211 92.4 
91 AC-20 Epoxy 3/4 5.5 5.5 14.5 2422 17.0 914 113 70.3 

AC-20 UT 3/4 5.2 5.0 14.0 2400 13.0 1780 179 81.2 
92 AC-20 Epoxy 3/4 5.0 5.0 14.0 2604 16.5 1153 164 61.4 

AR 4000 UT IN 5.5 4.0 13.0 2487 17.0 253 90 44.1 
AR 4000 Epoxy 1M 5.3 4.6 13.6 2450 20.5 93 19 24.1 

120-150 UT 1M 5.0 4.0 . 12.8 1200 10.5 564 103 45.5 
97 

120-150 Epoxy 1M 4.6 4.5 13.0 1600 14.0 268 35 31.0 

AR 2000 UT 3M 5.0 3.5 12.6 1712 12.0 1240 143 56.9 
98 

AR 2000 Epoxy. 3M 4.9 5.0 15.5 786 13.5 226 17 26.5 

Conversion Factors: 1 In. 25.4 mm; 	1 lb. = 0.454 kg; 1 psI = 6.89 kPa. 

1 See Table E-4. 

TABLE E-26 	 S  

EFFECTS OF TREATMENTS ON PCC COMPRESSIVE STRENGTH 

1 (a) 	98* 71*  31 49*  70* 

2 101** 46** 

31 (a) 	89 101 	22 69 75 

32 (a) 111 85 	34 68 121 

33 (a) 	86 81 	42 60 70 

41 105 45 89 	97 	69 	135 	167 	182 	134 	110 	105 

43 83 9 

45 128 70 

55 64 17 

58 107 22 

67 118 63 

76 101 76 

* 	Avg. of two specimens ** 	One specimen 	(a) Specimens tailed to set 

coating. It is believed that this is due to the smoothness 
of the coating so that considerable interparticle friction is 
lost. This effect could be minimized if the coating thick-
ness were significantly reduced, by a few mills (0.03 mm), 
so that the texture of the aggregate would not be obliter-
ated by the coating. 

No other effects of the treatments were noted except for 
the mixtures treated with hydrated lime. The lime appears 
to stiffen the mixtures. It is the researchers' opinion that 
this results from an interaction with the asphalt. Further  

work is required to delineate the effect of the lime on 
the properties (especially fatigue) of the binder. 

The acid wash produced different effects on the aggre-
gates. A foaming action was noted on aggregates No. 90, 
91, 93. The granites (No. 90, 91) seemed to abrade and 
wear more during the mixing process than the others. 

'Surface fines were removed 'from aggregate No. 93. Ag-
gregates No. 92, 97, and 98 experienced no observable 
physical changes, probably due to the fact that they are 
well-rounded river gravels that hav.e been abraded in their 
natural environment. . 
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TABLE E-21 

EFFECTS OF TREATMENTS ON BC MIXTURES 
Percentage of Test Parameter Retained After Treatment 

Test Parameter Treatment Degradation Susceptible 
I 

Stripping Susceptible 
Aggregates Aggregates 

87 88 89 190 91 92 93 97 98 

Stability Epoxy 24 56 70 100 108 106 98 133 46 
Kraft Lignin 62 56 59 (1) (1) (1) (1) (1) (1) 

Flow Epoxy 110 103 123 131 121 131 121 133 113 
Kraft Lignin 87 80 108 (1) (1) (1) (1) (1) (1) 

Tensile Epoxy - - - 77 76 76 55 68 47 
Strength Hyd. Lime - - - 92 102 119 105 109 90 

Acid Wash - - - 87 85 101 97 99 85 

Amine - - - 75 - - 99 107 93 
Na2Cr2O7  - - - 82 - - 109 - 89 

Resilient Epoxy - - - 36 32 65 37 48 18 
Modulus Hyd. Lime - - - 47 40 107 106 104 83 

Acid Wash - - - 40 27 68 102 72 71 
Amine - - - 47 - 61 89 67 50. 
Na2Cr2O7 - - - 82 - 98 89 66 45 

E-Modulus Epoxy - - - 77 54 92 21 34 - 
Hyd. Lime - - - - 104 279 - - - 
Acid Wash - - - - 93 96 - - - 

Resilient Amine - - - 58 - - 68 101 57 
Modulus Na Cr0 - - - 71 - - 91 - 57 
Emulsion 

1) Too weak to test. 

EFFECTS OF AGGREGATE TREATMENTS RELATIVE TO 
PROBLEM AREAS 

Portland Cement Concrete Mixtures 

Freeze-Thaw 

The freeze-thaw problem was investigated using two 
aggregates that were known to be highly frost-susceptible, 
but for different reasons. Aggregate No. 1 is a chert river 
gravel of moderately high absorption, but very low per-
meability. Its mode of failure under freeze-thaw conditions 
is internal fracturing and dilation of the aggregate particles 
due to development of excessive hydraulic pressures. This 
aggregate was treated by impregnation because the high 
capillary potentials offered by the small pore sizes sug-
gested that this type of aggregate would be most responsive 
to impregnation treatment. Aggregate No. 2 is a vesicular, 
highly porous andesite with very large pore sizes. Its 
primary mode of failure in concrete under freezing con-
ditions involves expulsion of water to the paste phase ahead 
of the advancing frost zone. Because of the large absorp-
tive capacity of this aggregate, impregnation was deemed 
to be unfeasible, but blocking of the pores by external 
surface coatings seemed to offer a possible solution. 

The details of the test method and the experimental de-
sign were outlined in previous sections of this appendix. 
Specimen length changes during freezing were monitored 
with LVDT's, and the expansions (dilations) that occurred 
were measured later from recorder charts. It can be 
shown that for a typical portland cement concrete a dila-
tion of approximately 75 microstrain represents the elastic 
limit of the concrete (7). For the 6-in. (15.2 cm) long 
specimens used in this research, this represents a critical 
dilation of about 450 tin. (11.4 microns). Therefore, it 
has been asumed here that dilation values that exceed this 
critical value are indicative of failure of the concrete due  

the freeze-thaw action. Freeze-thaw cycles were carried 
out every 2 weeks for 24 weeks (12 freeze-thaw cycles) 
or until the dilation reached 1,000 sin. (25 microns), 
whichever occurred first. 

The test results for aggregate No. 1 are summarized in 
Figure E-8. Each curve shown represents the average for 
the three specimens tested for each treatment material. 
As usually occurs in this test, the dilation values below 
the critical dilation tended to be somewhat erratic, but 
once the critical dilation was exceeded, subsequent dila-
tion values tended to increase exponentially. It is evident 
from Figure E-8 that all of the impregnants except sulfur 
(which failed in the eleventh freeze-thaw cycle) were ef-
fective in preventing freeze-thaw damage. It should be 
noted that the control (untreated) specimens failed early 
in the test (third cycle). It will be observed that no data 
are given for kraft-lignin-impregnated aggregates. Kraft 
lignin, as mentioned earlir, is apparently a very active 
retardant, and as a result the concrete specimens failed to 
set up. 

The test results for aggregate No. 2 are shown in Figure 
E-9. Again, each curve represents the average of three 
specimens. The tests demonstrate that both aggregate coat-
ing treatments tested were effective in preventing freeze-
thaw damage. The control specimen (untreated) failed in 
six cycles of freezing and thawing. 

D-Cracking 

The effectiveness of various impregnants in reducing 
the D-cracking susceptibility of concretes made with aggre-
gates reported to exhibit D-cracking was investigated by 
observing residual length changes of concrete specimens 
subject to rapid freeze-thaw cycling (ASTM C 666). As 
discussed in Appendix B, this method was found to be 
the most useful in research conducted by the Ohio De- 
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Figure E-9. Dilations in freeze-thaw cycles, aggregate No. 2. 



partment of Transportation (4). In that research it was 
proposed that the failure criterion b residual expansions 
in excess of 0.050 percent at 300 freeze-thaw cycles. In 
the research reported here, weight changes were also re-
corded. The length changes, representing the average of 
two specimens for each treatment condition, are shown for 
aggregates No. 31, 32, and 33 in Figures E-10, E-11, and 
E- 12, respectively. 

For aggregate No. 31 (Fig. E-10), it can be seen that 
the control (untreated) aggregate gave expansions that just 
barely exceeded the failure criterion of 0.050 percent. All 
of the treated aggregates produced expansions that were 
well below this limit. 

Aggregate No. 32 (Fig. E-1 1) is apparently not sensi-
tive to D-cracking, inasmuch as the control specimens 
failed to produce expansions in excess of the failure cri-
terion. However, an anomalous situation occurred: the 
expansion of the epoxy-impregnated aggregate specimens 
displayed very large expansions. A review of the concrete 
mixture data (Table E-17) revealed that mixture No. 35, 
for undetermined reasons, had an exceedingly low en-
trained air content (1.5 percent). Therefore, the excessive 
expansion observed was probably due to freeze-thaw de-
struction of the paste phase of the concrete and was not 
aggregate-related. However, this becomes a moot point, 
because the aggregate is apparently not sensitive to D-
cracking. The data from aggregate No. 32, therefore, are 
not considered in evaluating treatment methods. 
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Aggregate No. 33 is apparently highly sensitive to D-
cracking (and/or freeze-thaw deterioration), as shown by 
the length changes of the control specimens (Fig. E-12). 
All of the impregnants tested very significantly reduced 
expansion of the concrete, and in no instance did the con-
cretes containing the treated aggregates show expansions 
equal to or greater than the failure criterion. 

