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FGREWORD

ASTM Committee C-9 on Concrete and Concrete Aggregates gponsored the
publication in 1955 of ASTM Special Technical Publication No. 169 entitled

Significance of Tests and Properties of Coucrete and Concrete Aggregates.

Part II was concerned with "Tests and Properties of Concrete'" and included
a paper on "Petrographic Examination - Hardened Concrete" by Mrs. Katharine
Mather., In 1964, Committee. C~9 undertook the development of a new publica-
tionwhich would replace STP 169 and wogld deal with tests, prOperties,

and specifications for concrete and concrete aggregates and requestéd

Mrs. Mather to revise her previous paper, to take account of technological
progress since the preparation of that paper.

A manugcript was completed and forwarded to the Office, Chief of
Engineers, for review and was approved for publication on 19 August 1965,
This paper was prepared at the U, S, Army Engineer Waterways Experiment
Station under the supervision of Mr, Thomas B, Kennedy, Chief, Concrete
Division. Some of the work discussed in the parer was accomplished under the

Engineering Studies Program of the Office, Chief of Enginecrs.

Colonel Alex G. Sutton, Jr., CE, and Colonel John R. Oswalt, Jr., CE,
were directors of the Waterways Experiment Station during the preparation

of this paper. Mr, J. B. Tiffany was Technical Director.
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Petrographic Examination of Hardened Concrete¥ !

Katharine Mather¥¥
Introduction

This paper is intended to show that petrographic examination provides
information useful in evaluating hardened concrete; to note the problems
inherent in its use; to outline what it involves; to describe the kinds of

information that it can produce, and to show how this information can be

applied,
The questions that materials testing and evaluation tiics to answer

are: (a) "How will this material behave in use?" or (b) "Why did this

material behave in use in the way it did?" The first question is never

unequivocally answered except after-the-fact, by determining how the material

did behave in use. The most useful method for developing practical informa-

tion upon which to make decisions that depend on prediction of probable

behavior of materials is the study of why materials behaved in use as they

did. |
Testers of materials are unable to compress time or to anticipate

and reproduce the environment that the material will experience. Generally

they use standardized procedures not directly related to the specific !

environment, or that do not determine the particular properties relevant

*Prepared at request of ASTM Committee C-9 on Concrete and Concrete Aggre-
gates for consideration to replace the paper '"Petrographic Examination-
Hardened Concrete" by Katharine Mather included in ASTM STP No. 169, 1955,
pp 08-80; in a revision of that publication.

**Research Geologist (Engineering Petrography); Chief, Petrography and
X-ray Section, Engineering Sciences Branch, Concrete Divisioun, U. S. Army
Engineer Waterways Experiment Station, Jackson, Mississippi.
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which petrographic findings are useful and relevant,

to performance in the specific instance., Thus testing construction materials

amounts to obtaining certain kinds of information about certain samples in
specified conditions and extrapolating to the conditions of intended use
insofar as they can be predicted.

Petrographic examination of hardened concrete is included among the

subjects in this volume because it helps to improve the extrapolation from

test results to performance Iin use, It offers direct observational informa-

tion on what is being tested and what is in the structure, giving another

way of appraising the relation between samples and materials inuse and judp-

ing how similar the two are,

Communication Problems

A petrographic examination of concrete ordinarily begins and ends with
a problem of communication between the person who requests the examination

(usually an engineer) and the person who makes it (usually a petrographer).

Unless the two succeed in producing a clear, mutually understocd statement

of the problem, they cannot expect a clear, useful answer economically ob-

The engineer who asks for an examination of a particular concrete

suspects that the concrete is unusual; the more clearly he defines the
peculiarity, the more he directs the petrographer toward the important
aspects, The engineer may not be familiar with the techniques that the
petrographer may use or with his approach; the petrographer may not realize
the enginecr's responsibility for decision and action, may not find out

all the engineer could tell him about the concrete, and may not realizc

’

The petrographer &8s
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not expect petrographic results to be taken on faith unless the rat{ionality
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of the techniques producing them is demonsgtrated. Both should remember that
the essentials of petrographic examination of concrete are practiced anytime
anyone looks intelligently at concrete either in a structure or as a specimen
and tries to relate what he can see to the past or future performance of

the concrete, On this basis, it 1s clear that many =most useful petrographic
examinations are made by inspectors, engineers, chem..ﬁs, physicists~--anyone
concerned with the production or use of concrete, No one should hesitate to
examine concrete with all available means; all, from novice to expert, should

question the indicated conclusions and confirm them in as many ways as possible.
Methods

A recommended practice for petrographic examination of concrete aggregates

has been standardized.(l) Techniques of petrographic examination of hardened

concrete have been described and discussed.(2~25) They have not been standard-
several

ized for/reasons including: the considerable variety of techniques that are
used in different laboratories; the wide variety of purposes for which examina-
tions are madej the rapidly increasing uses in the recent past of a variety
of instruments‘and kinds of data clearly applicable in petrographic examina-
tion of cement paste and hardened concrete but not yet available in many
laboratories in which petrographic examinations of concrete are made,

At present I know of no laboratory where petrographic examinations of
concrete are made that is equipped to use all the methods that have yielded
useful information, and no one person who has digested the available approaches

and developed the ability to choose the particular comdination of techniques

best suited to each problem encountered, Concretes are more complex than
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most rocks used as aggregates; their constituent: are less well known; con-
cretes change through time more rapidly than most aggregates., All of ghese
circumstances combine to make each petrégraphic examination of concret;
peculiarly specific and to make the methodsharder to generaiize and

standardize,

Between 1950 and 1955 remarkably rapid advances in knowledge of the
calcium silicate hydrates(26'28) were brought about in part by work spon-
sored by the Building Research Station. J. D. Bernal and his students,

then working at Birkbeck College, and others in the United Kingdom, pro-
ceeded by synthesis of .ompounds, and study of naturally occurring minerals,
making use of X-ray crystallographic methods, optical methods, and static

dehydration, The interest thus aroused among mineraiogists and chemists,

especially in the United Kingdom and the Soviet Urion, has led to a greatly

29
increased knowledge of natural and syathetic calcium silicate hydrates,( )
recently summarizad by Taylor(3o’31)—and from another approach by Belov
and coworkers.(sz)

(24,25)

In 1955 differential thermal analysis had been usefully applied
but not widely investigated. The use of electron microscopy in the study
of portland cement hydrates had not advanced very far in the USA, and differ-
ences of opinion on proper specimen preparation, and ambiguities in iunterpreta-
tion made it difficult for persons not expert in the field to assess the
value and meaning of the results, The potentialities of these methods and
others for characterizing calcium silicate hydrates, calcium sluminate hydrates,
and other phases in hydrated cement paste could be recognized but most labora-

tories where petrographic examinations of hardened concrete were made
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were not equipped with instruments more sophisticated than the polarizing
microscope, and were not yet prepared to relate anrd to combine the informa-
tion available from visual observaéion and iight microscopy with that
available from X-ray diffraction, differvential thermal anal&sis, and
electron microscopy and diffraction.

These newer techniques aﬁd the results they yield offered an oppor-
tunity to understand in much mere deteil than previously had been possible
the chemical reactions that had gonme on in a concrete being examined, because
they suggested that it would soon be possible to characterize the hydration
products and reaction products more cléarly and thus to reconstruct in
detail the chemical reactions of normal hydration or of abnormsal deteriora-
tion, or of both, in the concrete, and to evaluate, with much mecre certainty
than is possible without fairly complete identification of the reactior
products, the relative roles of chemical attack and physical attack in pro-
ducing deterioration, The goal, of relating better establishecd aud more
familiar techuniques in petrographic examination of hardened concrete to
the more intimate and detailed ins{ghts made possibie by the newer techniques,
remained to be achieved, and while progress since 1955 is considerable, it
is not complete,

Petrographic examination of hardened concrete does not imply that
a microscope, or any other particular instrument, necessarily is used;
it does imply examination to discover what recognizable constituents are
present and how they are arranged in space. Often it implies an eveluation
of quality and condition of the concrete--au evaluation sometimes based on

quantitative informatiom,
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ASTM methods vequiring obscrvation of "type of failure and appearance i

of the concrete'" (C 116) and “type of fracture if other than the usual cone" +B

N P

(C 39) implicitly require partial petrographic examination--the part dealing
with defects and departure. from the norm--but offer no instructions on how

to conduct it, Sev.. 2l specifications under the jurisdiction of ASTM Com-

Tl

mittee C 13 on Concrcte Pipe include as one basis for reiaction "measurements
and inspection’ to ascertain whether the product conforms to the specifica-
tio: as to design and freedom from defects (C 14, section 35, C 76, section 27; :

