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FOREWORD

This bulletin presents a report of a special study of scaled and un-
scaled conerete which was performed in conjunction with an investiga-
tion on the durability of concrete being conducted by the Michigan
State Highway Department,

Tlhie preparation of the thin sections and subsequent microscopic’
analysis are the work of John A. Young, Petrologist, Geology and
Geography Department, Michigan State College. The physical and
chemical phase of the work was conducted by Richard Thurm and George
I, Bauer, Rescarch Chemists of the Michigan State Highway BDepart-
ment. i he investigation was under the general supervision of the author
and J. W, Kushing, [ormer Rescarch Engineer of the Michigan State
Highway Department,

The Research Laboratory of the Michigan State Highway Depart-
ment, of which Charles M. Ziegler is State Highway Commissioner, is
lacated in the R. I£. Olds Hall of Engincering on the Michigan State
College Campus, East Lansing, Michigan.



Microscopic Investigation of Scaled
and Unscaled Concrete

By E, 4, FINNEY

INTRODUCTION

One form of concrete deterioration prevalent in Michigan is surface
scaling and subsequent disintegration of the pavement from the surface
downward. In 1939 a survey of concrete pavements on state trunk line
highways in Michigan revealed that approximately 6.5 percent of the
total pavement surface had scaled in varying degrees as follows: 6.3
percent light to medium surface scale, and 0.2 percent heavy scale to
progressive disintegration. Qther states in corresponding climatic zones
have experienced similar scaling conditions. This condition has become
more apparent as the use of chemical salts has increased for the re-
maoval of ice from pavements. The unsightliness of scaled arcas, the
necessary subsequent maintenance and the added possibility of further
deterioration are of immediate concern to the highway engineer.

Conscquently in 1939 an investigation of scaling, to determine its
causes and methods of prevention, was incorporated into the research
program of the Michigan State Highway Department as a definite
project under the title “Durability of Concrete”. The investigation
was dedicated to the establishment of certain fundamental principles in
conicrete construction and to the correlation of certain laboratory
studies with construction methods in order to develep more durable
concrete pavements. To obtain this end, the investigation was divided
inte two separate studies: first, a laboratory study of concrete dura-
hility as related to scaling; and second, the construction of a special
pavement for field observations which 1s widely known as the durability
project of the Michigan Test Road.

The natural approach to the scaling problem has been to find ways
and means of improving the quality of the concrete. In this respect the
prohlem resolves itself into several phases: first, the acquisition of cer-
tain knowledge concerning the phenomenon of scaling; second, the
improvenment of the quality of the concrete constituents; third, im-
provement of workmanship as related to the finished product; fourth,
the improvement of concrete by changing its character; and fifth, by
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the application of surlace treatments. All of these factors have hbeen
considered to some degree in the scope ol the research program por-
taining to the durability of concrete for pavements. _

This report presents the results of a study pertaining to the acquisi-
tion of certain knowledge associated with the phenomenon of séaling.
The study was undertaken in connection with the investigation on
durability of concrete in an at'tempt to discover any visible chemical
or physical properties associated with scaling,

The study inclades a review of the scaling phenomenon as observed to
take place on concrete pavements, the physical and chemical properties
of scale material, microscopic analysis of scale and its composition,
microscopic comparison of scaled and unscaled concrete, solubility
characteristic of calcium hydroxide in calcium chloride solution, the
concentration of calefum chloride on pavement surfaces and depth of
penetration of calctum chloride into the concrete surface.

Studies were made of thin sections cut out of pavement cores taken
from scaled and unscaled pavements as well as from {ragments of scale
which had come from scaled portions of the highway. The thin sec-
tions were made according to the technique commonly used in petrog-
raphy and described in most petrographic reference hooks. The thin
sections were then examined in polarized light under the petrographic
microscope. :

CONCRETE PAVEMENT SCALE

Scale as related to concrete pavements may be pictured as a thin
heterogeneous lamina approximately 1/16 to 3/8 inch thick appearing
sporadically on the surface, in general composed of cement particles
and components of hydrated cement in combination with very fine
aggregate, and possessing physical and chemical properties analogous
to those of the pareat concrete,

The process of scaling is generally understood to include: first, the
formation of scale; second, the deterioration of scale by physical and
chemical processes, and third, the subsequent displacement of the scale
from the pavement suriace.