As mentioned previously, weight changes of the speci-
mens were also determined on a weekly basis, although 
no failure criterion had been established for this variable 
with regard to D-cracking. The weight change results are 
given in Table E-22. It can be seen that the concrete 
specimens made with aggregates impregnated with poly-
ethylene glycol had weight losses two to nine times as 
large as the untreated (control) aggregate specimens. 
These excessive weight losses, due to deterioration, oc-
curred despite the fact that the polyethylene glycol ap-
parently was effective in preventing D-cracking as deter-
mined by length changes. The deterioration was evident 
aside from the measured weight loss (Fig. E-13). Al-
though the cause of this phenomenon is not clear, it is 
reasonable to assume that it is not a physical mechanism 
(e.g., freezing and thawing) because of the absence of 
significant expansion. The specimens containing sulfur-
impregnated aggregate (except No. 33) also behaved like 
the polyethylene glycol specimens. 

Alkali-Carbonate 

The effectiveness of various admixtures and coatings in 
reducing the alkali-carbonate reactivity of selected aggre-
gates was evaluated by observing length changes of con-
crete specimens after soaking in water for various periods 
of time at ambient (room) temperature. There is no 
universally accepted, criterion for failing (or passing) this 
test. The National Research Council of Canada limits 
expansion to 0.050 percent after 12 weeks of soaking as 
the failure criterion (cited in (8)); however, a value as 
low as 0.020 percent may be more realistic (8). For the 
purpose of the research reported here, the value used by 
NRC (0.050 percent at 12 weeks) was used. 

The test results, representing the average of three test 
specimens for each aggregate-treatment combination, are 
shown in Figures E-14 through E-19. Three admixtures 
were studied, each at three concentration levels. (Con-
centrations were expressed as weight percent of the mix-
ing water.) All of the admixture tests were carried out 
on concretes containing the highly alkali-carbonate reac-
tive Kingston aggregate (No. 41). The dimethyl sulfoxide 
admixture failed to significantly reduce expansion at any 
of the concentration levels tested (Fig. E-14). Lithium 
carbonate and ferric chloride (Fig. E-15 and E-16, respec-
tively) failed to reduce the expansions below the value 
of the failure criterion (0.050 percent at 12 weeks). How-
ever, expansions of the treated aggregates, as compared 
with the untreated specimens, were reduced by 37 percent 
for lithium carbonate and 48 percent for ferric chloride, 
when the maximum concentration of these admixtures was 
used. Furthermore, although limitations of time prevented 
additional testing of higher admixture concentrations, it 
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is evident that the optimum concentrations of the admix-
tures had not been reached and further reductions in 
expansion could be expected at higher admixture concen-
trations. 

The results of aggregate coating treatments to retard 
alkali-carbonate attack 'are shown in Figures E-17, E-18, 
and E-19 for aggregates No. 41, 53, and 45, respectively. 
The epoxy coating had no apparent effect in reducing ex- 
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pansion for aggregates No. 41 and 45. The linseed oil 
emulsion reduced the expansion of aggregate No. 41 to 
about 65 percent, of that of the control specimens, but 
had no effect on aggregate No. 45. Aggregate No. 43 
apparently is not susceptible to alkali-carbonate reaction, 
as indicated by the fact that the untreated control speci-
mens did not achieve the failure criterion (Fig. E-18). 

In general, the results of the coating treatments to pre- 
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TABLE E-22 

PERCENT WEIGHT CHANGE DURING FREEZE-THAW CYCLING: 
D-CRACKING TESTS 

Agg. Impregnant 42 84 .126_ 
Freeze-Thaw Cycles 

168 	210 252 294 
- 

336 

31 None 40.18 -0.07 -0.13 -1.89 -2.37 -2.73 -3.07 -3.18 

31 Epoxy -0.32 -0.52 -0.73 -1.24 -1.72 -2.09 -2.27 -2.49 

31 Methyl Methacrylate -0.15 -0.42 -0.45 -0.55 -1.11 -1.41 -1.65 -1.97 

31 Boiled Linseed Oil 40.22 4-0.1.1 +0.24 -0.04 -0.25 -1.05 -1.12 

31 Polyethylene Glycol -0.10 -0.21 -1.35 -2.73 -4.96 -6.29 -7.06 -8.15 

31 Sulfur -0.02 -0.06 -0.19 -0.31 -0.52 -0.90 -1.36 -4.41 

32 None -0.06 -0.19 -0.13 -0.25 -0.46 -0.83 -0.73 

32 Epoxy +0.49 +0.45 +0.35 +0.17 -0:18 -0.41 -0.70 -0.81 

32 Methyl Methacrylate -0.09 -0.29 -0.22 -0.24 -0.38 -0.65 -0.61 

32 Boiled Linseed Oil +0.28 +0.38 +0.07 -0.22 -0.68 -1.07 -1.41 -1.89 

32 Polyethylene Glycol -0.08 -0.30 -1.06 -2.12 -4.19 -5.30 -6.32 -7.97 

32 Sulfur -0.20 -0.46 -1.25 -7.02 (a) 

33 	None -0.30 -0.55 -0.74 -0.98 -1.56 -1.95 -2.79 -3.04 

33 	Epoxy -0.26 -0.41 -0.48 -0.56 -0.79 -0.97 1 -1.07 -1.13 

33 	Methyl Methacrylate -0.32 -0.55 -0.73 -0.79 -1.16 -1.45 -1.71 -1.93 

33 	Boiled Linseed Oil +0.21 40.19 +0.13 +0.16 +0.17 +0.03 -0.16 -0.34 

33 	Polyethylene Glycol -0.17 -0.52 -2.33 -4.00 -5.84 -6.89 -8.08 -9.75 

33 	Sulfur -0.09 -0.10 -0.36 -0.42 -0.67 -0.93 -1.22 -1.66 

(a) Removed from test: gage point failure 

vent alkali-carbonate reaction were disappointing. The 
lithium carbonate and ferric chloride admixtures, on the 
other hand, resulted in very significant reductions in ex-
pansion for the highly reactive Kingston aggregate (No. 
41), although not below the failure criterion. 

Alkali-Silica 

The effectiveness of epoxy and linseed oil emulsion coat-
ings in reducing the alkali-silica reactivity of selected ag-
gregates was evaluated by observing length hanges of 
concrete specimens after soaking in water for various peri-
ods of time at ambient (room) temperature. As in the 
alkali-carbonate reactivity tests, there is no universally 
accepted criterion for failing (or passing) this test. In 
the responses to a questionnaire published by the Highway 
Research Board in 1958 (9), Kansas was the only state 
highway agency that specified expansion limits for alkali-
aggregate (silica) reaction tests. The literature search 
failed to find more recent information about acceptance 
limits for expansion in alkali-silica reaction testing. The 
acceptance limits reported by the Kansas State Highway 
Commission were: less than 0.050 percent expansion at 
180 days and less than 0.070 percent expansion at 365 
days. Because of limitations of time, the tests reported' 
here were carried out for a period of only 32 weeks (224 
days). Therefore, the failure criterion chosen was 0.050 
percent at 180 days. 

The test results, representing the average of three speci-
mens for each aggregate-treatment combination, are shown 
in Figure E-20. Aggregates No. 55 and 76 can be elim-
inated from discussion immediately because neither is ap- 

parently susceptible to alkali-silica reaction: the untreated 
control specimens did not exceed the failure criterion in 
both cases. The linseed oil emulsion coating reduced the 
alkali-silica reactivity to acceptable levels for both of the 
aggregates that exhibited deleterious reactivity in the un-
treated state (aggregates No. 58 and 67). However, the 
epoxy coating was successful for only one of the two re-
active aggregates, No. 67. 

Bituminous Paving Mixtures 

Degradation 

The effects of the epoxy and kraft lignin treatments 
were investigated using three different aggregates. Ag-
gregate No. 88 is a fine-grained, soft,' weakly cemented 
limestone that abrades readily when subjected to handling. 
Aggregate No. 87 is a coarse-grained crushed basalt that 
contains a high percentage of glassy matrix. This aggre-
gate begins to degrade when exposed to air but degrades 
rapidly when subjected to alternate wetting and drying. 
The unstable matrix around the more durable crystalline 
grains weathers rapidly, leaving a sand-like residue of 
harder, more durable particles. Aggregate No. 89 is a 
fine-grained crushed basalt, which is sound mechanically 
but tends to produce plastic fines when crushed. 

For the purpose of the research, abrasion, chemical, and 
mechanical .(compaction) degradation characteristics were 
considered. In contrast to the tests on portland cement 
concrete, it was difficult in most instances to set specific 
failure criteria that have been correlated to field perfor-
mance, and relative rather than absolute values were used 
to assess the success or failure of the treatment. 
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AGGREGATE NUMBER 41 

LITHIUM CARBONATE ADMIXTURE 
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Figure E-15. Expansion of specimens containing aggregate No. 41 and 
lithium carbonate admixture. 