C ", ., secrvion 20; C 367, section 324 C 412, sections 16, 17; C 444, sections 13,

L

19; .. %8, sect’.ns 7%, 27; C 505, section 26; C 506, sections 26, 29; C 507,

VP 4.‘;()__ -
Y

sect. ~us 25,2¢*. 7. se provisions for visual inspection and measurements are
also requiremc..s for a partial petrographic examination; a person qualified

to make the inspection and measurements needs to be familiar with the products

o,

N specified, because the instructions provided are not detasiled. Tables T and

{ I1 give outlines for examining concrete as a material, but do not refer to

dimensions or to quality of formed or finished surfaces.

e e

Purpose and Scope

General

A petrographic eremination attempts to answer two general objective g

1 , ” ” 4 ¥/
questions: What is the compositiorn? and How is it put together? The
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first question refers to the recognizable individuol constituents present
R on the scale at @ .ich they are considered. Tie second question refers to

.‘ﬁ - structural fabric, that is, the articulation or packing in space of the com- . ’*

(33)

1 : ponent elements making up any sort of external form or hetero~cucous
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solid body. Both questions may be answered cn any useful scale by choiFe
of technique or techniques of appropriate resolving power. The resolvi;g
power needed differs depending on the specific questions to be answercd. }
Specific . . ?

Step one, in any case, is to define the problem, to find and ask the

right questions, those that need to be answered to solve the problem that

A aniGame

caused the cqamination to be requested. These right questions should be

answered insofar as they can be in the context, limited as it will be by

Lo

money, time, instrumentation, and the state of the art. The best petro-

graphic examination is the one that finds the right questions and answers y
them with maximum economy in minimum time, with a demonstration clear to

all concerned that the right questions were answered, with all necessary and
no superfluous detail. In practice the approach to the ideal varies depending

. and 1
on the problem, the skill with which the questions are asked,/the skill of the 5

petrographer. One measure of the petrographer's skill is knowing when to stop,
either because the problem is adequately solved, or, in some cases, because

it has been shown to be insoluble under the circumstances.

Fabric and Composition

Fabric--the packing of component elements in space--is the heterogeneity
obvious as onec looks at a weathered concrete structure or at a broken or
sawed surface of concrete. Fabric includes all of the structural elaucuis,
ranging in scale from gross to atomic, and comprises both structure and
texture as those terms are used in rock description. The fabric appears
ot the scale of thne 1ift o. ourse or batch or the structural crack, om

the scale of the coarse aggregate, on the scale of the sand grains or tae
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solid body. Both quéstions may be answered on any useful scale by choice

of technique or techniques of appropriate resolving power. The resolvi;g
power needed differs depending on the specific questions to be answered,
Specific

Step one, in any case, is to define the problem, to find and ask the
right questions, those that need to be answered to solve the problem that
caused _‘he exanination to be requested., These right questions should be
answered insofar as they can be in the context, limited as it will be by

money, time, instrumentation, and the state of the art., The best petro-
graphic examination is the one that fiunds the right questions and answers

them with maximum economy in minimum time, with a demonstration clear to

all concerned that the right questions were answered, with all necessary and

no superfluous detail. In practice the approach to the ideal varies dependiug

and

on the problem, the 5&111 with which the questions are asked,/the skill of the

petrographer. One measure of the petrographer's skill is knowing when to stop,

either because the problem is adequately solved, or, in some cases, because

it has been shown to be insoluble under the circumstances.

Fabric and Composition

Fabric-~the packing of component elements in space--is the heterogeneity

obvious as onc looks at a weathered concrete structure or at a broken or
saved surface of concrete. Fabric includes all of the structural ela.cais,
ranging in scale from gross to atomic, and comprises both structure and
texture as those terms are used in rock description. The fabric appears
ot the scale of the l.. or course or batch or the structural crack, om

the scale cof the coarse aggregate, on the scale of the sand grains or the
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air voids in the mortar or the "microcracks,' on the scale of the residual
unhydrated cement or the calcium hydroxide crystals, on the scale of the
hydrous calcium aluminates and the scale of the poorly crystalline hydrous
calcium silicates in the hydrated cement paste, or on the scale of the
atomic structure of any crystal forming a part of any of the structural

components, Rocks, fabricated metals, and yeast-raiséd bread are other

examples of substances with fabric. The closest naturally occurring analogy

among rocks to the fabric of concrete is graywacke coanglomerate with abundant

matrix., The closest naturally occurring analogue to hardened cemeunt paste
is silty cleay.

Fabric and composition together define, characterize, and form the
basis for descriptive classification of solid multicomponent substances.,
Composition and fabric are so closely interrelated in concrete that they
cannot be clearly separated.

One impovtant decision in a petrographic examination is whether it is
the fabric,that is,the gross heterogeneity resulting from the conditions

of batching, mixing or counsolidation, or the adequacy of air-void system

for frost resistance--or the composition, that is, reactions between cement
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and aggrcgate, or reactions between a contaminant and cement paste, or between

paste and solutions from external sources--that is the factor most likely
to have been principally responsible for the condition that led to the

request for petrographic examjnation. Were the construction practices em-

ployed suitable for producing concrete capable of giving satisfactory service

in the particular environment and exposure? Were the materials that were
chosen susceptible to participation in chemical reactions that have
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deleterious consequences? Was there a failure to modify the environment
for instance by improving the drainage so as to increase the ability of
the concrete to survive it? 1Is the difficulty principally physical or

principally chemical? Usually several causes have interacted, but one is

e

probably the originator; if it can be identified, the appropriate techniques
¥ ik 3
% i are more clear'y pointed out.
H )
% ti Investigating composition and fabric provides a specific, unique
] :
% J definition of what is being examined, and lets the petrographer know what
B ~ .
& . .
g ? he is talking about. The standard tests do not always supply information
11
§ 1 that permits discrimination between one piece of concrete and another, but
X
§ R direct observation on the relevant scale does. There are n possible concretes
4 .
é all having 2-in, slumps, with air contents of 5 percent, with 4500-psi com-
; pressive strength at 28 days, but the No., 2 cylinder in the set of 3 broken
‘ 1 on day A in laboratory B is unique, perceptibly and logically, fromUNos, 1
-4
and 3, and from all the members of the other possible sets, and its top is
X !
£ . . .
g different from its bottom as cast. The salient lesson from the study of com-
?
4 osition and fabric of concrete is the individuality and uniqueness of each
Py P Yy
’ structure or part of a structure, of each specimen, of each thin section;
1 this individual combination of fabric and composition reflects the history
and uniquely conditions the future of the concrete. What is investigated
4 i at any time is particular concrete, not concrete in general. Each structure
1 . .
[ and each part of a structure is unique in terms of contents, fabrie, history,
and exposure,
. Comparisons
' ‘ To say that each structure and specimen is unique does not mean that
. ' comparisons are uscless or impossible; they are esgential, and concretes can
(ool '-9~ !
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be rationally grouped.and usefully comparedwithinclasses and between classes,
if the basis for the grouping is objective. Each comparison is an abstraé-
tion that leaves out of account some characteristics of the things compared,
so that it is necessary to bear in mind that the accidentaliy or deliberately
onitted factecrs may prove to be important., Paste, mortar, or concrete cof
known proporticns, materials, age, and curing history offer the logical basis
for comparison and extrapolation; laboratory specimens made to be examined
or salvaged just after having been tested for strength proQide a good source
of such comparative material. Specimens exposed to laboratory air outside

‘the moist room or curing tank for wore than a few hours are much less suitable,
because specimens that are cracked cor that have slender cross-sections some-
times carbonate very rapidly. Specimens exposed to simulated weathering tests,
or wetting ard drying cycles, or prolonged drying are not to be ccnsidered

as representative of norimally cured or of naturally weathered concrcectes.,

Natural weathering differs from part to part of a structure, as well as from

climate to climate and subgrade to subgrade.

Interpretation of Observations

Normal Concrete

The most valuable iiformation that can be obtainea by petrographic
examination of concrete comes from the examination of normal concrete; cnly
by comparison with the range of constituents and fabricsin normal concrete
can that whilh diffe;é from the normal be recognized and its differences
specifically "defined. Unless it can be demonstrated that the constituents,

or the proportions of constituents, or the fabric, depart from those found
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in serviceable concrete of the age and class in the region, there is no

logical basis for assuming any connection between constituents, or propor-
tions, or fabric, and service behavior. Even when it éan be shown that

a concrete has a peculiar service record and some unique feature or features
not shared by a dozen others of comparable class, age, and provenance, it
rcmaing to be seen whether the known unique feature aﬂd the peculiar service
record are causally connected, or whether both are related to some third or
nth factor that is the effective cause of the abnormal behavior.