"I'he scaling phenomenon is cansed by the sequence of several events,
the first of which is the deposition of a thin layer of beterogeneous mate-
rial on the pavement surface, owing to the redistribution of the concrete
components. The redistribution of the various components occurs be-
cause of the differences in specific gravities and sizes of the various
components, causing a migration of both lHght and small particles to-
wards the surface. This condition is accelerated by the presence of
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excess mixing water and by excessive manipulation of the concrete
mass during placing and finishing operations. The hardened scale is
analogous in character to the parent concrete. Second, because of its
inherent properties, scale disintegrates under the influence of internal
and external chemical and physical forces. In this connection the prod-
ucts of hydration are subject to hydrolysis and decomposition through
the action of water and carbon dioxide in the air; also by contact with
chemically active materials applied to the surface. Scale disintegrates
physically, as manifested by cracking of the scale structure owing to
abnormal physical forces incarred by crystal growths and excessive
volume changes caused by fluctuations in temperature and moisture
conditions. Finally, further breakdown and displacement of the scale
irom the pavement surface occurs under the influence of freezing and
thawing action and abrasion by traffic.

Physical and Chemical Properties of Scale

Analysis of various samples of scale revealed certain definite gen-
cralities with respect to chemical and physical properties. Chemically,
the scale has essentially the same composition as the mortar in the
parent concrete. However, the proportions of the various components
have heen somewhat altered owing to segregation of the ingredicnts
of the concrete. Determination by chemical analysis of cement content
in scale samples by various methods shows that the scale contains more
cement than the underlying concrete. For example, analysis showed
that the average cement content of the underlying concrete was be-
tween 17 and 21 percent, while the cement content of the scale ranged
from 19 to 25 pereent. '

On the other hand, it was observed that the cement content of the
mortar paste in the parent concrete contained more cement than the
scule. The cement content of the mortar paste ranged from 25 to 30
percent. .

It is to be noted that the analyses of the parent concrete were made
of material talken from immediately below the scale area. Consequently,
it is only natural to cxpect that the cement content at that point will
be somewhat higher than the design calculated value which amounts te
13 and 30 percent in the concrete and mortar, respectively. This varia-
tion in cement content is helieved to be due to the natural migration of
the fine cement particles towards the surface at the time of manipulation
of the concrete. Thus it is evident that the scale differs in composition
from that of the pavement concrete and mortar paste.
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Fig. 1. Enlarged wview of scale showing its resemblance
to concrete mortar.

From a physical standpoint, the scale was found to be structurally
weak and friable, showing incipient cracking and great porosity. In
addition, scale possesses a different coefficient of expansion under the
influence of temperature and moisture variation than that of the parent
concrete.

An examination of scale and parent concrete immediately under
the scale showed a marked difference in specific gravity, pore volume,
water absorption and permeability. In most cases the scale material
had values different than those of the parent concrete. There was a
difference in thermal coefficients hetween wet and dry specimens, and
in different temperature ranges. The data in Table 1 show the variation
in thermal coefficients ranging from approximately 8 x 106 to 10 x 10
per degree centigrade for a temperature range bhetween 24° and 50° C.
The change in length from wet to dry state was of the order 20 x 10—
to 30 x 103 inches per inch at 24° C. The coefficients were determined
by a Chevenard Thermo Analyzer requiring a specimen 4" x 14" x 2"
in length,

Microscopic Study of Scale

Under the petrographic microscope, scale resembles normal mortar
in structure and color except in the size and uniformity of the aggre-
gate particles. An enlarged scale section is illustrated in Fig. 1. There
were present in the scale microscopic cracks in which were found
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TapLe 1—Comparative data on physical properties of scale and parent concrete
Top
Scale parent
concrete
Apparent specific gravity ... ... e e e ... 2.80 2.43
POre VOMIME (DEFCEIIEY . . .. o v e et e et et e e et e e e e e e e e 6.2 3.1
Absorption (percent) .. .............. .. ... ..... e 9.06 4.6
Permeahility (inches per 24 HOUTS) . . .. ... .. . i 8/32" 3/32"
"Thermal coefficient of expansion—X10-6 Dry, 24°C. to 50°C.. . ................. 8.8 10.0
Thermal coefficient of expansion—X10-¢ Wet, 24°C. to 50°C... ................ 9.6 9.2
Change in length due to moisture—X10-* at 24°C. (inches perinch)......... .... 0.32 0.20

deposits of crystals in considerable amounts. Among the crystals identi-
fied were calcium carbonate and calcium hydroxide, with a trace of

unhydrated dicalcium silicate and tricalcium silicate. Scale containing

crystals of calcium hydroxide is illustrated in Fig. 2.