According to the type of degradation, the following tests 
were used to assess the success or failure of the various 
treatments: 

1. Weathering: 
Unconfined wet-dry cycling. 
Outdoor exposure of compacted specimens. 
Pressure slaking. 

2. Abrasion: 
Los Angeles abrasion (ASTM C 131) 
Washington degradation (AASHTO T 210) 

3. Compaction degradation: Degradation of compacted 
bituminous concrete specimens. 

The results of the unconfined outdoor exposure testing 
for the treated and untreated aggregates are shown in 
Figure E-21. The aggregates, graded as follows, were 
placed loose in a 9-in. (228.6 mm) aluminum pie pan:• 

3/4 in.— ½ in.(19.0mm— 12.5 mm),250gm 
½ in. - ~48 in. (12.5mm —9.5mm), 250gm 
3/8 in. - No. 4 (9.5 mm - 4.75 mm), 500 gm 

At 2- to 4-week intervals the aggregates were washed 
and the minus No. 20 mesh (0.85 mm) fines collected. 
As a result of the washings and exposure to rainfall, the 
samples received approximately 13 wet-dry cycles during 
the 23 weeks of outside exposure. Oven drying was not 
used during the test. 

Each of the untreated aggregates produced significant 
quantities of fines. Aggregate No. 87 showed the greatest 
deterioration, regardless of the treatment. For this aggre-
gate the epoxy coating was unable to isolate the reactive 
components in the aggregate from the effects of weather-
ing. Although some improvement was noticed with the 
kraft lignin, it cannot be called a successful treatment. 

The epoxy treatment was successful with aggregate No. 
88 (limestone); the production of fines was essentially nil. 
Again, the kraft lignin offered only a limited reduction in 
fines produced. Although epoxy treatment did reduce the 
production of fines in aggregate No. 89 to practically nil, 
the epoxy coating began to delaminate after 6 weeks of 
exposure (about 10 to 20 percent of the surface showed 
evidence of delamination after 5 months). The delamina-
tions were associated with rust spots; and it appeared that 
the aggregate was being chemically altered at these delami-
nations. 

At the end of the period of outside exposure (23 weeks) 
one specinen from each aggregate-treatment combination 
was mortared and pestled before the sieve analysis was 
performed. The mortar and pestling was done with a 
rubber pestle to break down the weak and friable particles. 
The percent loss on the No. 4 sieve (4.75 mm) was then 
calculated for each sample (Table E-23). The epoxy-
impregnated Washington basalt (No. 87) shows a much 



75 

AGGREGATE NUMBER 41 
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Figure E-16. Expansion of specimens containing aggregate No. 41 and 
ferric chloride admixture. 

greater loss when mortared and pestled than when dry 
sieved. This loss value more realistically represents the 
degradation that took place in No. 87 (30 percent loss 
when mortar and pestled versus 19 percent loss when dry 
sieved). In fact, the epoxy treatment appeared to increase 
the degradation of aggregate No. 87 (13 and 9 percent un-
treated versus 30 and 19 percent treated), apparently the 
result of the curing agent being absorbed into the altereJ 
clay minerals. 

In order to include the effect of an asphiat coating, each 
of the aggregates was used to prepare Marshall samples 
(see Table E-18). For outdoor exposure testing the 
samples,  were compacted using 50-blow Marshall compac-
tion, vacuum saturated, and stored in water outside for 
15 weeks. The samples were tested for bulk specific gravity 
at 2- to 4-week intervals, and air voids were calculated. 
The results are shown in Figure E-22. As might be ex-
pected, all the samples expanded. The expansion of the 
mixtures treated with kraft lignin was due to the exces-
sive stripping that occurred in these mixtures; for this 
reason, further use of unmodified kraft lignin is not justi-
fied. 

Mixtures containing aggregates No. 87 and 89 disinte-
grated after 11/2  and 6 weeks, respectively, reflecting the  

weathering of aggregate No. 87 and the delamination of 
the epoxy coating on aggregate No. 89. The outdoor ex-
posure testing of the compacted specimens demonstrated 
that only the epoxy was successful and then only on 
aggregate No. 88. 

As a final measure of weathering, the pressure slaking 
test was used. The results of this test (Table E-24) are 
in agreement with the conclusions of the outdoor exposure 
tests. The effectiveness of the epoxy on the porous, chem-
ically stable limestone was substantiated. The pressure 
slaking test procedure was included because it was believed 
that it might provide an indication of the weathering sus-
ceptibility of aggregates such as No. 87. The test is ap-
parently not sensitive to this degradation mechanism, and 
the results of the pressure slaking test were not used in 
assessing treatment effectiveness. 

Two test procedures, the Los Angeles Abrasion Test 
(ASTM C 131) and the Washington Degradation Test 
(AASHTO T 210) were used to evaluate the effectiveness 
of the treatments in improving abrasion resistance. The 
results of the Los Angeles abrasion tests are given in 
Table E-25. Epoxy impregnation improved the percent 
wear in, all cases,' from which it may be inferred that the 
epoxy increased the abrasion resistance of the aggregate. 
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Figure E-18. Expansion of specimens containing aggregate No. 43 (coatings). 

Kraft lignin had no apparent effect on mechanical strength. 
No additional conclusions can be drawn from the Los 

Angeles abrasion test of aggregates No. 87 and 89. The 
weathering mechanism to which aggregate No. 87 is sub-
ject is not reflected in the Los Angeles' abrasion test. Ag-
gregate No. 89 exhibited adequate abrasion resistance  

prior to weathering, and its abrasion resistance does not 
need upgrading. 

Epoxy impregnation did provide a substantial improve-
ment for the soft limestone aggregate (No. 88). How-
ever, visual examination ofthe treated and untreated ag-
gregate after the completior of the Los Angeles abrasion 
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test did not show a change in the mechanism of wear. 
Fracturing and surface attrition occurred in both the 
treated and untreated aggregate. 

The results of the Washington Degradation Test 
(AASHTO T 210) are given in Table E726. The dur-
ability index is a measure of the degree of plasticity of  

the minus 200 mesh (0.075 mm) material produced dur-
ing wet abrasion. Epoxy impregnation significantly im-
proved the durability of each of the aggregates. Fines 
attrition was essentially nil in the limestone; the mechancial 
action of the test was not sufficient to break down the 
epoxy as in the Los Angeles abrasion test. Although the 
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durability index of aggregate No. 87 was improved by the 	ability index decreased after treatment: This decrease was 
epoxy treatment, the increase does not reflect a successful 	due to the kraft lignin residue, which was easily abraded 

treatment because of the susceptibility of the aggregate 	from the aggregate and subsequently became part of the 

to chemical weathering, which is not reflected in the pres- fines. The kraft lignin that coated the surface of the aggre- - 
gate contributed little to the improvement of mechanical 

sure slaking test. 	 strength or abrasion resistance. This is in contrast to the 
The kraft lignin impregnated aggregates did not show 	epoxy impregnation, in which the outer coating of epoxy 

any improvement in abrasion resistance; in fact, the dur- . was sufficiently tough to reduce wet abrasion. 
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There is no accepted laboratory test procedure for pre- The ability of the epoxy treatment to reduce surface 

dicting the degradation that can occur under field compac- abrasion (Los Angeles abrasion test) 	in the limestone 

tion. 	Recognizing that both abrasion (surface attrition) aggregate was discussed previously. The epoxy treatment' 

and outright crushing of weak particles may contribute to should also resist abrasion that might occur during corn- 

compaction degradation, the Los Angeles abrasion test paction, and in this respect the epoxy treatment is con- 

and the change in gradation during kneading compaction sidered successful. - 

were used to assess the effectheness of the epoxy and The results of gradation analysis on coarse aggregate 

kraft lignin impregnation. 	 I extracted from the compaction degradation samples for 



TABLE E-27 

GRADATION OF COARSE AGGREGATE NO. 88 
AFTER COMPACTION 

Sieve Size 
Percent Passing for Various Treatments 

Original 	Untreated 	Epoxy Lignin 

3/4 in. 	(19.1 mm) 88.0 89.5 89.0 88.9 

1/2 in. 	(12.7 mm) 76.0 76.1 75.1 76.6 

3/8 in. 	(9.5 mm) 66.0 65.4 65.5 67.2 

4 (4.75 mm) 49.0 49.2 49.0 52.5 

Average of three samples at three levels of compaction. 

PEI 

aggregate No. 88 are given in Table E-27. The data show 
a slight reduction in degradation for the epoxy treatment 
when compared with the untreated aggregate. The data 
are not considered sufficiently different to classify the 
epoxy as successful in reducing compaction degradation. 
Most of the aggregate fracture (crushing) occurred di-
rectly under the compaction foot and most of this occurred• 
under the low, or seating, pressure of the compacting foot. 
In summary, it appears that the epoxy impregnation did 
not significantly increase the crushing resistance of the 
aggregate. 

Increased degradation is shown with the kraft lignin 
treatment when compared with the untreated aggregate. 
As in the other tests performed, this effect can be attrib-
uted to the kraft lignin residue abraded from the surface 
of the treated aggregate. The kraft lignin impregnation 
lacks sufficient strength to effect a reduction in compac-
tion degradation. 

Stripping 

Six different aggregates were used to evaluate the effect 
of the treatments and admixtures on the stripping resis-
tance of the following aggregates: 

No. 90 (Georgia): Coarse-grained granite. Crushed 
surfaces friable; grains loosely bonded on crushed faces. 

No. 91 (Virginia): Crushed granite, hard, fine 
grained. 

No. 92 (Colorado): Hard, clean, crushed heteroge-
neous gravel. 

No. 93 (Oregon): Crushed basalt, dusty surface. 
Subject to expansion during testing, especially with epoxy 
(similar to degradation of aggregate No. 87). 

No. 97 (Idaho): Basaltic gravel, hard, rounded, no 
crushed faces. 