For this diséussion, "normal' constituents and fabrics are defined 1is
thiose present in serviceable concrete of the class and age in the region.
"Serviceable" is used instecad of "undeteriorated' because it is possible to
tell whether concrete in a structure is serving as it was intended to, but
the criteria that distinguish inevitable chemical and physical changes from
deterioration in concrete 20 or 50 years old have not been well established.

Class of Concrete -

>

The restriction to concrete of one class is necessary becausz chanqes
in cement content; water-cement ratio, and maximum size of aggregpate large
enough to change the clsss entail such large changes in properties that no
close chparison will be significant. If, for example, the criteria for
paving concrete are applicd to mass concrete, it appears that all mass concrete

it

is very inferior,thich/is not for the purpose it is intended to serve. Class
2f concrete is important in the definition as it implies relative homogeneity
in mixture proportions, particularly in water-cement ratio, cement factor, and
maximum size of aggregpate, It 1is possible by microscopic methods to sort mass

concretes that are fairly homogeneous in cement content and water-cement ratio

into order of jncreasing age, or it is possible to sort mass concretes fairly

11
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homogencous in age in order of increasing cement content. In terms of the

- ability to sort mass concrete microscopically, fairly homogenecous in cement
content and water-cement ratio means a maximum difference in cement content
of about 0.5 bags per cu yd, and 0.1 by weight in water-cement ratic. :

Ace of Coacrete

Scme restriction on the ages of concretegcompared is necessary unless

L age is the variable being studied, Unless the age is known or unless one

z.:{)___
e

has younger and older concretes of otherwise comparable characteristics,

Lo

so that the age of the unknown may be estimated in relation to the knowns,

it may be impossible to judge the significance of observations. For example,
in one case czalcium sulfoaluminate was found in many voids as far as 5 in.
from the outher surfaces of a concrete pavement of high flexural and com-

3 preasivé strength and of unknown age. In other field concrete from' the

region, calcium sulfoaluminate is commonly present in concrete over five years

old made with. type I or type III cement, but it is not abundant and is con-
| .

! fired to voids near outer surfaces., If the concrete of unknown age is in
fact five or seven years old, it differs conspicuously from others of com-

parable age and class in the region and the difference probably justifies some

concern about its future; if it is 15 years old, it is peculiar but the pecu-

o N 4 AR L 3 i 5t R 8 B KT SEWA A S AR AR

1 liarity is probably of less practical importance.

t Provenance of Concrete

Restriction to one region assists rational comparison from several

» points of view, The aggregates economically available in an areca are

determined by the regional geology and consequently show some homoscneity
of composition resulting from similarity of origin and history. In a par-

ticular region, cements and aggregates economically available are used in L.
. 12
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making concrete which is exposed to the climate characteristic of the regionee
. !

the prevailing temperature range and temperature frequency distribution and
the characteristic zmount and sequence of precipitation. The extent of a

region of comparable concrete may vary from a few square miles to many

thousands, depending'on variation in: (1) regional geology as it determines
quantity and uniformity of aggregate suéply; (2) topoéranhz——a region of low
relief ané generally uniform slope such as the Great Plainms, or the Atiantic
or Gulf Coastal Plain, has widespread, essentially comparable range and
distribution of temperature and precipitatiom, but in a region of high relief
and broken slopes, temperature varies considerably with altitude, and precipi-
tation with orientation to prevailing winds, making important difference;

in exposure over short distances; and (3) patterns of distribution of aecgrecates

and cement from competitive sources,

An additional influence that may appear is a prevailing engineering opinion,
in an organization placing concrete in a large area, on what is desirable in
mixture proportions or methods of placing or comsolidation. In building gravity
dams the Corps of Engineers restricts the height of a single lift to 5 to
7-1/2 ft,(gfy while.the Hydroelectric Power Commission of Ontario has placed
gravity dams up to 70 ft high in one continuous operation.(35> The intention
in the first case is to minimize heat generation and in the second to elimi-
nate horizontal construction joints. Such differences in emphasis entail
differences in mixture proportions, plant, and construction practice that
are bound to affect the fabric and character of the concrete. The existence
of satisfactory structures built in many different ways underlines the neced
to define "normal éoncrete in objective and restricted terms.
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Example

f

{
4
3 Although the most important. kind of petrographic examination of con-

crete is the exsmination of normal corcrete, usually the concrete that a

petrographer is asked to examine has behaved in an unexpected way. Before

and during the early stages of theexamination, the information on the history

R N

and behavior should be considered and the following questions asked:

TN AL, el RRILRY DALl AL A% Phh TUHA VA AN bpitet re

ERtaan

(a) What process or processes could produce the described results?

(b) What observable traces could the process or processes leave

in the concrete?

(c) Would such traces be unique and specific evidence of what is

ey A

: supposed to have happened?
A&‘

Consider, for example, two 6- by 12-in. cylinders made at a field project i
during the winter; the 28-day strengths were 885 and 1025 psi, less than 25 |
t percent of the strengths obtained from earlier and later cylianders mace,
cured, and tested under presumably similar conditions; the resident engineer
suspects an overdose of air-entraining agent.

Processes that Could Produce the Results {

Several distinct processes were considered that could have produced the

observed results, Increasing the air content does reduce the compressive

strength; the observed reduction is so drastic, however, as to reQuire and

1 . . . . s
increase in air content of at least 15 percent of air to be a sufficient cause.

Mistzkes in batching such as too little cement or too much water or damage 1
Y

.

duc to early freezing also could produce the observed results,

:‘ﬁ Traces that These Processes Could Leave ’ ‘#

Excessive air content can be recognized at low magnification, and

verified and quantified by comparison with concrete of known air content

g .
L

e B 4 20 b e a9 by e e x

i
o
;%

vy .
_'g,a*‘** :;w-‘?:‘%’i-l“ﬁw:, s
e e

L SRR e e
e

A 4 | b ad

ot 04 vty o eyt S e




RN U 4 0 i 814

s

1Y 4 e o r ot a8

e~

and by count, ASTM Recommended Practice C 457 describes procedures for

]

determining parameters of the air-void system. LToo little cement can be

y—

demonstrated by comparing thin or polished sections from cylinders of
normal strength and the same mixture and age, with sectionslfrom these
cylinders, and finding substantially less ceméant in the low-strength
cylindetf;fn;;o much water produces sedimentation even in air-entrained
concrete, and may be demonstrated by comparing finely-ground surfaces of
axial siices of cylinders of normal strength and those of reduced strength,
and finding wider undersidé separations between paste and aggregate in
the cylinders of reduced strength; the result may be inconclusive. More
complete demonstration would result from comparing thin sections cut parallel
with the pla;ing direction from cylinders of normal strength, of the same mix-
ture argd age with sections cut in the same orientation from these cylinders,
and finding probably a little less unhydrated cement with a large devclopment
of calcium hydroxide rims along the undersides of aggregate in the low strength
cylincders,

Freezing before final set may leave imprints of ice crystals recognizable

at low magnification,

Unicue and Specific Evidence

Lacking the necessary comparative material~-cylinders of normal strength
and similar age and history from the same mixture--it is-very difficult to
show petrographically that a large part of the cement was left out or that
a large excess of water was put in. By making three sets of speciwens from
one mixture, one set with normal proportions, one with reduced cement, one

with added water, curing all three in standard conditions, breaking part in

compression, and sectioning companion specimens, a strong presumption might

1
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.1 be established that one of the twc working hypotheses was correct; it

would not be conclusive proof. Demonstration that the concrete froze

1
T

T

before final set would depend on finding the imprint of the ice crystals.

1 Excessive air content, on the other hand, can be qualitatively and quanti-

v

whot

tatively demonstrated without ambiguity.