FU 2. Photomicrograph of section of scale xhowuu uysz‘allzzm cal¢im /zyd/ oxide
dispersed throughout the gel structure and coicentrated-in the cracks as desunafed

by white areas. Crossed nicols, SOA
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The presence of calcium carbonate in the cracks probably results
from a reaction of calcium hydroxide with the carbon dioxide of the
air. This conversion of hydroxide into carbonate was duplicated in the
laboratory by subjecting cracked neat cement plates to an atmosphere

of carbon dioxide as shown in

Fig. 3. The irregular, con-
nected white areas denote the
presence of calcium carbonate
in the cracks of the neat
cement plate which was sub-
jected to carbon dioxide in an
accelerated manner,

An examination of the
cleavage plane Dbetween scale
and underlying concrete re-
vealed a preponderance of
large calcium hydroxide crys-
tals. In nomal concrete cal-
cium hydroxide is microcrys-
talline.

Large crystals of calcium
hydroxide were also distrib-

Fig. 3.  Photomicrograph of calciunm car- 40 g uniformly throughout the
bonate deposits in cracks formed in neat

cement subjected to an atmosphere of carbon scale structure. This is clearly
dioxide. 80X. illustrated in Fig. 2, The irreg-

ularly shaped white patches
are concentrations of calcium hydroxide crystals. The large, clear white
patches are quartz grains in the aggregate.

COMPARISON OF SCALED AND
UNSCALED CONCRETE

A microscopic analysis of concrete which had scaled revealed that
the concrete near the surface contained many fine cracks penetrating
much of the section to a depth of at least 34 inch below the surface,
which was the thickness of the specimen under observation. The sec-
tions of scaled concrete illustrated in Figs. 4 and 5 show the develop-
ment of calcium hydroxide crystals in the cracks. Throughout this
illustrated area, and especially near the top surface of the pavement,
calcium hydroxide was present in moderate amount as defined by the
white specks. ' '
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Two sections of scale collected from the same area, cut parallel to
and just below the top surface, showed the calcium hydroxide crystals
to be present to a considerable degree, and in some places constituting
almost the entire area of the scale section. The occurrence of asso-
ciated crystal growth has been observed by other investigators (1)

Fig. 44, Photomicrograph of a section of scaled concrete showing cracks
penetrating from surface. Large white arcas are aggregate particles. Swmall
white-flecks are crystals of CsS, C.S* or Ca(OH ). 80X.

Fig. 4B. Same view as A with crossed nicols, 80X. Large crack filled
with crystalline calcivin hydroxide is visible, The white area extending to vight
of crack is a large concentration of calctum hydvoxide crystals, apparently de-
veloped by solutions permeating the porous gel structure.

*C.S = 3 CaO . Si0,, Tricalcium Silicate
C,S = 2 Ca0 . Si0,, Dicalcium Silicate
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Fig. 5. Photomicrograph of scaled concrete parallel to surface, crossed
nicols, 80 X. Black area to left is region where fragment was broken from
section. Note concentration of crystalline calctum hydroxide alony small cracks.

(2) (3).* The scale sections were all rather badly cracked, and these
cracks were filled with crystals of calcium hydroxide, indicating that
solutions of some sort must have passed through these cracks, either
during the curing stage or at some later time. The scale scctions,
especially where abundant calcium hydroxide is present, show only
a trace of dicalcium silicate and tricalcium silicate, whereas the amor-
phous cement ¥4 inch below the surface shows a trace of tricaleium
silicate and a larger amount of dicalcium silicate particles.

An analysis of an unscaled surface showed that, in general, there
existed a zone up to approximately 2 mm. in thickness in which there
was a considerable amount of crystalline calcium hydroxide. The aver-
age size of all of the calcium hydroxide crystals varied from 1 to 2
microns. The cement below this zone contained an abundance of cal-
cium hydroxide.