No. 98 (Arizona): Crushed heterogeneous gravel, 20 
percent crushed faces. Contains particles that expand and 
disintegrate when wet. 

The specifics of the testing schedule were given in 
Figure E-3. Sufficient aggregate was treated to perform 
the full testing program on the epoxy and kraft lignin 
treated aggregates. Because of limitations of material and 
time, the Marshall immersion testing was eliminated for 
the antistripping admixtures. E-modulus, tensile strength,  

and resilient modulus testing was performed at 69.8 ± 
0.2F (21 ± 0.1 Q. 

The mixtures containing the aggregates treated with 
kraft lignin were vacuum saturated and soaked at 140 F 
(60 C) for 24 hr. The samples stripped to such an extent 
that they slumped into a pile of loose aggregate particles 
while in the water bath. They could not be tested and 
therefore it was impossible to obtain Marshall, E-modulus, 
tensile strength, and resilient modulus data as scheduled. 
Further testing of the kraft lignin was abandoned. 

The results of the stripping experiments are summarized 
in Table E-28, which gives the ratios of the test parameter 
(Marshall stability, E-modulus, etc.) before and after con-
ditioning. As such, they represent the loss in the test 
property as a result of conditioning. Vacuum saturation 
followed by .a 24 hr 140 F (60 C) soak was used to 
condition the Marshall immersion specimens. The pro-
cedure of vacuum saturation, 15 hr 0 F (-18 C)  freezing 
and 24 hr 140 F (60 C) soak (Lottman's procedure (2)) 
was used to condition the E-modulus, tensile strength, and 
resilient modulus specimens. 

Each of the test aggregates was sensitive to the effect 
of water (conditioning procedure) as shown by the ratios 
in Table E-28 for the untreated asphalt.. Many agencies 
specify a 70 percent retention of Marshall stability; none 
of the aggregates tested here would pass this requirement, 
although at 0.68 aggregate No. 91 is marginal. Comparing 
the resilient modulus and Marshall ratios, the resilient 
modulus ratios are consistently smaller, which would indi-
cate that the resilient modulus is a more discriminating 
test. E-modulus ratios are reported for completeness, but 
they were not used to assess the treatments. 

Acceptance criteria for retained strength and retained 
resilient modulus are not yet available because the test 
procedures are still undergoing field correlation. However, 
0.70 has been suggested as a limit above which satis-
factory performance will be assured. Because of the 
severity of the test procedure and the severity of the strip-
ping exhibited by the untreated test aggregates, the follow-
ing ratings were given to retained resilient modulus and 
tensile strength: 

	

<0.5 	 Unsatisfactory 
0.5 - 0.65 	Marginal 

	

>0.65 	 Satisfactory 

The data were also evaluated by comparing the ratio 
of the treated versus untreated test parameters after con-
ditioning (see Table E-29). These data reflect the relative 
improvement as a result of the treatments.. The following 
ratings were given to these data: 

	

<1.0 	Unsatisfactory, no improvement 
1 .0 - 2.0 	Marginal 

	

>2.0 	Satisfactory 

The epoxy treatment provided a satisfactory treatment 
for aggregate No. 90, most likely because it consolidated 
the loose material on the surface of the aggregate. Mar-
ginal effectiveness was obtained with the remaining aggre-
gates, except for aggregate No. 98. The epoxy would 
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TABLE E-28 

RATIOS OF TEST PARAMETERS BEFORE AND AFTER CONDITIONING 

Test 
Treatment Conditioning Parameter Aggregate Source Number 

Ratio 90 91 92 93 97 98 

A Stability .47 .68 .58 .34 .26 .28 
M .095 .250 .283 .250 .129 .098 

Asphalt 
Untreated B MR .075 .156 .252 .217. .21.5 .204 

E-Mod. .105 .318 .393 .138 .190 .160 
T. 	Str. .283 .452 .459 .454 .376 .388 

A Stability 1.13 .51 .53 .44 .42 .61 
MR 1.011 .514 .366 .489 .484 .379 

Epoxy 
B M .866 .523 .472 .527 .533 .549 

d. .317 .324 .353 .368 .278 .316 
T. 	Str. .744 .666 .827 .768 .635 .721 

B MR .721 .630 .542 .619 .666 .453 
Hydrated E-Mod. .824 .777 .200 .641 .342 .696 
Lime T. 	Str. .616 .690 .591 .720 .560 .700 

B MR .266 .191 .187 .417 .059 .267 
Acid E-Mod. .307 .082 .140 .320 .025 .319 
Wash T. 	Str. .235 .233 .328 .660 .119 .532 

B MR -- .493 .532 .529 .296 
Amine E-Mod. .243 -- .352 .282 .165 .110 

T. 	Str. .577 -- .660 .662 .573 .459 

B MR .355 -- .505 .415 .397 .530 
Na2Cr 2O7  E-Mod. .421 -- .447 .289 .167 .163 

T. 	Str. .629 -- .756 .535 .556 .580 

B MR .211 -- .417 .622 -- .333 
Emulsion E-Mod. .119 -- .308 .350 -- .200 
Binder T. 	Str. .312 -- .436 .530 -- .219 

Emulsion B MR .065 -- -- -- -- .357 
Binder + E-Mod. .037 -- -- -- -- .181 
Amine T. 	Str. .152 -- -- -- -- .599 

Emulsion B M .416 -- -- -- -- .411 
Binder + E-Mod. .163 -- -- -- -- .181 
Na2Cr2O7  T. 	Str. .339 -- -- -- -- .405 

A Vacuum saturate, soak for 24 hours at 140°F (60°C). 
B = Vacuum saturate, freeze for 15 hours at 0°F (-17.8°C), soe,k for 24 hours at 140°F (60°C). 

probably provide a larger benefit if the thickness of the 
coating were reduced, retaining the surface texture of 
the aggregate. The smooth epoxy surface offers the as-
phalt little mechanical adhesion. Expansion and disruption 
of the epoxy coating are responsible for the unsatisfactory 
performance of aggregate No. 98. 

The hydrated lime was used successfully on aggregates 
No. 90, 91, 93, and 98. Some stiffening of the mixtures 
before conditioning was noted (Table E-21). Although 
the degree of stiffening does not correlate with improved 
stripping resistance, the stiffening effect of the lime on 
the asphalt may play a role in stripping resistance. Stiffer 
asphalts have been reported to reduce stripping potential. 

The acid wash treatment is designed to clean the aggre-
gate surface of deleterious coatings (10). Significant foam-
ing was noted when aggregate No. 90 was treated, how-
ever, and the mechanical properties of aggregate No. 90 
were reduced by the acid wash (Table E-21).' Except 
for aggregate No. 93, the stripping potential of the aggre-
gates was increased after the acid wash. This might be 
expected in view of the fact that stripping sensitive rocks 
tend to be acidic and the acid wash would not be ex-
pected to reduce their acidic nature. The claim that the  

acid wash may have potential as an antistrip agent is 
not warranted (10). 

The remaining additives, including the emulsion, were 
selected on the basis of preliminary testing using a boiling 
test (10 min boiling of precoated aggregate). Each of 
these materials provided 100 percent retention of the 
asphalt coating in the boiling test. 

The amine is a commercial product accepted for use by 
the State of Georgia with aggregate No. .90 and has pro-
vided acceptable performance in 'the field. The amine 
marginally improved the performance of each aggregate 
except No. 98, which tends to expand during conditioning. 
Sodium dichromate offered marginal improvement, ap-
proximately equal to the amine. This is a relatively simple 
treatment; because it is very inexpensive it should receive 
further consideration: 

On the whole, the emulsions were disappointing, ès-
pecially considering that they have been successfully used 
in the field.. However, only a limited amount of work 
was done to match the aggregate and emulsion. Slight 
improvements were noted with the chromate and amine 
additive, but not large enough to be considered successful. 
The emulsion and the emulsion plus additives were unsatis-
factory when used on aggregate No. 90. 
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TABLE E-29 

RATIOS OF TREATED VERSUS UNTREATED TEST PARAMETERS 
AFTER CONDITIONING 

Test - 
Tratment Conditioning Parameter Aggregate Source Number 

Ratio 90 91 92 93 97 98 

A Stability 2.40 .912 .968 1.21 2.18 1.01 
MR 3.90 .663 .837 .730 1.78 .697 

Epoxy B MR 4.22 1.08 1.21 .891 • 1.18 .486 
E-Mod. 2.48 .522 .828 .500 .503 .241 
T. Str. 2.02 1.20 1.36 .925 1.15 .864 

Hydrated B MR 4.58 1.63 2.29 3.02 2.26 1.86 
Lime E-Mod. 4.99 2.55 1.43 3.02 1.62 3.66 

T. 	Str. 1.84 1.56 1.53 1.68 1.62 1.16 

A Id B MR 1.41 .335 	.503 1.95 .198 .929 

as h E-Mod. 1.93 .239 	.342 1.90 .121 '.977 
T. 	Str. .92 .517 	.718 1.41 .315 1.16 

B MR 2.19 -- 	1.18 2.18 1.65 .719 
Amine E-Mod. 1.44 -- 	.900 1.39 .882 .394 

T. 	Str. 1.55 -- 	1.44 1.45 1.64 1.10 

B MR 3.93 -- 	1.97 1.51 1.23 1.16 
Na2Cr2O7  E-Mod. 3.06 -- 	1.14 1.82 .885 .587 

T. 	Str. 1.88 -- 	1.65 1.18 1.48 1.33 

Emulsion B MR .307 -- 	-- -- -- 2.40 

+ Amine E-Mod. .313 -- 	-- . 	-- -- 1.52 
T. 	Str. .486 -- 	-- -- -- 1.09 

Emulsion B MR .940 -- 	-- . 	-- -- 1.39 
+ NaCr 0' 2 	2 E-Mod. 1.38 -- 	-- -- -- .903 

T. 	Str. 2.73 . 	-- 	-- -- 1.85 

(1) A = Vacuum saturate, soak for 24 hours at 140°F (60°C) 
B = Vacuum saturate, freeze for 15 hours at 0°F (-17.8°C), soak for 24 hours at 140°F (60°C) 

It is obvious that the various treatments differ in effec-
tiveness on different aggregates, and the optimal treatment 
can be recommended only after expanded laboratory (or 
field) evaluation. It may also be observed that the various 
treatments affect the tensile strength and modulus (stiff-
ness) differently. Attention is directed to the epoxy-coated 
aggregate No. 90. The epoxy treatment improves the 
resilient modulus by 11.6 times (0.866/0.075), whereas 
the tensile strength is improved by 2.6 times (0.744/ 
0.283). Both stiffness (resilient modulus) and tensile 
strength should be considered when evaluating the effec-
tiveness of antistripping additives/treatments. 