Let us hope that the resident engineer in our example is right, for

PETERTE

the other possibilities that suggest themselves would be harder to establish.
Examination of broken surfaces, outer surfaces, and sawed slices did show
that the air content of the concrete was phenomenally high, around 25 percent
(Fig. 1) by comparison with concrete of known air content (Fig. 2). The
air conteat was so high and the thin walls of paste between the air voids
so fragile that the low strengths were explained adequately by this evidence

alone,

This example illustrates how one goes about asking relevant questions :
that can be answered by petrographic ev;dence. The general question in

exzmination of hardened concrete with peculiar behavior is: does this con-
crete differ significantly from comparable normal concrete, with respect to ?
one or more properties ttat may be shown to be causally connected with its
behavior? The generalized form of the null hyopthesis is that the concrete

a
falls within the normal range in respect to/certain property or properties.
Of the four mechanisms considered; three should produce recognizable

traces in amounts that can at least be approximated., The freezing-before-

final-set hypothesis was poorly defined in effects and their magnitude, The

R (o st F s PR S PR R

ability to be quantitative and the ability to obtain confirmation by nonmicro- :
Scopic means differed in the three hypotheses. Air content is specified

in a numerical range, inchis case, 4 to 7 percent measured at the mixer.
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Brown and Pierson(36) have shown and others confirmed that measure-
ments of the;air content of freshly mixed concrete and micrometric deter-
minations of the air content of the same concrete allowed to set undisturbed
agree very closely. ITf concrete with 7 percent air were produced and if
a generous allowance for field and laboratory error is wade, it would still
be most surprising to find more than 10 percent air in a supposedly normal
cylinder from this project. The low strengths were in the range of strengths
of moist-cured foamed neat cement(37) With this background we conclude that
unless the low strength cylinders have a total air content above 20 percent,
the excessive air hypothesis could not be accepted as an adequate explanation
of thg strengths. The hypothesis can be quantitatively expressed, and the
quantities can be measured in more than one independent way; the magnitudes

involved can be distinguished by anyone who can see through a stereoscopic

microscope and ask "What relation does the air content of A bear to the

air content of C7"

The quantitative aspects of both forms of the batching-mistakes hypothesis
are not so well explored and data are less easily verified by independent
means, The volume of cement in the original wmixture and the volume of calcium
hydroxide at a given stage in hydration can be calculated making certain
assumntions, which in this example could not be confirmed. However, given
comparavle cylinders of normal strength, the omitted-cement hypothesis could
be checked by comparing sections from the normal concrete with sections from
the low-strength concrete to see whether there was a difference between the
amounts of unhydrated cement per unit area. If the difference were to provide

a satisfactory explanation, it would be fairly large and should be perceptible
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to an chserver able to recognize unhydrated cement in thin or polished |

sections, Some petrographers might choose to count a group of 300 to

500 points on a section of ecach kind, to obtain a result that can be

expressed as a  number, with the understanding that the sample was not

shasaddey

adequate; others would prefer to look at several areas and express the

results as "more than..." “less than,..," or “no difference recognized."
The procedure in checking the extra-water hypothesis is similar, but would

concern the development of calcium hydroxide rims along undersides of fine

aggregate.

The siwple, orderly example just described involves a problem that can
be solved without techniques more elaborate than those aormally used in
severél concrete laboratories inm this country in 1945. The simplicity and

order arise because the coucrete examined was two test specimens, and

both the history available and the total age of the specimens made it clear--
and examination of the concrete adequately confirmed--that no chemical attack

on cement paste had taken place, and that reactions between the particular

aggregates and cement could not have developed, in the time available, to

a degree that could render them significant effects on the strength.

Reconstruction of History of Field Concrete

.

To pass from consideration of such petrographic‘examinations as that

deseribed in the previous example to the petrographic examination of con-
crete that has aged and berhaps deteriorated in service, introduces two

important new unkaowns--time, and the precise enviromment of the structure,
The effects of the passage of relatively short periods of time on the con-

stituents present in several cement pastes of known water-cement ratio
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! stored under laboratory conditions have been investigated, but '

. anomalics remain(40) in the results, although both the composition of :

= _ i

" the pastes and the nature of the environments were known and controlled '
far more thoroughly than the composition and enviromment of any field
concrete, 3
Composition

If the changes in composition throuvgh time of cement paste in labora-

PRy )"bﬂf&’iv’-]j“?]fr

tory conditions were known for a representative number of cement compositions

and water-cement ratios, effects. of both cement-aggregate interactions and

LR U R Tl
5

of environmental influences would be easier to recognize and could be more

usefully interpreted.

R Ol

Environment

sy,

-2

Why do exposed vertical walls of chert-gravel concrete in the vicinity

of St. Louis, Missouri, generally have fewer popouts than apparently similar

walls in the vicinity of Memphis, Tennescee? The winters are colder in
St. Louis, but the meaun ancual rainfall is lower; and in Memphis a larger
préportion of the higher mean annual rainfall occurs in winter, The differ- :
ence may be that the chert gravel in the Memphis walls is more likely to be
critically saturated whe . it freezes. The Weather Bureau's climatological
data for the location is a valuable source of information that can assist
in many petrographic examinations of hardened concrete.

The discovery in Mississippi of several highway pavements and associated
structures affected by sulfate attack and by combined sulfate and acid

attack(ég)

emphasizes the need to make use 0% available information ou the
composition of foundations and subgrades,

Thus, the examination of samples of field concrete after extended service

involves an increase in complexity, a decrease in available information, and
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a decrease in the confidence that may be placed in the answér, as compared
to examinations of laboratory test specimens of hardernsd concrete,

It does not belittle the petrographer to admit that he cannot make
bricks without straw; neither can the chemist, the physicisf, or the
engincer; sometimas the petrographer can recovar evidence rnot accesible

Several reasons make reconstructions of the history

.

by other approaches.
of deteriorated field concrete difficult; in any particular instance it
may be importaut, and impossible 1In the present state of our knowledge to
decide Vhat weight be}ongs to each,

Deteriorated field concrete that is referred to a laboratory or to
a petrographer is almost never concrete that has performed abnormally for
one single obvious cause; such simple cases can be and are explained on
the spot tothe satisfaction of th;se concerned., The field concrete that
is examined by a petrographer is concrete that has worried some responsible
person enough to make the effort and expense of sampling and testing appear
There is thus Normally

justified. a built-in bias in the sampling process.

the concrete that a petrographer sees as part of his assigned duties is
controversial concrete sent in by organizations with alert conscientious
concrete technologists. In practice, this genecally meaus that he sces only
the poor concrete produced with better than average control The worst con-
crete is rarelf sampled and sent to a petrographer; good concrete is rarely
controversial, -

Furthermore, the older the concrete, the less information is likely
to ‘be available about matersals, proportions, conditions of placing, and

the characteristics that undeteriorated comparable concrete would have.

Although one can deduce from the concrete that water-cement ratic was high
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of low, and usually that cement factor was high or low or medium, and

the general quality of the ‘workmanship, one cannot reconstruct the alkali
content of the cement, Aggregate sources, particularly of natural sand
and gravel, can be located from their composition--the constituents present
and their size distribution are diagnostic of.the region and sometimes of
the particular source.

Finally, deteriorated field concrete usually shows superimposed traces
of several processes, with at least one in an advanced stage. The most
advanced process may conceal the evidence of others that were more important
in effect. Frequently the most ccnspicuous process is carbonation of
outer su;faces and along the borders of old cracks,

Laboratory test exposures are simplified campared to natural exyposures
by the exclusion of some factors and the regulation of those retained, and
often are "accelerated" by altering some factor so as to remove it fram
the range possible in nature. Consequently, a laboratory procedure often
results in symptoms different from symptoms encountered in a field example
of the process the test is intended to simulate,

Samples of field concrete, when examined using light microscopy, frequently
are found to contain secondary calcium carbonate near their outer surfaces,
along old cracks, and sometimes in the interior. Such calcium carbonate,
when examined by optical methods, is generally found to be calcite, rarely
aragonite, and almost never vaterite, the form-birefringent spherulitic
calcite with interstitial water. Vaterite, however, was found by optical
méthods to be common. on mortar bars that had been tested according to ASTM

€ 227 and had been found on concrete specimens tested for resistance to

.. , 21
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} i . .} freezing and thawing according to ASTM C 290, The use of X-ray diffraction : p

o e et e, 3 by
4
H

i
to examine cement-paste concentrates from field concrete has revealed that

vaterite, not recognized by optical wmethods, is frequently a major constituent

B ' . (45)

of the secondsry calcium carbonate,

egpecially on samples from seawater

-
e N

; exposures or from other wet environments. Vaterite is known to persist ¢ J
for several months in laboratory specimens stored in room conditions. The
N sequence from poorly crystallized vaterite, calcite, and aragonite to well-

: crystallized calcite in the carbonation of pastes and mortars has been 4

(46)

clarified by Cole and Kroomne, and vaterite is now known as a natural

1.(47)

Lo A_—fril.

sl

minera

o

> Accelerated freezing and thawing in water according to ASTM Method R

C 290 produces a characteristic loss of surface skin and loss of mortar,

which is not like the condition.of specimens exposed on the mean-tide rack
at Eastport, Malne(aa) Some field concrete deteriorated by natural freezing
; and thawing develops sets of subparallel cracks normal to the placing direc-
; tion of the concrete or deteriorated regions parallel to the nearest free
P § surface, These phenomena are not reproduced in accelerated freezing and ' !
ey ; thawing in water,
Field concrete that has deteriorated primarily because of the alkali-

silicez reaction usually has much more advanced and conspicuous internal

j symptoms of this reaction than are found in wortar bars of expansive com-

el e it

t binations examined after test according to ASTM Method C. 227, On the other

L ’ hand, some field concrete regarded as undeteriorated has shown a range of

;,+ evidence of alkali-silica reaction, ' ) o
Alkali-carbonate and alkali-silica reactions exist together in varying |

(

degrees of development in some concretes(18) and inconspicuous degrees of o }
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laboratory and field hydration of coancrete,

%N f*‘wﬂgﬁ_
= Ml i th

reaction may be the only recognizable peculiarities in cases of unsatis~

(49)

factory service with possibly expensive consequences. The several

alkali-carbonate reactions(so) include dedolomitization, aud rim-forming
(17, 50,51)

AL b A HAe AP 3 AN S A BATe S S ¢

reactions, The effects of rim-forming reactions are as yet

O g 5i B

inadequately known, although they appear to reduce strength.