Figure 6 shows a portion of the upper surface of unscaled concrete.
The large, white areas on right and left are sand grains from the
aggregates. The irregular, blotchy white mass between these two

*(1), (2), (3) See Bihliography.



ScALED AND UNScALED CONCRETE 13

consists of numerous concentrations of extremely minute crystals of
calcium hydroxide. This zone extends only to a depth of 0.5 mm. be-
low the surface. The amount of calcium hydroxide present at the
upper surface is very small,

SOLUBILITY OF CALCIUM HYDROXIDE IN
CALCIUM CHLORIDE SOLUTION

The literature shows considerable evidence that calcium chloride
is detrimental to concrete pavement when applied to the surface for
ice removal purposes. Our laboratory and field studies also show that
calcium chloride greatly accelerates scaling. The process by which
the chlorides attack the concrete has not been clearly understood.

Fig. 6. Photonticrograph showing concentration of crystalline calciumn
hydroxide toward surface of pavement. Crossed nicols, 80X.
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Fig. 7. Photomicrograph showing formation of calciwn hydrovide crystals
on a neat cement plate exposed to calcinvne chloride solution, 80X.

On the basis of the relationship found in our study of scale it is
probable that the deteriorating effect of the chloride salts may be due |
in part to the promotion of crystal growth, resulting in abnormal inter- /
stitial pressures, and in part to the disintegrating effect of the chlorides ]
through removal of certain cement constituents. |

Fig. 84, Photomicrograph show- Fig. 8B. Swynthetic calciin oxy-
ing formation of calchwm oxychloride cliloride crystals from pure compo-
crystals on a neat cement plate treated nents of calcium  hydroxide and

with calcium chloride solution. 80X. calciwin chloride in water,
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Experiments in the laboratory on neat cement plates exposed to
calcivm chloride sclutions revealed the conversion of minute particles
of calcium hydroxide into large crystais of calcium hydroxide, as illus-
trated in Fig. 7. This confirms the hypothesis made on the basis of
microscopic observation in Fig. 2. Further, it can be shown that the
presence of calcium chloride in certain concentrations removes the
calcium hydroxide from the rigid cement gel and forms new chemical
compounds, one of which can be definitely identified in crystalline
form as caleium oxychloride (Fig. 8). Available data further indicate
the existence of caleium oxychloride in dilute solutions of caleium
chloride when in contact with neat cement. Solubility characteristics
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Fig, 9. Graph showing solubility characteristics of calcium hydroxide in
water and calciun chloride solution at different temperatures. (4)

(4) See Bibliography.



16 Micmican ENGINEERING BULLETIN 101

for calcium hydroxide in water and in calcium chioride solutions are
shown in Fig. 9, These chemical phenomena are conducive in a variable
degree to the ultimate decomposition of the scale material.

The rate and degree of decompesition of the scale as affected by
chloride salts are proportionate, to a certain extent, to the concentra-
tion of the salts and depth of penetration. The lack of factual data
concerning the probable concentrations of salts on pavement surfaces
and the depth of penetration under normal conditions has led to a study
of these factors.

CONCENTRATION OF CALCIUM CHLORIDE
ON HIGHWAY SURFACES

1t 15 generally recommended that calcium chloride should net be
applicd to concrete pavements for ice removal purposes in anounts
sufficient to result in concentrations exceceding 10 percent,

Lack of available data on the subject led to a brief investigation
to determine the probable maximum concentration of chemical salts
on highway suriaces resulting from continued applications and sub-
seguent evaporation of the water resulting from the meited snow and
ice. Certain arcas on specially sclected trunk lines were chosen for
study where it was expected maximum concentration would occur
under normal ice control treatments. In corder to chtain a truly repre-
sentative plcture, four test arveas were established. These four areas
included street and trunkline intersections where it was known that
frequent applications of calcium chloride would e required, and on a
two-lane and four-lane rural highway subjected to normal ice control
treatments.

The amount of calcium chloride present on the pavement surface
was determined both by analyzing the melted snow and ice and by
cxamination of the dry dust brushed from the pavement surface. The
samples were taken from badly scaled surfaces conducive to localized
concentrations in depressions and Jrom unscaled pavement surlaces
where it was natural to expect that low concentrations would be found
because of traffic and drainage conditions.