The failure surfaces of 'each of the tensile strength 
specimens were examined visually to estimate the per-
centage of the coarse aggregate that had stripped. Results 
of the visual observations are given in Table E-30. The 
high degree of stripping shown by each of the untreated 
aggregates indicates that these aggregates are highly sus-
ceptible to stripping. Hydrated lime was the most effective 
anti-stripping treatment according to the visual observa-
tions. A significant interaction between admixture type 
and aggregate type was observed, similar to that found for 
the ratios of the mechanical properties (Tables E-28 
and E-29). 
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TABLE E-30 

STRIPPING OBSERVED IN FREEZE-THAW 
CONDITIONED SPECIMENS 

Aggregate Source Number 
Treatment 	 90 	91 	92 	93 	97 	98 

Untreated H H H H H 	H 

Epoxy N N L L M 	M 

Hydrated Lime L L L L L 	L 

AcidWash N H H M H 	H 

Amine L - M L L 	N 

Na2Cr2O7  L - L N L 	M 

Emulsion Binder H - H H - 	H 

Emulsion Binder 
+Amine H - - - - 	M 

Emulsion Binder - 
+Na2Cr2O7  M - - - - 	N 

Note: H indicatea > 70% stripping on coarse aggregate. 
M indicates 30% to 70% stripping on coarse aggregate. 
L indicates < 30% stripping on coarse aggregate. 
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APPENDIX F 

PRELIMINARY GUIDE FOR UPGRADING AGGREGATES FOR 
PCC AND BITUMINOUS PAVING MIXTURES 	- 

SUITABILITY OF METHODS EVALUATED 

Effectiveness 

In evaluating the effectiveness of a particular treatment 
relative to a given problem area, two factors were con-
sidered. Of primary importance is the ability of the treat-
ment to mitigate the problem, measured by the degree and 
universality of effectiveness. In other words, the recom-
mended treatments were those that were mOst effective 
with regard to the respective problem areas and displayed 
effectiveness across the range of aggregate sources tested. 
The second factor considered was the effect of each pro-
spective treatment on the mechanical properties of the 
paving mixture. For portland cement concrete, this factor 
was evaluated by comparing the compressive strengths of 
treated and untreated mixtures. The effect of the treat-
ments on mechanical properties was determined for the 
bituminous mixtures by comparing the Marshall stability, 
tensile strength (diametral), and resilient modulus of the 
treated and untreated mixtures. 

Portland Cement Concrete - 

Table F-i summarizes the test results and failure criteria 
used in determining the performance of the upgraded PCC  

selected aggregate sources. Kraft lignin treatments of all 
the, selected PCC aggregate sources were not effective in 
helping the aggregate meet performance criteria. Chemical 
modification of the kraft lignin, which was not part of the 
present study, may be necessary before it can be used to 
significantly upgrade marginal aggregate. The percentages 
of effectiveness of treatment methods and materials in 
helping marginal aggregates meet satisfactory performance 
standards were: 35 percent in compressive strength, 75 
percent in freeze-thaw, 100 percent in D-cracking, 0 per-
cent in alkali-carbonate, and 75 percent in alkali-silica. 
The low percentage of success in meeting the performance 
criteria in compressive strength is considered to be subject 
to improvement by altering mixture design procedures, but 
this was not investigated. 

Both epoxy and linseed oil emulsion coatings prevented 
freeze-thaw damage to very highly porous, large-pore-size 
aggregate (No. 2), but linseed oil emulsion produced 
unsatisfactory compressive strengths. All of the treatment 
materials used as impregnants except sulfur and kraft 
lignin prevented freeze-thaw damage in highly porous, 
small-pore-size aggregate (No. 1), but only epoxy im-
pregnation resulted in satisfactory compressive strengths. 
On the basis of the limited research on treatment methods 
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TABLE F-I - 

SUMMARY OF TEST RESULTS ON UPGRADING PCC AGGREGATES 

Aggregate Treatments 	 Admixtures (a) 
Agg. Coating 	Impregnation 	DMSO 	L12CO3 	FeC13 

Problem Area 	 No. E LOE KL E MMA BLO PEG S 1% 3% 5% .75% 3% 5% 3% 5% 7% 

	

compressive Strength 1 	 (b) S U 	U 	U U 

2 S U 

	

31 	 (b)M S U U M 

	

32 	 (b)S M U U S 

	

33 	 (b)M M U U U 

41 .S 	U 	 - 	 S 	S 	S 	H 	S 	U 	S 	S 	S 

43 M U 

45 5 U 

55 U U 

58 5 U 

67 S U, 

76 S H 

Freeze-Thaw 	 1 	 (b) S 	S 	S 	S 	U 

2 5 5 

D-Cracking 	 31 	 U* 5 5 5 S* S* 

	

32 	Control Did Not Exceed Failure Criterion 

	

33 	 (b)S S S S*S 

Alkali-Carbonate 	41 	U U** 	 U U U U** U** U** U** U** U** 

	

43 	Control Did Not Exceed Failure Criterion 

45 U U 

Alkali-Silica 	55 	Control Did Not Exceed Failure Criterion 

58 U S 

67 5 S 

	

76 	Control Did Not Exceed Failure Criterion 

Failure Criteria 
Key Performance 	Comp.Str. Freeze-Thaw D-Cracking 	 Alkali-Carbonate Alkali-Silica 

S 	Satisfactory 	>95% 	<450 U-in. 	<.050% in 300 cyc. <.050% in 84 days <.050% in 180 days 

U 	Unsatisfactory <75% 	7450 U-in. 	>.050% in 300 cyc. >.050% in 84 days >.050% in 180 days 

M Marginal 	75%-95% 

E = Epoxy, LOE Linseed Oil Emulsion, KL = Kraft Lignin, NNA Methyl Methacrylate, BLO = Boiled 
Linseed Oil, PEG = Polyethylene Glycol, S = Sulfur, DMSO Dimethyl Sulfoxide, L12CO3 = Lithium 
Carbonate, FeC13 = Ferric Chloride. 
Specimens failed to set up. 

* Excessive weight loss occurred (no failure criteria). 
** Expansions were very significantly reduced. 

and materials conducted in this study, epoxy coatings are 
recommended for large-pore-size aggregates, and epoxy 
impregnations are recommended for small-pore-size aggre-
gates, subject to freeze-thaw damage. Further research is 
needed to find ways of obtaining acceptable compressive 
strengths for linseed oil emulsion coatings and boiled 
linseed oil, methyl methacrylate, and polyethylene glycol 
impregnations. 

All of the impregnation materials except kraft lignin 
upgraded marginal aggregate performance by reducing 
expansions below the failure criterion for D-cracking. 
However, polyethylene glycol and sulfur specimens suffered 
excessive weight loss (greater than the control), and 
boiled linseed oil, polyethylene glycol, and sulfur treat-
ments produced unsatisfactory compressive strengths. The 
control specimens of aggregate No. 32 did not exceed the 
failure criterion and had to be disregarded. On the basis of  

this limited research, epoxy and methyl methacrylate im-
pregnation are recommended to control D-cracking. Here 
again, further research is needed to improve the compres-
sive strength of concrete made with aggregate impregnated 
with boiled linseed oil. 

Neither the epoxy nor the linseed oil emulsion coatings 
proved successful in reducing expansion of concrete below 
the failure criterion for the alkali-carbonate problem area 
when used on aggregates No. 41 and 45. (The control 
specimens of aggregate No. 43 failed to exceed the failure 
criterion and were disregarded.) However, lithium car-
bonate and ferric chloride admixtures reduced the 12-week 
expansions of aggregate No. 41 to 37 percent and 48 per-
cent, respectively, of the control values at the maximum 
admixture concentrations used. These values represent 
expansions of 0.088 percent and 0.113 percent, respec-
tively, still well in excess of the failure criterion of 0.050 
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percent. However aggregate No. 41 is extremely reactive, 
and it must be acknowledged that the reductions in expan-
sion afforded by these two admixtures are certainly im-
pressive. It is recommended, based on limited research, 
that FeCl3  admixture at 7 percent by weight of mixing 
water be used to reduce, not eliminate, alkali-carbonate 
problems. Further research is needed to optimize FeCl3  
or other possible admixtures to meet the alkali-carbonate 
failure criterion and to elucidate the effects of FeCl3  on 
other concrete properties, especially corrosion resistance 
of embedded reinforcing steel. 