.

Closure

It was true in 1955 and still is that we do not yet know enougﬂ about
the hy&rous caleium silicates that hold concrete together, the other com-
pounds associated with them, and the varying successions of compounds in
For instance: hexacalcium
aluminate trisulfate hydrate(sz)-— more usually known as 'high sulfate
sulfoaluminate" or ettringite-- is a normal early hydration product of
most cements. It is not stable in the presence of tricalcium aluminate when
hydration can continue, and frequently disappears from cement pastes after
longer curing., If it is found in a 20-year old concrete,does it indicate
some abnormality? Calcium aluminate monocarbonate (or monocarboaluminate)(ls’52)
is found in laboratory cement pastes, and in field concrete.(18’45) In the
laboratory it can be produced by accidental carbonation, or by the addition

(52) Hadley(so)recognized

of finely ground calcite to the freshly mixed paste.
it at the interface of dolomitic limésonte and cement paste in dedolomitization.
What is its effect in field concretes with and without carbonate aggregates?(53)
The meas&re of progress, and the results of the use of newer techniques
including X-ray diffraction, differential thermal analysis, electron microscopy

and electron diffraction are that the questions listed above, and others, are
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obvious to me in 1965, although I could not have formulated them in 1955.

"Phings which are seen"--concrete and mortar-- '"were not made of things

which do appear"(sa) to the eye and to the light microscoper The use of

the newer techniques mentioned, and of'the electron probe and infrared
spectroscopy, in conjunction with the observing eye and the light microscope,
still offers the chance of sorting out the qualitativé aad quantitative

differences in hydration products and in submicroscopic fabric that are

related to sqrviceable and deteriorated concrete,

,
X
.
AT W * *
.
R o : . — P~-;~y;bm"*%‘§*"f<7§fm
S x « TR

‘»v>a,

st \5§msa=5{.ﬂ

e ™ £
A ;..~

’ﬁ?ﬁfﬁ

B L )-
-~ — T - E, g“i)\ﬁ?l‘l'i, »:c;-vn(
L PR R -,ak 5 §;

‘-3-—\({_ 2 *ﬁ%

e b e b

o T,

ke £
1

'-‘*v" L C oo

Ls ‘_.1)_.
-

5

e e ———

L1
LTI o Copv Ll

[T

i



P

) A...n{)_._ _

R

= e T
3 #5r G A AN
o o b

s
RIS
h""?.“

ARG pene

SLLEL NN PO

v+ X

W
o
s
i’%

i
N: S
23
2
5 '\fj

-
’)k
e

)

9

3)

>3

¢ e PRy Aty e .
re* ,,xr‘&!s:"'«” "_ Sy .;,,: e ?\}Q ,‘ i

s REFLRENCES

. i
ASTM Designation: C 295, ASTM Book of Standards Part 10, p 222, 1964,

K. Mather, Applications of Light Microscopy to Concrete Resecarch, ASTM
STP No. 143, 1953, pp 51-69.

R, C. Mielenz, "Petrography Applied to Portland Cement Concrete,"
in Revievws in Engineering Geologsy, T. Fluhr and R, F, Legget, ed.,
Vol 1, 1962, pp 1-38, Geological Soc. America, New York.

"Diagnosing Concrete Failures'" Stanton Walker Lecture
Serics on the Materials Sciences, No. 2, University of Maryland, 1964,
47 pp,21 plates.

L. S. Brown, Some Observations on the Mechanics of Alkali-Aggrepate
Reactions, ASTM Bulletin No, 205, April 1955, pp 40-44, TP 66,

and R, W, Carlson, "Petrographic Studies of'uydratcd Cements"
Procecdings Am Soc Testing § Mats, Vol 36, Part II, 1936.

L. T. Brownmiller, "The Microscopk:Structufe of Hydrated Portland
Cement," Procecdings Am Concrete Inst., Vol 39, p 193-210, 1943,

B. Mather, “Cracking of Concrete in the Tuscaloosa Lock" Proceedings
llighway Research Board, Vol 31, pp 218-233, 1952,

D. Mclonnelly R, C. Mielenzi W, Y, Holland; and K. T. Greene, "Cement-
Aggregate Reaction in Concrete," Proceedings Am Concrete Inst,, Vol 44,
rp 93-128, 1948,

R. D. Terzaghi, "Concrete Deterioration in a Shkipway," Proceedings,
Aa Concrete Inst., Vol 44, pp 977-1005, 1948,

R. I, Bogue, The Chemistry of Portland Cement, Reinhold Publishing Co.,
New York, N, Y,, 2nd Ed. 1955, (dUnpublished work by G, W. Ward, pp
607-615).

L. S. Brown, "Petrography of Cement and Concrete," Journal PCA Research
and Development Lavoratories, Vol 1, No. 3, pp 23-25, 195U,

L. E. Copeland and Edith E. Schulz, "Electron Optical Investigation of
the Hydration Products of Calcium Silicates and Portland Cement,"
Journal of the PCA Research and Development Laboratories, Vnl 4, No, 1,

PP 212, 1962,

MRS AR T

b 1 b . st b,

,
N K
- KD o A GRS (WMDY 'Wlm"mﬂﬂ
.
Y

B

~?
P

R




o

LTI T B

(X EURT

I

B IR L I T T T

o
ot ———— oo o

.

g

R ¥

?4)
15)
'16)
17)

18)

{19)

(20)

(21)

(22)

(23)

L VPRI

D
, Discussion of A Grudemo in
Procecdings Fourth International Symposium on the Chemistry of Cement,
National Bureau of Standards Monograph 43, pp 648-655, 1962,

P. Selignann and N, R, Greening,‘"New Techniques for Temperature and
Humidity Control in X-Ray Diffractometry,” Journal of the PCA Research
and Development Laboratories, Vol 4, No. 2, pp 2.9, 1962,

M, Polivka, J. W, Kally, and C. H. Best, "A Physical Mothod for
Determining the Composition of Hardened Concrete," Am Soc Testing

and Mats,STP No. 205, pp 135-152, 1958,

R. E. Bisque and J. Lemish, "Chemical Characteristics of Some Carbonate
Rock Aggregates as Related to Durability of Concrete," llighway Research
Board Bulletin 196, pp 29-45, 1958.

K. Mather, A. D, Buck, and W, I, Luke, "Alkali-Silica and Alkali-
Carbonate Reactivity of Some Aggregates from South Dakota, Kansas, and
Missouri," Highway Research Board Record No., 45, Nat, Acad., Sci, =«
Nat., Res. Council Publication 1167, pp 72-109, 1964,

G. M. Idorn, "Disintcgration of Field Concrete,' Committee on Alkali
Reactions in Concretc, Progress Report N 1, Danish National Inst, of
Building Res, and The Academy of Technical Sciences, 39 pp, Copenhagen,
1956, .

Progress Report M [,
£, Poulsen, Preparation of Samp17é/;or Microscopic Investigation, Comm,
on Alkali Reactions in Concrete,{Danish Nat. Inst. of Building Res,
and The Acad. of Tech. Sci.,,Copenhagen, 1958,

&.46Pp.
G. M, Idorn, Studies of Disinteprated Concrete, Parts I, II, ITI, IV,
Comm. on Alkali Reactions in Concrete, Progress Reports N 2, 3, 4, 5;
Danish Nat. inst, of Building Research and The Acad. of Tech, Sci.,
Copenhagen, 1961 (I, IT); 1964 (III, IV).