" The results of these analyses as presented in Table 2 show that high
concentrations of calcium chloride may occur under faverable condi-
‘tions even though the average concentration during application {for
ice control is kept at a low value. ‘
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Fig. 10. Graph showing penetration characteristics of
calciwin chloride in concrete pavements.

DEPTH OF PENETRATION OF CALCIUM CHLORIDE

In conjunction with the concentration studies, measurements for
depth penetration of calcium chloride were made. Portions of the
pavement slab were removed at intervals of “%—34—1—34 and 1
inch, respectively, below the surface and analyzed. Results from these
analyses are illustrated in Fig. 10.

The measurements for depth of penetration were made eight weeks
after the last salt application. In this interval the rain apparently had
reduced the calcium chloride content in the top }4 inch of the pave-
ment to approximately 0.1 percent. The 0.1 percent is somehow tena-
ciously retained possibly in the form of a double salt. Maximum con-
centration seemed to occur in the region between 24 and %% inch below
the surface. Only traces of chloride were found at a depth beyond ¥
inch from the surface. These traces of calcium chloride evidently were
contained in the original concrete and did not diffuse from the surface.
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TasLe 2~LConcentration of calchun chloride o povement suwrface

Concentration
Concentration of CaClain
of CaCl: in moisture
siush and contained
Test arcs WEgter i in phe sand
surface. and dust on
Percent by surface.
weight Percent by
weight
R ;.31 28.5
G.42 31.6
O {).44 42,8 .
.41 1.6
I G.22 20.2
0.54 10.8
S 0.55 39.7
0.37 426
Ve e e e e e e e 0.23 15.5
i 0.41 £0.0

SUMMARY OF MICROSCOPIC STUDIES

From a physical standpoint, concrete scale was found fo be struc-
turally weak and friable, with great porosity. The volume changes of
scale were found different from those of parent concrete under the influ-
ence of temperature and moisture. These characteristics promote sep-
aration of the scale hy causing differential expansion and fracture. The
high porosity of the material also makes it subject to ready penetration
by water and salt solutions, with subsequent disruption duc to freezing
and chemical action.

The scale has essentially the same composition as the mortar in
the parent concrete with slight variations in the proportions of the
various components, the average cement content of the scale being
somewhat higher than that of the parent conerete.

Microscopic analysis revealed deposits of calcium carbonate and
caleium hydroxide in ticroscopic cracks throughout the scale. Also
farge crystals of calcium hydroxide were found to be distributed uni-
formly throughout the scale structure as well as in the cleavage plane
between scale and underlying concrete,

Concrete which had scaled contained numerous fine cracks pene-
trating downward from the surface. Calcium hydroxide crystals were
observed in the cracks.

An analysis of unscaled concrete revealed a zone approximately
2 mm. in thickness at the surface which contained considerable crystal-
line calcium hydroxide. The average size of the calcium hydroxide
crystals varied from 1 to 2 microns,
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The presence of certain concentrations of calcium chloride promotes
the crystal growth of calcium hydroxide. It alse removes calcium
hydroxide from the cement gel by forming new chemical compounds,
one of which can be positively identified in crystalline form as ecalcium
oxychloride. Examination of pavement surfaces shows that sufficient
concentration of caleium chloride is present to cause these reactions,

The mechanism of these reactions is assumcd to be as follows:

1. 3Ca0.28i0,.n H,O + Ca (OH), CaCl, . n H,O
+

-
Hydrated Cement Solution

3 Ca0 . CaCl, . 15 ILO  SiO, . n H,0

Calcium Oxychioride Hydrated Silica

2. Calcium Oxychloride Jr Temperature Change + Dilution —>

Ca {OH), CaCl, . n H,O

Crystalline - Solution

Ou the basis of the relationships found in this study it is evident
that the decomposition of scale material is due In part to the inherent
physical characteristics of scale resulting during its early formation
and in part to the chemically deteriorating effect of chloride salts which
promoete crystal growth, resulting in abnormal interstitial pressures
and the remoeval of certain cement constitaents {rom the gel structure,
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peratures,” by M., F. Surls and Frederick G. Sefing. 1935,

“Papers presented at Tenth Annual Michigan Conference on Water Puri-
fication,” edited by John Hepler and Frank R, Theroux. 1936

“Pwelfth Annual “Conference Michigan Sewage Works Operator_s,’
by W. F. Shepherd and E. F. Eldridge, 1936.

compiled
“Symposium on High Temperature Melting of Cast Iron,” compiled by

Frederick G. Scfing and M. F, Surls. 1936,

“A Discussion of Low-cost Street Surfaces for Cities and Villages,” by Lee
J. Rothgery. 1936.