Linseed oil emulsion coatings were successful for both 
aggregates No. 58 and 67 in reducing expansion below the 
failure criterion for the alkali-silica problem area, but the 
compressive strength values of concrete made with the 
treated aggregate were unsatisfactory. On the other hand, 
epoxy coatings were successful for aggregate No. 67, but 
not for aggregate No. 58 in reducing expansions below the 
failure criterion. The compressive strengths for both 
epoxy-coated aggregates were satisfactory. However, the 
results of the alkali-silica reaction tests, in general, are 
considered inconclusive because of the unexpectedly low 
reactivity of the test aggregates. The control specimens 
for aggregates No. 55 and 76 failed to exceed the failure 
criterion and had to be disregarded. Even for aggregates 
No. 58 and 67 the control specimens barely exceeded the 
failure criterion. Therefore, it is the considered opinion of 
the researchers that the data are not sufficiently conclusive 
to recommend field testing of methods and materials for 
upgrading alkali-silica sensitive aggregates at this time. 
Further laboratory research using more highly alkali-silica-
prone aggregates is needed. 

Bituminous Paving Mixtures 

Tables F-2 and F-3 summarize the test results and failure 
criteria used in determining the performance of the up-
graded BC aggregates. Only one degradation treatment 
and three stripping treatments were classified as successful. 
These results are somewhat misleading because in many 
cases the properties of the upgraded aggregates were im-
proved as compared to the original aggregates. Modifica-
tions in mixture design, treatment methods, and treatment 
materials would improve the success ratios. 

Epoxy coating-impregnation yielded unacceptable mix-
tures with aggregates No. 87 and 98, and marginal mix-
tures with aggregates No. 88, 89, and 93, based on stability 
and flow criteria. In addition

'
these epoxy-coated aggre-

gates (No. 93, 97, and 98) showed a four- to tenfold 
decrease in modulus compared to untreated, aggregate. 
This occurred with a soft grade of asphalt and, in two cases 
(No. 97 and 98), rounded river gravel. 

Apparently, the loss in stability and the increase in the 
plastic behavior of these mixtures are related to the smooth, 
rounded nature of the aggregates and the stiffness of the 
asphalt. (There is a greater effect with sulfur asphalt.) 
Also, the loss in stability with epoxy-coated aggregates 
No. 87 and 98 was due in part to the increased weathering 
caused by the epoxy treatment. Further research is needed 
to find ways of retaining mixture stiffness when aggregates 
are coated with hard, smooth coatings, such as epoxies. 

Kraft lignin treatments resulted in stripping problems, 
even with nonstripping aggregate (No. 88), and the use of 
unmodified kraft lignin as an antistripping treatment was 
discontinued. 

In general, mechanical properties (strength and stiffness) 
of the mixtures were lowered by the admixtures tested, 
except that a slight stiffening occurred with the hydrated 
lime. 

Table F-2 indicates that there is little promise for up-
grading aggregates that are subject to weathering (chemi-
cal) degradation. Aggregate No. 87 continued to degrade 
even after encapsulation with a thick epoxy coating-
impregnation. 

A reaction between the curing agents and the aggregate 
was observed in this instance. (In selecting a treatment the 
aggregate must not be considered inert, especially if the 
aggregate contains expanding clay minerals.) Kraft lignin 
impregnation also offered little improvement in resistance 
to weathering. Although it may be argued that more 
innocuous impregnants or coatings should be investigated, 
it is concluded that this area of research offers little promise 
for upgrading aggregates subject to chemical degradation. 

With regard to abrasion degradation, epoxy impregna-
tion prevented the attrition of fines from the surface of the 
porous, weakly cemented limestone (aggregate No. 88). 
Also, epoxy impregnation improved the abrasion resistance 
of aggregate No. 87, which contained altered clay-forming 
minerals, apparently cementing the altered material to-
gether. Therefore, it is concluded that the epoxy is a 
suitable treatment for porous, weakly cemented aggregates 
that are otherwise chemically and physically stable. How-
ever, kraft lignin impregnation offers no improvement, 
apparently because the treatment itself has little mechani-
cal strength. It is recommended that additional laboratory 
research be conducted to define the range (porosity and 
strength) of abradable aggregates that are amenable to 
treatment, and that additional impregnants be evaluated 
with emphasis on the minimum required impregnant quan-
tities and the effect of coatings on the mechanical proper-
ties of the compacted mixtures. Field evaluation is not 
recommended at this time. 

Table F-2 also indicates that epoxy impregnation was 
marginally successful in upgrading an aggregate subject to 
compaction degradation (No. 87 and 88). This conclusion 
is based on reductions in Los Angeles abrasion wear by 
factors of 2 to 3. However, kneading compaction failed 
to show significant improvements in crushing strength. 
Also, kraft lignin impregnation offered no improvement, 
probably because the lignin itself is mechanically weak. 
Therefore, it is concluded that further laboratory research 
is needed before upgrading of aggregates subject to com-
paction degradation can be recommended for field trials. 

The laboratory testing program was more successful for 
the problem of stripping than for degradation. Table F-3 
indicates that epoxy coatings were successful in alleviating 
stripping problems with aggregate No. 90 and were mar-
ginal with aggregates No. 91, 92, 93, and 94. Aggregate 
No. 98 contains particles that expand upon coating and 
drying and therefore was not compatible with the epoxy 
coating. Thinner coatings, so that the surface texture of 
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the aggregate is retained, should improve the performance 
of the epoxy-coated aggregate. Further laboratory work 
is needed to find ways to produce thinner coatings and to 
retain mixture properties (especially stiffness) before field 
trials can be recommended. 

Although the unmodified kraft lignins were not success-
ful, according to reports of research by others, with proper 
modification the kraft lignins can be made compatible with 
asphalt and show promise as antistripping treatments. 
Further laboratory work should be done with modified 
kraft lignins. 

The admixtures tested with regard to. stripping gave 
varied results. Hydrated lime, a commonly used antistrip-
ping admixture in field practice, was found to vary in 
effectiveness with aggregate source. Hydrated lime tends 
to stiffen the mixtures and this stiffening of the binder may 
play a role in The improvement. It appears to increase 
retained stiffness (resilient modulus) more than retained 
tensile strength. Field use of hydrated lime is recom-
mended with certain aggregates. Further laboratory re-
search should be conducted on the use of hydrated lime 
with respect to the effect of various sources of lime, the  

effect of lime on mixture properties (especially fatigue), 
and the effectiveness of lime when used with surfactants 
such as amines, silicones, and salts such as sodium di-
chromate. 

Acid wash pretreatment was totally unsuitable for the 
types of aggregates tested, although it did remove surface 
fines. Amines represent the class of surfactants that are 
added to the asphalt. They were found to be marginal as 
antistripping admixtures. The particular amines were 
chosen on the basis of preliminary testing only, and per-
haps more extensive testing would have provided more 
positive results. Further laboratory research on this class 
of materials is urgently needed, particularly because they 
are routinely specified by many states. Their long-term 
effectiveness, effect on asphalt properties (particularly 
fatigue), and a basic understanding of how they work (i.e., 
the chemistry of the asphalt-additive-aggregate system) 
should receive particular attention. 

Sodium dichromate represents a class of additives that 
can be applied directly to the aggregate, offering savings in 
material costs and handling efficiency compared to addi-
tives added to the asphalt. Sodium dichromate offered 

TABLE F-2 

SUMMARY OF TESTS ON UPGRADING BC 
DEGRADATION AGGREGATES 

Problem Area 
Aggregate 
Number 

Performance Rating* 
Epoxy 	 Kraft Lignin 

Mixture 87 . 	U M 
Design, Stability 88 M M 

89 M N 

Weathering 87 U 	(1) 	(2) 	. U (1) 	(4) 
88 S 	(3) U 	(4) 
89 NA (5) NA (5) 

Abrasion 87 5 	(6) U 	(7) 	(9) 
88 S 	(6) U 	(7) 	(9) 
89 NA (5) NA (5) 

Compaction 87 M (10) 	(12) NA 
88 M (10) 	(12) U (11) 	(12) 
89 NA NA 

Problem Area 	test Procedures 	 Failure Criteria/Performance 
Rating Basis 

Mixture Design Marshall Stability 	 5: >80% stability, 
>750 lbs (340 kg) 

M: >50%-<80%, <750 lbs 
(340 kg) 

U: <50%, <750 lbs (340 kg) 

Weathering 	(1) unconfined wet-dry 	No reduction in loss on 
outdoor 	 No. 4 sieve 

outdoor compacted 	Samples expanded and cracked 
samples 

unconfined wet-dry 
	

Production of fines 
outdoor 	 essentially nil 

outdoor compacted 
	

Stripping observed 
samples 

unconfined wet-dry 
	

Delamination of epoxy 
outdoor 	 observed 

Abrasion 	 (6) Lbs Angeles Abrasion 	Reduced by 1/2 to 1/3 
Los Angeles Abrasion 	No reduction in wear 
Washington Degradation Durability Index >80 
Washington Degradation No increase in Durability Index 

Compaction 	(10)Los Angeles Abrasion 	2-3 fold reduction in wear, 
but fracturing still observed 

(ll)Los Angeles Abrasion 	No reduction in wear 
(12)Compaction Degradation Data inconclusive 

* S = satisfactory, M = marginal, U = unsatisfactory, and NA = aggregate 
not affected by this mechanism. 
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marginal improvement to aggregates No. 92, 93, and 97 
and, in particular, improved the retained tensile strength 
of mixtures containing aggregate No. 92. Further labora-
tory study .of this class of materials (surfactant added to 
aggregate) should be undertaken with the aim,of identify-
ing more effective surfactants and determining how they 
affect mixture properties, especially fatigue. 