C. M, Hunt, "Infrared Absorption Spectra of Some Compounds in the
Ca0 - 510, - 1,0 System," Proceedings Fourth Int. Symp. on the Chem,
of Ccment, Natlonal Bur. of Stds. Monograph 43, pp 297-304, 1962,
discussion by R. Roy, pp 304-305, closurc by author p 305.

J. D, Bernal, J. W, Jeffery, and H, F. W. Taylor, "Crystallographic
Research on the lydration of Portland Cement, First Report,' Magazine
of Concrete Research No. 11, pp 49-54, 1952,

PR v s A

BN I E RALR AT s TR




mok e ) war e

v

W
fl
b sy A1 St SN WA A ot

} B (24)

P ——

- (25)

i (26)

(27)

o
t § (28)
4
P
(29)
‘ (30)
i 4 (31)
{
| (32)
-
{
1
 §

N

G. L. Kalousek, "Application of Differcntial Thermal Analysis in a
Study of the System Limc-Silica-Water," Proceciings of the Third
International Symposium ‘on the Chemistry of Cement, London, 1952,
Cement and Concrete Assn,, London, pp 296-311, 1954,

R, W, Nurse and H. F, W. Taylor, discussion of (23), ibid
pp 311 - 318,

H. F. W. Taylor, "Hydrated Calcium Silicates, Part I Compound -
Formation at Ordinary Temperatures," Journal Chemical Soc, (London),
pp 3682-3690, December 1950,

,"Hydrated Calcium Silicates Part V, The Water Content of
Calcium Silicate Hydrate(I)," ibid, pp 163-174, January 1953,

L. Heller and H, F, W, Taylor, "Hydrated Calcium Silicates, Part II,
Hydrothermal Reactions: Lime: Silica Ratio 1:1," Ibid, pp 2397-2401,
September 1951,

) » "Hydrated Calcium Silicates. Part III.
Hydrothermal Reactions of Mixtures of Lime: Silica Molar Ratio 3:2,"
Ibid, pp 1018-1020, March 1952,

s "llydrated Calcium Silicates, Part IV,
llydrothermal Reactions: Lime: Silica Ratios 2:1 and 3:1, Ibid,
PP 2535-2541, July 1952,

J. D. Bernal, “The Structures of Cement Hydration Compounds," Pro-
ceedings of the Third Int, Sym, on the Chemistry of Cement, London,
1952, Cement and Concrete Assn,, Londom, pp 216-236, 1954; discussion
by P. M. deWolff, L. lleller, W, Il, Taylor, I, D, Megaw, E, Thilo,

A. Grudemo, A, E. Moore, R. H. Bogue, F. ¥ Lea and author,

PP 237-260,

L. Heller and H, F, W, Taylor, Crystallographic Data for tihe Calcium
Silicates, H., M. Stationery Office, London, 1956,

H. F. W. Taylor, "The Chemistry of Cement lydration," in J, E. Burke,
Ed,, Progress in Ceramic Science, Vol 1, Pergamon Press, New York,
rp £€9-145, 1961,

Ho F. W, Taylor, ed, The Chemistry of Cements, Vol 1, Academic Press,
London; Academic Press, N, Y., pp 167-231, 1964,

N. V. Belov, et al.,: Crystal Chemistry of Larpe Cation Silicates
{Kristallo Khimiya Silicatov S. Krupnymi Kationami;] Authorized
Translation, Coansultants Bureau, N. Y., 1963,

P TR

R T F R I S

]
B e L T YT T PISY PR,

LY

o o te




LYKV wTrs 2V W TN i
v oot et rein o s P ik

(33) E. B, Knopf, translator, Structural Petrolosy, Memoir 6, Geol, - i
Soc, America, p 12, 1938 < Translation of B. Sander, Gefllpckunde
der Gesteine, !

‘.»nwwm&v-

(34) Office of the Chief of Engincers, Engineering and Design, Standard
Practice for Concrete, Engineer Manual EM 1110-2-2000, 1S December
1963,

TR T T T A
Adatde B aE ekt e

(35) R. B. Young, Frost-Rosistant Concrote, DProcecedings Am. Concroto
Inst., Vol 36, pp 477-490, 1940.

¥ {1983 % A3 Bicebd R LS TBABERY G Rutoskin fdemist b £rc00t
—

(36) L. S. Brown and C. U, Pierson, Linear Traverse Technique for
Measurement of Air in liardencd Concrete, Proceedings Am, Conc,
Inst. Vol 47, pp 117-123, 1951, T. F. Willis, K, Mather, L. S.
Brown, and C., U. Pierson, discussion of (36), ibid, pp 124-1 to
124-7,

Bldrths sl o g 4 0

Sl ek e el

.«
DY SN

: K (37) R. C, Valore, Jr., Cellular Concretes Part 2, Proceedings Am,
" ; Concrete Inst,, Vol 50, p 820, 1954,

4 (38) S. Brunauer and D, L. Kantro, "The llydration of Tricalcium Silicate
and Decalcium Silicate from 50C to 50°C" in H. F. W. Taylor, ed.,
The Chemistry of Cements, Vol 1, Academic Press, London and New
York, pp 287-312, 1904,

S

P TR TP 8 11

; (38) Highway Research Board Committee MC-B6(3), G, L. Kalousek,
1. ¢ ) Chairman, unpublished work.

: i (40) G. L. Kalousek, "Analyzing S0; - Bearing Phases in llydrating Cements,™ : I
. Materials Research and Standards, Vol. 5, No, 6, pp 292-304,
June 1995, '

(41) K. T. Greene, "Early Hydration Reactions of Portland Cement," Fourth :
International Symposium orn the Chemistry of Cement, Washington, D. C,, )
1960, National Bureau of Standards Monograph 43, vol 1, pp 359-374, i
: 1962, discussion pp 374-385, by W, C. Hansen, E, T. Carlson, T. C,
{ - , Powers, A. J. Gaskin, S. A, Greenberg and V, S, Mehra, and author,

N S i

3' (42) B, L. Kantro, L. E, Copeland, E, R, Anderson, "An X-Ray Diffraction
Investigation of liydrated Portland Cement Pastes," pp 1020-1034,
discussion p 1035 by K, Mather and author, Procecdings ASTM, vol. 60,
1960, '

B

{
tenaitn
v

: (43) V. S. Ramachandran, R. F, Feldman, and P. S. Sereda, Application of R ¢

Differential Thermal Analysis in Cement Research," ilighway Research :
Record 62, Publ, 1246 National Academy of Sciences - National Research
Council, pp 40-61, 1964,

[Ty P P
i

)

AL T T PP T PoeP Vo
Ve mriemay PR "
R
1
B st e .
v

it 6.0 0k AR N Wk N we K5y g

,m
b obsdansbir b stk i, b
g )

Wb
it dirsams
1

Vi
f

W S Ay - o R A T A Ve L S AT
R R T S A e = A e AmiEE L~ 4
e . e e M

EREESR v R R E R, BT ™




X ~ ' P A o g et

i

Y e
RoEERER S SRS e L T e

(44)

IRTESE WRRIRACTS ORI -\

; . : : (45)

(46)

hudi g

o

"

47

R P R R e

| S (48)

Ll

(49)

[T

AW e e

o

(3%

‘: ' (s1)

(52)

(53)

T T T L P e T Vv

(54)

)
whe iy
r 4

e

H Hesphimraanmis abpsthiontmbioe s
!

ezl L

,

F, Lossing, Sulfate Attack on Concrete Pavements in Mississippi;
presented llighway Research loard, January 1965, in press.