“Quality Concrete on the Smail Job,” by Lee J. Rothgery. 1937,

““A Bacteriological Survey of a Swimming Pool Treated with Silver,” by

W. L. Mallmann, 1937,

“Thirteenth Annual Conference Michigan Sewage Works Operators,” com-
piled by W, F. Shepherd and E. F. Eldridge. 1937,

“Snow Contral hy Tree Planting,” by E. A, Finney. 1937, Price 50 cents.

“A Fire Alarm System for Dwellings, Schools and Churches,” by L. S. Foltz,
1937,



No.

No.

No,

No.

No.

No.

No.

No.

7.

80,

81

. 83
. 85,

86.

87,

. 88,

. 89,

. 90,

. 91

.92

. 93.

. 94,

95,

96.

. 97.

. 98,

99.

ScALED aND Unscarep CONCRETE 21

“TFourteenth Annual Conference Michigan Sewage Works Operators,” com-
piled by W, F. Shepherd and E. F. Eldridge. 1938,

“Questions for Engineers Giver on Michigan Engineering Registration
- Examinations,” by C, L. Allen. 1938, Price $1.00.

“The Effect of Manganese on the Iron Carbon Eutectoid,” by H. F. Publow
and D, Il McGrady, 1938,

“Report on Sanitary Enginecring Projects, 1938, by E. F. Eldridge. 1939,

“Questions for Surveyors Given on Michigan Registration Examinations,”
compiled by C. L. Allen, 1939. Price 50 cents,

“Snow Drift Centrol by Highway Design,” by E. A. Finney. 1939. Price
$1.00,

) :
“Report on Sanitary Engineering Projects, Year 1935 by E. F. Eldridge.
1939,

“The .f'earlitic Structure of Low Manganese Steels,” by H. E. Publow and
D. D. McGrady, 1940,

“Sixteenth Annunal Conference Michigan Sewage Works Operators,” com-
piled by W. F. Shepherd and E. F, Eldridge. 1940

“Metallic Grains—In Three Dimensions,” by D. D. McGrady. 1940..

“A Study of the Methods of Measuring Germicidal Chlorine with Reference
to the Oxidation-Reduction Potential Starch-Todide Titration and Ortho-
Totidine Titration,” by W, L. Mallmann and William B. Ardrey. 1940,
Price 30 cents.

“Effect of Green Compressive Strengﬂ1 of Molding Sand on Shrinkage
Defects in Gray Iron Castings,” by C. C. Sigerfoos and H. L. Womochel.
1941, '

“Seventeenth Annual Conference Michigan Sewage Works Operators,” com-
piled by E. F. Eldridge. 1941,

“The Oxidized Sludge and Regenerative Digestion Treatment Plant at Zee-
land, Michigan,” by E. F. Eldridge. 1942,

“Annual Conference Michigan Sewage Works 'Opcrators Association,” com-
piled by . F. Eldridge. 1942

“Textile Mill Waste Treatment and Recirculating Filter fm Slaughter-
House Wastes,” by E. F. Eldridge, 1942,

“Stabilized Soil-Bound Surfaces with Calcium Chloride as an Admixture,”
by Gail C. Blomguist. 1943,

“Nineteenth Aunnual Conference Michigan Sewage Works Operators Asso—
ciation,” compiled by E, F. Eldridge. 1943. Price 50 cents.

“A Study ef Paper Miil Waste Disposal at Kalamazoo Valley Paper Mills,”
by E. F. Eldridge. 1%44. Price 50 cents,
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No. 100. “The Solidification, Cold Working, and Annealing of Metals,” by D. D.
McGrady., 1944, Price 50 cents,

No. 161 "Microscopic Investigation of Scaled and Unscaled Concrete” by E. A,
Finney. 1944, Price 50 cents,

Obtainable on request to The Director, Engincering Experiment Station, Box 470,
East Lansing, Michigan. Price: 25 cents each, except as otherwise listed.
Bulletins not listed are out of print,
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