Amine and sodium dichromate added to emulsion-type 
asphalt improved the performance of aggregate No. 98. 
However, additional research is needed to provide a basis 
for matching emulsions with aggregates and surfactants 
such as sodium dichromate. 

In the stripping problem area, it is concluded that field 
evaluations are needed for amine, hydrated lime,, and 
sodium dichromate antistripping agents in mixtures using 
asphalt cements and in hot mixtures containing emulsion 
binders. 

Economics 

Economics, in the sense of applying established tech-
niques for the rating of alternatives, is not strictly appli-
cable to the problem of upgrading aggregates at present. 
The reason is that upgrading methodology is still in de-
velopmental stages and in some instances treatment pa-
rameters have not yet been optimized. Furthermore, .a 
number of factors related to the local situation in any 
given instance have a profound effect on the cost-effective-
ness of the technically feasible alternatives. This is out-
lined in Table F-4. About three-fourths of the cost factors 
listed are at least partially dependent on local conditions. 

To aid in the choice of treatment materials for upgrad-
ing, a compilation of recent costs (October 1978) of the 
treatment materials evaluated in this research is given in 
Table F-5. It is evident from these figures that efforts 
should be directed toward reducing material costs, espe-
cially for coating-type treatments. In addition to the 
obvious need to seek out effective, lower cost coating 
materials, research efforts directed to developing processes 
for reducing coating thickness would aid in reducing coat-
ing material costs. For example, the average treatment 
material uptake of 3.7 petcent by weight in epoxy coating 
tests represents a rather thick coating of about 0.25 mm 
(approx. 10 mils). It is reasonable to expect that research 
on coating techniques could reduce coating thickness to 
about one-fifth of this value. As for the impregnants, 
research is needed to overcome the apparent strength loss 
with linseed oil and sulfur., As discussed previously, it is 
believed that this problem can be overcome simply by 
changes in mixture design. The admixture treatments, 
where applicable, appear to be especially attractive from 
the standpoint of economics. Not only are the material 
costs generally quite low, but required capital investment 
and treatment costs are also much lower than for coating 
or impregnation procedures. 

RECOMMENDATIONS FOR AGGREGATE TREATM ENTS 
RELATIVE TO FIELD EVALUATION 

General 

Figures F-i and F-2 are flow diagrams depicting a  

TABLE F-3 

SUMMARY OF TESTS ON UPGRADING BC 
STRIPPING AGGREGATES 

Problem Area 	 Performance Rating 
Treatment 	 90 	91 	92 	93 	97 	98 

Mixture Design 
Epoxy Coating 	S 
Kraft Lignin Coating U 

Stripping 
Epoxy Coating 	S 
Kraft Lignin Coating U 

Hydrated Lime 	S 
Acid Wash 	 U 

Amine 	 M 	- 	M 
Na2Cr2O7 	 - 	- 	M 

Emulsion + Amine 	U 	- 	- 
Emulsion + Na2Cr2O7 	U 	- 	- 

summary of 'the recommended PCC and BC aggregate 
upgrading procedures, respectively. These procedures 
should not be interpreted as optimum procedures, because 
modifications of other treatment methods and materials 
used in this study or suggested for use may add to the list 
of successful upgrading treatments. However, the proce-
dures recommended in Figures F-i and F-2 appear to 
upgrade marginal or poor aggregate to meet acceptable 
performance criteria. 

Upgrading Method Procedures and Operational Details 

In all cases involving impregnation or coating proce-
dures, the aggregate must be thoroughly dried at about 
212 F (100 C). This is necessary to ensure a good coating 
or impregnation of the aggregate. 

Epoxy coating procedures (see Appendix E) use di-
glycidyl ether of bisphenol A with 50 percent stoichio-
metric mixture of triethylenetetramine for upgrading 
freeze-thaw susceptible aggregates with large pore sizes. 
Preliminary tests must be conducted to establish if the 
aggregate should be coated hot (221 F or 105 C) or cold 
(room temperature). The epoxy impregnation procedures 
consist of soaking ovendried aggregate at room tempera-
ture for 13/4  to 2 hr. The epoxy mixture used is diglycidyl 
ether of bisphenol A, triethylenetetramine, and xylene, 
100:14.1:25 phr, respectively. Polymerization 'is con-
ducted at room temperature. This system was used to 
produce satisfactory aggregate performance in freeze-thaw 
and D-cracking problem areas in PCC, as described in 
Appendix E. 

MMA impregnation consists of soaking oven-dried ag-
gregate in a mixture of methyl methacrylate, trimethylol-
propane trimethacrylate, and AZO, 100:10.0:0.5 parts by 
weight, respectively, for 4 hr. The treated aggregate must 
be polymerized in a hot water bath (167 F or 75 C) for 

Problem Area 	Key Failure Criteria, Treated vs. Untreated 

Mixture Design 	5 	>80% Stability, 1750 lbs (340 kg) 
H 750Z->80%, <750 lbs (340 kg) 
U 	<50%, <750 lbs (360 kg) 

Stripping 	 S 	>65% after conditioning, > 2 fold improvement 
Resilient Mod. 	14 550%->65Z after conditioning, 1-2 fold improvement 
Tensile Str. 	U 750% after conditioning, no improvement 
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TABLE F-4 

COST FACTORS RELATED TO ALTERNATIVES FOR 
UPGRADING AGGREGATES 

Alternative 	 Cost Element 	 Cost Factor 

Upgrading Treatment 	Treatment Materials Production Volume 
Required 

Material Cost 
Shipping Cost 
Storage & Handling Cost 

Treatment Method 	Production Volume 
Required 

Capital Investment Cost 
Operating Costs 

(Utilities, etc.) 
Maintenance Cost 
Labor Cost 

Treatment Intensity Nature of Locally 
Available Agg. 

Synthetic Aggregate 	Raw Materials 	Local Availability 

Manufacture Process 	 Production Volume 
Required 

Capital Investment Cost 
Operating Costs 

(Utilities, etc.) 
Maintenance Cost 
Labor Cost 

Importation of High 	Aggregate Material 	Local Market 
Quality Aggregates Transportation 	Haul Distance 

Use of Locally Avail- 	Deterioration 	Degree of Aggregate 

able, Poor Quality 	 Unsoundness 

Aggregate 	 Severity of Exposure 
Cost of Failure 
Usable Service Life 

TABLE F-S 

ESTIMATED COSTS OF TREATMENT MATERIALS 

Treatment Treat. Mat'l. 
Treatment Material Rate (Per- Cost, 8/1,000 kg 

cent) of Agg. Treated 

Epoxy Coating (epoxy:triethylene tet- 3.7 (a) 64.31 
ramine 100:14.1 phr) 

Linseed Oil Emulsion Coating 1.8 (a) 41.98 

Epoxy Impregnation (epoxy:triethylene- . 	2.4 (a) 35.38 

tetramlne:xylene 100:14.1:25 phr) 

Methyl Methacrylate Impregnation 2.6 (a) 36.04 
(methyl methacrylate: trimethylol- 
propane trimethacrylate: azobisisobut- 
yronitrile 100:10:0.5 phr) 

Boiled Linseed Oil Impregnation 2.7 (a) 16.63 

Polyethylene Clycol Impregnation 4.9 (a) 47.97 

Sulfur Impregnation (sulfur:asphalt 4.1  4.51 

100:2.5 phr) 

Kraft Lignin Impregnation 3.0  3.96 

Dimethyl Sulfoxide Admixture 1.0  1.63 

Lithium Carbonate Admixture 5.0 (c) 14.07 

Ferric Chloride Admixture 7.0 (c) 4.02 

Acid Wash Pretreatment 0.6 • 23.00 

Hydrated Lime Admixture 1.0 0.40 

Sodium Dichromate Admixture 0.1 0.82 

Amine Admixture 0.5  2.00 

By weight of aggregate; average of test aggregates (see Table 
E-9, Appendix E). 
Assumed value. 
By weight of mixing water; at maximum effectiveness (see 
Appendix E). 
By weight of asphalt cement. Assumed 6% A.C. content in mixture. 