K. Mather and R, C., Mielenz, Cooperativc Examination of Cores
from the McPherson Test Road, Procecdings Uighway Research Board,
pp 205-216, 1950,

W. F, Cole and B, Kroone, Nature, British Association no of, Vol 184,
p B. A, 57, 1959,

J. D, C. McConnell, "“Vaterite from Ballycraigy, Larne, Northern
Ireland,* Mineralogical Magazine, Vol 32, No, 250, pp 535-544,
Sept. 1960,

T. B. Kennedy and K. Mather, '"Correlation Between Laboratory
Accelerated Freezing and Thawing and Weathering at Treat Island,

Maine," Proceedings American Concrete Institute, Vol 50,

Pp 141-172, 1953,

W, I. Luke, "Alkali-Carbonate Reaction in Concrete from Chickamauga
Dari Powerhouse," Procecdinps ASTM, Vol 64, pp 887-902, 1964,

D. W, Hadley, "Alkali Reactivity of Dolomitic Carbonate Rocks,"
Highway Research Record No, 45, National Academy of Sciences -
National Research Council Publiication 1167, pp 1-19, 1904,

A. D. Buck, "Investigation of a reaction involving nondolomitic
limestone aggregate in concrete," U, S, Army Engineer Waterways
Experiment Station, Miscellaneous Paper No. 6-274, June 1965,

R, Turriziani, "The Calcium Aluminate llydrates and Related Compounds,"

in il. F., W, Tavlor ed., The Chemistry of Cements, vol 1, pp 233-286,
Academic Press, London and New York, 1964,

P. Seligmann, Discussion in Highway Research Record No, 45,
Publication 1167, pp 111-113, 1964,

Paul, Epistle to the Hebrews, Chapter II, Verse 3,

b

f KXl

AT
0
it

.’l
i
H
i
i
i
§
¥
i
§
b
s
s
H
3
H
3
b
H
H
F

Ly e b

P

208 ey besetbe w2 Bar Mdraess 5 Pyt

- heates,

v

P

i
{
i
i
|
I
i
I

,
VR X

ol

WE et e o
»

i aw




- Soe. RO . L i — P P ﬂ 1 4
P carte meer areage e peABEEAN LIy ' [ N e e emamis o e rewrm s ;
(- . : : [ VELET RO b SR AEER v s Pl
_ - ALY ]

. R # M

> v

4 .
. e ' i i .
. . AN i ,
* §
A
-qkud €8 aard 1anop g jo sJoy 1y uo
JURPUNGL $10YI08 PUT JSTD #T 20011 3addn 213 Jo M0N0 Y UO quTpUnR Sqouy AEBINIT dAvY 0} PUAY PO PREIOU TR 23300 paard Sjivnonusatoes )
quanroauyd 03 PRUIOU UOY0IQ SUO1IR *uapBINALI0 snonvtdenoout aavy 03 RYGR L (uowan(d Jo HONIANP YT 0 7 LUy SEPpag Jo duupd 2ip) Uy pasts suoige
-303 "wWiio} oY) o) 350[0 Jutppod 0 Juipuds Jo IS ¥ ST UdNQING (830} AGUS 03 2B SIIRJINS PIING O3 [ G PUE O N0 PAIAR JO Feenus Sl LI
*$OOUJINK UIY0IQ J0 PAMTS U0 PIINFTIW £T uaoys 98uB N3 UL FuOISUALP WHEXTUL 2T DITL AN DRI Y} JO uoL Lt uns \' g
21910] popol ,
-100 10 fkn2 Ul . ;Burmes 10 Jul{{lIp Ul IN0 U} 27uH038T PIP TRUEHIIAAE PAMTR 30 M :m{m
ng (ucop 10 sy 50105 LA\ JFIUL[Y YOTID (PAINQINSIP MOH 155810 PUNOS JRE ‘|IAP T 3a18 91 K0P JO sowsny € yars SR AN nage 3u g saug ﬁ q w“
: b ——— . W e S e -. \.—.t ﬁ
NOILIGROD ..M 4 MY
- e u«. ,?,Mu, < ﬂ_
R r m\.__“ m;.
. -Ine PoysIuY pun pauloj o3 1df|v 3 «.& b wm
: 010321338 -1ud J0/+4 quawadeid Jo uolydaLp __m o {5 N
951009 JO s9x8 3uo] JO SIPIS UY 01 [sulou ‘EUOIIOIS posoedxa 3o & A3 NI Sl Ty 3
P4 110 yuTd YILa ISPIOA £0%u BUO| 3Q SIPIS LY JO WHIOJUIBI B iaH
jo swpoys 30 sploa I8|ndal uo1}BIUILI0 (5921F 20 9216 JO AJUNDY (7 erf ! W
-11 Jo soxs 8uol jo wsipleivgd 9[q! patiojeid | -ap 30 '§§90X2 ‘UdAIUN ugAs) SuIpeif) mw‘% o
qudWINIOFUY (e1qradasiad s€) Juipsin -qdaazad 3uipean) Jujosg HA ]
: -31 J[dus-10} J0 19} uonnqQstA s¢|adoys a[dN1ieg uonngIFIg . m x& m |
~UOTIIOY MO[dq SPICA adeyg uonnquIsyI wonNqIsIg adeyg , TH mmm J
J oruay, 33
e o

- s,

i 12303 Jo Juao Jod (8 'OF . sLIS m_ﬁ

N Pally Apped N ‘0g ‘0% uvyl olowr a3udaidde osiwo] 3 mﬁw Z‘

J0 ‘pouyl ‘pajy 'Aidwd SpPIOA ! sad.£y 918004y . ¥ “Wm“ 4 w_@w
: T , ' Jhkin
‘ fnosusd , i mﬁ e
snoduadoldey Jo -01039Y 30 SNoausSowoY *F J0 ‘G 1.0 . ik i”:,h
§a3uByd [BUONEPTID 'E snoanaBowoy ‘p 30 ‘G ‘T I ¥y 10/4 g 30/+ 1.POXIIN 18 It H t
sdvj30W puv uaay ‘g ¥ (awren) 29430 2 ' ] .m b i m_. !
, SpIOA U22:430q £IDUBIAYIP 10[0D) PO T 10/4 g30/4 T PN 'S g pus | paxiiy ‘e . THERY %
_ sptoa (eapaydsuou juspunqe JuonQaRp 4010D Y10 ¥ auo03s PaYsnID ‘g . 4 1) e T& s
' - 0303 Jo judd 1od g uwsy} €837 (8161) PaxIjy ‘g 1PARID 1 L y ? %
i sproa qasyy) 3do0[0D }OY 0 puss painduvjnusyy ‘g TdhY, T : m w 19
teonoyds  ut £Lyucunuopald -unoy) Yaisosay [suoliuN PuTk [eInjeN 1 gl P & e 2BUBI . . _Mm gt
: 2dgy | ‘[s303 jo qued Jod g uSY3 O | UM uosuudwod Aq ‘010D wdfg | oys un‘sayour ut uoyrudwp WD IY D L 31 q"
S fyi b
i N 3¢ l
SLNZALLISNOD ks ? 1 J
, ; : 1
. R
: PAs + ary + xeg + oje8az88y aulg + 31822123y Itv0) ‘ |
g *SNIT ONVH ANV JXT HIIM FLAYOMNOD JO NOLLVNIRVXI Y04 ANITLAC—T TATEVL ' T
. i *
LR bt L L g 0 24 R T elefin ™ APASEY TR MMARITHE BE 3 YRS M SR ks f e sy [ . , , v
N A . oy ] [ T SR LR N
£ ) ; ‘ ,. 15
. , [T (14
S
C o
g
13
R R WO mtulie kb vl S i e R @ Yk COREKAY @ aaneR ¥ b ol an e ETIRY - vae . -m W

R R L R T R TR T L T AT TR TR P
.-

s LI FA R

© ot s L AR R RO 00 R



Mogh oy

By

wmm y %ﬁ..@m mw.%\, e e

s "t LIS

. JE————— A

[

7

>

oz B v

S

*
¥

H

;

e L A e R LR S b

+
1

s s i il <

IR
! IEERCENIALT AL éaﬂiszhgxg.;sw..i?;:s L

SRS RPN R b IS S

L T T PR

R R T I ]

s

“Piod "F "4\ £q PasIAaY “(ZE61) $L3-82T A “PH U "X N

'$328Jans [BuidI0 10 53910 plo Bututolpw 1dadxa ‘usy s uysp 10

‘JuauIad B9[S 10 JUBWAY pue[HOd UM UIBINOD J0U SIOP 2}3I0U0D 33 Uy U
"uolIpuod [eaisiyd poos u 23319U0 Jo ddfursxa uv ap1aodd piroys Huwno poystuy 1
[ednxoy 10 Jatsaidwod [suriou umoOys svY Uyl §
Lioyvioqe] pasnd Spradoud v - eyo pavaos Sugod snoaly
81210u00) "dsudluy 9S9 Jnq SSB UIKOIq WIIF B Y[ St
Hywsuesy ased ayg Jo SIS jo $a8pa uryy,
Sow SUIBIL (NS 38T UOLIPUOD (BIISNYd POOR uf 33040U0D ® JO FDTJINS udyoly Aqyso.

® Q1M udyo1q 19Tyl puw 8uans

~3[qestudooar
SHUNIXTWPE [BIULW J2Y)( "SIIBLINS UIMNOIQ 20 POMES U0 § X 38 0[q8zIuT00dI douews

£ 1843 3wt} 913 JOo {AIM B U
NEp 87 pInd suotrjrodosd
1A ‘[[0P SI 12}SN{ Y} PUE *DTVJINS UINOIQ N[HSI] 8 UG O
423sn[ jo junb oyj puv ‘aowjIns sy3 uo siutod Anntug
SNODLIA BULIIWWIS JUdIN|SUBIIGNS

‘NI0Y MIN ‘suos B SLa[1ay urjop ,,
£813 S(anuyap st uoIpuod jeatsayd
QINSSH

¥

P R T T

e e

B oondy aaner g

*{3o[vrout]y jo Yooqixay,, ‘Bung 'S A ¢
Poo3 ur 31245105 ;O TLITBUL AY} JO 10[0D Iy

AqBUOSEAL ST 21941 UM "UOLIBUIUIVXD JO SUONIIPUOD dUIES 1|3 JopuUn

BIA {82Iq MOU B U0 PIUNTXD PUT JIWWBY
[swIou JO aIniXIU 3321940 ® WOLS BINIIIAR
nbedo atow st uonpuod [BatssSyd pood §S9[ Ut
ALow wody awod 03 Jvadds suoIYaL 3y
8f W19} [8J[F0[LIOUIUI UL 1%y} JDISN] B FBY JUOIUOD IINISIOWS [RINITU'SHE j0
1F 313 *Y31f POOS JopuUn g X 03 g X 18 POUIUTX) 51 3 udYy\y Juorppuo)

9q pInoys uonedyiudnul A0 18 d[GISIA SIIIIVA SIINDTILYD YA
J0/-4 ss8[d jo soragds paIdjudd-moqoy Jo sos0yds
"3t uo paddoap st 1By} 39384 U SHONS 20 ‘0 X 98 IO ‘250 PoyuU Ol 03 JQISIA D0 ] o

P[o5 Y4B( 4

JUBPUNGE ‘TOWUWOD *[jelus ‘uounuod
~un IpIOA JO $3IIYS IO SPIOA IPISIAPU()
J3y30 ‘(o8 *s10|q%y
[suoBexay ‘S3yny AN[IS ‘PaIojod *ssaf
~d0[00 ‘retiind *019{dwod ‘1sOUWL UL
‘TotuWod ‘adel Judsqu Spion ul sTutugy
Rututys *[inp
‘XIIISW JO 3SIT ANYI[ JISNY DITLINS J0LIDJUT

QYse AL,

uotysindalrd yow
~10ads Jupaosasd ‘uonyesedaad uour
~12ads Jo J[N$S 'JUIsqE *JuIsIId S)oBID

Py
A3dwd
YIpra

338X ‘uow

~uI02 ‘juanbaig s¥utuado Lispunoq

LSPUTY [U1a803
4Puly auo jo juad 3ad 0§ uryl dsoy
EPUD{ 0UO JO [V [V coddEnER
Jo pup{ Joys Juops *sproa Niepunoq 3T
&PUDf ITM JO yOnw xoy yInosyy
'91u3aiddn yBnosyy syvaiq LRC2ELOC NN ¢
suoljdosqy pue Lfso0d
puoq dvnunsioiuy
:a00td 03 ad01d wnsy
0391d oy} uIYILM J[QEHEL JO uiofiun
(3110821 03 auy 001} ssapaINIXOY
WL e 0} IFuLI uyILa UBIPIU
wut

TBW ‘aqoad 1o ss3uy 1a paFposip o S | ‘POAIISQO ASUTI JWALIXI—IZNS HILLY
01 22BHINS JOMSIUL WOL) JJUTYD JO[O) | You ITIANIR 1aInfiNs UINCIQ 1O pudl) adeys ureis
padeys PIMBs U0 oISt Jupado ou *as0po o1nts LJINy s oyt
={stp ‘dendadat ‘eptosdiyo ‘portaydsuon | ooty s xXugewr jo 30e1u0) adeyy N3N} doLsing
[vatsadsuou 03 [uuttoyds jo uondodos g | ayeoszde YInadyl 10 punode asnjouwdy O[qIIUDILO” role RICEST{ B A}
dupuin 10100 | ~Joutwr puv sad.. ROy | ~10d su SWojesoutus puv sody oo

sploy

e

ANrd33y -

. 3

Nnedasddy o)

“AJODSOUDINOAUALS ¥ HLIM JLAUOINOD JO NOLLYNIINVXEH

e ar . a4

oyt v

L

INVLLA0—II AYAVE

. wh amwd

P L

seda
e

T

5
=

3

ey
P
Ak

PRI

e

s
T

s
{2
TINE

o = o
A
7y YIS

&

e

o

NI

o
e

Rk
25
iy
=

ETad

355
RO

3

%

LR

Y%

e

S
A

e
CrEaTg)

e

3,

3T

o

%

S

2oty

S

SRR
Tt

Pty

IR

My
gk
3 «W». LAt
TG I
AT IR

el

I
=
PR ey
PR Tt e £

e

%
E5S

-
5

hdaey
)

v
=

o

SR
N GPTRG

Py
Pl

3,
=

T

S

s

B I

o




:
P
=
&5
=
I
=

A N M T S B R B
il e ;

o

» B R .

B DTN BN B S A S T s 7t 3 5
b S Sib M e ¥ | RN YIRS 1 SR 3 e P EUR TRt I ¢ RS Ty

CEIE N

o T A ST

T =5 ® gek 2
z SE g SZg S
€ o= ETG I e T A Y T S SR PRI ety 2 kLS e
5. = A== - e SRS DS e e s s 'Be Uy
B ! T 'z 5 . c. v e asg il g
ol = Z i s 2%°F B!
i IR . &= i ' i~ TEm Gl
i £ £.2 ' - , T S EE SR
e = == { - .} 9 Eas il
e v EB= gt A x S .,.wfm«‘.q Y
|3 s © 8Z . 2 © e d)y
14X T £ v S A =0 ity
I < “ N e @ cs 2 i i
[t = - ~ - < & ity
¥ : E S¢ 23 {8 S8 SR
[3¢. | = = - . & ®™Ts Satepat),
i ' w e H w4 O wmE ﬁ.ﬁ. Q mﬁ.
I i o SO e LN E aw e ke
e € sr P P 'S FEZ el
14 s &< ~ H 3 =e ka ¥
[ - = 33 ? P = & 3 e Y
| = Sz e? 3 s 8 &8 el
£ 2% oy 3 { € BE: Hisnae
' - e 2 a Eg2 .%qm e
- So MM RE oUH ey
) , C xE g - ® Bm0 Hipteur
z= v “s S = s
B S oE : mr.. 528 e I
§ g EE 3 2 RS
- € ET g R
N =o' .
-~ e CAcX ~., © VoSﬂ
- C] - ” © = [
= e t
It m 22 ; + 8 -w s M
. g =% - LB £=o
" G- W. 3 ¥V =80
3 C f= ¥ .12 Ete
¥ o BE R “ & oVE
U g : e g gu=
N <= (Sl Y St A J .
' . e~ ) . S €C EBrfw
i : g2 P vos T
¥ P ¢ { - 3
. S o A0 oT.2
I = = . = M.n m -
g K E EZ * £ EEE
K : = .= s 8 gta
- i =z ~E ¢ c°g mr
: = t 3D £ ,
t ! = .98 29 .5
ozt . = o )
. I Feis I1:
f [ < SEB
A et SRErETS
‘, ﬂ..m. P v ” mol“ﬂnl ‘th..
¥ o S . DA I D=y
' RE g0 A e PR ™
! R O & A MGRA R =% - U]
4 Uz y-Uuk © " o St ie st & T~ e.os.c
‘ zC2Ee gkt 7 @S 8E=%
} S o=k s : 1 EESEe
,EE o & ¢ m re8ce
i -9 Cr= oS
1 _ T X _ €0 un Q=
i LEats ~NEEEYS
. nu.ﬂ\,.-.ﬂ.nwu ..M«-u MH..\.NQ ,
' = el S < CR- w
; r.WTm.W & nmv“,m od
c
T = O
z= “Ado> o|qejiene {saq O &€
* wosy vuuaﬂouawa < -
i C
' ; " !
t
i
I
. . .
Loy PO W } [
IE
I k] t
k El i ‘—‘
s Iy
5 ! ' I
! E ] !
g
frlaeh dnaiivi L A e AR e K Enen ' “ . i
Troabe e : : ' . n s b commprn s A s e )
Koyl WY . . - P —~ o L . ;
] b bl " ittty - — S e i‘! gy I «1{
- — D PR -
« e e e e AL LA ones RN s e amenbem B 6 wadeen g 00 e e S e
L ; e X ph
V, * fmmv% ,WW&.W_WZ_A%?K‘%#?A‘:}% - " ' ! ¥ 4. o R T | L I P P wo | !
. | T , ) ) . " EE W . PR