TABLE F-6 

RECOMMENDED LABORATORY EVALUATION TEST PROCEDURES AND 
SUGGESTED FAILURE CRITERIA 

Problem Area Test Method Failure Criteria Remarks 

PCC: 	Freeze-Thaw Dilation of concrete >75 microstrain 24 hr. soak aggregate 
specimens in slow conditioning 
cooling cycle (ASTM 12 biweekly cycles 
C 682) 

D-Cracking Residual length change 50.050% in 300 cycles 
of concrete specimens 
in rapid freeze-thaw 
cycling (ASTM C 666 - 
Procedure A) 

Pdksli-Carbonate Expansion 	of concrete >0.050% in 84 days Alkali content adjusted by 
Reaction beams while immersed addition of NaOH to give 

in water (ASTM C 157) total alkali content of 2.0% 
(expressed as equivalent 
Na20) by weight of cement 

Mechanical 	Compressive strength 	<75% of control: 
Properties 	of concrete cylinders 	Fail 

(ASTM C 39) 	 75-95% of control: 
Marginal 

>95% of control: 
Satisfactory 

BC: Stripping 	 Loss in tensile strength >65% retention of 	Level of retention subject 
(diametral) and resil- strength and modulus to revision 
ient modulus after 
vacuum saturation (26 in. 
Hg for 30 mm.; submerged 
for 30 mi), 0F (-18C) 
freeze (15 hr.), and 
140F (6000 soak for 
24 hours 

Mechanical 	Tensile strength, Meet usual Marshall Absolute levels for resilient 
Properties 	resilient modulus, or Hveem criteria, modulus, tensile strength, 

Marshall (or Hveem) Treatment should not and fatigue not determined at 
properties and fatigue lower tensile this time. 	Requirement of no 

strength, resilient loss may be too conservative 
modulus, or fatigue 
life 
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about 24 hr. This treatment material was found to be 
effective in alleviating the D-cracking problen in PCC, as 
described in Appendix E. 

In terms of effectiveness, cost, and effect on the me-
chanical properties (strength) of the PCC mixture, the 
ferric chloride admixture was found to be the best treat-
ment technique for the alkali-carbonate reaction problem 
in this research. The optimum concentration level was not 
established, but until further research can determine this 
value the recommended dosage rate is 7 percent by weight 
of the mixing water. The admixture should be dissolved 
in the mixing water prior to batching. 

Further laboratory research on materials and processing 
techniques for use in bituminous paving mixtures is re-
quired before coatings and impregnants can be recom-
mended for field evaluation, bath for stripping and for 
degradation. 

Field evaluation of antistripping admixtures is recom-
mended primarily because these materials are in current 
use. Any field trials should be done in conjunction with a 
full laboratory testing program in order to evaluate opti-
mum admixtures and dosage rates, and to establish test 
procedures for predicting the long-term effectiveness of the 
various admixtures. Based on the results of this research, 
the field test program should include sodium .dichromate, 
amines, and hydrated lime. 

Hydrated lime should be added to the stockpiled aggre- 

gates as a wet slurry (1.0 percent by weight of aggregate) 
and allowed to cure for 48 hr prior to mixing. The sodium 
dichromate should be sprinkled on the aggregate in solutiop 
prior to drying (cold feed) at a rate of 0.1 percent by 
weight of aggregate. Amines are added to the asphalt (at 
batch plant or refinery) at a rate of 0.2 to 1.0 percent by 
weight of asphalt. 

Evaluation Tests 

To evaluate the effectiveness of upgrading poor or mar-
ginal aggregates in pilot-plant (field)i studies, evaluation 
tests should be carried out on the treated aggregates as well 
as on untreated aggregates for purposes of comparison. 
Because of the generally empirical nature 'of laboratory 
test procedures, it is considered desirable to employ field 
exposure tests if possible. However, laboratory tests should 
also be carried out, because the results are available more 
rapidly and because greater control can be exercised over 
laboratory tests. The recommended laboratory test meth-
ods and suggested failure criteria are given in Table F-6. 
These are the same ones used in this research and details 
may be found in Appendixes B and E. 

SAFETY AND HEALTH HAZARDS 

Table F-7 presents a detailed summary of the safety and 
health hazards for the treatment materials used in the 
present research. Although the table is meant to be self- 

Problem Areas 	Treatments* 

I Alkali-Silica 	Not Recomm- 

Reaction 	 ended for Field 

Epoxy Pore --;i.e 
F-F Coating 

Marginal 
or Poor 
Aggregate 
Source 

Drying of 1 IFreeze_Thaw, 	I I Epoxy 
Aggregate f-j-- Large Pore Size 	--j Impregnation Polymer-

ftzation 
Mix LjEvaluation 

ts 

Methacrylate 

i-CarbonateFerric 
ion 	 ri Chloride 

The treatment methods and materials should not be interpreted as the optimal means of upgrading a marginal 
or poor aggregate. Modifications of other treatment methods and materials not listed above, but used in 
this study, may add to the list of successful upgrading treatments. 

** Due to inconclusive results in the laboratory experiments caused by low reactivity of the test aggregates 
used. 

Figure F-I. Summary of PCC aggregate upgrading recommendations. 
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Problem Areas 	 Treatments* 

Recomm- 
Chemical  d for Field

FE egradation uation 	J 
Not Reconun- 
ended for Field 

ginal 
or Poor 
Aggregate 
Source 

___ Not Recomm- 
Coatings 	ended for Field 

'—I Stripping Ii 	 Evaluation 
* See footnote Figure El 	 Admixtures_Hydrated Lime, 	

ITests 
' Further laboratory study needed. 	 Sodium Dichromate 

Figure F-2. Summary of BC aggregate upgrading recommendations. 

TABLE F-7 

SAFETY AND HEALTH HAZARDS ASSOCIATED WITH PROSPECTIVE 
TREATMENT MATERIALS 

Treatment Modifications Degree of Degree of Chemical odor 	OSHA Comments 
Flammability Toxicity Activity Problem 	Limlts* 

Epoxy TETA Xylene, Low Low V. Cor- Slight 	200PPM TETA and xylene present 
Moderate V. High rosive • Moderate less of a hazard once 
High Low Moderate they are mixed with the 

epoxy resin 

Linseed Oil --- V. Low Low 
Emulsion 

Eraft Concentrated V. Low V. Objec- 
Liquor by heating tionable 

MHA TMPTMA V. High Low Polym- High 	100PPM Use of prepolymer may 
AZO erizes reduce odor problems 

Boiled --- Low Low to Polym- Low Dilution with mineral 
Linseed Moderate erizes spirits would increase 
Oil . with hazards of this system 

oxygen 

PEG L'w Low . Low Low Relatively safe material 

Sulfur Must melt High in Low uiless Objec- Use requires elevated 
to use melt heated; tionable temperature which 

fumes highly odor at greatly increases the 
toxic melt temp. hazards associated 

with sulfur 
DSMO 

. 

Admixture --- Moderate Moderate Low Penetrates the skin 
readily 

 Lithium --- Moderate Caustic 
Carbonate if in- in solu- Is a strong irritant 
Admixture . gested tion in solution 

Ferric --- Low unless Will react with water 
Chloride heated or to produce toxic and 
Admixture in solution corrosive fumes. 	When 

heated to decomposition, 
• . it emits toxic fumes 

(HCL) 

Hydrated --- None Irritant Moderate None Dust is irritant; common 
Lime . industrial air contam- 

inant 

Amine --- Unknown Variable Moderate Moderate Common air contaminant. 
Variable Skin irritant, regard 

as mild alkalines 

Na2Cr2O7  --- None Irritant Low None Known carcinogen 

Sulfuric Dilute to Low High Cor- Slight Should not be heated.. 
Acid use rosive Danger reduced with 

dilution 

* 
8-hour weighted average 
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explanatory, the highlights of each material are listed for 
convenience as follows: 

Epoxy presents only minor safety and health prob-
lems, but the curing agents and diluents intensify the 
problem. For instance, both TETA and xylene (used in 
the present case) are flammable with moderate flash points. 
Also, TETA is considered to be corrosive and relatively 
toxic. However, as a stoichiometric mixture with diluent 
added, problems associated with epoxy are only moderate. 

Linseed oil emulsion presents only moderate prob-
lems. 

Kraft  liquor, even in concentrated form, exudes a 
pungent odor that is difficult to control and is considered 
to be very objectionable by nearly all persons. 

Methylmethacrylate (MMA) is very flammable, toxic, 
and has an undesirable odor. Care must be' taken in 
handling because of the low flash point (50 F or 10 C) 
and the low limit for 8-hr shift work (100 ppm) as speci-
fied by OSHA. 

Boiled linseed oil presents only moderate problems in 
handling. It is flammable, however, and can polymerize 
and generate heat when oxygen is present. 

Polyethylene glycol (PEG), although moderately 
flammable, has low toxicity and is one of the safer sub-
stances to handle from the health and safety standpoint. 

Sulfur can be readily handled if cold, but its use in 
coating and impregnating requires heating to the melt. In 
the melt, the danger of fire and fumes is very severe, and 
extreme care is necessary when coating and impregnating 
aggregate. 

Dimethyl sulfoxide (DMSO) is a very aggressive 
chemical that readily penetrates the skin. It is toxic, 
moderately flammable, and considered dangerous to handle. 

Lithium carbonate is easy to handle as a powder, but 
it is a strong irritant in solution. 

Ferric chloride, like lithium carbonate, is not es-
pecially toxic as a solid; but in solution it is, an irritant. 
Under some circumstances it is very corrosiv. 

Hydrated lime is a common industrial air contami-
nant. Calcium hydroxide is caustic and therefore irritating 
to the skin and respiratory system. It is used as a' food 
additive. 

Amines have characteristics that vary considerably 
with type. They are mild irritants and should be 
handled according to manufacturers' recommendations. 
Amines have a slight odor. 

Sodium dichromate (Na2Cr2O7 ) is recognized as a 
carcinogen. It is caustic and therefore a skin irritant. 

Sulfuric  acid in concentrated form is acutely toxic, 
causing severe burns. Repeated contact with dilute solu-
tions can cause dermatitis. 
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